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Foreword

Ultrasonography has evolved from a branch of acoustics that
deals with the study and use of sound waves to an important
clinical modality in assessing varied structures and organ
systems throughout the body. Much of the work began in the
1940s after World War II by examining intracranial abnormal-
ities, and later intrathoracic and intra-abdominal structures.
The quality of images gradually improved with the develop-
ment of gray-scale and real-time imaging, and more recently
color and power Doppler studies. Further advancement in
minimally ablative technology has utilized ultrasonography
to monitor interventional procedures such as renal prostate
biopsy and ablative therapy of varied malignancies, in addition
to the development of increasing diagnostic appreciations.
Intraoperative ultrasonography has been used by general
surgeons in biliary, pancreatic, and vascular surgery and its
role in urology is primarily related to the identification of renal
calculi at the time of pyelolithotomy or nephrolithotomy. With
the development of lithotripsy and percutaneous renal surgery,
ultrasound is used in addition to other studies such as com-
puter tomography to identify the location and size of renal
and ureteral calculi. For this book, Ukimura and Gill have

identified authors having expertise not only in intraoperative
ultrasound but also in other applications such as therapeutics
and intervention.

Ultrasound has been useful not only in identifying abnor-
malities such as stones or tumors in kidneys but also in
monitoring therapies such as stone removal and renal tumor
ablation, in assisting in prostate biopsy, and in studying blood
flow to various structures. Applications such as the use of
ultrasound contrast agents, elastrography, and tissue charac-
terization are evolving and are expected to enhance diagnostic
capabilities.

Many of the studies described in this book have proved to
be valuable, and the examinations described have become an
integral part of interventional and therapeutic applications.
Other studies are also evolving, and more application by a large
number of investigators is essential to determine their value. It
is likely that a second edition of this book will be required to
provide an up-to-date compilation of these new developments.

Martin I. Resnick
Hiroki Watanabe
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Chapter 1

Historical Background

Hiroki Watanabe

Prologue

It was a dark evening in the late autumn of 1978. A middle-
aged woman was urgently admitted to our hospital in Kyoto
because of anuria for a few days. She had suffered from can-
cer of the right ureter and undergone nephro-ureterectomy.
The anuria resulted from an obstruction of the contralateral
ureter due to a recurrence of bladder tumor. An immediate
catheterization from the left renal pelvis by nephrostomy was
indicated.

Even now, senior urologists may remember very well what
a dreadful surgery classic open nephrostomy was. The kidney
was exposed after a large incision in the back, then a thick
trocar was introduced blindly from the renal surface into the
pelvis, because there was no means of guidance. Heavy bleed-
ing often occurred. Since this was only a palliative treatment,
there was a big imbalance between the risks of the invasion
and the possible gains.

A week previously, we had taken delivery of a new machine
direct from the manufacturer. It was the world’s first mechani-
cal sector scanner with a special attachment, which we had
designed originally for real-time puncture guidance. After
intense discussion among the staff of the risks involved, we
made up our minds to introduce the machine in this case.
None of us had yet used it, and only a few foreign reports on
the procedure were available at the time, which was named
later as percutaneous direct nephrostomy.

The patient was moved to the operating theater for general
anesthesia. The scanner was positioned on her back, and a
clear image of the hydronephrotic renal pelvis appeared on the
oscilloscope. All the staff member of our department gathered
and watched the operation, praying to God for success. At the
first shot, puncture to the pelvis was achieved very easily and
a catheter was placed correctly in a few minutes. Everybody
was amazed and felt that this was a real innovation.

Only several months later, I found incidentally a young
resident carrying out the same interventional operation at the
bedside under local anesthesia. He was never nervous but was
smiling, joking with the patient. Of course all the procedure

was completed in safety. I understood that the technique had
already been subsumed into everyday routine work.

The Period of the Central Canal
Type Transducer

It is very difficult to determine who made the first applica-
tion of interventional ultrasound, because ultrasound pictures
were commonly used as reference images for puncture, even
before the proposal of intervention techniques. Among the
pioneers, Berlyne' in England is generally credited as the per-
son who made the first trial intervention. He performed renal
biopsy under the guidance of an A-mode chart recorded by an
industrial flaw detector in 1961, only a few years after the first
introduction of ultrasound in medicine.

In my opinion, however, the history of interventional ultra-
sound should start from the first development of a special
apparatus designed purely for the puncture guidance.

A Danish urologist, Hans Herik Holm? (Fig. 1.1), and an
American radiologist, Barry B. Goldberg® (Fig. 1.2), indepen-
dently published the same idea of a “central canal” type trans-
ducer in the same month in different journals in 1972 (Figs.
1.3 and 1.4). Both transducers were designed to be attached to
a “contact compound” B-mode scanner, which was the stan-
dard procedure for sonography at that time, to target the site
by a needle inserted through the central canal of it.

Holm’s group pioneered puncture to various organs with
their transducer: the liver, pancreas, kidney, uterus, and so on.
They used the term “ultrasonically guided puncture” for the
procedure. On the other hand, Goldberg focused the object
mainly on the aspiration of various fluids from within the body.
“Ultrasound-aided needling” was his favorite term. However,
a new term, “interventional ultrasound,” which was derived
from basic radiology terminology, has gradually become gen-
eral at the international level since the 1980s, because this
describes the technique compactly and sounds harmonious.

Though it is accepted that these two groups opened up the pos-
sibilities of ultrasound intervention, their idea of the transducer

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology, 1
DOI: 10.1007/978-1-84800-217-3_1, © Springer-Verlag London Limited 2009



H. Watanabe

FiG. 1.1. A portrait of Hans Henrik Holm at the First International
Workshop on Diagnostic Ultrasound in Urology and Nephrology,
Kyoto, 1979. Hans Henrik has retired but is still active in good health

having a central canal was not original. Earlier in 1969, an Aus-
trian gynecologist, Alfred Kratochwil.* (Fig. 1.5), had already
presented before a congress his trial on puncture to the amniotic
cavity with a similar type of transducer developed by him, which
was attached to an A-mode (only the intensity of the echo signals
is shown on an X-Y graph) machine.

Anyhow, at this stage of the development, the procedure
had not yet become very popular, because the imaging tech-
nique was inadequate for intervention. In the former “contact
compound” scanning, a 2D image was constructed manually
with the transducer being slid around the body surface. It took
a considerable number of seconds to complete a cross-section
picture. Although the target could be indicated on the picture,
it vanished when the needle was inserted. No monitoring of
the needle pathway was possible. Of course, A-mode gave far
less information than B-mode.

The Period of Real-Time Intervention

The emergence of real-time scanners in the late 1970s elimi-
nated the weak point mentioned. Only after this innovation

FiG. 1.2. A portrait of Barry B. Goldberg at the same occasion. Barry
is hard at work as an academic researcher

did interventional ultrasound become accepted as an estab-
lished technique for puncture guidance.

The first transducer for real-time intervention, though a kind
of working model of electronic scan, was reported by a Dan-
ish group in 1977° (Fig. 1.6). Saitoh and Watanabe in Kyoto
developed a commercially available puncture attachment for
a newly developed compact mechanical real-time scanner
(Fig. 1.7) in 1978° and started to seek out various indications
of the puncture system in urology. The story described in the
prologue happened in those days. Goldberg et al. also reported
their new machine in 1980.” Since then many reports have fol-
lowed from all over the world.

After the introduction of real-time intervention, various
kinds of novel diagnostic and therapeutic means, which were
never possible in the early days, have been realized. Among
these innovations, the most important contributions to medicine,
from the viewpoint of frequency of performance, must be
selective renal biopsy and percutaneous lithotomy.

In nephrology, renal biopsy is an essential step in the dif-
ferentiation of diseases. Open biopsy or blind percutaneous
biopsy, which was generally performed in the early days, was
invasive and risky. Unexpected bleeding occasionally caused a
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FiG. 1.3. The “central canal” type transducer developed by Holm

et al.> Reproduced from Kristensen JK et al., Ultrasonically guided FiG. 1.5. A portrait of Alfred Kratochwil, on the same occasion as
percutaneous puncture of renal masses, Scand J Urol Nephrol 1972;  Figs. I and 2. Alfred occasionally gives fine lectures at meetings with
6(Suppl): 15, 49-56 his skilful computer presentation

F1G. 1.6. An electronic real-time scanner with a puncture attachment
by Pedersen.’ Reproduced from Holm HH, Kristensen JK**

fatality. Selective renal biopsy under ultrasonic real-time guid-
ance® brought a dramatic improvement of the technique, both
in terms of on safety and accuracy. Today’s professionals easily
FIG. 1.4. A similar transducer developed by Goldberg et al.> Repro-  take a biopsy sample selectively from a target less than 1 cm in
duced from Goldberg BB, Pollack HM? diameter in any portion in the kidney under local anesthetic.




FiG. 1.7. A mechanical sector scanner with a puncture attachment by
Saitoh et al.®

FI1G. 1.8. A portrait of Masahito Saitoh, during his first successful sur-
gery for single-stage percutaneous nephroureterolithotomy in 1981°

Percutaneous lithotomy was also revolutionary for the treat-
ment of urinary calculi. This generated the vogue word, “Perc,”
among urologists in the late 1980s. Saitoh® (Fig. 1.8) first suc-
ceeded in percutaneous nephroureterolithotomy using a special

H. Watanabe

ultrasonically guided pyeloscope in a single stage (several pre-
vious reports were available on lithotomy through an already-
established nephrostomy channel by surgery) in 1981.

Intervention by Transrectal Ultrasound

Transrectal ultrasound'®!! is a special technique developed for
urology in 1967. In the early period of the method, horizontal
sections were obtained by rotation of a single transducer
inside the transrectal probe with an electric motor set outside
the probe, while sagittal sections were made by manual pull-
ing-down of the transducer. Even in this period, prostate punc-
ture guidance was feasible, but the introduction of a real-time
transrectal transducer encouraged the rapid distribution of the
method at the worldwide level.

In this case again, the Danish group and the Japanese group
were competing with each other. Holm and Gammelgaard'?
published a needle guidance system for puncture to the pros-
tate and the seminal vesicles, monitored by ordinary transrectal
ultrasound in 1981. On the other hand, Saitoh and Watanabe'?
had reported a puncture system using a newly developed tran-
srectal electronic linear scanner with a needle guidance attach-
ment in 1980 (Fig. 1.9). In this system, a longitudinal section
of the prostate was delineated to monitor the advance of the
needle directly in real time. Some authors'*!¢ followed this
system, employing Japanese probes, then ultrasound interven-
tion came to be recognized as an indispensable procedure for
prostatic biopsy. In recent days, the system has been modified
to enable switching between two sections, horizontal and lon-
gitudinal, by using two different transducers fixed rectangular
at the tip of the transrectal probe.

As is well known, the diagnosis of prostatic cancer is made by
prostatic biopsy guided by interventional transrectal ultrasound

F1G. 1.9. Transrectal real-time linear scanner with a puncture attach-
ment by Saitoh et al."?
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alone today. Lee!” and Cooner'® promoted this routine in the late
1980s in the United States. Stamey and Hodge! established the
concept of multicore biopsy, which is accepted as the gold stan-
dard worldwide.

Brachytherapy (radioisotopes’ implantation) for prostatic
cancer has become very common. Nowadays more than
60,000 patients a year undergo the procedure in the United
States. Although originally conducted by retropubic open sur-
gery,? the introduction of transperineal seeds insertion under
interventional transrectal ultrasound by Holm?! in 1981 greatly
improved the technique. Presently available equipment for this
therapy mostly benefits from his improvement.

References for Interventional Ultrasound

In the final part of this chapter, the titles of special books
for interventional ultrasound published during the period
described (Fig. 1.10) will be listed.

The first book for this purpose was Ultrasonically Guided
Puncture written in Japanese language in 1979.2> This was
planned to publish the results of a special symposium with the
same title, organized by the Japan Society of Ultrasonics in
Medicine in December, 1978, in Kyoto. With the expanding
demand in the field, another book written in English, Inter-
ventional Real-Time Ultrasound was published in 1985.%

The Danish group released two books for the same purpose
in 1980** and in 1985.% They were based upon the two meet-
ings of the International Conference on Ultrasonically Guided
Puncture, held in Copenhagen in 1978 and 1983, sponsored by
the Danish Society of Diagnostic Ultrasound. The first book
dealt mainly with the central canal type transducer, while the
second focused on real-time intervention.

Another essential book? and important articles on the his-
tory of interventional ultrasound**' are also listed here.

FiG. 1.10. Special books on interventional ultrasound
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Chapter 2

Laparoscopic Ultrasonography

Surena F. Matin

Introduction

For all the advantages of laparoscopic or robotic-assisted lap-
aroscopic surgery, the absence of tactile sensation and hap-
tic feedback (or the ability to mentally see what is touched)
remains a major disadvantage for the novice as well as the
experienced surgeon. With experience, laparoscopists can
actually gain some sensation through the instruments, and
both laparoscopic and robotic surgeons can visually sense the
characteristics of tissue being manipulated. But, this is by no
means a substitute for actual manual palpation and haptic sen-
sation. Technological advances that allow for force-feedback
are still in development and not yet a commercial or clini-
cal reality. In this environment, laparoscopic ultrasonography
(LUS) plays a critical and dominant role. Just as importantly,
LUS uniquely provides internal visualization of the organ.
Ultrasonography is used routinely even during some open
operations when it is felt to be superior to manual palpation,
such as for staging of upper-gastrointestinal malignancies,
evaluation of hepatic malignancy, or in cases of complex par-
tial nephrectomy.'

LUS has many advantages over transcutaneous ultra-
sonography. For one, transcutaneous ultrasonography is not
effective through the pneumoperitoneum, and even for ret-
roperitoneal organs, gas tracking in the soft tissues can sig-
nificantly degrade the picture. Second, direct contact with the
organ in question, such as the liver or kidney, allows the use of
higher frequencies, which significantly improve image resolu-
tion. With higher frequencies, depth of penetration is lost, but
this is usually not a concern due to the proximity of the organ.’
Third, new probes that are actively steerable in two dimen-
sions can be guided around the organ to provide visualization
through a variety of angles and windows.

LUS does have some disadvantages. The direct contact
does not allow for visualization of surface abnormalities
because they are just within the focal zone. In these cases, a
spacer is needed between the transducer head and the organ
surface in order to bring the surface lesion within the focal
zone. While guiding the laparoscopic ultrasound probe and

interpreting the images, it may be difficult for the surgeon to
also manipulate the machine settings because of the sterile
field, and most operating-room circulators are not trained as
ultrasound technicians. This adds a layer of complexity and
potential frustration for the surgeon, but the concern is nulli-
fied when a radiologist is present with a dedicated ultrasonog-
raphy technician. On the other hand, laparoscopic skills are
required for steering the laparoscopic ultrasound probe, a skill
that most radiologists do not have and may not be able to per-
form efficiently during surgery. It is therefore incumbent on
our specialty to provide detailed instruction to urologists for
performing and interpreting intraoperative LUS. And finally,
it is difficult to visually guide the probe while simultaneously
interpreting the ultrasound image; thus, having a picture-in-
picture capability aids the process markedly (Fig. 2.1).

The first intraoperative LUS was performed in 1958, and
one of the first practical uses of intraoperative ultrasonog-
raphy was for localization of renal stones.*® Dedicated lap-
aroscopic probes became available in 1983.1° Intraoperative
ultrasonography in these early days was limited by poor imag-
ing and limited image interpretation. These limitations dis-
sipated with the advent of high-frequency real-time B-mode
ultrasonography.® Only with the recent acceptance in the use
of laparoscopy and the increasingly early detection of some
malignancies, such as renal cell carcinoma, has LUS gained in
popularity within the urology community.>""Clearly, the most
important role of LUS at present is for renal surgery, where
it is incorporated more and more in different types of renal
procedures as will be described later. Its use in miscellaneous
other procedures, such as adrenalectomy, and other urology
procedures is also described.

Laparoscopic Ultrasonography Technology

Medical ultrasound frequencies range from 1 to 30 MHz."?
The transducer transmits ultrasound waves and receives the
reflected echo. Image resolution and tissue penetration are
determined by frequency — the lower the frequency, the lower the
resolution but the greater the tissue penetration. Percutaneous

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology, 7
DOI: 10.1007/978-1-84800-217-3_2, © Springer-Verlag London Limited 2009
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FiG. 2.1. Picture-in-picture (PIP) technology allows the surgeon to
simultaneously visualize the laparoscopic view (seen in the lower
right-hand corner) as well as the ultrasound image, facilitating guid-
ance of the LUS probe around the tumor (outlined in the laparo-
scopic view by a light gray broken line) as well as facilitating image
interpretation. The images can be switched to provide a larger lap-
aroscopic picture and a smaller ultrasound picture (T, tumor; US,
ultrasound probe) (used with permission, S.F. Matin 2007)

ultrasonography typically uses 5-MHz frequencies, whereas
frequencies of 7.5—-10 MHz are typically employed for LUS.
A probe with a frequency of 7.5 MHz has the best image
obtained between 1 and 4 cm. At this frequency, the ultra-
sound probe can detect tumors as small as 3 mm, cysts as
small as 2 mm, and stones as small as 1 mm.'>"?

Generally, different types of transducers are utilized for
LUS (Fig. 2.2). The linear-array transducer has a series of
multiple transducers placed longitudinally. This transducer
works best for organs with a large flat surface, such as the
liver. Another type of transducer has a convex array, which
increases the field of view and works best for organs with a
curved surface, such as the kidney, where only a small amount
of surface contact is possible.'* Recent advances to both types
of transducer probes include an actively steerable, articulat-
ing tip, which enhances the flexibility of the entire unit and
permits direct-contact scanning over irregularly shaped solid
organs. This author finds the convex array to be most ideal for
use during renal laparoscopic surgery, because the surface of
the kidney is curved and a linear probe does not always pro-
vide sufficient surface contact for adequate imaging. Water
or saline may be instilled via an irrigation device to eliminate
any air pockets to optimize imaging.

Contrast-enhanced ultrasonography uses a contrast agent
consisting of gas-filled microbubbles to provide vascular con-
trast enhancement. Its use during laparoscopic catheter abla-
tion was investigated in an animal model, and its utility during
transcutaneous ultrasonography for monitoring recurrence has
also been evaluated.'>'® This topic is covered in more detail
elsewhere in this textbook.

S.F. Matin

The Radiologist, the Urologist, and Laparoscopic
Ultrasonography

In some centers in the United States, a radiologist is present to
perform LUS and provide image interpretation.'!:'!8 This radi-
ologist is familiar with the operating room and with sterile pro-
cedures and is experienced with LUS technology, laparoscopic
manipulation of instruments, and of course, sonographic inter-
pretation. A technician typically accompanies the radiologist in
manipulating the machine settings, troubleshooting, and mak-
ing measurements. It is a reality, however, that many academic
centers and most community hospitals either do not have the
resources to provide for a dedicated radiologist to cover surgi-
cal cases or have no one on the staff that is able to or interested
in performing LUS. As well, due to the logistics of scheduling,
different radiologists with different skills may be available on
different days, which results in inconsistent service. Thus, the
radiologist’s role is increasingly supplanted by the operating
surgeon. At our center, routine cases are usually performed
solely by surgeons, in both urologic and surgical oncology.
While ultrasonography technique and image interpretation
require considerable experience, this training is increasingly
being incorporated into postgraduate and residency programs.
Diagnostic ultrasonography is currently a part of surgical
training in many European and Japanese medical centers
where, like a stethoscope, it is considered an extension of the
physician’s armamentarium."™ In fact, a survey by the Euro-
pean Society of Urological Technology found that nearly 80%
of respondents performed ultrasonography themselves or they
performed them in conjunction with a radiologist."°It is impor-
tant to note that if the urologist performs the intraoperative
ultrasonography, the operative note must be adequately docu-
mented to facilitate proper coding and billing (see Fact Sheet).
Currently, the code is the same whether treatment approach is
a laparoscopic or an open procedure.

Fact sheet

Code*  Charge Title Requirements

76,998 $878 Ultrasound In the Operative Note, dictate a
guidance, separate paragraph documenting
intraoperative “Intraoperative Ultrasound

Findings,” such as:

 Tumor appearance (hyper
echoic, hypoechoic, or isoechoic
to normal renal parenchyma;
heterogeneous or homogeneous;
circular or irregular; sharp or
indistinct borders, etc.)

* Size of tumor, stone, or cyst

 Absence/presence of other
tumors/cysts/other pathology

« If use of US was critical for
getting clear margins, if relevant

“Note that in 2007 the code was changed from 76,986, with no change in the
amount of charge. Source: CPT® 2007 Professional Edition, published by
the American Medical Association, Chicago, IL
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F1G. 2.2. (A) Transducer arrays come in two different shapes. A curved, convex array (fop, arrowheads) provides a smaller field of view that
expands with depth. However, it allows better surface contact with curved organs such as the kidney or exophytic renal tumors. A linear array
provides a larger field of view that remains constant with penetration and is ideal for use with hepatic applications. When used to evaluate renal
lesions such as an exophytic renal tumor, it may not allow good visualization due to poor contact from curved surfaces. (B). Some current probes
such as the one in this figure actively deflect in two planes, right/left in angles close to 90° (bottom panels) and up/down (top right panel). Active
deflection can be manipulated in both axes simultaneously to provide a variety of angles around organs of interest (fop left panel) (used with
permission, S.F. Matin 2007)

Lus During Renal Procedures 1995, and their report was followed soon after by descriptions
of open and laparoscopic approaches.?*-? In all reports, ultra-
Probe Ablation: Cryotherapy sonographic guidance and monitoring has been an essential

) ) adjunct for observing the evolving cryolesion. Ultrasonog-
Uchida and associates first reported the use .of pergutaneot}s raphy and cryoablation are well-matched technologies. The
cryotherapy for renal cell cancer and angiomyolipoma in  ,gee of the evolving ice ball is superbly visualized during
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Iceball edge
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FiG. 2.3. A picture-in-picture view of the iceball edge is seen by
LUS as well as visually (inset). The iceball itself is anechoic but its
advancing edge, corresponding with 0-degrees Celsius, is well seen.
Since the opposing iceball edge is not well seen, the surgeon drives
the probe in opposing aspects around the kidney to confirm adequate
treatment margins (used with permission, S.F. Matin 2007)

cryoablation, allowing real-time evaluation of the entire zone
of treatment.” This advantage forms the central pillar support-
ing the use of cryoablation for the treatment of small renal
masses, as no other form of ablative therapy can be monitored
this well during treatment.

It is surprising to some that, despite the minimally invasive
nature of the procedure, the degree of intracorporeal dissection
required for laparoscopic cryoablation is actually quite exten-
sive, as exposure of the entire renal surface as well as the side
opposite the lesion is required. An articulating LUS probe with
color Doppler capability is inserted through a 12-mm midaxil-
lary port. Examination of the entire kidney is performed to
evaluate tumor size, location of margins, and vascularity of
the tumor and its proximity to the collecting system, as well
as to rule out previously unidentified tumors. Needle biopsy
of the lesion is carried out. The puncture site by the cryoprobe
is determined by placing the steerable tip of the LUS probe
directly on the opposite surface of the kidney, allowing real-
time sonographic guidance of puncture depth by the cryoprobe
and continuous monitoring of the freezing process.'3?'?* The
ice ball interface is seen as a hyperechoic, semilunar advanc-
ing edge.® The ice ball itself is anechoic (Fig. 2.3). Because
transmission through the iceball is poor, the surgeon must
manipulate the LUS probe to visualize the other advancing
edges of the iceball, which usually requires significant pre-
vious dissection of the kidney to allow steering of the probe
through multiple windows around the kidney. Cryoablation
is carried out beyond the tumor edge visually and ultrasono-
graphically, by at least 5 mm in order to ensure an adequate
treatment margin.*® The iceball edge corresponds to about
0-degrees Celsius, while 5 mm inside the edge the temperature
is at about -20-degrees, which is the minimum temperature
required for adequate cell kill. Sonographic monitoring of the

S.F. Matin

second freeze is suboptimal, as the ablated area is anechoic.
However, continued monitoring ensures that the secondary ice
ball does not advance beyond the initial boundary.

Probe Ablation: Radiofrequency Ablation

Laparoscopic radiofrequency ablation (RFA) is generally car-
ried out for anterior or lower-pole tumors that are inaccessible
percutaneously or that are adjacent to visceral organs or the
ureter (in case of a lower pole tumor) whereby a percutaneous
approach may not be feasible. Alternatively, a laparoscopic
approach may be favored by some, particularly if there is a
limitation in accessing a skilled interventionalist.

Transperitoneal access is obtained and the colon is reflected.
In the case of a lower-pole tumor, the ureter is mobilized away
from the tumor and the lower pole of the kidney mobilized lat-
erally. Similar to cryoablation, Gerota’s fascia is opened sur-
rounding the tumor and the surface of the kidney is exposed.
Identification and characterization of the tumor is performed
using LUS. Tumor size, enhancement characteristics, proxim-
ity to vessels, and the collecting system are all noted. Ultra-
sonography of the entire kidney is performed to rule out any
other tumors that may not have been seen on preoperative
imaging. We also mark the treatment edge, located at least
5—10 mm beyond the tumor edge, with cautery. During RFA
there is significant dessication and retraction of the tumor and
surrounding parenchyma, making the treatment margins diffi-
cult to discern after treatment has begun. Having an anatomic
landmark thus aids with establishing proper boundaries. A
needle biopsy is taken immediately prior to ablation. LUS
is used to guide the initial insertion of the RFA probe to the
deepest margin of treatment, because this is the most critical
and most difficult area in which to obtain a margin. Once RFA
has been initiated, the ultrasound picture begins to degrade
significantly due to interference from the radiofrequencies
and also from microbubbles that form around the electrode
(Fig. 2.4). Several modern ultrasound machines have filters
for minimizing this interference, but it is this author’s experi-
ence that these filters do not work as well with renal RFA as
they do with liver RFA, possibly because of the closer proxim-
ity of the electrode to the LUS probe with renal RFA. Thus,
after RFA is initiated, there is little use for LUS during the
treatment. This emphasizes the importance of accurate initial
guidance of the probe into the deepest margin of treatment
by using LUS. After the initial ablation, multiple sequential,
overlapping, more superficial ablations are performed using
a standard algorithm until complete ablation of the tumor and
margin is achieved.

Laparoscopic Partial Nephrectomy

The technique described by the group at the Cleveland
Clinic**?” has become the de facto standard for laparoscopic
partial nephrectomy (LPN), with few modifications made at
other centers. The routine use of LUS, cystoscopic placement
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FiG. 2.4. LUS aids primarily with placement of the initial puncture for catheter-ablative therapy. In this case, an RFA electrode is placed at
the deepest margin of treatment (right panel). Arrows indicate RFA electrode with deployable tines. After treatment starts, there is a progres-
sive loss of image quality due to microbubble formation as well as frequency interference. Compare the quality of the image on the right,
taken minutes after ablation has started, to the one on the left, before ablation. During RFA, this deep margin is treated first as a result of this
phenomenon. Additional sequential ablations are performed as the probe is progressively withdrawn, then the catheter is redeployed more
superficially and the procedure repeated (used with permission, S.F. Matin 2007)

Matin 2007

FiG. 2.5. LUS is critically necessary for demarcation of resection
margins during laparoscopic partial nephrectomy. In this case the
tumor is a conventional (clear cell) renal cell carcinoma resected with
adequate margins (inset) (used with permission, S.F. Matin 2007)

of a ureteral catheter, suture repair of the collecting system,
and renorrhaphy are used by most practitioners, but with
growing experience, ureteral catheters can be omitted when
tumors are completely exophytic and when resection is not
expected to violate the collecting system.?® Hilar clamping is
routinely performed to obtain vascular control using bulldog
clamping of the renal artery alone or in combination with the
renal vein during a retroperitoneal approach or using a laparo-

scopic Satinsky clamp during a transperitoneal approach. This
allows resection in a bloodless field with optimal visualiza-
tion of the margins of resection. Similar to any other form of
nephron-sparing surgery for cancer, LUS allows evaluation of
the entire kidney for lesions that may have been missed on pre-
operative imaging or lesions that may have progressed since
the last preoperative imaging. As resection of an additional
margin during LPN is difficult and to be avoided if at all pos-
sible, determination of the resection margins using LUS is
critical (Fig. 2.5). This is particularly true for deeper lesions,
those with a significant intrarenal component, or those that are
irregular in shape (Figs. 2.6 and 2.7). LUS has thus become
a standard and expected adjunct to LPN for all tumors except
maybe those that are obviously only cortical.

Renal Cyst Decortication

Laparoscopic decortication of symptomatic renal cysts is pre-
ferred over percutaneous aspiration due to the risk of recur-
rence with the latter, and certainly at this time is preferred to
open surgery because it is a minimally invasive procedure.?-!
Elashry and colleagues® reported two patients who under-
went five LUS-guided cyst marsupialization procedures. A
10-MHz laparoscopic ultrasonic unit with an articulating tip
was used to identify perihilar and hidden subcapsular cysts.
Color Doppler imaging allowed discrimination of peripelvic
cyst anatomy and surrounding vasculature, permitting safe
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FiG. 2.6. Intraoperative ultrasonography is absolutely essential when tumors are completely intrarenal, and no surface landmarks exist to
guide resection during laparoscopic or open partial nephrectomy. A computed tomography scan is shown of an upper pole, intrarenal, hilar
renal tumor (arrow) in the left panel, and the corresponding intraoperative ultrasonography view is seen on the right. Arrows indicate similar
perspective. The tumor was resected with clear margins by traditional open partial nephrectomy, showing a low-grade conventional (clear
cell) renal cell carcinoma with negative margins. (used with permission, S.F. Matin 2007)

Fi1G. 2.7. Intraoperative ultrasonography is also critical when tumors
are irregularly shaped, so that the visualized surface anatomy does
not aid with prediction of the intrarenal anatomy, such as would be
the case with a perfectly circular tumor. The figure shows the ultra-
sound appearance of a barbell-shaped renal cell carcinoma (used
with permission, S.F. Matin 2007)

decortication of cysts adjacent to hilar vessels. McDougall has
nicely described the laparoscopic approach to decortication of
simple cysts and polycystic kidneys.*!

Laparoscopic Renal-Stone Surgery

In 1977, Cook and Lytton* employed ultrasonography during
an open nephrolithotomy using a 10-MHz probe that detected
stones 2-3 mm in diameter, as judged by cadaveric studies. In
their reports, ultrasonography was able to locate calculi in six
patients who were otherwise difficult to identify.” The advan-
tages observed during open renal-stone surgery prompted the
use of LUS during laparoscopic nephrolithotomy and other
laparoscopic renal-stone surgery. Van Cangh et al.’? initially
reported the technique of laparoscopic nephrolithotomy in a

patient with a 2-cm renal calculus who had previously failed
shock wave lithotripsy and was not a candidate for percu-
taneous therapy. LUS was felt to be critically important for
accurate localization of the calculus. Additionally, the use of
duplex ultrasonography assisted in the selection of a relatively
thin, avascular site for the nephrotomy.

LUS appears to be eminently useful during laparoscopic
calyceal diverticulectomy. Ruckle and Segura®® reported lap-
aroscopic obliteration of a stone-bearing calyceal diverticulum,
but adjunctive ultrasonography was not employed because of
the thin overlying cortex, which allowed ready visual identifi-
cation of the diverticulum. The use of LUS in the laparoscopic
approach to calyceal diverticula has since shown great util-
ity, as these lesions may not be readily identifiable by visual
inspection of the cortex, even after complete exposure of the
kidney.>* Miller et al.*> have also described their technique in
five patients, all of whom had complete stone clearance and
obliteration of the diverticulum.

LUS may also aid in locating the calculus within the renal
pelvis and may facilitate laparoscopic extraction.’® Because
the superior resolution of higher-frequency LUS probes allows
detection of stones as small as 1-2 mm, the use of LUS may
also reduce the risk of leaving small fragments during other
types of laparoscopic stone surgery. LUS during laparoscopic
renal-stone surgery is a useful and dependable adjunct that
can facilitate real-time localization of a calculus, can guide
surgical planning, and identify residual calculi.

Lymphocele Marsupialization

The definitive approach to symptomatic sterile pelvic lym-
phoceles involves drainage within the peritoneal cavity.”
Open or laparoscopic marsupialization of the lymphocele
into the peritoneal cavity is achieved by creation of a window
in the common wall between the two cavities. Percutaneous
treatment by simple aspiration is associated with significant
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recurrence, and although percutaneous sclerosis with various
agents can be somewhat more effective, the resultant scarring
can make future exploration difficult.®** Laparoscopic mar-
supialization is considered standard therapy for sterile pelvic
lymphoceles at many institutions. The safety and efficacy of
laparoscopic marsupialization in comparison with open sur-
gery has been shown in several series to be characterized by
less blood loss and analgesic requirement and a shorter length
of stay, more rapid recovery and by a similar ability to perform
adjunctive measures such as omental interposition.””**4'LUS
is a necessary adjunct to lymphocele marsupialization, espe-
cially if the lymphoceles are small or in proximity to impor-
tant structures such as the iliac vessels, renal allograft, native
ureter, bladder, or a combination of these.*** Transcutaneous
ultrasonography can be used to provide real-time, dimensional
operative guidance to locate the lymphocele and to facilitate
safe creation of the peritoneal window, especially if the lym-
phocele does not share a wall with the peritoneum.*> As Mel-
vin et al.* have indicated, injury to the allograft ureter may
occur and has been reported in 7% of patients undergoing lap-
aroscopic lymphocelectomy. However, in a multi-institutional
study of 87 patients, no allograft ureteral injury was noted
during laparoscopic lymphocelectomy.*The use of intraoper-
ative ultrasonography, whether percutaneous, laparoscopic,
or both, during laparoscopic lymphocele marsupialization is
an important and useful adjunct.

Fact sheet

e LUS is an indispensable, critically necessary adjunct during probe-
ablative therapy

e LUS during LPN provides the surgeon with a view of the intrarenal
anatomy and a guide for adequate resection margins at the surface
level

¢ LUS should be considered as a necessary adjunct for laparoscopic
calyceal diverticulectomy whenever renal surface anatomy may not
provide sufficient landmarks

¢ Use of laparoscopic as well as transcutaneous ultrasonography during
lymphocele marsupialization can increase the safety of the procedure
and might prevent injury to surrounding structures

Miscellaneous Applications

Heniford et al.*3 reported using a 7.5-MHz LUS probe to
locate the adrenal vein and detail the anatomy of the gland
and tumor. The relations of the renal vessels, adrenal vein, tail
of the pancreas, and inferior vena cava were carefully mapped
using ultrasound. Laparoscopic adrenalectomy has become
such a standard for benign adrenal adenomas, however, that
the use of LUS may be best reserved for those with challeng-
ing anatomy or unusual findings requiring further exploration.
During laparoscopic resection of pheochromocytomas, LUS
can provide early identification of the adrenal vein and par-
ticularly aberrant venous drainage. Heniford used these tech-
niques in 18 patients undergoing laparoscopic adrenalectomy
and found that LUS facilitated the operative management in
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68%.% The use of LUS expedited retroperitoneal dissection in
obese patients, one of whom had previously failed an attempt
at open resection, and also facilitated partial adrenalectomy in
two patients with peripherally located tumors.* Lucas et al.*
similarly utilized LUS to aid in the dissection of the adrenal
vein in 36 patients, 35 of whom underwent successful lap-
aroscopic adrenalectomy. Since these reports, the concept
of cortical-sparing adrenalectomy has been proposed with
those with familial syndromes or sporadic cases of pheochro-
mocytoma and cortisol-secreting tumors.*’#® Walther et al.*
reported using LUS to perform partial adrenalectomy for
eight pheochromocytomas in three patients. LUS was useful
for localizing two tumors that were not seen visually. Pautler
et al.* published their updated experience in 11 patients, all of
whom managed to avoid steroid supplementation. If cortical-
sparing adrenalectomy is being contemplated, the use of LUS
can make a critical difference for a favorable outcome. In one
of the more creative solutions for adrenalectomy in patients
with a prohibitive abdomen, Gill et al.*® used LUS for local-
ization of the adrenal gland during a thoracoscopic approach
to the adrenal.

LUS may have a role for evaluating a renal vein and vena
caval tumor thrombus during laparoscopic nephrectomy.’! We
have also used it during laparoscopic-assisted radical neph-
rectomy with vena caval thrombectomy. As palpation is not
possible or may be limited, accurate localization of the tumor
thrombus can be performed using LUS during the laparo-
scopic portion of the procedure or by using the LUS probe via
the mini-incision (Fig. 2.8). LUS has also been used during
retroperitoneoscopic renal biopsy in extremely obese patients.
Percutaneous ultrasonography was employed to identify bony
landmarks prior to port placement in patients. The use of a
laparoscopic probe can help identify the lower pole of the kid-
ney in patients with excessive retroperitoneal fat.*?
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F1G. 2.8. LUS used during a laparoscopic-assisted nephrectomy and
vena caval resection. LUS beautifully identifies the location of the
tumor thrombus (TT), in this case located 2 cm below the hepatic
veins. V, vena cava; A, aorta (used with permission, S.F. Matin 2007)
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Future Directions

Undoubtedly, the role of LUS will continue to emerge. Nano-
technology and micromechanical systems have already had an
impact in the evolution of this technology.™ Areas of tech-
nology that will continue to improve the current state of the
art include the improvement of directional steering, continued
miniaturization of technology, and incorporation of multitask
probes. The latter is already a reality within some disciplines,
such as use of endobronchial ultrasonography (Olympus
America, Inc., Center Valley, PA) for evaluation and diagnosis
of pulmonary pathology. This technology incorporates a flex-
ible videoendoscope, an ultrasonography examination, and a
biopsy channel calibrated to the ultrasound view all within
a single instrument. The surgeon can simultaneously visual-
ize the anatomy, localize the approximate area of pathology
by correlation with preoperative imaging, and then use the
ultrasound located at the tip of the instrument to accurately
localize the bronchial or extrabronchial pathology, such as an
enlarged mediastinal lymph node.>* An accurate biopsy of the
lymph node is then simultaneously performed with the same
instrument under ultrasound guidance. Three-dimensional
ultrasonography capability is also currently available for
some applications but has not yet reached full-scale clinical
utility for LUS. This may hold the promise of allowing accu-
rate treatment planning prior to any tumor manipulation and
may improve geometric considerations of ablative therapies.
The three-dimensional system has been explored for use with
navigation systems to augment its utility.>

Overview

LUS has had a profound influence on the practice of mini-
mally invasive urologic surgery, particularly on laparoscopic
renal surgery for oncologic and calculous diseases as well as
a variety of other miscellaneous procedures. LUS is a criti-
cal adjunct to probe-ablative therapy, whether cryoablation or
RFA, as well as LPN. LUS advancements will enhance the
surgeon’s visual examination of disease and thereby play an
ever-increasing role in advancing minimally invasive applica-
tions to urologic disease. Urologists have embraced the use of
intraoperative ultrasonography and will continue incorporat-
ing this technology as a natural extension of patient care.
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Chapter 3

Ultrasound-Guided Prostate Cryosurgery:

State of the Art

Gary Onik

Introduction

With the decision of the Centers for Medicare and Medicaid
Services (formerly the Health Care Financing Administration
[HCFA]) in 1999 to approve prostate cryosurgery for the treat-
ment of primary prostate cancer, treatment options for patients
were expanded.' Despite decades of investigation and incre-
mental improvements in both radical prostatectomy (RP) and
radiation therapy, neither treatment modality has distinguished
itself as the procedure of choice for treating primary prostate
cancer. Both modalities have limitations in treating patients
with higher-stage and Gleason-grade disease. Also, the asso-
ciated complications of RP and radiation therapy, while
sometimes different in character, are not appreciably different
in incidence to clearly recommend one treatment over the
other. As a result, each approach can be justifiably recom-
mended as the procedure of choice. These options, along with
“watchful waiting”? or as it is now called “active surveillance,”
as possible strategies for prostate cancer management have
led to patient confusion and frustration. Adding cryosurgery
as still another treatment option to this already-confusing envi-
ronment further complicates patient choices. As we will see,
however, there have been major improvements in cryosurgical
results gained in recent years due to the basic understan-
ding of the thermal destruction of tissue and the advances in
cryosurgical technique and equipment. Add to this its unique
inherent advantages of being able to treat extensive local
disease, be repeated, as well as form a platform for the focal
therapy of prostate cancer, image-guided prostate cryosurgery
(or perhaps another similarly image-guided ablative techno-
logy) has the potential to become the treatment of first choice
for all stages and grades of localized prostate cancer.

Since the ultrasound-guided percutaneous transperineal
approach for prostate cryosurgery is essentially identical to
that of a radiation seed implantation, the potential advantages
of cryosurgery can be well appreciated if freezing is viewed
as another new implantable radiation source, i.e., ICE 101
(Fig. 3.1). Thus, like radiation seeds, the characteristics of the
freezing probes are known and can be predicted, but unlike

radiation seeds, freezing can be monitored and modulated
in real time to ensure adequate therapy giving it a major
advantage over seeds (Fig. 3.2). In addition, freezing creates
a discreet lesion; it does not “scatter” as do radiation from
seeds, affecting adjacent structures. In other words, when
properly controlled and monitored, structures outside the target
zone are not affected.

There is no “dose threshold” for the freezing allowing addi-
tion freeze-thaw cycles within a single procedure, or repeat
treatment at a later sitting in the event of a local recurrence.
Despite these advantages and the long history of thermal
therapy (hyperthermia) in the field of radiation oncology,
cryosurgery has been virtually ignored by the brachytherapy
community. This review presents results suggesting that the
advantages of freezing as a “radiation source” are finally
being harnessed. This chapter reviews the background of
prostate cryosurgery, its lackluster early performance that
created a negative perception of the procedure, the changes
in instrumentation and technique that have improved prostate
cryosurgery results, and the patient selection criteria for pros-
tate cryosurgery.

Background

The treatment of localized prostate cancer remains contro-
versial. Although pathologic studies have shown that the
prevalence of prostate cancer is high, many of these cancers
are not clinically significant.’ In addition, even clinically signi-
ficant cancers — generally accepted as those of a volume of
0.5 mL or greater — have a variable biologic behavior. On the
other hand, the treatments for prostate cancer include a sub-
stantial risk of lifestyle-limiting morbidity. With some recent
studies showing minimal survival benefit between no treat-
ment and RP, the concept of “watchful waiting,” i.e., not treating
the primary tumor at all, has gained acceptance by some as a
viable management alternative in certain patient populations.
The decision to treat prostate cancer with a particular therapy
or with “watchful waiting” requires a careful assessment of
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FiG. 3.1. Diagram showing the transperineal approach of prostate
cryosurgery. The cryoprobes are placed percutaneously through the
perineum using transrectal ultrasound for guidance. The approach is
identical in concept to brachytherapy of the prostate. Reproduced with
permission from Endocare, Inc, Irvine, California (1-888-236-3646;
http://www.endocare.com)

F1G. 3.2. US showing the ice as it extends toward the rectum. The
freezing front (FF) is exquisitely seen as a hyperechoic (white) line
extending toward the rectum (R). The seminal vesicle (SV) and uro-
genital diaphragm (UG) can be identified. The ability to visualize the
freezing as it encompasses the prostate and approaches the rectum
gives a “freezing radiation source” greater control than traditional
brachytherapy

the risk vs. benefit for that patient. Obviously, as the com-
plications and lifestyle-limiting side effects of treatments
are reduced, these decisions become easier. The reintroduc-
tion of prostate cryosurgery using a percutaneous approach
under ultrasound guidance was consistent with this concept
of trying to decrease the morbidity of prostate cancer treat-
ment. In 1966, Gondor et al.* first reported the concept of a
cryosurgery procedure for the treatment of prostate disease.
Subsequently, an open transperineal cryosurgery procedure
was developed in which the freezing was carried out on the
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surface of the prostate with visual monitoring. Using this
same approach, Bonney et al.> reported results of this proce-
dure in 229 patients followed for up to 10 years. A comparison
of patients who underwent RP and radiation therapy, showed
equal survival among the treatment modalities. Although
cryosurgery showed some advantages, such as being able
to treat patients with large bulky tumors, poor monitoring
of the freezing process resulted in major complications such
as urethro-cutaneous and urethro-rectal fistula, thus limiting
the acceptance of the procedure. In 1993, the first series of
percutaneous ultrasound-guided and monitored prostate
cryosurgery was reported by Onik et al.® which stimulated a
resurgence of interest in this treatment modality. As with any
new procedure, ultrasound-guided prostate cryosurgery went
through a significant learning curve in which the goals of the
procedure looked attainable but the reported results, in both
cancer control and complications, were variable. A negative
perception of the procedure was compounded by the fact that
most early series predominantly treated patients in whom
radiation therapy had failed, and these patients have higher
complication rates, particularly incontinence, than those without
a history of radiation therapy (73% vs. 3%).”® The situation
was also exacerbated by a high urethral complication rate
caused by the use of an ineffective urethral warming catheter.’
Despite these early obstacles, the long-term results from mul-
tiple institutions were examined, and in 1999 the Centers for
Medicare and Medicaid Services removed cryosurgery from
the investigational category and included it with radiation and
RP as a treatment for primary prostate cancer. In a recently
published article, Katz et al.!’ reviewed the 5-year biochemical
disease-free survival of patients treated with brachytherapy,
CT conformal radiation therapy, radical prostatectomy, and
cryoablation for every article published in the last 10 years.
The results were stratified based on whether the patients were
low, medium, or high risk for biochemical failure. Based on
this analysis the range of results for cryoablation was equiva-
lent to all other treatments in low- and medium-risk patients
and appeared to be superior in high-risk patients. Overall
complications rates were similar with all the modalities. The
only article directly comparing cryoablation with radical pros-
tatectomy, published by Gould et al.,'! showed cryoablation
to be equivalent to RP in low-risk patients, but as patient’s
preoperative PSA increased, cryoablation results were supe-
rior to RP. The basis for this apparent superiority in high-risk
patients may be the ability of cryoablation to treat extracap-
sular extension of cancer and to be repeated if needed. Based
on these results one can conclude that cryoablation is a safe
and effective treatment for treating prostate cancer.

Patient Selection

The extent and pathologic character of the patient’s disease
are importance factors in choosing a proper therapy for pros-
tate cancer. Treatments such as RP and brachytherapy (without
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external boosting) have higher recurrence rates as the extent and
aggressiveness (Gleason score) of the disease increases. One of
the great advantages of cryosurgery is the flexibility of the
procedure to be tailored to treat both high- and low-risk patients,
as well as patients in whom radiation therapy has failed.

Patients at High Risk for Local Recurrence

The use of cryosurgery for the treatment of solid organ
cancers made a resurgence with the advent of ultrasound moni-
toring of hepatic cryosurgery first proposed by Onik et al.
in 1984.'> Hepatic cryosurgery filled a unique place in the
armamentarium of liver cancer treatment in that it success-
fully treated patients with multiple tumors or tumors that were
unresectable due to proximity to major vasculature that could
not be sacrificed'>!* Due to its target patient population of
previously untreatable patients with an expected mortality
of virtually 100%, imaging-guided hepatic cryosurgery was
readily embraced by the surgical oncology community.'?

The situation with prostate cancer is similar to liver cancer
in that a significant portion of prostate cancer patients have
a risk of positive margins, based on the high proportion of
patients who have capsular penetration at the time of defini-
tive treatment. However, efforts at preoperative staging have
been inadequate to identify this patient population. The diffi-
culty is further compounded by the fact that at the time of
RP, the surgeon’s ability to appreciate capsular penetration
and involvement of the neurovascular bundles is inadequate.
Vaidya et al.'® reported virtually no correlation between the
surgeon’s determination of tumor penetration into the peripro-
static tissue with involvement of the neurovascular bundle and
actual pathologic confirmation. The result is that in this study,
as well as in other reports, positive margin rates of 30% associ-
ated with nerve-sparing RP are not uncommon. Using various
clinical parameters such as Gleason score, clinical stage, and
prostate-specific antigen (PSA) level, the statistical chance
for capsular penetration can be reasonably predicted preop-
eratively.'”'® This approach can lower the positive margin rate
when rigorously applied, as demonstrated by Eggleston et al.'
In actual clinical practice, however, most urologists believe
that RP is still the “gold standard” of treatment. This leads to
a natural reluctance, based on a statistical analysis, to deny a
treatment that they believe may provide the best chance for
cure. Based on the success of cryosurgery in treating unresect-
able liver cancer, it was hoped that the ability to freeze into the
periprostatic tissue and encompass tumor capsular penetra-
tion could improve the treatment of prostate cancer patients
at high risk of positive surgical margins. The preliminary
data seem to support the potential success of this primary
goal of prostate cryosurgery — improved treatment outcomes
in patients at high risk of local recurrence. Numerous studies
on ultrasound-guided prostate cryosurgery have demonstrated
the ability of the procedure to successfully treat patients with
stage T3 prostate cancer with demonstrated gross extracapsular
disease.?*?! (Fig. 3.3) Demonstration of this concept in
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FiG. 3.3. (a) Ultrasound shows gross extracapsular extension of tumor
through the area of the left neurovascular bundle (arrowhead). (b)
Three cryoprobes have been placed to cover the area and destroy the
extracapsular disease

patients with a “high likelihood” of capsular penetration,
based only on statistical analysis, is more problematic since
the exact margin status of the patient is not known preopera-
tively or postoperatively following a cryosurgical procedure.
There is, however, some evidence to support excellent results
in patients at high risk for positive margins. Onik et al.”? have
shown that aggressive periprostatic freezing was facilitated by
separating the rectum from the prostate at the time of the oper-
ation by a saline injection into Denonvilliers’ fascia (Fig. 3.4).
No local recurrences were seen in 61 patients followed for
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FiG. 3.4. (a) US shows the tip of a needle placed into Denonvillier’s
Fascia which appears as a white line between the rectum and the
prostate (arrow). The width of the fascia is indicated by the diamond
shape. (b) US after injection of saline into Denonvillier’s Fascia.
The double-headed arrow shows the increase in space between the
prostate and the rectum. Downward traction on the rectum by the US
probe keeps the space open

up to 4 years despite the fact that 68% of the patients were
considered at high risk of capsular penetration and local
failure, based on the factors of Gleason score of 7 or greater,
PSA >10 ng mL"!, already failed radiation, or extensive bilat-
eral disease based on preoperative biopsies. These results were
confirmed by Bahn et al.?® in which 7-year results in over 500
patients showed that patients with medium and high risk had
virtually identical results to low risk patients (88% BDF using
the ASTRO criteria)

When cryosurgery is performed aggressively to achieve a
negligible detectable PSA level, comparisons with RP should
be possible. In the only published study comparing the out-
comes between aggressive “total” cryosurgery and RP in one
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clinical practice,!' cryosurgery had a 23% greater chance of
resulting in a PSA level of less than 0.2 ng mL~! than did RP
(96% vs. 73%). When a 0.0 PSA was used as the success crit-
eria, cryosurgery maintained its approximately 20% advantage
over RP (66.9% vs. 48.2%). As patients became at greater
risk for positive margins based on a PSA of 20 ng mL™" or
greater, cryosurgery maintained its results while the results
of RP deteriorated further (86% vs. 36%). While this study
was retrospective and included a relatively small number of
patients, its results are consistent with the original cryosur-
gical treatment rationale of destroying extracapsular cancer by
treating the periprostatic tissues. In addition, these findings are
consistent with the other studies showing success in treating
T3 disease and other high-risk patients, as well as the unequi-
vocally successful results seen in treating unresectable liver
tumors. These results, together with the relatively low morbi-
dity of the procedure and its ability to be performed in older
patients and repeated when needed, we believe make cryosur-
gery the procedure of choice in this patient population.

Adjuvant hormone therapy in high-risk patient popula-
tions is an important strategy. When combined with radiation,
short-term hormone therapy appears to improve local regional
control and distant metastatic in patients with bulky tumors
(T2-T4).>* Long-term adjuvant hormonal therapy in addi-
tion to radiation appears to significantly affect the survival of
patients having a Gleason score of greater than 7.% Since adju-
vant therapy in these studies also had a significant effect on
local control of tumor, the question of the importance of local
control of tumor on the incidence of subsequent metastatic
disease still needs investigation. Based on these concepts,
patients who are of medium to high risk of recurrence, we
routinely place on 6 months of CHT prior to definitive cryo-
surgical treatment.

Patients with Organ-Confined, Low-Volume,
Low Gleason Score Disease

Focal Cryosurgery

The use of breast-sparing surgery, i.e., “lumpectomy” to
treat breast cancer revolutionized the local control of that
disease. Lumpectomy experience showed that patient quality
of life can successfully be integrated into the equation of
cancer treatment without major treatment efficacy.”® Men
with prostate cancer face many of the same issues that breast
cancer patients do. Focal therapy, in which just the known
area of cancer is destroyed, appears to be a logical exten-
sion of the watchful waiting concept and very analogous to
the lumpectomy in breast cancer. Focal therapy minimizes
the risks associated with expectant management since the
clinically threatening index cancer has been treated. Mini-
mizing prostate trauma could, by treating only a portion of
the prostate, decrease the risk of lifestyle-altering compli-
cations associated with morbid whole-gland treatments.
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In 1992, Onik et al.?” published the first article on the focal
treatment of prostate cancer using cryosurgical ablation.
Nine patients were reported who had been followed for an
average of more than 3 years, all patients were BDF indi-
cating that local control of prostate cancer was attainable
with a focal approach. Morbidity was also low with seven
of the nine patients retaining potency and none experiencing
incontinence. A follow-up article is now in press describing
our further experience with focal cryoablation, i.e., “Male
Lumpectomy.”?® In this chapter, 51 patients, all of whom
had at least 1 year follow-up, are reported in which the BDF
rate using focal cryosurgery is 95%. In addition, no patient
had evidence for a local recurrence in an area treated. Only
four of the 51 patients had recurrences in areas not previ-
ously treated. All were retreated and were subsequently free
of disease. Local control of cancer was 100% despite the
fact that 50% of the patients were medium to high risk for
local recurrence. Once again all patients were continent and
potency was maintained in 85% of patients (Fig. 3.5).

The main conceptual objection to focal treatment of prostate
cancer is that it is often a multifocal disease. Prostate cancer,
however is a spectrum of diseases, some of which are may be
amenable to focal therapy. The prostate cancer pathology
literature shows that a significant number of patients have a
single focus prostate cancer and that many other have additional
cancer foci that may not be clinically significant.** Until now
however, little attention has been paid in differentiating those
patients with unifocal, from multifocal disease, since all treat-
ments aimed at total gland removal or destruction.

In a study examining radical prostatectomy specimens
Djavan et al.”® showed that patients with unifocal disease
constituted nearly one-third of the cases. In addition, Villiers
et al.*® showed that 80% of multifocal tumors are less than
0.5 cc, indicating they may not be of clinical significance.
This study was confirmed by Rukstalis et al.*! and Noguchi
et al.*? in which pathologic examination showed that unifocal
tumors were present in 20 and 25% of patients, respectively,
and using the size criteria of 0.5 cc or less as an insignificant
tumor, an additional 60 and 39% of patients might be a candi-
date for a focal treatment approach. Based on this pathological
evidence a significant opportunity exists to investigate a focal
treatment approach for prostate cancer.

Newer biopsy techniques now being used, in which
the gland is biopsied transperineally every 5 mm using a
brachytherapy type grid, could have an impact on excluding
patients with significant multifocal disease. A recent paper
by Crawford et al.,* using computer simulations on RP and
autopsy specimens, demonstrated that transperineal prostate
biopsies, spaced at 5-mm intervals through the volume of a
patients prostate had a sensitivity of 95% in finding clinically
significant tumors. Our results in 110 patients undergoing what
we call 3D Prostate Mapping Biopsies (3D-PMB), consistent
with the protocol Crawford investigated, showed that cancer
could be demonstrated in 50% of patients who previously had
negative biopsies in the previously uninvolved prostate lobe
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FiG. 3.5. (a) US shows the prostate of a 60-year-old male. The star
indicates where his biopsy was positive for a Gleason 6 carcinoma.
He was treated with focal cryosurgery. He was continent and potent
immediately after the procedure. (b) Two years post cryosurgery the
US shows that the area of previous cryosurgery has contracted to a
small scar (arrow). The patient’s biopsies were negative and his PSA
remains stable 6 years after the procedure

on TRUS biopsy.* 3D mapping biopsy also provides superior
localization of the tumor site than TRUS biopsies are able to
provide. This information can therefore be used to guide the
focally destructive agent to optimize destruction of the tumor
while limiting the area that needs to be treated, hopefully
minimizing the chance for side effects (Fig. 3.6).

Focal cryoablation is a unique blend of an aggressive yet
minimal procedure, which accounts for its combination of
excellent cancer control and lack of complications. Extensive
freezing of the periprostatic tissue can still carried out on
the side of the demonstrated tumor. In patients with a high
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FiG. 3.6. US of a patient who presented with a single core positive,
Gleason 6 on his TRUS biopsy on the left side of the gland. The
starburst patterns indicate all the locations where he was positive
on his 3D Prostate Mapping Biopsy (3D-PMB). The pink starburst
indicates an area of extracapsular extension

Gleason score or in those with cancer demonstrated at the
base of the gland, prophylactic freezing of the confluence
of the seminal vesicles can also be carried out. The expected
incidence of urinary and rectal complications is lower than
that of total cryosurgery, RP, or brachytherapy. No patient
in our series demonstrated persistent incontinence. Probably
most important, however, is that an error in patient selection
is correctable by retreatment without added morbidity, a situ-
ation unique to cryosurgery.

Patients with Local Recurrence After
Radiation Therapy

Patients who received a maximal dose of radiation but suffer
a local recurrence without evidence of metastatic disease are
still theoretically curable. Unfortunately, radiation destroys
the tissue planes needed for a safe and effective attempt at
salvage RP. RP in a salvage situation has demonstrated posi-
tive margins in 40% of patients® with prohibitive morbidity
demonstrating a 58% incontinence rate and an incidence of
rectal injury as high as 15%.*¢ Consequently, salvage RP
is rarely performed in this setting with most patients being
placed on palliative hormone ablation therapy.

Based on the successful application of cryotherapy in
patients with liver cancer, percutaneous prostate cryosurgery
was immediately applied to this difficult-to-treat patient
population. The treatment of patients for salvage after radiation
therapy was not without difficulties. Early findings showed poor
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cancer control results with less than 25% of patients reaching
PSA levels of 0.2 ng mL™! 33 or less, with positive biopsy
rates as high as 35%. Also, complications in this patient
population could be significant. While the incontinence rate
for nonsalvage cryosurgery patients is less than 2%, signifi-
cant incontinence for radiation salvage patients can be as high
as 42%.> Advances in cryosurgical technique have improved
these results, with an article by de la Taille et al.®® demon-
strating a 60% success rate at providing an undetectable PSA.
The associated incontinence rate was 9%.

Based on these results, cryosurgery was approved by The
Centers for Medicare and Medicaid Services as the only treat-
ment specifically approved for the indication of recurrent local
cancer after radiation failure. We are just gaining experience
with treating these patients with focal therapy, and while the
cancer control rates are yet to be determined it appears that
the incidence of incontinence can greatly be reduced by this
approach. We believe that based on its potential for cure,
cryosurgery has become the procedure of choice in this
difficult-to-treat patient population.

Technical Considerations in Cryosurgery

Saline Injection into Denonvilliers’ Fascia

A major theoretical criticism of prostate cryosurgery involves
the anatomy of the pelvis with the close proximity of the pros-
tate capsule to the rectal mucosa. Inadequate space between
the prostate and the rectum can result in freezing the rectal
mucosa with resultant urethro-rectal fistula. Subsequently,
fear of causing urethra-rectal fistula may result in stopping
the freezing process prematurely and thus lead to a high
incidence of tumor recurrence. Even for the experienced cryo-
surgeon, cryosurgery was at times a nerve-wracking balancing
act between adequate treatment and rectal injury.

Probably the most important advance in the technique of
prostate cryosurgery leading to the reproducibility of results
involves the injection of saline into Denonvilliers’ fascia at
the time of freezing to temporarily increase the space between
the rectum and prostate (Fig. 3.3). The success of this mane-
uver is dependent on a downward traction of the rectum by
the transrectal ultrasound probe to keep the space open once
the injection has been made. We have now utilized this saline
injection technique in more than 400 patients, demonstra-
ting that this maneuver virtually eliminates the risk of rectal
freezing and the complication of urethro-rectal fistula without
increasing morbidity. The elimination of the fear of rectal free-
zing has several consequences that improve the effect results of
cryosurgery. First, with the rectum protected, free-zing can be
sufficiently extended outside the prostate to bring the —35°C
isotherm to the capsule of the prostate, thus ensu-ring ade-
quate temperatures for cancer destruction everywhere within
the prostate. The position of the —35°C temperature isotherm
changes in relation to the freezing margin as the iceball grows,
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being closer to the freezing margin with smaller ice volumes.
With more freezing room, cryoprobes can be placed farther
into the peripheral zone of the gland, where 80% of cancers
reside, making the destructive temperature zone easier to
reach the capsule with less freezing volume. This also exposes
these cancers to faster freezing rates and colder temperatures,
both of which improve the cancer destruction. This has dic-
tated the probe placement array that we now use for whole-
gland destruction with probes 1 cm apart and within 5 mm
of the capsule (Fig. 3.4). Second, freezing can be extended
far enough outside the prostate to also include extracapsular
extension of cancer, thereby improving the local control of can-
cer in high-risk patients. The arrangement of the cryoprobes
can be placed into the posterior urethral region to encompass
the confluence of the seminal vesicle, thus preventing recur-
rence in this region. Third, with this move of cryoprobes into
the peripheral zone, the freezing of the periurethral tissue is
adequate but less intense, which may decrease over time the
rate of urethral sloughing.

Temperature Monitoring in Critical Areas and
Improved Cryosurgical Protocols

For reliable destruction of cancer by freezing, tempera-
tures must reach certain critical limits. Recent in vitro and
in vivo studies have shown that at least two freeze-thaw
cycles with temperatures reaching —35°C are needed to
reliably destroy prostate cancer cells.** Clinical studies
have confirmed these parameters as well as the improve-
ment that can occur in clinical results when temperature is
monitored by thermocouples placed in critical areas in the
prostate and two full freeze-thaw cycles are carried out. We
routinely place thermocouples at the capsule in the known
area of the tumor and at the apex of the gland when whole-
gland destruction is being carried out. In general, thermo-
couples should be placed equidistant between cryoprobes
at the theoretically warmest location, in order to not give
misleading results. Thermocouples are also very useful in
monitoring temperatures in critical locations to prevent
complications. We routinely place a thermocouple into the
area of the external sphincter to keep that structure above
freezing temperatures and in the area of the neurovascular
bundle when nerve sparing is being attempted.

Role of US in Monitoring Prostate Cryosurgery

Modern cryosurgery would be impossible without transrectal
US monitoring. The imaging is needed to accurately place the
probes and monitor the extent of freezing to prevent complica-
tion such as rectal freezing. Only a biplane transrectal probe
should be used to monitor prostate cryosurgery. All of the
monitoring of the freezing process should be carried out by
the longitudinal linear array probe because of the shadowing
effect caused by the ice. Use of a sector probe overestimates
the extent of the freezing, obscuring the margins of the ice

23

in the shadow created by the freezing front, since the margin
of the freezing front is at 0°C. The freezing front will not
represent the area of reliably destroyed tissue, hence the need
for thermocouple monitoring.

Argon-Based Cryosurgical Equipment

The original LN2-based freezing equipment has now been
replaced by Joule-Thompson argon gas systems. These
systems allow faster freezing rates, which improves the
reliability of cancer destruction. The more precise control
of the freezing process by gas systems also adds to the
safety of the procedure by allowing the freezing process to
be stopped in a more timely fashion. Increasing the number
of probes from 5 to 8 has allowed a more uniform free-
zing temperature to be achieved throughout the gland,
which also improves results. Increasing the number of
probes beyond 8 could have a potentially negative effect.
A “cryoseed system” (Galil Medical Inc, Haifa, Israel) that
utilizes 17-gaugeneedle probes to create a 1-cm diameter ice
ball was not able to totally ablate the prostate gland based
on reported PSA results.** These poor results are probably
the result of the short freezing length of these probes and
the difficulty in accurately overlapping the freezing zones
along the length of the gland. All the data currently used
to gain acceptance of cryosurgery were developed with
cryosurgical probes that freeze the length of the gland in
one freeze; departing from this concept jeopardizes much
of what has been learned about how to obtain consistent
results using cryosurgery.

Future Technical Improvements

At the present time, the greatest improvements being made
are those that have already been well established in the area of
brachytherapy. Since the freezing capabilities of cryoprobes
are predictable, planning software is already available to
direct proper cryoprobe placement based on gland size and
shape. Planning software has now been coupled to guidance
software and hardware, which will simplify what was once a
totally freehand approach to cryoprobe placement.

Conclusions

As we have seen ultrasound-guided cryoablation holds a
unique place among prostate cancer treatments. It has the
advantage of extending efficacious treatment to patients
who are at particularly high risk for local recurrence and
who have failed radiation therapy. With the advent of the
concept of focal therapy for prostate cancer cryoablation
may make its most important contribution to the care of the
prostate cancer patient by offering excellent local tumor
control without the attendant morbidity of previous whole-
gland treatments.
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Chapter 4

Recent Advance in TRUS-Guided Prostate

Brachytherapy

Zhouping Wei, Mingyue Ding, Donal B. Downey, and Aaron Fenster

Introduction

The prostate, which is typically the size of a walnut, is a variable-
sized gland that is located in the male pelvis. The urethra,
which is surrounded by the prostate, travels through the center
of the prostate and carries urine from the bladder to the penis.

Three potential problems can occur within a prostate: benign
prostatic hyperplasia (BPH) (a nonmalignant enlargement of
the prostate gland), prostatitis (inflammation of the prostate
due to bacterial infection), and prostate cancer (an abnormal
growth of malignant cells that usually starts in the peripheral
zone of the prostate). Prostate cancer is the leading cause of
death among men in North America. Autopsies have revealed
small prostatic carcinomas in up to 29% of men 3040 years
of age and up to 64% of men 60-70 years of age.! In 2006,
Canadian Cancer Statistics reports that 20,700 Canadians will
be diagnosed with prostate cancer and 4,200 will die of pros-
tate cancer.” In the United States, it is estimated that 218,890
new cases of prostate cancer will be diagnosed, and 27,050
American men will die from prostate cancer in 2007.3

Initially, cancer cells are confined within the prostate ducts
and glands; however, in time, the cancer develops the ability
to exit the ducts and migrates into the blood and lymphatic
system. Prostate cancer can spread not only through lym-
phatic channels, producing metastases in pelvic lymph nodes,
but also through the blood, producing metastases elsewhere in
the body, particularly in the bones.

Currently, there are four standard treatments used for clinically
localized prostate cancer, i.e., cancer that is still confined within
the prostate: watchful waiting, radical prostatectomy (RP), exter-
nal beam radiation therapy (EBRT), and brachytherapy.*

1. Watchful Waiting. During this period, the physician closely
observes the cancer without initiating treatment. Watchful
waiting represents a practical approach to those patients
who are not at significant risk of dying from prostate can-
cer. Patients considered for this approach are typically men
over the age of 70, or men at a lower risk of dying from
prostate cancer.

2. Radical prostatectomy (RP). This approach involves the
surgical removal of the prostate gland, seminal vesicles,
and a varying number of pelvic lymph nodes. RP offers
the complete removal of prostate cancer within the patient.
Patients who are considered candidates for RP are those
who are in good health and those with a life expectancy of
10 years or more.

3. External beam radiation therapy (EBRT). In EBRT, radia-
tion is emitted from a linear accelerator. EBRT can poten-
tially kill prostate cancer cells using a series of radiation
treatments administered for a length of time. This approach
has been recommended as a potential treatment option for
patients who have localized cancer, who have a life expec-
tancy of more than 10 years, and who are unable or unwill-
ing to undergo RP.

4. Brachytherapy. Brachytherapy is a form of radiation ther-
apy in which radioactive sources are implanted into the
prostate permanently or temporarily. Candidates for the
implantation of permanent radioactive sources are men
with prostate volumes less than 60 cm?, Gleason histologic
scores <6, and PSA < 10 n ml™'. However, candidates for
the temporary implantation of radioactive sources are less
limited. Patients with variably sized prostates, PSA lev-
els, and Gleason scores are eligible to receive temporary
implantations of radioactive sources.

Prostate Brachytherapy

While watchful waiting is an option for some low-risk patients,
most North American patients expect, and may require, active
treatment. However, although it has an excellent cure rate, RP
may cause serious complications, such as incontinence, impo-
tence, and contracture of the bladder neck. Compared with
RP, EBRT has a lower risk for impotence and incontinence.
Because the radiation beam passes through normal tissues
on its way to the prostate, some healthy cells are killed. In
addition, EBRT needs daily dose treatment, each of which
requires realignment of the beams. A study has shown that for
over half of the patients treated with EBRT, 5 mm or greater
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realignment errors had occurred within EBRT treatments.’
Therefore, EBRT can miss cancer cells, seriously damaging
nearby normal cells.

Compared with RP, brachytherapy is minimally invasive:
it involves no incisions or sutures; it essentially produces
no blood loss. With accurate placement, brachytherapy can
confine high dose of radiation to the prostate, dramatically
limiting treatment-related complications by minimizing the
radiation to nearby organs.® The results of treatment from the
limited number of available comparative studies did not show
any difference in the clinical effectiveness of RP, EBRT, or
brachytherapy.” In addition, brachytherapy has the potential
to achieve sharp demarcation between irradiated volume and
healthy structures, achieving superior tumor control with sig-
nificantly reduced morbidity and side effects in comparison to
other treatment modalities and techniques.?

Currently, two different approaches to prostate brachyther-
apy are possible: temporary afterloading high dose rate (HDR)
radioactive source (e.g., iridium-192) and permanent implan-
tation of low dose rate (LDR) isotopes with low energy and
short half-lives (e.g., iodine-125 and palladium-103).° An
HDR procedure involves the placement of a hollowed catheter
array into the prostate followed by the insertion of iridium-192.
After the treatment has completed, iridium-192 (and the cath-
eters) are removed and no radiation is left in the patient. In
an LDR procedure, the radioactive seeds (iodine-125 or
palladium-103) are permanently implanted into the prostate;
therefore, over the course of their radioactive lives, the seeds
will continuously emit low levels of radiation. Permanent seed
implantation is technically easier to implement and perform.
It, therefore, receives the most clinical interest. Since Holm
et al. first described the use of transrectal ultrasound (TRUS)
to guide transperineal insertion of needles into the prostate to
permanently deposit iodine-125 sources into the gland,' two-
dimensional (2D) TRUS-guided LDR prostate brachytherapy
has become the standard approach to prostate therapy. This
chapter will discuss the method of applying three-dimensional
(3D) TRUS guidance with robot assistance in order to improve
current LDR prostate brachytherapy procedures. LDR brachy-
therapy will be referred to simply as brachytherapy.

In an effort to achieve an optimal geometry of the implanted
sources, a template is used in current prostate brachytherapy.
With the patient in the lithotomic position, the template,
which acts as a guide for each needle placement, is held rig-
idly in place over the perineum. This placement allows the
physician to control the entire prostate target volume and to
specify the placement of each radioactive source at any point
within the gland. Within the pelvis, if the prostate is imaged in
3D, then any point within the prostate can be given a unique
set of coordinates using the grid on the template to determine
the X and Y coordinates and using the distance from the plane
of the template at the perineum to define the Z coordinate. For
every increment of 5 mm from the “zero plane” at the base of
the prostate to the apex, TRUS can be used to map the area of
the gland onto this grid. This mapping creates a series of 2D
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images that can be used to create a 3D target volume. Com-
puters, which are used for treatment planning, can then use
this planning target volume to develop a pattern for radioac-
tive source placement that will deliver the desired dose. This
treatment pattern is called the preimplant plan (or preplan).
The position of each source is defined by the grid coordinate
system that follows from the chosen template along with its
depth or distance from the template.

Implantation is performed during a subsequent visit. The
patient is positioned in a similar orientation to the preplanning
position. Each of the needles is placed in the pattern that is
determined by the preplan. The number of seeds to be placed
in each needle and the spacing between seeds are determined
by the preplan as well; however, the plan may be modified
intraoperatively using real-time adjustments in the 2D TRUS
image planes in order to improve the accuracy of the final dis-
tribution. These adjustments are made to compensate for the
errors caused by the displacement of the prostate.

Among physicians, it is generally agreed that postopera-
tive dosimetry must be performed to assess the adequacy of
implantation and to determine the actual dose received by the
prostate and normal tissues.!" This process usually requires a
postimplantation CT scan so that the position of the seeds in
the prostate capsule (as well as critical tissues) can be outlined,
and a full reconstruction of dose and volume can be made.'?

Limitation of Current Brachytherapy

Although current prostate brachytherapy is widely accepted,
it still suffers from limitations and variability due to the fol-
lowing four factors that have limited the full potential of pros-
tate brachytherapy: pubic arch interference (PAI), geometric
changes in the prostate, prostate trauma due to seed implanta-
tion, and prostate variations.

1. PAI with the implant path occurs in many patients with
large prostates (>60 cm?) and in some patients with a small
pelvis. The PAI patients cannot be treated with current
brachytherapy before their prostates have been shrunken
using hormonal therapy — a separate process that typically
takes 3—9 months,'>'* because the anterior and/or the ante-
rolateral parts of their prostate are blocked by the pubic
bone using parallel needle trajectories guided by a fixed
template.

2. Geometric changes occurring in the prostate between the
preplan scan and the implantation scan will lead to incor-
rect seed placement. It has been shown that the prostate
volume can change by as much as 50% in the time between
the preplan and implantation.'s

3. Seed implant procedures induce trauma and cause the
prostate to swell due to edema.'® Clearly, variations of prostate
shape and volume during the procedure may result in
“misplaced” seeds and lack of proper dose coverage. The
AAPM TASK Group 64 has identified this as an issue that
requires attention.!”
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4. Prostate variations and changes between seed implantation,
postoperative dosimetry (and other factors such as TRUS
imaging artifacts); migration of the seeds in the needle tracks,
and needle deflection will lead to potential inaccuracies.'®
Discrepancies have also been reported between CT- and
TRUS-based prostate volume measurements.'” These factors
could also incur wrong determination of dose coverage.

Potential Solutions

To solve several of the aforementioned problems, which
are associated with current prostate brachytherapy, some
researchers have proposed dynamic intraoperative procedure
— an encompassing procedure that is carried out entirely in one
session, including planning, monitoring of prostate changes,
dynamic replanning, and optimal needle implantation (includ-
ing oblique trajectories).?

TRUS-guided prostate planning and implantation are
being used extensively in current prostate brachytherapy
procedures; 2D TRUS imaging as well as 3D reconstruc-
tion provide a direct description of the 3D space. In recent
years, many advances have been made in 3D ultrasound (US)
imaging of the prostate,?'?> US image processing for prostate
boundary segmentation,”*?’ pubic arch detection,"® needle
segmentation,”®? and seed segmentation.’® These advances
have greatly enhanced the role of US in clinical diagnosis and
image-guided surgery.

Because a robot can position, orient, and manipulate surgi-
cal tools along various trajectories in 3D space accurately and
consistently, medical robotic systems have been achieving an
increasing role in various image-guided surgical procedures.
The mobility of the robot is important because it helps to free
the insertion of the needle from the constraints of the parallel
trajectory, allowing an oblique insertion of the needle to occur.
Robotic systems can also be dynamically programmed, con-
trolled, and effectively integrated with 3D imaging systems so
that the robot can be instructed to target any point identified in
the 3D image. Although they introduce more complex instru-
mentation and increased hardware costs, robotic approaches
provide significant advantages and cost-saving techniques.
As a result, medical robotic approaches are being extensively
explored. Several research teams have already investigated the
possibilities to use robot in prostate therapy.?!**

System Description

Before we describe the approach for robotic assistance, some
consideration will be given to the tasks that are required for
robot-assisted brachytherapy with 3D TRUS guidance. These
tasks can be divided into two sections: preimplantation plan-
ning (or preplanning) and seed implantation. For the preplan-
ning stage, the physician’s tasks consist of positioning the
patient, obtaining the 3D TRUS images of the prostate, and
sending the 3D TRUS images to a medical physicist who
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determines the placement of the seeds. During seed implanta-
tion, needles, which implant seeds at various preplanned loca-
tions, are inserted into the prostate so that the total amount
of preplanned radioactive dose is delivered. Therefore, before
the implantation of seeds can begin, a method of registering
the patient to the implantation system (i.e., the robot system)
is required. This registration method differs among varying
system designs.

Hardware Components

Figures 4.1 and 4.2 show the prototype of the robotic-assisted
system with 3D TRUS guidance for prostate brachytherapy.
The prototype consists of a 3D TRUS imaging system, which
was developed in our laboratory,?*> and a robot with 6 degrees
of freedom (dof). To evaluate the feasibility of the proposed
approach, we used a CRS A465 commercial robot system
(Thermo-CRS, Burlington, Ontario, Canada); however, the
software was developed to allow for the integration of the 3D
TRUS imaging system with any robot with 6 dof.

The 3D TRUS imaging system consists of a Pentium III
personal computer (PC) with a 1.2-GHz processor (for 3D
image acquisition, reconstruction, and display), a Matrox
Meteor II video frame grabber (for 30 Hz video image acquisi-
tion), a mover controller module (MCM), which controls the
rotation of the transducer-mover assembly via the serial port
of the computer, and a B-K Medical 2102 Hawk ultrasound
machine (B-K, Denmark) with an 8558/S 7.5 MHz side-firing
linear array transducer. To produce a 3D US image, the MCM
and the motor assembly rotate the transducer over an angle of
approximately 120° about its long axis, while a series of 2D US
images are digitized at 0.7° intervals by a frame grabber. These
acquired images are reconstructed into a 3D image, which is
available for viewing as the 2D images are being acquired. The
3D US image can be viewed using 3D visualization software,

Robot
Needle guide

TRUS prob

FiG. 4.1. The prototype of the robot-assisted and 3D TRUS-guided
prostate brachytherapy system
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Needle

Patient
Prostate

TRUS
Transducer

Control and
Display Computer

F1G. 4.2. Schematic diagram of the robot-assisted and 3D TRUS-guided prostate brachytherapy system. The rotation of the TRUS transducer
is controlled by the mover controller. A video frame grabber is used for image acquisition. The acquired images are reconstructed into a 3D
image and displayed in the computer. The robot is controlled to move to a position, so that the needle can be guided via the needle guide to

a target identified in the 3D TRUS image

including multiplanar reformatting tools for viewing any plane
in the 3D image, as well as measurement tools.*

The robot includes a robotic arm assembly with 6 dof (three
translational, three rotational), a PC-based kinematics posi-
tioning software system, and a robot controller. The position-
ing software of the robot system can control the robotic arm
assembly via the controller in terms of world/tool coordinate
systems. The world coordinate system is fixed to the ground;
however, the tool coordinate system is fixed to the arm of the
robot. As the arms of the robot move, the position and orienta-
tion of the tool coordinate system change, as well. The robot
control software has been integrated together with the 3D visu-
alization software so that precise image-based planning of the
robot path can be performed; multiple potential trajectories can
also be viewed by using a graphical user interface. The needle
guide for manually inserting the needle is attached to the arm
of the robot, which has one hole for needle guidance. Because
the needle guide is attached to the arm of the robot, the position
and orientation of the needle guide hole (in the robot tool coor-
dinate system) is known. A transformation is performed by a
software module, calibrating the robot tool coordinate system
to the world coordinate system so that the guidance hole can be
described in the robot world coordinate system.

System Calibration

Integration of the 3D TRUS image-based coordinate system
with the robotic coordinate system is required in order to

allow for accurate needle target planning and insertion under
3D TRUS guidance. This approach involves two calibration
steps: (1) calibration of the 3D US image to the coordinate
system of the transducer (image calibration), and (2) calibra-
tion of the transducer to the coordinate system of the robot
(robot calibration).

The transformation between any two different coordinate
systems is found by solving the orthogonal Procrustes prob-
lem as follows*:

Given two 3D sets of points, K = {kj}, L= {lj} forj =1,
2, ..., N, we determine a rigid-body transformation such that
F: lj.= F(kj) =R kj + T, where R is a 3 x 3 rotation matrix, and T
is a 3 x1 translation vector by minimizing the cost function:

1 2
C=—>[i, - Rk, +m) . 4.1
N&

A unique solution to (4.1) exists if and only if the sets of
points, K and L, contain at least four noncoplanar points.

As shown in Fig. 4.3, the phantom used for the calibration
of the image comprised seven 1-mm-diameter nylon strings
positioned in a 14 x 14 x 14 cm® Plexiglas box [26a]. The side
of the Plexiglas box has a hole to simulate the rectum and to
accommodate the TRUS transducer. The nylon strings were
immersed in agar and were placed in three layers 1 cm apart.
The strings were arranged with known separations, forming
noncoplanar intersections. In the coordinate system of the
transducer, the coordinates of these intersections were known



4. Recent Advance in TRUS-Guided Prostate Brachytherapy

F1G. 4.3. Photograph of the image calibration phantom with the trans-
ducer inserted into the simulated rectum

FiG. 4.4. The plates for robot calibration. The positions of the divots in
the transducer coordinate system are all known through the phantom
design. The positions of the divots in the robot coordinate system
are determined by moving the robot to touch these divots as shown
in this figure

from the phantom design; in the 3D TRUS coordinate sys-
tem, the coordinates of the intersections were determined by
scanning the intersections. Using the coordinates of the string
intersections in both coordinate systems, we solved (4.1) in
order to determine the transformation linking the two coordi-
nate systems.

For the calibration of the robot, two orthogonal plates
mounted on the transducer holder were used and drilled with
ten hemispherical divots. Figure 4.4 shows these calibration
plates along with the divots on each of the plates. Homolo-
gous points in the coordinate systems of the transducer and
the robot are provided by the centers of the hemispherical
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divots on the two plates. The coordinates of these divot cen-
ters in the robot coordinate system were determined by mov-
ing the robot, sequentially touching the divots with a stylus
tip, which was attached to the arm of the robot. Using the
coordinates of the divots in the two coordinate systems, we
solved (4.1) in order to determine the transformation linking
the two coordinate systems.

Software Tools

Software tools are indispensable components in a 3D TRUS-
guided robot-assisted system for prostate brachytherapy; they
should include following items: prostate segmentation, needle
segmentation, seed segmentation, and dosimetry.

Prostate Segmentation

Outlining the margins of the prostate manually is time con-
suming and tedious; therefore, an accurate, reproducible, and
fast semi- or fully automated prostate segmentation technique
is required. Because 3D US images suffer from shadowing,
speckle, and poor contrast, fully automated segmentation pro-
cedures, at times, result in unacceptable errors. Our approach
has been to develop a semiautomated prostate segmentation
technique that allows the user to correct for errors.?

In our approach, the prostate is segmented as a series of
cross-sectional 2D images obtained from the 3D TRUS image.
The resulting set of boundaries is assembled into a single 3D
prostate boundary. Our 3D prostate segmentation algorithm has
been described in detail in previous publications.® As shown in
Fig. 4.5, this algorithm consists of the following three steps:

(1) The operator manually initializes the algorithm by select-
ing four or more points on the prostate boundary (in one
central prostate 2D slice). A curve passing through these
points is then calculated and is used as the initial estimate
of the prostate boundary (Fig. 4.5a).

(2) The curve is converted to a polygon with equally spaced
points, which are then deformed using a Discrete Dynamic
Contour algorithm until reaching equilibrium (Fig. 4.5b).
If required, the polygon can be edited by manually repo-
sitioning selected vertices.

(3) The boundary of the 2D segmented prostate in one slice is
extended to 3D by propagating the contour to an adjacent
slice and repeating the deformation process (Fig. 4.5¢). This
process is accomplished by slicing the prostate in radial
slices separated by a constant angle (e.g., 3°) intersecting
along an axis approximately in the center of the prostate.”

Needle Segmentation

As described in sections “Hardware Components” and “Sys-
tem Calibration”, 3D TRUS-guided robot-assisted prostate
brachytherapy allows oblique needle insertion during seed
implantation. Thus, the needle may be inserted in an oblique
trajectory, which results in the image of the needle passing out
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FiG. 4.5. Images showing the steps of the 3D prostrate segmentation
algorithm. The 3D TRUS image is first resliced into 2D slices. (a) The
user initializes the algorithm by placing four or more points on the
boundary as shown. A model-based interpolation approach is used to
generate an initial contour. (b) A deformable dynamic contour (DDC)
approach is used to refine the initial contour until it matches the pros-
tate boundary. (¢) The contour is propagated to adjacent 2D slices
of the 3D TRUS image and refined using the DDC. The process is
repeated until the complete prostate is segmented as shown
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FiG. 4.6. The brachytherapy needle leaves the real-time 2D TRUS
image for an oblique insertion, and the needle will only appear as a
dot in the 2D US image, leading to suboptimal guidance

of the real-time 2D US image (Fig. 4.6). Although the robot
possesses high positioning and angulation accuracies, and the
robot and 3D US systems can be accurately related to each
other through a careful calibration, the needle coordinates
reported by the robot do not describe the actual needle tra-
jectories due to needle deflection.'® While the needle is being
inserted into the prostate, visual tracking of the needle tip in
an US image is necessary to ensure proper placement and to
avoid implanting seeds outside the prostate. Automated seg-
mentation of the needle during an oblique (as well as parallel)
needle insertion would allow the position and orientation of
the needle to be determined. As a result, rapid dynamic replan-
ning could be performed based on the actual needle trajectory
and seed locations to obtain an optimum 3D dose distribution
within a prostate. Thus, we developed a technique to track the
needle as it is being inserted obliquely.*

In our approach, we use gray-level change detection tech-
nique (i.e., values derived by comparing the gray-level values
of the images before and after the need has been inserted and
processed.). Because the needle may be angled, maximally, 20°
from the orientation of the 2D US plane, and 2D images may
be acquired at 30 images per second, a new 3D image may be
formed in less than 1 s. From these 3D images, the needle may
be segmented automatically, and the three planes needed to
visualize the needle insertion may be displayed. The needle seg-
mentation algorithm is composed of the following five steps:

(1) A 3D difference image of the gray-level change between
the prescan and the live-scan is generated. The needle
contrast in the difference image can be enhanced by sup-
pressing the background noise caused by the implanted
seeds and needle tracks.

(2) The needle candidate voxels from the background is seg-
mented through a thresholding operation.

(3) Spurious needle candidate voxels are further removed.
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(4) Linear regression of the needle candidate voxels is per-
formed in order to determine the orientation of the needle
in 3D space.

(5) The needle top position in 3D space is determined.

Figure 4.7 shows the result of the needle segmentation algorithm
using a chicken phantom, which simulates the clinical environ-
ment. Figure 4.7a, b displays the needle in the reconstructed
oblique sagittal and coronal planes. Figure 4.8 shows the result
of the needle segmentation algorithm in a patient image that was
obtained during a prostate cryotherapy procedure.
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Seed Segmentation

Postimplant dosimetry is an important step in the treatment
process. Thus, the American Brachytherapy Society (ABS)
has recommended that postimplant dosimetry should be
performed on all patients undergoing permanent prostate
brachytherapy.”” However, segmentation of the implanted radio-
active seeds in US images of the prostate is made difficult
by image speckle, low contrast, signal loss due to shado-
wing, and refraction and reverberation artifacts. To solve these
problems, we proposed an algorithm,* which uses 3D TRUS

FiG. 4.7. A result of needle segmentation during insertion of a needle into a chicken phantom simulating clinical environment. (a) Oblique
sagittal view; (b) oblique coronal plane; (c) transverse view with needle projected

Needle

FI1G. 4.8. A result of oblique needle segmentation during insertion of a needle into a patient’s prostate. (a) Oblique sagittal view; (b) oblique

coronal plane; (c) transverse view with needle projected
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imaging and prior knowledge of the needle position described
in the section “Dosimetry.” The following six steps describe
the algorithm as follows:

(1) A 3D difference image of the gray-level change is gen-
erated by subtracting the image before the needle has
been inserted, from the image after the seeds have been
implanted and the needle has been withdrawn from the
prostate.

(2) The searching space from the whole 3D TRUS image is
narrowed by the algorithm to contain a smaller cylinder
around the needle.

(3) The seed candidate voxel is segmented from the back-
ground in the search cylinder using a thresholding
operation.

(4) The seed candidate voxels are grouped to find the candi-
date seeds.

(5) The centerlocation, orientation, and size of a seed are deter-
mined using 3D principal component analysis (PCA).

(6) Spurious seeds are further removed from the candidate
seeds.

Steps (1)—(6) are repeated until all the seeds have been
implanted and localized. Figure 4.9 shows the flowchart of
the seed segmentation algorithm. Figure 4.10 shows an image
of the segmented seeds in 3D TRUS images of chicken phan-
toms using the seed segmentation algorithm.

Dosimetry

We use the AAPM TG-43 formalism, which uses predeter-
mined dosimetry data from dose rate evaluation.*® The dose
can be calculated by either considering the sources oriented
in a line in any trajectory, or as point sources where source
orientation is ignored. After delineating the organs, the user
selects the type of source to be used and enters its calibration
data. Considering the effects of PAI, the area of possible nee-
dle insertions is outlined and the preplan is produced. The
preplan consists of about 20 needles, which can be oriented
in oblique trajectories to avoid PAI. The isodose curves are
displayed on the 3D TRUS image in real time as well as on
a surface rendered view with the needles and the seeds. Each
needle can also be activated and deactivated individually,
and the modified isodose curves can be observed instantly.
The user can evaluate the plan using dose volume histograms
for each organ and make necessary modifications. Figure
4.11 shows an example of the use of the preplan software for
oblique trajectory needle planning.

During a live planning procedure in the operating room
(OR), after inserting each needle, the location of the actual
needle is determined; the isodose curves are modified and dis-
played in real time. This procedure helps the user to decide
whether the needle position is satisfactory. After retracting the
needle, the actual seed locations are determined (currently we
use assumed positions) and the new isodose curves are displayed.
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F1G. 4.9. Flowchart of the intraoperative seed segmentation algorithm

At this time, the user has the option of modifying the rest of
the plan according to the “real” seed locations after the needle
retraction.

System Evaluation

The following experiments were performed in order to
evaluate our 3D TRUS-guided and robot-assisted prostate
brachytherapy system, as described in the section “System
Description.”
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FiG. 4.10. An example image of the segmented seeds in a 3D TRUS
image of the chicken phantom. (a) Saggital view; (b) Coronal view

Evaluation of Calibration
Method

Accuracy analysis of the image and robot calibrations was per-
formed via the method for analyzing accuracy of point-based
rigid-body registration.* This method involves the analysis of
three errors: fiducial localization error (FLE), fiducial regis-
tration error (FRE), and target registration error (TRE).

FLE: The FLE is defined as the error in locating fiducial
points used in the registration procedure.”” We assumed that
the mean value of the error in locating the fiducial points is
zero and we calculated the root-mean-square (rms) distance
between the exact and calculated fiducial positions*!:

2 _ 2 2 2
FLE =0, +0, +0,

N .
FLE? = %Z FLE’ 4.2)

i=1
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The variances of the error in locating the fiducials points
along the three orthogonal axes are 62, of_, and of. Each of the
terms in (4.2) is calculated as follows:

1 O _
> (=T’
k=1

n—14-

2 _
o, = 4.3)
The components (i.e., x, y, or z) are represented by j = 1, 2,
3, x,, is the kth measurement for ith fiducial point (for image
calibration, i = 1, 2, 3, 4, and for robot calibration, i = 1, 2,
..., 06), and k is the number of measurements for each fiducial

point. For both calibrations of image and robot, n = 10, and,
10
x; = EZT X, 1s the mean measurement for the jth compo-

nent of the ith fiducial point.

FRE: The exact positions of N fiducials in the transducer
coordinate system, P = { p; j=1, ..., N}, are known for either
the image calibration phantom (Fig. 4.3) or the robot calibra-
tion plates (Fig. 4.4). For image calibration, we measured the
positions of N fiducials (from the intersection of the nylon
strings) in 3D TRUS image coordinate systems, Q = {qj; j=1,
..., N}. For robot calibration, we measured the positions of N
fiducials (small divots), Q = {qj;j =1, ..., N}, in robot coor-
dinate system by moving the robot to touch the small divots.
The FRE is calculated as the rms distance between the corre-
sponding fiducial positions, before and after registration:

4.4)

The rigid body transformation, F, registers the exact fiducial
positions, P, with the measured fiducial positions, Q.

TRE: TRE is defined as the distance between the correspond-
ing points (other than the fiducial points) before and after reg-
istration. The TRE is calculated by (4.4). We used four targets
in the image calibration phantom to determine the TRE for
image calibration; four other markers on the plates were used
to determine the TRE for robot calibration.*

Results

Our ability to localize the intersections of the nylon strings
in the 3D TRUS image for the calibration of the image was
analyzed along the X-, Y-, and Z-directions; Table 4.1 shows
the average fiducial localization error (FLE). From Table
4.1, it can be seen that the FLE for localizing the intersec-
tion of the strings is similar in the X- or Y-directions and
larger in the Z-direction. This is attributed to the fact that
the resolution in the X- and Y-directions (i.e., lateral and
axial directions in the original acquired images) is best. The
larger FLE in the Z-direction, which corresponded to the
elevation (i.e., out-of-plane) direction of the acquired 2D
images, is due to the poorer out-of-plane resolution in the
3D TRUS image.*
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FiG. 4.11. Display of a typical dose plan with oblique needle trajectories for use with 3D TRUS guidance and robotic aids. Our 3D visualiza-
tion approach allows display of a texture-mapped 3D view of the prostate, extracted planes, and graphical overlays of surfaces and contours.
(a) Coronal view with delineated organs, needles, seeds, and isodose curves; (b) sagittal view; (c) transverse view; (d) surface rendered view

showing the organs and needles with seeds

Table 4.2 shows the FLE for localizing the divots on the
two orthogonal plates used for robot calibration. From Table
4.2, it can be seen that the FLE for the divot localization
was approximately the same in the three directions. The
measured error of the divots in the robot coordinate system
is caused by such factors as the flexibility of the robot arm
and the calibration plates, and the backlash in the robot arm
joint. Comparing Table 4.2 with Table 4.1, it is seen that
the FLE for the divot localization (i.e., robot calibration) is
greater than that for the string intersection localization (i.e.,
image calibration). Therefore, the FLE for robot calibration

will dominate the overall calibration errors affecting the
accuracy of the whole system.

The FRE and TRE values for robot calibration are shown in
Table 4.3. The mean FRE for the calibration of the robot was
determined to be 0.52 mm = 0.18 mm, and the mean TRE was
determined to 0.68 mm + 0.29 mm, which are greater than
those for image calibration. As discussed, this results from the
greater FLE for robot calibration. Because system errors will
result from both the image and robot calibrations, the errors in
robot calibration dominate the accuracy of integration of the
two coordinate systems.
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Needle Positioning and Orientation Accuracy
by Robot

The accuracies of the needle position and orientation by the
robot on the skin of the “patient” (i.e., before the needle has
been inserted into the prostate) are described by the accu-
racy of the needle placement and the accuracy of the needle
angulation.

Needle Placement Accuracy

We determined the needle placement accuracy by using the
robot to move the needle tip to nine locations ona 5 cm x 5 cm
grid that represented the skin of the patient (i.e., 3 x 3 grid of
targeting points).* A three-axis stage (Parker Hannifin Co.,
Irwin, PA) with a measuring accuracy of 2 mm was then used
to locate the tip of the needle. The displacement, £, between
the measured and targeted positions of the needle tip was
found as follows:

£, =(x—x) +(y-y ) +(z—z). (4.5)
The coordinates for the targeted point are (x, y, z), where (x,
¥, z,) are the coordinates for the ith measured point. The mean
needle placement error, £, and the standard deviation (STD)
from ten measurements at each position were found to be 0.15
mm =+ 0.06 mm.

Needle Angulation Accuracy

To measure the accuracy of needle angulation using the robot,
we attached a small plate to the needle holder and used the
robot to tilt the plate in four angles vertically and laterally
(0°, 5°, 10°, 15°). After each tilt, we measured the orienta-
tion of the plate using the three-axis stage and determined
the angulation error by comparing the measured and planned
plate angle.

Table 4.4 shows the mean angle differences between
the measured and planned angulation by the robot and its
STDs. As seen in Table 4.4, all mean angle differences
were less than 0.12° with a mean of 0.07°. Because the
angulation error will cause an increasing displacement
error with increasing needle insertion distances, we esti-
mated the displacement error after an insertion of 10 cm
from the needle guide. Using the mean and maximum
angulation errors, we determined the mean and maximum
displacement errors for a 10-cm insertion to be £0.13 mm
and £0.50 mm, respectively.*

Needle-Targeting Accuracy

The accuracy of the needle targeting reflects the accuracy of
the needle tip after the needle has been inserted into the
prostate under the guidance of 3D TRUS image with robotic
assistance, as described in the section “System Description.”
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Method

We used tissue-mimicking phantoms made from agar,** which
was contained in a Plexiglas box in order to determine the
accuracy of needle insertion.** One side of the box was remov-
able, allowing the insertion of the needle. As shown in Fig.
4.12, each of two phantoms contained two rows of 0.8-mm-
diameter stainless beads.* This approach provided four different
bead-targeting configurations: two different needle insertion
depths and two different distances from the ultrasound trans-
ducer. These bead configurations formed a 4 x 4 x 4 cm?
cube to simulate the approximate size of a prostate.

Results

Figure 4.13 shows a 3D ellipsoid representing the 95% con-
fidence intervals for displacement errors of the needle inser-
tion at one of the four targeting configurations, each of which
is shown in Fig. 4.12. We plotted these ellipsoids using the
axis that accounted for the least variation in needle targeting.
Projections through the needle positions and 95% confidence
intervals on the X-Y, X—Z, and Y-Z planes are also shown.
Table 4.5 lists the widths of the 95% confidence intervals
along the primary, secondary, and tertiary axes plotted in
Fig. 4.13. The 95% confidence interval is widest (i.e., the
primary axis is greatest), for the predefined points on the top
row — long penetration, and smallest for the bottom row — short
penetration. The ellipsoid volumes (i.e., the volume encom-
passed by the 95% confidence intervals) were greater for the
points farther from the ultrasound transducer than for those
closer to the ultrasound transducer. As shown in Table 4.4 (and
Fig. 4.13), the confidence widths were not centered at the origin
of the coordinate system, (i.e., the positions of the predefined
points), but, rather, at the average needle-targeting position
for each of the four targeting configurations as shown in Fig.
4.12. The error of the needle targeting, which was obtained by
averaging all 32 needle-targeting errors, was determined to be
0.79 mm =+ 0.32 mm. The greatest targe-ting error was found to

BRSP

5

F1G. 4.12. Schematic diagram of the prostate phantom used for evalu-
ation of needle-targeting accuracy. The four rows of circles represent
the four different bead configurations. The needle entered the
phantom from the front, parallel to the x-axis. TRLP = top row, long
penetration; TRSP = top row, short penetration; BRLP = bottom row,
long penetration; BRSP = bottom row, short penetration

*+ BRLP
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FI1G. 4.13. Needle-targeting accuracy is displayed as the 95% confi-
dence ellipsoid. The origin of the coordinate system represents the
target and the needle tip positions after insertion (relative to the tar-
gets) are represented by the squares. The projections of the needle tip
positions and the ellipsoid (on the three orthogonal planes) are also
shown. These results are for the targets near the transducer and for a
short penetration as shown in Fig. 4.12

be in Z-direction of the TRLP, and the smallest targeting error
was found to be in the X-direction of the TRSP.33

Evaluation of the Prostate Segmentation Algorithm
Method

In order to evaluate the performance of the prostate segmenta-
tion algorithm, the surfaces we segmented using the algorithm
were compared to the surfaces manually outlined by a trained
technician. The technician is representative of users working
in a radiological oncology department. Manual segmentation
was performed using a multiplane reformatting image dis-
play tool.** The 3D prostate images were resliced into sets of
transverse parallel 2D slices along the length of the prostate.
2-mm intervals were used at midgland and at 1-mm intervals
near the ends of the prostate where the prostate shape changes
more rapidly from one slice to the next. The prostate boundary
was outlined in each slice, resulting in a stack of 2D contours;
the contours were then tessellated into a 3D meshed surface.
Manual outlining of the prostates from the 2D slices required
about 30 min for each prostate.

Results

Figure 4.14 shows not only the quality of the fit of the algorithm
but also the manually segmented meshes to the actual bound-
ary of the prostate. Figure 4.14a shows the algorithm mesh in
the 3D ultrasound image with (b) transverse, (c) coronal, and
(d) sagittal cutting planes of the 2D cross-sectional images.
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Figure 4.14b shows a 2D transverse midgland slice of the 3D
image with corresponding cross sections through the algorithm
and manually segmented meshes superimposed. Figure 4.14c
shows a coronal section with the corresponding cross section
of the meshes, and Fig. 4.14d shows a sagittal section with
the corresponding cross section of the meshes. The manual
and algorithm contours in Fig. 14 are similar to each other.
Each of the contours follows the prostate boun-dary well in
regions where the contrast is high and the prostate is clearly
separated from other tissues. In regions where the signal is low,
the actual boundary is difficult to discern: the outlines generated
by a manual segmentation differ from the outlines generated
by the algorithm. As shown in Fig. 4.14d, these regions include
images near the bladder (indicated by the white arrow) and the
seminal vesicle (indicated by the black arrow).

Error analysis showed that the average difference between
the boundaries generated by a manual segmentation compared
to boundaries generated by the algorithm boundaries was 0.20
+ 0.28 mm; the average absolute difference was shown to be
1.19 = 0.14 mm, the average maximum difference was shown
to be 7.01 = 1.04 mm, and the average volume difference was
shown to be 7.16 + 3.45%.%

Evaluation of the Needle Segmentation Algorithm
Method

The performance of the needle segmentation algorithm was
evaluated using agar phantoms. To test the accuracy of the
needle segmentation algorithm, we used a rigid rod with a
1.2-mm diameter, which is the same size of a typical 18-gauge
prostate brachytherapy needle. The rigid rod was used in order
to avoid the effect of needle deflection, allowing us to test the
accuracy of the algorithm under ideal conditions. The posi-
tion of the needle tip and the orientation of the needle were
determined by the needle segmentation algorithm. Because
the robot possesses high angulation accuracy, the position of
the needle tip and the orientation of the needle were compared
with the measurements of the robot (see the section “Needle
Angulation Accuracy”).

Results

The accuracy of the needle segmentation algorithm depends
on the distance of needle insertion into the 3D TRUS images,
angulations of the needle with respect to the TRUS transducer, and
the distance of the needle from the TRUS transducer.
Generally, the segmentation error and its standard deviation
are larger at smaller insertion distances. Because more infor-
mation about the needle can be obtained for segmentation (as
the needle is inserted deeper into an image, resulting in a more
accurate determination of the needle trajectory), the segmen-
tation error and its standard deviation tend to decrease with
increasing insertion distances. In addition, the errors appear
to be larger at larger insertion angulations when the needle
is angulated in both the horizontal and the vertical planes.
In general, the segmentation error and its standard deviation
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F1G. 4.14. Cross sections of a prostate showing the algorithm segmentation (solid line) and manual segmentation (dotted line). (a) 3D ultra-
sound image of the prostate with transverse, coronal, and sagittal cutting planes indicated by (b,c,d), respectively, to show 2D cross-sectional
images. (b) Transverse cross section of the image and the boundaries corresponding to the plane shown in (a). (¢) Coronal cross section of
the image and the boundaries. (d) Sagittal cross section of the image and the boundaries
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FI1G. 4.15. Segmentation accuracy: effect of insertion distance. (a) Distance between the needle tip position derived from the algorithm and
the robot, shown with respect to the preplanned insertion distance. (b) Difference in yaw, between the algorithm and robot data, shown with
respect to the preplanned insertion distance. (¢) Difference in pitch, between the algorithm and robot data, shown with respect to the pre-
planned insertion distance. In all three graphs, error bars represent one standard deviation
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F1G. 4.15. (continued)

tend to decrease with decreasing insertion angulations. We
also found that the mean errors (and their corresponding standard
deviations) increase slightly with the increase of the distance
of the needle from the transducer. This increase is due to the
lower image resolution at larger distances away from the
TRUS transducer.* Figure 4.15 shows the needle segmenta-
tion errors in respect to the different needle angulations.

Evaluation of the Seed Segmentation Algorithm
Method

We evaluated the seed segmentation algorithm by implanting 22
dummy iodine-125 seeds into a chicken phantom in three layers.
The locations of those seeds were determined by the seed seg-
mentation algorithm in 3D TRUS image first. We then scanned
this phantom using the eXplore Locus Ultra Preclinical cone-
beam CT scanner [GE Healthcare (Canada), London, Ontario,
Canada], which possesses an isotropic voxel size of 154 um. The
seed positions were determined manually in the CT image. These
seed positions were registered to the 3D TRUS image and com-
pared with the algorithm-determined seed positions.*

Results

We evaluated the accuracy of registration by using the
fiducial localization error (FLE), fiducial registration error
(FRE), and target registration error (TRE). The FLE in the
3D TRUS image was determined to be 0.22 mm, and in CT
image, the FLE was determined to be 0.15 mm. The FRE
was determined to be 0.21 mm and the TRE was determined
to be 0.35 mm. In our test, all 22 seeds were successfully
segmented.*

Table 4.6 lists the widths of the 95% confidence intervals
along the primary, secondary, and tertiary axes. The 95%
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confidence interval is widest (i.e., the primary axis is greatest
for the seeds on the top layer and smallest for the seeds on
the bottom layer). The ellipsoid volume for the seeds in
the bottom layer was determined to be the smallest (0.68
mm?), followed by the ellipsoid volume for the seeds in
the middle layer (0.92 mm?). The ellipsoid volume for the
seeds in the top layer was largest at 1.15 mm?®. The ellipsoid
volume for the seeds in the bottom layer was determined
to be the smallest (1.07 mm?), followed by the ellipsoid
volume for the seeds in the middle layer (1.30 mm?). The
ellipsoid volume for the seeds in the top layer was deter-
mined to be the largest (1.40 mm?). The ellipsoid volume
for all the seeds was determined to be 2.07 mm?. The con-
fidence widths were also not centered at the origin of the
3D TRUS coordinate system. A mean distance of 0.30 mm
was determined.*

Discussion and Conclusions

The prototype 3D TRUS-guided system with robotic
assistance was developed for prostate brachytherapy. The
fundamental motivation to apply robotic assistance in pros-
tate brachytherapy originates from the motion features
of a robot system. The motion features of a robot system
include accuracy, consistency, and flexibility, i.e., a robot
system that can be controlled to move to any position in any
orientation along any trajectory at sufficiently high accura-
cies and consistencies within its 3D workspace. In addition,
the 3D US image can provide a direct delineation of the vol-
ume of interest, providing radiologists a direct impression
of the 3D anatomy and pathology of the prostate. It has also
been reported that measurements of prostate volume in 3D
are more accurate than that in 2D US images.* Therefore,
by including 3D TRUS guidance and robotic assistance
into the prostate brachytherapy system, we can remove the
parallel trajectory constraints. As a result, needles can be
guided to target a point identified in 3D US images along
any trajectory (including oblique trajectories) in order to
avoid PAL

The procedures detailed in this chapter form a valuable
precursor to the development of an intraoperative prostate
brachytherapy system. The test results were promising, giv-
ing clinically relevant results in needle-targeting accuracy. We
have shown that the prototype 3D TRUS-guided and robotic-
assisted prostate brachytherapy system has the ability to target
a location accurately and consistently. We believe that these
results imply that the 3D TRUS-guided and robotic-assisted
transperineal prostate brachytherapy — together with the prog-
ress in developing special software tools for prostate segmen-
tation, dynamic replanning, needle, and seed segmentation
— will soon provide a suitable intraoperative alternative, in
which all steps of prostate brachytherapy procedure are car-
ried out in one session.
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Chapter 5

IntraOperative Real-Time Transrectal Ultrasound
Monitoring During Energy-Free Nerve-Sparing
Laparoscopic Radical Prostatectomy

Osamu Ukimura and Inderbir S. Gill

Abstract Ultrasound (US) guidance has been established as
intraoperative image guidance to offset the disadvantage of the
attenuated tactile feedback in minimally invasive surgery. The
authors hypothesized that real-time “intraoperative” transrec-
tal ultrasound (TRUS) guidance could increase the precision
of nerve-sparing laparoscopic radical prostatectomy (LRP).
Our clinical experience of TRUS-guided LRP provided ini-
tial proof of concept regarding the feasibility of real-time US
navigation during radical prostatectomy to enhance intraop-
erative surgical performance in regard to both oncological and
functional outcomes.

Introduction

The surgical management of localized prostate cancer con-
tinues to improve by refinements in surgical techniques, bet-
ter understanding of anatomy, and using new imaging and
endoscopic technologies. Laparoscopic radical prostatectomy
(LRP) was first reported by Schuessler et al. in 1997." Increas-
ing numbers of laparoscopic or robotic radical prostatectomy
are now becoming the procedure of choice.>™

Tactile feedback is completely lacking during robotic sur-
gery, and considerably attenuated during laparoscopic surgery,
compared with open surgery. Ultrasound (US) guidance has
been established as intraoperative image guidance to offset the
disadvantage of such attenuated tactile feedback. Since real-
time transrectal US (TRUS) allows visualizing prostate con-
tour (such as difficult-to-see apical posterior protrusion (Fig.
5.1) and median lobe protrusion), a substantial percentage of
cancer nodules (Figs. 5.2 and 5.3), and periprostatic anato-
mies such as the neurovascular bundles (NVBs) (Figs. 5.4 and
5.5), tented-up rectal wall (Fig. 5.6), and bladder neck (Fig.
5.7), the authors hypothesized that real-time “intraoperative”
TRUS guidance could increase the precision of nerve-sparing
laparoscopic radical prostatectomy.’ The “intraoperative” per-
formance of TRUS has the advantage for the ultrasonographer
to have prior knowledge of systematic prostate biopsy-pathol-
ogy outcome, which could improve the surgeon’s understand-

ing of the location, size, and Gleason score of the prostate
cancer in order to determine appropriate decision making for
nerve-sparing technique achieving negative surgical margin.
Importantly, TRUS 1is the most popular imaging modality
which can be handled by urologists in the operation room.

During TRUS-guided LRP, using gray-scale ultrasound
(7.5 MHz) and power Doppler ultrasound, real-time US mon-
itoring was performed preoperatively, intraoperatively, and
immediately postoperatively in special reference to defining
the prostate apex contour, evaluating the location and extent
of any hypoechoic cancer nodules (Fig. 5.2), and identifying
the neurovascular bundles in relation to the posterior-later-
ally located cancer nodule.® We revealed that intraoperative
TRUS navigation appeared to be helpful for various specific
technical aspects of LRP, including (1) identification of size
and location of biopsy-proven hypoechoic cancer nodule, (2)
staging of biopsy-proven cancer using Ukimura’s nomogram
(Figs. 5.8 and 5.9),° (3) calibrated, wider dissection at the site
of suspected extracapsular extension of cancer nodules to
achieve negative margins, (4) precision during lateral pedicle
transaction and NVB release, (5) tailored dissection according
to the individual prostate apex, and (6) facilitation of posterior
bladder neck transaction especially for the novice.””

Improvement of Oncological Outcomes
by TRUS Navigation

Approximately 25% of patients undergoing radical prostatec-
tomy for clinically localized prostate cancer are estimated to
suffer recurrence of their diseases, as a rising prostate specific
antigen.'® Both pathological extracapsular extension (ECE)
and positive surgical margin have significant correlation with
the biochemical recurrence after undergoing radical prostate-
ctomy. In a recent large number (n 5,824) of LRP between
1999 and 2004, pathological ECE (pT3a) disease has still
been reported in approximately one-fourth (n= 1,555, 27%) of
clinically localized prostate cancers, revealing positive margin
rates of 10.6% for pT2 and 32.7% for pT3a-tumors.*

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology, 41
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Demonstration of Apical protrusion

Fi1G. 5.1. Real-time TRUS monitoring of apical dissection, TRUS pro-
vided the characteristics of the distal protrusion of the prostate apex
posterior to the membranous urethra. This real-time navigation allows
the surgeon to appropriately tailor the apical dissection by maximiz-
ing the preservation of membranous urethral length, for achieving a
negative surgical margin. Note: There were no thermal injuries on the
surface of the prostate, especially along the posterolateral aspects,
since cold sharp cutting and occasional gentle blunt dissection were
performed in the interfascial plane between the prostatic capsule and
the lateral pelvic fascia during entire release of the NVBs

Since ECE most likely happens at the locations of posterior-
lateral aspects adjacent to the NVB, how to release the NVB is
a controversial issue especially when clinical preoperative data
(including systematic biopsy data, PSA, and DRE) suggested
high risk of ECE,!" or when ECE is intraoperatively suspected
during nerve-sparing prostatectomy.'? It is conceivable that
the microscopic presence of ECE in clinically localized pros-
tate cancer is not a contraindication to the nerve-sparing sur-
gery, because cancer control is possible if the surgical margin
is negative for cancer by a site-specific wide excision of the
periprostatic tissues involving the ECE along with the NVB.!?
The surgeon’s intraoperative knowledge regarding the pres-
ence and location of the high risk of ECE area close to the
NVB will allow modifying the operation by performing a pos-
sible wider excision of periprostatic tissues at the site of the
risk of ECE so that the tumor with ECE can be removed com-
pletely, while maximizing the preservation of the NVB.

The most potent men diagnosed with clinically localized
prostate cancer could be considered candidates for com-
plete or substantial partial preservation of NVBs. Although
indications may be reported to modify the degree of nerve-
sparing technique for use of preoperatively available clinical
parameters,'! the authors consider that a final determination
to modify the degree of nerve-sparing technique should not
be made until the extent of the tumor adjacent to the NVB
has been intraoperatively assessed by intraoperative TRUS for
LRP as well as by intraoperative direct palpation of prostate
cancer nodule for open surgeon.®!2

O. Ukimura and I.S. Gill

Lateral pedicle

F1G. 5.2. Intraoperative TRUS-identified hypoechoic cancer lesion
(HEL) (yellow line) occupying the relatively wide area of the base of
the prostate. In this case, Ukimura’s nomogram suspected ECE with
greater than 80% and recommended the wider dissection for non-
nerve sparing at the site of the high-risk cancer nodule. Pathology
confirmed Gleason 7 (3+4) cancer with ECE of 0.3 mm and negative
surgical margins (see Fig. 5.11)

Fig. 5.3. Real-time TRUS (Power Doppler) demonstrating tumor
neovascularity in the same patient as in Fig. 5.2
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Pfostate

F1G. 5.4. Real-time monitoring of right NVB release. Note: Dissec-
tion line for energy-free nerve sparing

Prostate

F1G. 5.5. Blood flow wave-form analysis of an arterial flow within
the right NVB. Note: The TRUS cursor (two parallel white lines) is
placed on the blood flow within right NVB to obtain Doppler mea-
surements, including resistive index (RI = 0.90)

Real-time TRUS monitoring of the location of the laparo-
scopic scissors tip, which can be visualized as a hyperechoic
spot, at the concerned anatomical site was feasible, during
the safe releases of neurovascular bundle surrounding the
hypoechoic cancer nodule. It will contribute to precision of the
surgery to achieve negative surgical margin, by not only recom-
mending wider dissection around the high-risk cancer with ECE
but also avoiding to make iatrogenic positive surgical margin on
the organ-confined cancer nodule (Figs. 5.10 and 5.11).

To predict the risk of microscopic ECE in hypoechoic can-
cer in clinically organ confined disease, Ukimura and associ-
ates defined a new quantitative TRUS staging criterion (i.e.,
US tumor contact length, the length of hypoechoic tumor
contact with the boundary) (Figs. 5.8 and 5.9).° On the other
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Dissection plane

- =
SECTED PLANE

PROSTATE
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Laterally released NVB

' REC WALL . \‘“

F1G. 5.6. Continued real-time monitoring of right NVB release and
release of the rectal wall from the prostate. Note: the NVB in Fig. 5.2
is located at a slightly greater distance from the prostate edge com-
pared to Fig. 5.1, indicating ongoing NVB lateral release and release
of the prostate along the tented-up rectal wall

Surgeon’s scissors tip &
dissection plane

Prostate

PROSTATE
LONGITUDINAL

YASVas

FiG. 5.7. Real-time TRUS monitoring of posterior bladder-neck
transection. Herein, longitudinal TRUS view demonstrates the sur-
geon approaching between the vasa (VAS) and seminal vesicle (SV)
in the correct plane using J-hook electrocautery

hand, conventional TRUS criteria (such as bulging or discon-
tinuity of boundary) correlate with macroscopic ECE, which
is mainly related with clinically locally advanced disease.'
Although the accuracy of staging for prostate cancer in con-
ventional TRUS has been still critical,'* the authors would like
to point out an important distinction between conventional
“screening” TRUS and new concept of “intraoperative” TRUS.
Since biopsy-pathology datasets are not available to the ultra-
sonographer during “screening” TRUS, histopathologically
naive “screening” TRUS likely lacks accuracy for reliably
identifying prostate cancer and detecting ECE. On the other
hand, during “intraoperative” TRUS, the ultrasonographer has
the clear advantage of being given prior knowledge of pros-
tate biopsy-pathology dataset. Such biopsy-pathology dataset
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FI1G. 5.8. Definition schema of tumor contact length for TRUS staging
criteria for predicting microscopic ECE

T = —T 1T

8 1012 14 16 18 20

PSA

FiG. 5.9. Ukimura’s nomogram to provide the probability of micro-
scopic ECE, with combination of TRUS-measured contact length
(USCL) and serum PSA value

Anatomy of Neurovascular bundle
in the Non-NS-LRP specimens

Cépsule

JUas

FiG. 5.10. Pathological specimen at the posterolateral aspects along
the prostate cancer nodule, and the periprostatic tissues, which were
widely dissected by intraoperative TRUS guidance. Note: TRUS-
identified NVB was demonstrated as the complex of the nerve, artery,
and vein with 0.3-1.0 mm in diameter. Each square of the grid is
1 mm x 1 mm in dimension
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Histological 2mm wide-dissection
for negative-margin in pT3 case
e Y Cancer

Inked surgical margin

LT +
Evidence of pT3
" (Extra-prostatic
extension of Ca.) |||

F1G. 5.11. Pathology confirms Gleason 7 (3+4) cancer with estab-
lished 0.3-mm extracapsular extension (white arrows) with negative
margin width of 1.5 mm, after performing the 2-mm wider dissection
along the high-risk cancer nodule suggested by Ukimura’s nomo-
gram. Each square of the grid is 1 mm x 1 mm in dimension

include Gleason score, number of cores involved, length of
cancer lesion, location of positive cores, and directed biopsy
outcome. The preprovided, biopsy-proven, pathological infor-
mation on the precise anatomical location of the cancer will
significantly enhance the confidence of the “intraoperative”
ultrasonographer in identifying and characterizing hypoechoic
cancers during “intraoperative” TRUS. As such, using Ukimura’s
nomogram to predict microscopic ECE, intraoperative TRUS
potentially contributes to the intraoperative assistance for
identifying risky cancer. In our retrospective analysis to com-
pare previously performed LRP between without versus with
intraoperative TRUS, the incidence of positive margin rates
improved from 29 to 9%.® In our initial experience of the 77
patients undergoing TRUS-guided LRP, intraoperative TRUS
visualized a biopsy-proven cancer in 53% (41/77) of total 77
patients, in 45% of clinical T1c disease (29/65), in all 12 with
clinical T2 disease (100%), in 40% of T2 disease (22/55),
and in 86% of pT3 disease (19/22). Out of the 55 cases of
pT2 disease, intraoperative TRUS overstaged 15% (8/55) as
suspicious for ECE, using Ukimura’s nomogram; while intra-
operative TRUS correctly staged 88% of the nodules with
pathologically confirmed ECE (23/26) and understaged 12%
of them (3/26). Clearly, the greatest potential benefit of intra-
operative TRUS is primarily in patients with a hypoechoic
cancer with ECE (pT3a disease) (Fig. 5.11). The patients with
higher-risk cancers (higher PSA, higher Gleason score, and
prostate nodule on digital rectal examination) more likely
have benefit from TRUS navigation.?

More recently our analysis on 215 consecutive patients
undergoing TRUS-guided LRP revealed updated informa-
tion. Intraoperative TRUS provided intraoperative informa-
tion suggesting (1) hypoechoic lesion in 56% (120/215) and
(2) suspicious for ECE in 28% (61/215). Multivariate logistic
regression analysis to identify the variable to predict posi-
tive surgical margins demonstrated that the appearance of
hypoechoic lesion was the only significant variable. Our data
revealed that in patients with hypoechoic lesion, the chance of
positive surgical margins was 23%, while only 1% were with-
out hypoechoic lesion (p <0.0001). Furthermore, in 61 patients
with suspicion of ECE which was identified by intraoperative
TRUS, 23% (14/61) unilateral and 27% (16/61) bilateral
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dissections of neurovascular bundles were performed to avoid
positive surgical margins, resulting in successful achievement
of negative surgical margin in 70% (43/61) of these high-risk
patients. Importantly, negative intraoperative TRUS findings
will make us confident of ensuring the safe posterolateral
and apical dissection of the prostate. Since most of positive
surgical margins arose in patients with the abnormal findings
of hypoechoic lesion on TRUS, site-specific wider excision
at the high-risk area of ECE should be considered to secure
negative margins.

Recovery of Erectile Function After
TRUS-Guided Nerve-Sparing LRP

Reported surgical hemostatic technique in LRP had typically
involved the use of thermal energy (ultrasonic or electri-
cal monopolar or bipolar). Such use of thermal energy had
a risk to result in collateral damage to the NVB, compromis-
ing recovery of erectile function. In our attempt to eliminate
such collateral thermal damage to the NVBs, we described
an energy-free technique of nerve-sparing LRP.”** Our recent
analysis revealed that the TRUS-monitored energy-free nerve-
sparing technique with elimination of any electrical and ther-
mal energy during nerve-sparing LRP achieved superior and
quicker potency recovery.!®

In our experience of 200 cases of LRP from 2003 to 2006,
initially 31 patients underwent conventional LRP with the
use of an ultrasound-based energy source (harmonic scalpel)
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for hemostatical release of the NVB, while later 169 patients
underwent our reported, energy-free nerve-sparing LRP. Of the
200, 110 consecutive potent patients with preoperative erec-
tions adequate for intercourse had reached 1 year of follow-up
after LRP. Of these 110, 76 patients (69%) had returned paired
preoperative and 1-year postoperative Sexual Health Inven-
tory for Men (SHIM) questionnaires. Of these 76, we com-
pared recovery of erectile function between the 22 patients
undergoing the earlier thermal-energy based technique using
an ultrasonic scalpel (group 1) and 54 patients undergoing
the novel energy-free technique (group 2). We defined sexual
intercourse ability as the ability to achieve erections sufficient
for vaginal penetration with or without the use of phospho-
diesterase-5 inhibitors. Intraoperative power Doppler TRUS
monitored the pulsatile arterial flow in the NVB and the num-
ber of visible vessels. Intraoperative TRUS also measured the
dimensions of NVB compared pre- and postoperatively.

Tables 5.1 and 5.2 presented time course recovery of SHIM
scores (Table 5.1) and intercourse ability (Table 5.2). Interest-
ingly, compared to energy-base technique, potency recovery
appeared to be 6 months quicker in energy-free technique.
Furthermore, energy-free technique significantly correlated
with the better recovery of erectile function than energy-based
technique.

Interestingly, intraoperative TRUS findings demonstrated
the significant correlations between postoperative potency
and the US-identified blood flow in the neurovascular bundles
before, during, and after nerve-sparing LRP (Figs. 5.12
and 5.13). Postop SHIM scores significantly correlated with

TABLE 5.1. SHIM score recovery after nerve-sparing LRP.

Group I (n=22)

Group II (n=54)

SHIM score (% of baseline)

SHIM score (% of baseline) (p value, Group I vs. II)

Baseline preop 17.3 £5.4 (100%)

3 months postop 4.3+£2.6 (24%)
6 months postop 5.9+4.5 (33%)
12 months postop 10.0 £ 8.4 (55%)+
18 months postop 12.6 £7.2 (76%)*

17.3 +4.9 (100%) p=10
7.5 £ 6.6 (43%) p=0.03
9.6+ 6.1 (57%)+ p=0.01

13.4 + 6.8 (73%)* p=0.07

14.7 £7.2 (77%) p=03

Group I, energy-based technique using harmonic scissors; Group II, energy-free nerve-sparing technique.
Potency recovered 6 months faster in Group II compared to Group I. Notice that SHIM scores (57% and
73%) in Group II at 6 and 12 months were similar to Group I outcomes (55% and 76%) at 12 and 18 months

('p = 0.8, *p = 0.6, respectively)

TABLE 5.2. Intercourse rates’ recovery after nerve-sparing LRP.

Group I (n=22)

Intercourse (%)

Baseline preop 22 (100%)
3 months postop 2 (9%)

6 months postop 3 (14%)

12 months postop 8 (36%)'"
18 months postop 14 (64%)**

Group II (n 54)
Intercourse (%)  (p value, Group I vs. II)
54 (100%) p=10
13 (20%) p=0.1
22 (42%)' p=0.02
33 (70%)** p=0.04
9/12 (75%) p=04

Potency recovered 6 months faster in Group II compared to Group I. Notice that Inter-
course rates in Group II (42% and 70%) at 6 and 12 months were similar to Group I out-
comes (36% and 64%) at 12 and 18 months ("p = 0.5, **p = 0.5, respectively)
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Bilateral nerve-sparing LRP
Laparoscopy & TRUS findings

ROBERTO

F1G. 5.12. Left, Intraoperative laparoscopic view of bilateral energy-
free nerve sparing. Right, Intraoperative TRUS confirmation of bilat-
eral preserved blood flows within the NVBs

FiG. 5.13. Blood flow wave-form analysis within the preserved NVB
after energy-free nerve sparing. Continued blood flow is documented,
with Doppler wave-form measured arterial blood flow resistive index
(RI: 0.94) within released NVB

TABLE 5.3. Spearman rank coefficient for assessing the correlation
between postoperative SHIM score and pre-/intraoperative variables.

Variables Co-efficient p Value
Pulsatile arterial flow within NVB Rs. 0.48 0.0001
No. of visible vessels within NVB Rs. 0.34 0.003
Dimension of NVB Rs. 0.21 0.07

US-identified pulsatile arterial flow within NVB (Rs. 0.48,
p=0.0001), and US-identified number of visible vessels within
NVB (Rs. 0.34, p = 0.003), but were not significantly related to
US-measured postop dimensions of NVB (Rs. 0.21, p = 0.07)
(Table 5.3).5 Power Doppler TRUS confirmed preserved pul-
satile blood vessels within the NVB, which were more likely
preserved by the energy-free LRP technique minimizing the
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TABLE 5.4. Post-operative TRUS findings of NVB in patients
undergoing complete bilateral nerve sparing.

Group INVB  Group IINVB  p Value (Group I
(n. 34) (n. 76) vs. group II)
No. of visible 1.2 (40%) 1.8 (56%) 0.003
vessels (%)
Pulsatile arterial 18 (53%) 59 (78%) 0.01
flow (%)
Resistive 0.82 (95%) 0.83 (97%) 0.4
index (%)
Max. NVB 4.3 (74%) 4.5 (78%) 0.5
Dimension
(mm) (%)

All percentages in this table represent percentages of preoperative baseline
data

iatrogenic trauma against the cavernous nerve, and which
could correlate with superior erectile function recovery (Table
5.4).15 Multiple stepwise regression analysis revealed that opti-
mal predictors for postoperative potency were a combination
of preoperative SHIM score (F-value 27.9, p < 0.0001), US-
confirmed pulsatile arterial flow within NVB (F-value 17.2,
p<0.0001), and US-identified number of visible vessels within
the NVB (F-value 7.1, p = 0.01) (Figs. 5.12 and 5.13).1

Conclusion

Our clinical experience of TRUS guidance during LRP pro-
vided initial proof of concept regarding the feasibility of real-
time US navigation during radical prostatectomy to enhance
intraoperative surgical performance in regard to both oncologi-
cal and functional outcomes. In this era of minimally invasive
surgery with increasing number to use robot assistance in pros-
tate surgery, in which the surgeon may lack completely tactile
feedback, transrectal-based real-time imaging guidance will
have a significant role to assist the precision of the surgery.
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Chapter 6

Contemporary TRUS-Guided Prostate Biopsy

for Screening and Staging

Kazumi Kamoi and Richard Babaian

Introduction

Historically, the diagnosis of the prostate cancer (PCa) has
been limited to digital rectal examination (DRE) and digitally
directed biopsy only for patients with symptoms suspicious for
PCa. Introduction of prostate-specific antigen (PSA) measure-
ment and advances in PCa screening have led to an increasing
number of patients who undergo prostate biopsy. Currently,
transrectal ultrasound (TRUS)-guided prostate biopsy is the
gold standard to take pathological specimens for the diagnosis
of PCa. Initial studies found that random systematic sextant
biopsies provided superior detection compared with biopsies
directed only at specific hypoechoic defect.! However, more
recent studies have suggested that standard sextant biopsies
may underestimate the incidence of cancer, with reported
false-negative rates of 20-30%.>* Several investigators have
altered the biopsy scheme in an effort to enhance the detection
rates.*® Despite modification of standard biopsy techniques,
urologists frequently face the dilemmas in men at risk of PCa,
thus candidate for TRUS-guided biopsy. What is optimal tim-
ing and PSA cutoff for biopsy? What is optimal number and
location of cores at the initial biopsy? How should patients be
prepared for the biopsy? When and how to repeat the biopsy?
How do we use the information from biopsy specimens for
staging of PCa? This chapter describes the technical details of
TRUS-guided systematic sampling, its evolution, its accuracy,
and associated morbidity.

Indications and Contraindications

The indication for biopsy should be individualized depending
on the risk assessment of each patient. The factors most con-
sistently shown to increase risk of PCa are early age of onset,
baseline PSA levels, and number of affected family members.
According to the recommendations of the American Cancer
Society,’ both PSA test and DRE should be offered annually
beginning at age of 50 years to men who have a life expec-
tancy of at least 10 years. Men at high risk, including men

of sub-Saharan African descent and men with a first-degree
relative diagnosed before age 65 years, should begin testing at
age 45 years. Men at even higher risk of prostate cancer due
to more than one first-degree relative diagnosed with pros-
tate cancer could begin testing at age 40 years, although if
PSA is less than 1.0 ng ml™!, no additional testing is needed
until age 45. If PSA is greater than 1.0 ng ml~! but less than
2.5 ng ml~!, annual testing is recommended. If PSA is 2.5 ng
ml~! or greater, further evaluation with biopsy should be con-
sidered.” Among men older than 50 years with baseline PSA
<1.0 ng ml~! and normal DRE, PCa screening could be safely
performed every 3 years, while men with baseline PSA lev-
els >1.5 ng ml™! will need annual testing.'” In men older than
65 years with PSA value <1.0 ng ml!, it is presumable that
further follow-up can be omitted.!!

The specificity of PSA is limited because of its fluctuation
due to prostatitis, benign prostatic hyperplasia (BPH), or gland
manipulation; therefore, the optimal upper limit of normal is also
a matter of debate. In a large recent study, 15% of patients with
PSA value £4.0 ng ml™! and normal DRE had prostate cancer."
There is accumulating evidence that the detection rate of PCa
among men in the 2.6-4.0 ng ml™! range is similar to that found
in the 4.1-10.0 ng ml™! range,"*"> that most of these cancers are
clinically significant,'!” and, lastly, that more than 80% of them
are organ confined, thus candidates for curative treatment.'s!°
These data suggest that 2.5 ng ml™' may be a more appropriate
cutoff point than 4.0 ng ml™, particularly in younger men for
those elevated PSA levels that are less associated with BPH.

Conversely, lowering the PSA cutoff for biopsy indication
to 2.5 ng ml! in all men will most probably increase the over-
diagnosis of nonlife-threatening PCa for the following rea-
sons: moderately elevated serum PSA is more related to BPH
than to cancer;* most early-stage PCa have an indolent course
at least for the first decade;?! and, lastly, there is no convinc-
ing evidence that men with PCa treated when their PSA levels
of 4.0 ng ml™! or less have better outcomes than men treated
when their PSA is more than 4.0 ng ml~'.?

Percent free PSA can yield greater specificity in order to
select which patients are necessary for biopsy. In a systematic
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review,” percent free PSA >25% in men with serum PSA
between 4.0 and 9.9 ng ml™' avoided about 18% of unneces-
sary biopsies (allowing 5% of cancers to be missed). When
applied in the PSA range of 2.0-3.9 ng ml™!, percent free PSA
>28% avoided only 6% of unnecessary biopsies while missing
5% of cancers. Newer agents (PSA isoforms) are also under
investigation to identify high-risk patients for PCa and reduce
the number of unnecessary biopsies.

In summary, the indication for biopsy is an area of a con-
tinuing debate and shifting consensus, but currently an abnor-
mal DRE and/or elevated PSA (greater than 4.0 ng m1™! or the
age-corrected level) is taken as suggestive of an increased risk
of prostate cancer. Other than the screening purpose, current
indications for prostate biopsy include prior to intervention
in symptomatic BPH or orthotopic urinary diversion as well
as post to external beam radiotherapy, brachytherapy, cryo-
therapy, or radial prostatectomy for rising serum PSA level.

Contraindications for prostate biopsy include acute painful
perianal disorder, severe immunosuppression, acute prostatitis,
and coaglopathy. There is no proven increase in hemorrhagic
complications with aspirin or nonsteroidal anti-inflammatory
drug NSAID use.*** A recent study has suggested that warfa-
rin therapy may not increase bleeding rates,” though this find-
ing may be due to the small sample size and possible reporting
bias.?”?® Qur policy is to continue aspirin, but to stop warfarin
(to achieve INR <1.3 on the day of biopsy) following consulta-
tion with the clinician. These are restarted after 24 h, as all major
recorded bleeds took place within 24 h of biopsy. If anticoagula-
tion/antiplatelet agents cannot be safely discontinued, the patient
should be converted to heparin and biopsied as an inpatient.

Patient Preparation

Antibiotics

Transrectal prostate biopsy involves a tiny perforation of the
rectal mucosa to reach the prostate. This procedure has a
slight risk of complications including infections. Therefore,
most centers routinely administer antibiotic prophylaxis to all
patients undergoing transrectal prostate biopsy. In fact, Shan-
dera et al.” reported that as many as 99% of urologists in the
United States administer antibiotic prophylaxis for prostate
biopsy. However, antibiotic prophylaxis cannot eliminate the
possibility of infection. There are currently no standard rules
on antibiotic prophylaxis for transrectal prostate biopsy and
extensively different regimens are employed. Several stud-
ies have demonstrated a significant decrease in infectious
complications when prophylactic antibiotics were used.**2
Recently the use of only 1-day prophylaxis medication with
fluoroquinolone has been shown to be safe for prostate biopsy.
Shigemura et al.*® demonstrated that there is no statistically
significant difference between levofloxacin at 600 mg for 1
day and levofloxacin at 300 mg for 3 days regarding the eleva-
tion of WBC and CRP. Briefly, infectious complications after
prostate biopsy are rare and oral therapy is sufficient.* Thus,
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cost issues need to be considered when selecting the type of
antibiotic prophylaxis to be used.

Enemas

Some urologists believe an enema is effective to empty the
rectal cavity because stool may obstruct the image of the
prostate. Others believe that it decreases the risk of infection.
One of the first preventive measures introduced in transrec-
tal prostate biopsy was local antisepsis applied to the rectal
mucosa with povidone-iodine. Rees et al.*> observed that bac-
teremia decreased from 76 to 17% after prostate needle biopsy
when no rectal cleansing was done versus phosphate enema
administration followed by proctoscopy with rectal flushing
with povidone. Lindert et al.* randomized 50 men without
prophylactic antibiotics to receive a prebiopsy enema or no
enema. Of the patients 28% who did not receive an enema had
bacteremia, although it was asymptomatic, while 4% given an
enema had a positive blood culture. They concluded that an
enema decreases the amount of bacteria from the rectum as
well as the amount introduced by the biopsy. Contrarily, Sharpe
et al.,’” in a randomized study of 80 patients who underwent
transrectal prostate biopsy without antibiotic prophylaxis,
found no significant differences in infectious complications
between the group receiving povidone-iodine local antisepsis
and the placebo group. Carey et al.*® reported a retrospective
review of patients with identical antibiotic prophylaxis com-
paring who received enemas before biopsy and not. Overall,
clinically significant complications developed in 4.4% (10 of
225) of patients who had versus 3.2% (6 of 185) of those who
did not have an enema. They concluded that enema before
biopsy provides no clinically significant outcome advantage,
and potentially increases patient cost and discomfort.
Accumulating complication rates between studies per-
formed without enema before biopsy have been similar to
those performed with enema before biopsy.?>*#! A retrospec-
tive review of 4,439 biopsies with no prebiopsy enema and
antibiotic prophylaxis using ciprofloxacin showed a symp-
tomatic infection rate of 0.1%.* No consensus in the litera-
ture exists in regard to the impact of a bowel-cleansing enema
before biopsy on transrectal prostate biopsy complication rates.
Davis et al.*? surveyed urologists in community and academic
practice regarding their standard approach to patient prepara-
tion for transrectal prostate biopsy. They mailed 110 surveys
to community urologists in Florida and urological oncologists
at academic centers across the United States. Overall 79%
of respondents prescribe an enema in preparation for biopsy
and 81% administer an oral fluoroquinolone before biopsy. A
current preparation for transrectal biopsy at M.D. Anderson
Cancer Center consists of the use of enema at 1-2 h prior to
procedure and the administration of Levofloxacin 500 mg p.o.
1 h prior to procedure. For patients with prosthetic joint, 1 dose
of Gentamicin 80 mg i.m. is given 30 min prior to procedure.
For patients with valvular heart disease, Gentamicin 80 mg
and Ampicillin 2 gm i.v. are given 30 min prior to procedure.
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Anesthesia

Urologists frequently experience anxiety in men presenting for
TRUS-guided biopsy. Reducing patient discomfort becomes
more important as increasing numbers of patients require
repeat biopsy. There is strong evidence in the current literature
that anesthesia and/or analgesia improves patient tolerance
and comfort. Therefore, urologists should be aware of intro-
ducing it in clinical practice as a routine part of the procedure
whatever the patient characteristics and biopsy scheme.

The most popular approach is the periprostatic nerve
block. Prospective randomized trials have proven its effi-
cacy when compared with placebo or rectal anesthetic
gel.#** The nerves can be blocked with either unilateral or
bilateral injection, around the apex or base of the gland. Our
technique is described in Fig. 6.1, but no single technique
or drug combination demonstrated superiority and all meth-

Fig. 6.1. Periprostatic nerve block before biopsy. Our technique to
reduce the discomfort of TRUS-guided biopsy is through the use of:
(1) intrarectal anesthetic gel to decrease ultrasound probe discomfort
and needle discomfort for periprostatic nerve block. (2) Benzodi-
azepine for patients with excessive anxiety. (3) Periprostatic nerve
block with 5 cc of 1% lidocaine injection at prostate base bilaterally
junction with seminal vesicles. The arrow on the transverse (upper)
image points to the marker which indicates the projection of the path
that the needle will follow in the sagittal (lower) image. Note that this
target is exactly at prostate base junction with seminal vesicles

ods appear safe with no additional infective and hemorrhagic
complications.*34¢

Of other techniques, the data regarding NSAIDs, probe
design, and rectal anesthetic gel are unconvincing. Entonox is
an effective, simple, and safe form of analgesia, although it is
not currently used widely.*”*® Topical GTN paste (commonly
used in the treatment of anal fissures) effectively reduces anal
discomfort during probe introduction, but takes 30 min to be
effective and a recovery time is necessary.** Intravenous
sedation is useful,*® but any intravenous administration of sed-
ative has potential problems that may require the attendance
of an anesthetist.

Among the various methods, periprostatic nerve block alone
or associated with lidocaine gel has been shown to be safe,
easy to perform, and highly effective. It can be considered the
gold standard at the moment even if the optimal technique
remains to be established.

Basic Technique for TRUS-Guided Biopsy

Anatomy

The guiding principle behind prostate biopsy is the anatomi-
cal or glandular distribution of prostate cancer. Anatomically,
the gland is split into zones as shown in Fig. 6.2. In the young
male the peripheral zone (PZ) comprises 75% of the volume
of the prostate, the transition zone (TZ) 20%, and the central
zone (CZ) 5%, but with age these ratios change. After the age
of 40 years, most men develop BPH, which arises from TZ and
eventually it may occupy most of the gland. Conversely, the
majority (70-80%) of prostate cancers arise from PZ,*! what-
ever the gland volume and zonal volume percentages. Whole
gland studies have also shown that cancers cluster around
the posterolateral margins, apex and base of the gland.>? This
basic knowledge of PCa has been applied to maximize the
sampling techniques from areas of high cancer incidence dur-
ing TRUS-guided prostate biopsy.

Probes

Any biopsy regimen must include sampling from the apical
area of the prostate. Endfire probe is suitable for the apical
biopsies because the biopsy guide for endfire imaging is
placed immediately behind the imaging array (Fig. 6.3a). This
ensures the shortest possible biopsy path to the apex. Some
of the currently available biplane probes can simultaneously
visualize the prostate in both sagittal and transverse planes.
A simultaneous biplane view enables more correctly targeted
biopsy (Fig. 6.3b).

Imaging of the Prostate

Currently, the most widely used probe is a high-frequency
transducer (7 MHz or higher) which can produce precise
images of the prostate. Positioning should be left lateral,
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FiG. 6.2. Zonal anatomy of the prostate. Anatomically, the gland is
split into five zones: three glandular (the peripheral zone, the transi-
tion zone, and the central zone) and two nonglandular (the periure-
thral zone and the fibromuscular stroma). The peripheral zone: The
peripheral zone constitutes almost 75% of the normal prostate gland.
It occupies the distal prostate gland, the area around the urethra distal
to the verumontanum. A healthy peripheral zone displays a homo-
geneous isoechoic ultrasound pattern. The “surgical capsule” that
separates the peripheral zone from the transition zone appears as a
distinct boundary in ultrasound. The transition zone: Approximately
5-10% of the normal prostate gland is transition zone. The transition
zone lies superior to the verumontanum, lateral to the proximal ure-
thra, and posterior to the fibromuscular stroma. Enlargement of the
transition zone due to BPH may alter the contour of the prostate in
older men, compressing the peripheral zone or displacing it laterally.
The central zone: The central zone makes up 25% of the glandular
tissue. The central zone lies posterior to the urethra and superior to
the verumontanum. The ejaculatory ducts traverse through the central
zone. The anterior fibromuscular stroma: The anterior fibromuscular
stroma forms the anterior surface of the gland. It may be up to 1-cm
thick, but thins out over the distal portion of the gland. The anterior
fibromuscular stroma is more prominent sonographically in younger,
non-BPH patients. The periurethral zone: The periurethral zone is
a midline structure of cylindrical, internal smooth muscle sphincter
that runs from the base of the verumontanum to the back of the blad-
der neck. This is the site of origin of the large median lobe of BPH

lithotomy, or knee-elbow. A small amount of urine in the
bladder facilitates the examination. When starting scan in the
transverse view, from the deepest part, seminal vesicles are
identified bilaterally with the ampullae of the vas on either
side of the midline (Fig. 6.4a). Next, the base of the pros-
tate is imaged where CZ comprises the posterior part of the
gland and often is hypoechoic (Fig. 6.4b). The midgland is
the widest portion of the gland (Fig. 6.4c). The echogenicity
in PZ is described as isoechoic and closely packed. TZ is the
central part of the gland and itself is moderately hypoechoic
when compared to PZ. The junction of PZ and TZ is usually
distinct and characterized by a hypo- or hyperechoic border
(Fig. 6.4d). Scanning at the level of the verumontanum and
observing the tower-like appearance help identify the urethra
(Fig. 6.4e). The prostate distal to the verumontanum (pros-
tatic apex) is mainly composed of PZ (Fig. 6.4f). The peripro-
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FiG. 6.3. (a) Targeting the apical biopsy. The biopsy guide for endfire
imaging is placed immediately behind the imaging array. This ensures
the shortest possible biopsy path to the apex, thereby helping you avoid
accidental piercing of other pelvic floor structures. (b) Targeting the
right lateral peripheral zone for a biopsy. The arrow on the transverse
(upper) image points to the marker which indicates the projection of
the path that the needle will follow in the sagittal (lower) image. Note
that this target is exactly in the lateral peripheral zone

static tissue of the prostate is a hyperechoic structure that
can be identified all around the gland. Several hypoechoic
structures identified anterior to the prostate gland are the
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FIG. 6.4. (a) The image of seminal vesicles. The seminal vesicles are convoluted cystic structures and are darkly anechoic. The ampullae of the
vas are on either side of the midline. (b) The base of the prostate. The upper hypoechoic area is composed of the smooth muscle of the internal
sphincter and portions of the periurethral tissue. (¢) The midgland. The junction of the peripheral zone and the transition zone is distinct and
hypoechoic. The echogenicity in PZ is described as isoechoic. The transition zone is the central part of the gland and a variety of echogenic
areas. (d) The midgland. The junction of PZ and TZ may be characterized by a hyperechoic region, which results from prostatic calculi or
corpora amylacea. (e) The level of the verumontanum. The hypoechoic tower-like appearance helps identify the urethra. (f) The apex of the
prostate. The periurethral structure is surrounded by the peripheral zone. (g) The prostatic venous plexus. Several hypoechoic structures iden-
tified anterior to the prostate gland are the prostatic venous plexus. Doppler imaging (right) shows blood flow in the venous plexus. (h) The
neurovascular bundles. The neurovascular bundles can be identified as a hypoechoic bundle located outside posterolateral prostate. Doppler
imaging (right) shows blood flow in the neurovascular bundle. (i) The median lobe of the prostate. The sagittal plane allows visualization of
the urethra. The median lobe of the prostate is visualized

prostatic venous plexus (Fig. 6.4g). The neurovascular bun-
dles can be identified as a hypoechoic bundle (mainly by
reflection of the relatively large hypoechoic vascular com-
plex surrounded by hyperechoic fat), within which definitive
blood flow could be confirmed using Doppler imaging (Fig.
6.4h). Imaging in the sagittal plane allows visualization of
the urethra. The median lobes of the prostate are often visualized
(Fig. 6.41).

Diagnostically, TRUS is also used to measure the volume
of the prostate gland,® an important factor in calculating
PSA density, i.e., serum PSA level divided by gland volume.
Moreover, the volume as measured with TRUS can be used in
predictive nomograms.>* Several formulas have been used to
calculate prostatic volume, but the most common one is the
ellipsoid formula, which requires measurement of three pros-
tate dimensions. First, in the transverse view, the width (trans-
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verse dimension) and the height (anteroposterior dimension)
are measured at its largest diameter (Fig. 6.5a). The length
(longitudinal dimension) is measured in the sagittal plane just
off the midline because the bladder neck often obscures the
cephalad extent of the gland (Fig. 6.5b). The ellipsoid volume
formula is then applied as follows:

Volume = height x width x length x 0.52.

Basic Biopsy Technique

Biopsies are best performed with a spring-driven needle core
biopsy device, which can be passed through the needle guide
attached to the ultrasound probe. Most instrumentation pro-

FIG. 6.5. (a) A measurement of the prostate in the transverse view.
The transverse and anteroposterior dimensions are measured at the
estimated point of widest transverse dimension. (b) A measurement
of the prostate in the sagittal view. The longitudinal dimension is
measured in the midline

vides optimal visualization of the biopsy needle path in the
sagittal plane. In general, 18-gauge needles are used, and the
tips of the needles are etched with small ridges to increase
their echogenicity. Ultrasound images should be superim-
posed with a ruled puncture line that corresponds to the needle
guide of the probe, which allows anticipation of the needle
path (Fig. 6.3a,b).

Directed biopsies are obtained from any suggestive (i.e.,
hypoechoic) area based on ultrasound images or based on
palpable abnormalities after DRE. Because the incidence of
nonpalpable isoechoic prostate tumors is high, limiting biopsy
sites to either sonographically suspicious lesions or to areas of
palpable abnormality tends to miss many malignancies.

Cancer Imaging

Cancer, depending on its size, grade, and location, usually
appears hypoechoic relative to the normal peripheral zone of
the prostate.” Modern TRUS probes incorporate wide-band
high-frequency transducers capable of detailed multiaxial
imaging, but despite greatly improved anatomical represen-
tation its diagnostic ability is still disappointing. For cancer
diagnosis, TRUS has a positive predictive value of 6% if PSA
and DRE are normal.’ With the shift toward smaller, early-
stage cancers, many cancers detected at biopsy are not visible
at TRUS (low sensitivity) and many hypoechoic areas do not
prove to be malignant at biopsy (low specificity); therefore,
TRUS alone, without the addition of biopsy, has limited value
in the detection of cancer.

Evolution of Biopsy Technique

Initial Biopsy: Development of the Various
Protocols

The first TRUS-guided prostate biopsies (in the early 1980s)
were targeted at focal lesions suspicious for cancer. But most
of these nodules proved to be histologically benign. Faced with
the knowledge that targeted biopsies were inaccurate, various
sampling methods were tried. Bilobar or quadrant biopsies
were first reported, but the landmark sampling technique was
the sextant protocol reported in 1989.! As originally described,
six biopsies were obtained in a parasagittal line drawn half-
way between the lateral border and midline bilaterally, from
the base, midgland, and apex (see Fig. 6.6a). This was a major
advance, with a 20-25% positive biopsy rate. However, with
wider experience, even the sextant technique was found to be
inaccurate, principally because it undersamples the PZ. Keetch
et al.> showed a 20% positive rate on repeat biopsy, and all sub-
sequent studies have confirmed this high false-negative rate of
the classical sextant method.”’-> Modifications of the sextant
technique were reported from the mid-1990s onward, based
on improved understanding of the origin and location of pros-
tate cancers within the gland. The anteriorly directed trajecto-
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Fig 6.6. Diagrammatic representation of the various sampling patterns. (a) This is the original sextant biopsy as described by Hodge et al.
The coronal section shows six biopsies (filled circles) obtained in the parasagittal line, halfway between the lateral border and midline bilater-
ally, from the base, midgland, and apex. The corresponding images demonstrate the needle trajectory in the axial plane at points marked on
the coronal view. Note the amount of the peripheral zone left unsampled, particularly by the midgland biopsies. (b) These coronal and axial
figures represent the modified sextant technique. Note, on the corresponding axial image representing the midgland, a larger amount of the
PZ is sampled by pointing the needle in an anterolateral direction. (¢) This coronal figure illustrates 11-core biopsy; sextant (filled circles)
plus one lateral on each side, one TZ on each side just lateral and anterior to urethra (open diamond), and one midline biopsy. (d) 13-core
biopsy includes one additional lateral biopsy (broken circle) on each side. These coronal representations show the ideal targets for eight PZ
biopsies. (e) These coronal representations show the ideal targets for 10 PZ biopsies. (f) These coronal representations show the ideal targets
for 12 PZ biopsies
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ries of the traditional sextant model (Fig. 6.6a) undersampled
the PZ, particularly around the posterolateral margins. Hence
the so-called modified protocol evolved, whereby the middle
biopsies of the standard sextant were moved laterally and the
biopsy trajectories also angled anterolaterally so that mainly
the PZ was sampled (Fig. 6.6b).%!

With time even the modified sextant pattern was shown to miss
some tumors,*®? and various alternatives were explored. Chen et
al.? showed that midline, periurethral, and apicolateral PZ tumors
were being missed. Therefore extended protocols were intro-
duced to minimize the missing cancers when conventional
sextant biopsy was performed. Figure 6.6c illustrates the tech-
nique we developed.” Other protocols use more cores directed
on PZ (Fig. 6.6d—).5%%* Although available data show that eight
to ten biopsies will improve diagnosis by 20-30% over the tra-
ditional sextant protocol, it is still a matter of debate whether
extended protocols are substantially better than the modified sex-
tant protocol. A recent survey of US practice showed that 63%
obtain eight or more cores per biopsy session, 36% biopsy the
lateral and midline locations.** Presti® reviewed several studies
evaluating various biopsy schemes and suggested that a 10—12-
core scheme is optimal in most patients having an initial biopsy.

The biopsy protocols described aim to increase PZ sam-
pling. Logically more cores should increase the likelihood of
hitting a given tumor volume in the PZ. However, some pros-
tate cancers originate in TZ. It is believed that these tumors
may be less aggressive, although they present with higher
PSA levels. Studies have varied in the diagnostic yield of TZ
biopsies from 3 to 26%.°% Some have advocated routine
biopsy of this area, but more contemporary studies suggest
that the true yield is around 2%.% In reality all biopsy strate-
gies may sample a part of the TZ that immediately adjacent to
the PZ and in routine practice deep samples from the TZ are
not thought helpful, except in patients requiring repeat biop-
sies. Indeed at second biopsy, many studies estimate higher
diagnostic yields for TZ biopsies.*’

Naughton et al.” have suggested a linear relationship
between the number of biopsies required to diagnose prostate
cancer and gland volume. The added effects of BPH also need
to be considered. An enlarged TZ compresses the PZ into a
thin rind and more cores are needed to sufficiently sample a
thinned PZ. Two retrospective studies have shown that sextant
biopsies in an enlarged gland had a higher false-negative rate
compared with the smaller gland.”"”> Many practitioners use a
volume correction method (an example is 8—10 cores for <50
ml glands, and 12 cores if the volume is >50 ml). However,
the data on the advantages of volume-determined biopsy strat-
egies, over and above an extended policy (eight to ten biop-
sies), are not yet convincing.”

Repeat Biopsies

In some cases clinical suspicion of undisclosed cancer per-
sists after a negative first biopsy. Examples include patients
with a high PSA level (a “high” PSA level is also a matter of

debate but an example is PSA >10 or 20 ng ml!, particularly
if the gland is of normal size), a rising PSA level, high-grade
prostatic intraepithelial neoplasia (HGPIN) or atypical glands
suspicious for cancer (AG) on first biopsy.

As a group these patients are few, but repeat biopsy may
detect cancer in 19-41% of patients within these subcatego-
ries.>’*7> Small retrospective studies have looked at methods
to stratify patients who require rebiopsy, but this is still an
area of debate.”7® It is assumed that the first set of biopsies
may have missed cancer either because it was of small volume
or because it was in the inner gland. Repeat biopsies should
therefore include the anterolateral PZ, apex and TZ (inner
gland), where cancer may have been missed.”

Logically with repeat negative biopsies, the likelihood of
missing significant cancer diminishes with each set of biop-
sies. Djavan et al.*® studied the value of up to four repeat biop-
sies. Cancer was found in 10% on the second biopsy (other
studies have found a rate between 12-30%7%7¢) but the pick-
up rate was low on biopsies 3 and 4 (5 and 4%, respectively).
Moreover, the cancers found on biopsies 3 and 4 were of low
Gleason grade. They concluded that biopsies 3 and 4 were
not mandatory. However the PSA range used in their study
was narrow (4—10 ng ml™") and the sextant technique was used
to sample the peripheral zone (with two additional TZ biop-
sies). The results may therefore not be applicable in patients
with higher or rapidly increasing PSA,>™ or those who had
extended cores at the first biopsy.

HGPIN is said to be a precancerous condition that predates
frank cancer by 10 years (“HGPIN in the 40s, cancer in the
50s”). It is characterized by architecturally benign ducts and
acini lined by abnormal secretory cells with nucleomegaly and
prominent nucleoli visible at x20.% The expected incidence
of HGPIN on needle biopsy is between 5 and 8%.%' Finding
HGPIN in a prostate biopsy is associated with a greater risk of
cancer being detected in subsequent biopsies. In contemporary
studies, the median risk recorded in the literature for cancer
following the diagnosis of HGPIN on needle biopsy is 24%.5!
If present, cancer may be at remote sites and repeat biopsies
should not focus on the area with HGPIN. Extended cores are
thought to be sufficient, but in some, saturation coverage may
be appropriate. If repeat biopsies again show HGPIN, then
PSA levels may be monitored.

The term AG, or atypical small acinar proliferation, denotes
the presence of a small focus of atypical glands suspicious
for adenocarcinoma, but with insufficient cytological and/or
architectural atypia to establish a definitive diagnosis. The
median incidence of AG on prostatic needle biopsies is 4.4%
and ranges from 0.7 to 23.4%.3' The likelihood of finding
cancer on repeat biopsy is 40-50%,% higher than that with
a diagnosis of HGPIN. Unlike the man with a rising PSA or
HGPIN, the approach here is site specific. It is assumed that
either insufficient diagnostic material was retrieved on the first
biopsy because the tumor was too small, or that the biopsy
caught the edge of a larger, immediately adjacent tumor
(perhaps located in the inner gland).



58

Saturation Biopsy Protocol

In some men, there remains a continuing suspicion of prostate
cancer in spite of repeated negative biopsies. Many centers
have reported the value of a saturation biopsy technique in
these cases. The assumption here is that the cancer is small
and/or located in one of the deeper reaches of the gland.
The saturation technique takes the principles of sampling to its
logical conclusion — the whole gland is sampled without fol-
lowing any particular zonal pattern. In its simplest form this
involves little more than taking 20 or more cores, evenly dis-
tributed throughout the gland, including the zone anterior to
the urethra. The larger number of evenly distributed samples
increases the likelihood of picking up an underlying cancer,
regardless of tumor size or location (34% positive rate in one
study).® A more systematic technique of saturation biopsy
uses a transperineal, grid-based method using a brachyther-
apy template (this method allows better sampling of the area
immediately anterior to urethra).®

However, given the fact more than 40% of men may develop
prostate cancer in their lifetime, no one can be sure that all the
tiniest foci of PCa have been detected, despite thorough sam-
pling. Much of this disease may be clinically insignificant.’®
Furthermore, although a patient with a negative biopsy can be
reassured by saturation biopsy protocol, the concern remains
that de novo tumor may develop in his remaining years. Indeed
in one study, 11% of patients with a negative biopsy devel-
oped cancer over a 7-year follow-up period, and two men died
of prostate cancer.®® The need for future rebiopsy depends on
the morbidity and acceptability in each patient.

At our institution, we take 10 cores as an initial biopsy;
sextant plus two lateral biopsies on each side at midgland and
base (Fig. 6.6e). As a repeat biopsy for men with negative
sextant biopsy, we use 11-core biopsy; sextant plus one lat-
eral on each side one TZ on each side just lateral and ante-
rior to urethra one midline biopsy (Fig. 6.6¢). When two or
more extended biopsies are negative and there remains a
high suspicion of cancer we consider systematic 12-core TZ
biopsy. If there remains a high suspicion of cancer and sys-
tematic 12-core TZ biopsy is negative, saturation biopsy using
brachytherapy template is considered.

TRUS-Directed Biopsies

The diagnostic ability of gray-scale TRUS is limited by the
intrinsically poor visibility of most contemporary prostate
cancers. Described appearances of prostate cancer range from
hyperechoic to hypoechoic lesions. Hypoechoic lesions are
more common, but the vast majority of contemporary tumors
are either isoechoic or distinguished only by a nonspecific
echo irregularity.

Color Doppler and power Doppler (looking for neovas-
cularization, a prerequisite for tumor invasion) can improve
tumor detection, but not significantly more than extended core
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sampling.’” It may have a role in the patient undergoing repeat
biopsy. Intravascular microbubble contrast agents can improve
the accuracy of prostate cancer detection, missing only low-
volume tumors of grade 6 and below.%® Again its value may
be limited to repeat biopsy, but large studies of its routine
use are needed. Three-dimensional imaging aids detection
of enhancement and morphological asymmetry,® but has not
been proved additional value. Dynamic enhancement curves
may help to distinguish inflammatory change from neovascu-
larization and to assess response to antiandrogen therapy, but
its use has not been evaluated for diagnostic purposes. Ultra-
sound elastography may be used to measure tissue stiffness
in order to distinguish hard (malignant) from soft (normal).”
Trials of its routine use are necessary.

Complications

TRUS-guided prostate biopsy is generally considered safe
and is commonly performed in an outpatient setting. Sev-
eral studies on transrectal prostate biopsy reveal major com-
plication (sepsis, bleeding, or other complication requiring
admission) rates of around 1-2%, with the following rates of
minor complications: hematuria 1-84%; rectal bleeding 37%;
hematospermia 1-28%; vasovagal episodes 0-5%; infective
complications 1-4%.% Although most subside within 48-72
h, patients should be warned that hematospermia can last
for 3—4 weeks. Nevertheless, minor complications occurred
frequently with 70% of all patients experiencing at least one
complication. Although these complications generally do not
need intervention (neither conservative nor surgical), patients
need to be informed adequately. Repeat biopsies can be per-
formed 6 weeks later with no significant difference in pain
apprehension, infectious or hemorrhagic complications.

Prospective studies report higher percentages of complica-
tions, but there may also be a relation with the number of cores
taken. Increasing the number of biopsies has been associated
with an increase in urinary retention and epididymitis®'> and
continual monitoring is necessary as we move to an era of
more cores per gland. The use of local anesthesia has no bear-
ing on complication rates.”

Prostate Cancer Staging

Transrectal US has been used for local staging of prostate can-
cer in some studies but is generally considered insufficient.
The criteria for identifying extracapsular extension (ECE)
on transrectal US scans are bulging or irregularity of the
capsule adjacent to a hypoechoic lesion (Fig. 6.7). Seminal
vesicle invasion (SVI) is heralded by a visible extension of
a hypoechoic lesion at the base of the prostate into a semi-
nal vesicle or by echogenic cancer within the normally fluid-
filled seminal vesicle.”* Asymmetry of the seminal vesicles
or solid hypoechoic masses within the seminal vesicles are
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FiG. 6.7. Extracapsular extension of the prostate. The criteria for identifying extracapsular extension on transrectal US scans are bulging or
irregularity of the capsule adjacent to a hypoechoic lesion (right), and increased vascularity within a region of the gland (lef?)

indirect indicators of disease extension. When extraprostatic
extension into the seminal vesicles is suspected, additional
transrectal US-guided biopsies of the seminal vesicles can be
performed.

The length of the contact of a visible lesion with the capsule
is also associated with the probability of ECE. Ukimura
et al.” reported a monogram predicting the probability of
microscopic ECE based on TRUS-determined tumor contact
length and preoperative PSA. However, given the substantial
stage migration that has occurred, prostate cancer is rarely
a systemically detectable disease at presentation. Today,
however, tumors are smaller and local extension is uncom-
mon. Modern nomograms more accurately help estimate the
probability of ECE, SVI, and lymph node metastases from
standard clinical data (stage, grade, and PSA level).”s Nev-
ertheless, these algorithms provide no information about the
location of the cancer or the site of ECE. In most cases man-
agement can be decided on biopsy data, supplemented by
clinical (age, general health) and biochemical (PSA) data,
without the need for any further staging. Therefore, as pros-
tate biopsy lies at the heart of prostate cancer management,
it should be carried out with care.

Conclusions

Most prostate cancers are either not visualized on TRUS or
indistinguishable from coexisting BPH. Without any fun-
damental advance in prostate imaging, systematic sampling
prostate biopsy will continue to occupy a central management
role. However, the diagnostic ultrasound and biopsy of the
prostate is a rapidly evolving field with many areas of debate.
Looking to the future, ever-younger men are undergoing PSA
testing. Less invasive treatments are also under development
and some are showing real promise. This will increase the
pressure to identify early-stage and small-volume tumors. We
can expect further change in our approach to prostate biopsy.
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Chapter 7

The Use of High-Intensity Focused Ultrasound

in Prostate Cancer

Christian Chaussy and Stefan Thiiroff

Introduction

The use of ultrasonic waves for medical purposes was first
investigated in the 1950s,' and high-intensity focused ultra-
sound (HIFU) for focal tissue destruction was established in
1955.2 One of the first clinical applications of HIFU was for
the treatment of neurological disorders by the production of
small lesions deep inside the cerebral cortex. Routine use of
the technique, however, was limited by the need for a large
cranial bone flap and by the lack of an appropriate imaging
device. Exploration of the use of HIFU for the irradiation of
tumors started in 1956,* continued during the late 1970s and
early 1980s,** and by the mid-1980s, the technique was being
used to treat ocular cancers and glaucoma.® The use of HIFU
in the treatment of prostate disorders began in the early 1990s
with clinical trials of HIFU in the treatment of benign pros-
tatic hyperplasia (BPH)"® and the treatment of organ-confined
prostate cancer.’

Mechanism of Action

HIFU can be delivered as a pulsed or a continuous beam.
Continuous beam processes include solar waves, micro-
waves, and radar technology, while medical HIFU and
extracorporeal shock wave lithotripsy (ESWL) involve
pulsed HIFU. HIFU destroys tissues via two mechanisms,
acoustic cavitation (similar to bubble formation during boil-
ing) and internal friction; these mechanisms result in the
generation of sufficient heat within the tissues to create a
necrotic lesion.

In the treatment of prostate cancer with HIFU, ultra-
sound waves are generated by the high-frequency vibration
(0.5-10 MHz) of a piezoelectric or piezoceramic transducer
within a probe introduced into the rectum. The ultrasound
waves penetrate the rectal wall with only slight absorp-
tion and reflection and therefore, no tissue damage, but as
they are focused (by an acoustic lens or parabolic reflec-
tors) onto a small area (the focal point) in the prostate, the
power density increases. At the focal point, bubbles form

inside the cells due to the negative pressure of the ultra-
sound wave. The bubbles increase in size to the point at
which resonance is achieved; this triggers their sudden col-
lapse, creating high pressure (20,000-30,000 bars) which
damages cells and generates heat (Fig. 7.1). The increase in
temperature is determined by the absorption coefficient of
the tissue, as well as the size, shape, and thermal response of
the heated region. The biological changes that are induced
by the rise in temperature depend on the thermal dose, that
is, the temperature reached and the length of time that the
tissue is exposed to the elevated temperature. A steep tem-
perature gradient exists between the tissue at the focal point
and the surrounding tissue; a sharp demarcation between the
necrotic lesion and the normal cells can be seen in histologi-
cal samples (Fig. 7.2). A number of factors affect the extent
of the lesion and the process has to be carefully controlled.
Treatment parameters important for effective tissue coagula-
tion using HIFU include:

* The power setting (W)

* The piezoelectric frequency (MHz)

* The shot duration

* The delay between shots (this is necessary to avoid accumu-
lation of cavitation bubbles in adjacent lesions)

* The number of shots per prostate volume (dose)

Pros and Cons of Different Commercial
Systems

Two commercially available HIFU systems are currently in
use: the Ablatherm® (EDAP SA, Lyon, France) and the Sonab-
late® (Focus Surgery, Inc., Indianapolis, IN, USA). The two
systems are similar in TRUS imaging, and treatment is possi-
ble with both using a probe encased in a degassed, fluid-filled
balloon that cools the rectum. The two systems differ in terms
of positioning of the patient, the ultrasound frequencies used
during treatment and planning, shoot, and delay times, the
treatment mode within the prostate, and the safety measures
available to protect the rectal wall.

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology, 63
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Fact Sheet

e The use of ultrasound for medical purposes started in the
1950s for the treatment of neurological disorders

e The use of ultrasound for tumor ablation started in 1956,

but it was not until the 1990s that ultrasound was used to

treat prostate cancer

Medical HIFU involves a pulsed ultrasound beam

e HIFU destroys tissues by generating heat sufficient to

cause necrosis

When treating prostate cancer, ultrasound waves are gen-

erated by a transducer within a probe introduced into the

rectum

The ultrasound waves penetrate the rectal wall with only

slight absorption and reflection, but are focused onto a

small area (the focal point) in the prostate to generate a

lesion

e The HIFU process has to be carefully controlled, and a
variety of treatment parameters are important

ABLATHERMTREATMENT

F1G. 7.1. Ultrasound waves generated by the high-intensity focused
ultrasound (HIFU) transducer are focused on the tumor lesion within
the prostate

The Ablatherm® system includes a treatment bed, an
endorectal probe, and probe positioning system, an ultra-
sound power generator, a cooling system for preservation of
the rectal wall, and a control module. The endorectal probe
(Fig. 7.3) incorporates a two-dimensional imaging probe
working at 7.5 MHz and a treatment transducer focused at
a maximum of 45 mm and working at 3 MHz. Thus a single
probe fits all prostate sizes and undertakes both imaging and
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FiG. 7.2. Histological section of the prostate following treatment with
high-intensity focused ultrasound

F1G. 7.3. Ablatherm® piezoelectric probe

treatment functions. Variable focusing of the transducer is
shown in Fig. 7.4. Real-time rectal wall control is provided
by automatic adjustment of the probe toward the rectal wall,
and multiple security circuits are in place to prevent accidental
focusing on the rectal wall, thereby avoiding rectal injury. In
2005, modifications were made to the Ablatherm® system to
allow integrated imaging. The features of the two models (the
pre-2005 Ablatherm® Maxis and the post-2005 Ablatherm®
device with integrated imaging) are outlined in Table 7.1. The
Ablatherm®system can be used for primary HIFU treatment,
HIFU retreatment, and salvage therapy in patients who have
previously received radiotherapy.

The Sonablate® system does not have a dedicated treat-
ment bed; instead, treatment is performed with the patient
in the dorsal position under general anesthetic. Furthermore,
rather than the single, dual-frequency probe used for gland
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Focus

F1G. 7.4. The Ablatherm® transducer demonstrating variable focusing

imaging and treatment used in the Ablatherm® system, the
Sonablate®system uses a range of treatment probes. Probe
selection is determined by the size of the lesion required;

Fact Sheet

e Two commercially available HIFU systems are currently
in use — the Ablatherm® system and the Sonablate®
system

* Both systems provide simultaneous imaging and treat-
ment using an endorectal probe

¢ The main differences between the systems are in patient
positioning, the ultrasound frequencies used during treat-
ment and planning, shoot and delay times, the treatment
mode within the prostate, the measures available to pro-
tect the rectal wall, and treatment indications

e Overall, the Sonablate® system has limitations, while the
Ablatherm® system provides a number of treatment and
safety benefits
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a 25- or 45-mm focal length probe results in a lesion that
is 10 mm in length and 2 mm in diameter, and a 30-, 35-,
or 40-mm focal length probe used with a split beam results
in a lesion that is 10 mm in length and 3 mm in diameter.
Prostate size also has to be taken into account, and larger
glands require probes with a longer focal length. Treatment
is usually conducted in three consecutive coronal layers,
starting from the anterior prostate and moving from the apex
to the base. At least one probe change is required during the
treatment process. No automatic, real-time, rectal wall dis-
tance control is present, which means that the operator has
to perform manually guided, rectal-wall-orientated HIFU
treatment in the peripheral zone (which is the predominant
location of a prostate tumor). The limitations of the Sonab-
late® system mean that the indications for this system are
restricted to T1-2 prostate cancer; the system cannot be used
for salvage or palliative HIFU.

Patient Selection: Indications
and Contraindications

Indications

HIFU is indicated for patients with localized prostate can-
cer (stage T1-T2 NOMO Gleason score [GS] 1-3) who are
not candidates for surgery due to their age, general health
status or a prohibiting comorbidity, or who would prefer
not to undergo a radical prostatectomy. However, the indi-
cations have been expanded based on clinical experience to
include: partial therapy in unilateral low volume, low GS
tumors (T1-2a Nx/OMO, GS1-2, prostate-specific antigen
[PSA] < 20 ng ml™"); salvage therapy in recurrent prostate
cancer after radical prostatectomy, radiotherapy, or hor-
mone ablation (all T Nx/OMO, all GS/PSA); and advanced
prostate cancer as a debulking process (T3-4 Nx/0MO, all
GS/PSA). While other nonsurgical treatment options for
localized prostate cancer (e.g., cryotherapy or brachyther-
apy) cannot generally be repeated in cases of local recur-
rence, HIFU can be repeated, and can also be used as a
salvage therapy.

TaBLE 7.1. Distinguishing features of the two generations of the Ablatherm® high-intensity focused ultrasound device.

Ablatherm® integrated imaging

Ablatherm® maxis

Electronic applicator with integrated 7.5-MHz real-time TRUS

Excellent TRUS resolution by a new diagnostic ultrasound unit

Fast and highly precise planning by computerized scanning procedure

Virtual prostate reconstruction
Real-time TRUS control
Electronic picture and data storage
Ablaview® “blackbox”

Treatment time reduced by 25%

« Electromechanical applicator with inserted 7-MHz alternating
TRUS

* No real-time control

 High TRUS resolution with a standard diagnostic ultrasound unit

* Manual therapy planning

¢ Real-time TRUS control

¢ Electronic picture and data storage

e Learning curve: 30 treatments

Learning curve: ten treatments (new users); five treatments (Ablatherm® users)

TRUS, transrectal ultrasound
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Contraindications

Contraindications for the use of HIFU in prostate cancer
include a gland size larger than 40 ml (due to the focal length
of HIFU). Larger glands can be reduced in size using transure-
thral resection of the prostate (TURP) and/or hormonal ther-
apy with a luteinizing hormone-releasing agonist (LHRHa)
prior to HIFU. Other contraindications include conditions
where the rectal wall is damaged or rendered more susceptible
to damage (e.g., rectal fistula or conditions when there is a
reduced blood supply), following radiotherapy, or when there
is active local infection. HIFU is not suitable for patients with
rectal stenosis or rectal amputation, as these conditions mean
that the probe cannot be placed in the rectum.

Fact Sheet
Ablatherm = A Sonablate = S
» HIFU is indicated:
¢ For localized prostate cancer (stages T1-T2 NOMO
Gleason score 1-3) (A + S)
e For partial therapy in unilateral low-volume, low
Gleason score tumors (A + S)
* For salvage therapy in recurrent prostate cancer after
radical prostatectomy, radiotherapy, or hormone abla-
tion (A)
* For advanced prostate cancer as a debulking process (A)
e HIFU is contraindicated:
* For gland sizes larger than 40 ml (larger glands can be
reduced in size prior to HIFU) (S)
* In conditions where the rectal wall is damaged or
rendered more susceptible to damage (A + S)
* Following radiotherapy (S)
¢ When there is active local infection (A + S)
* In cases of rectal stenosis or rectal amputation (A + S)

Transurethral Resection of the Prostate
Plus HIFU

For prostate gland sizes greater than 40 ml, TURP is
conducted 1 month prior to HIFU For prostate sizes less
than 40 ml, TURP is carried out at the same time as HIFU.
In salvage HIFU, the use of TURP is limited or unneces-
sary. TURP prior to HIFU can reduce gland size, remove
calcification, abscesses, and large adenomas, reduce signifi-
cantly postoperative side effects, allow more patients to
meet the inclusion criteria for HIFU, and help achieve

Fact Sheet

e TURP before HIFU reduces gland size, improves HIFU
efficacy, and expands the indication for the procedure

* TURP carried out at the same time as HIFU reduces
TURP-related prostatic bleeding
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greater efficacy with HIFU. TURP results in the generation
of a cavity, which is subsequently compressed by the rec-
tal balloon, increasing the accessibility of the remaining
gland to HIFU waves. TURP prior to HIFU should remove
the ventral region of the gland, leaving intact a large area
of the gland at the bladder neck. This reduces the risk of
stenosis of the neck of the bladder as a result of prostate
gland shrinkage during HIFU. The rectal balloon that cov-
ers the HIFU probe is then able to “squeeze” the gland, fix-
ing it into position. TURP before HIFU has been used as a
standard procedure in the Munich clinic since 2000. TURP
carried out at the same time as HIFU also has the benefit of
stopping TURP-related prostatic bleeding due to necrotic
coagulation and prostate edema.

The HIFU Procedure: Ablatherm®

The Key Steps in the Ablatherm®
HIFU procedure is shown in Table 7.2.
Preoperative Preparation

Approximately 2 h before the procedure, an enema should
be given to cleanse the rectum. At the start of treatment,
prophylactic antibiotics are administered and a urethral
catheter is put into place. Antibiotic prophylaxis is used to
avoid urinary tract infections following HIFU, as necrotic
tissue provides a good substrate for bacterial growth. Anti-
biotics should continue for about 1 week or until the cath-
eter is removed. Urethral catheterization is needed during
and after treatment to control bladder filling and bleeding,
and to avoid patient movement as a result of bladder irrita-
tion. Both suprapubic and urethral catheters can be used.
Suprapubic catheters tend to be used if TURP and HIFU
are performed in the same treatment session. The use of a
suprapubic catheter prevents the TURP syndrome and any
inflow of cells, and helps continuous bladder washing dur-
ing the procedure. The urethral catheter can be withdrawn
the day following the procedure, and the patient can be dis-
charged with a urine collection bag attached to the supra-
pubic catheter.

TABLE 7.2. The key steps in the Ablatherm® high-intensity focused
ultrasound procedure.

. Preoperative preparation

. Anesthesia

. Positioning the patient and keeping him warm
. Device preparation

. Introducing the transrectal probe

. Transrectal ultrasound simulation

. Treatment planning

. Robotic treatment

. The perioperative phase

. Follow up

O O X 0O AW~

—_
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Anesthesia

While HIFU can be performed using spinal or general anesthe-
sia, spinal anesthesia with analgesic sedation is the preferred
anesthetic method in the Munich clinic. If general anesthesia
is used, muscle relaxation should be maintained until the rectal
probe has been removed at the end of the procedure, as waking
the patient early can lead to spontaneous, uncontrolled move-
ments that can result in rectal perforation by the probe.

Positioning the Patient and External Warming

It is important that the patient remains perfectly still through-
out the procedure. As the treatment time is around 95 min (30—
150 min), making sure that the patient is comfortable helps
him to stay still, and ensures precise and rapid treatment. The
patient is positioned on his right side on the treatment table,
with restraints and cushions to support the feet, knees, back
and left arm, as appropriate. Special attention should be paid to
the comfortable positioning of the right arm and shoulder, as
most disturbances at the end of the HIFU treatment are due to
patient movement because of discomfort of the right shoulder.
External warming should be applied to counteract the internal
cooling of the rectum that will occur during the procedure. The
patient should be kept warm by keeping the treatment room
warm and by draping blankets over him (Fig. 7.5).

Device Preparation

The endorectal probe containing the transducer is covered
with a balloon, which is inserted into the rectum via the
anus and then filled with 150 ml degassed transmitter fluid
(Ablasonic®) (Fig. 7.6). Device preparation is important; the
balloon should be fixed using tape to avoid dilatation of the
anus, and inflation of the balloon should be minimal prior to
positioning.

Fi1G. 7.5. Positioning of the patient in the Ablatherm® table; patient
should be kept warm
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F1G. 7.6. Ablatherm® probe covered with fluid-filled balloon

Introducing the Probe

The balloon-covered probe should be covered with ultrasound
gel before it is inserted into the rectum; this is to ensure close,
smooth contact between the balloon and the rectal mucosa.
Ultrasound gel should not be introduced directly into the rec-
tum. Digital rectal examination using anal dilatation with up
to two fingers may be needed to allow smooth introduction of
the probe. An absence of feces is important at this point. Dila-
tation using more than two fingers can result in the balloon
“popping out” during treatment, which can lead to delays.
The presence of hemorrhoids is not a problem — a small
amount of bleeding of the anal mucosa due to dilatation is not
a cause for concern. Introduction of the probe is made easier
by lifting the patient’s left buttock and making small lateral
movements with the probe.

Once the probe is positioned in the rectum, the balloon
should be filled with the Ablasonic® liquid. This blue, anti-
cavitation coupling and cooling fluid prevents the acoustic
cavitation of bubbles within the cooling circuit and in front
of the probe. This fluid is cooled to limit the heat damage to
the rectal wall by creating a temperature gradient between the
rectal mucosa and the prostatic capsule. It is important that all
the liquid supplied is used, as this ensures sufficient dilatation
of the rectal ampulla, good contact and compression of the
rectal wall, and optimum HIFU treatment and cooling while
preventing the passage of feces or air. The rectum cannot be
damaged by overfilling the balloon. A roller pump circulates
the liquid slowly through the balloon into a cooling unit and
back to the rectum at a temperature of 15°C.

Transrectal Ultrasound Simulation

The prostate is scanned automatically by the integral 7.5 MHz
TRUS, from the apex to the base, to generate a high-definition,
two-dimensional image of the gland. A three-dimensional
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TRUS simulation is generated; this allows accurate treatment
planning to be performed, including calculation of the pros-
tate volume and clear definition of the base and apex of the
gland (Fig. 7.7).

Treatment Planning

The TRUS image is used to plan a treatment that generates
a series of lesions that includes the whole of the prostate,
including the seminal vesicles if appropriate. Apex definition
is one of the most important aspects of treatment planning;
this allows an appropriate balance to be made between the
preservation of continence and effective treatment. Planning
takes into account starting HIFU treatment 5 mm from the
apex, moving toward the bladder, and treating the left lobe
followed by the right lobe of the prostate. Treatment of the
seminal vesicles is optional and depends on the anatomy of
the patient, seminal vesicle length, and location of the tumor.
Treatment of the seminal vesicles is desirable if the tumor
is located on the base of the prostate, but in small individu-
als, this can be difficult. Lateral or ventral tissue remaining
untreated can be a reason for persistently elevated PSA levels
and prostate cancer recurrence.

i

FiG. 7.7. Mapping of the prostate during high-intensity focused ultra-
sound treatment using transrectal ultrasound simulation
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During planning, the prostate is divided (“sliced”) into
1.6-mm transverse sections, each representing a single lesion
to be generated during active treatment. The length and the
diameter of the lesions are defined by the operator on the con-
trol screen, tailored to fit the anatomy of the prostate of the
individual being treated. Up to 800 lesions may be defined,
depending on the size of the prostate.

Tissue type is also taken into consideration, specifically
untreated, HIFU pretreated, or irradiated prostate tissue.
Three power settings are available, involving the application
of different energy levels suited to the three different tissue
types. The different power settings used by the Maxis system
(pre-2005) and the Integrated imaging system (post-2005) are
provided in Table 7.3. Power and shot duration are lower for
patients who have received radiotherapy than for those receiv-
ing primary HIFU treatment or HIFU retreatment because irra-
diated prostate tissue has a higher uptake of HIFU energy,!! so
a lower level is used to reduce the risk of rectal wall injury.
It is important that the correct software setting is selected
from “Standard,” “HIFU retreatment,” and “Salvage.” Failure
to select the correct setting can result in side effects such as
rectourethral fistula. The actual plan of how the HIFU will be
delivered is then generated by the computer software.

Active Treatment

To achieve accurate lesions, it is important that the patient
remains perfectly still throughout the procedure. The treat-
ment time is around 95 (30-150) min, and the actual treat-
ment carried out is recorded and can be reviewed after the
procedure. For optimal efficacy, the entire prostate is nor-
mally treated. Treatment is divided into sequences lasting
approximately 30 min; these are referred to as treatment
“blocks.” The larger the prostate, the more blocks have to be
performed. As a rough guide, a standard resection is likely to
need four blocks and a local recurrence is likely to need one
block. Before delivering HIFU to the prostate, the urethral
catheter should be withdrawn 5 cm into the urethra to pre-
vent the reflection of ultrasound waves.

Treatment automatically follows the computerized instruc-
tions generated during the planning phase. The probe gener-
ates a series of pulsed HIFU beams that destroy a small slice

of the prostate with intense, localized heat. The zone destroyed
by each pulse creates a lesion that is 1.6 mm deep, with a

TaBLE 7.3. Power settings used during high-intensity focused ultrasound (HIFU);
standard, re-treatment and radiation failure cases depicted.

MHz Power (%) Shot duration (s)  Delay duration (s)
M il M ii M i M ii
Standard 30 3.0 100 100 5 6 5 4
HIFU retreatment 3.0 3.0 100 100 4.5 5 5 4
Radiation failure 3.0 3.0 90 95 4 5 7 5

M, maxis; ii, integrated imaging
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height and a width that match the anatomy of the prostate at
that particular point (Fig. 7.8). The whole gland is treated in
this way. In most cases, the only adjustments that the operator
needs to make during the procedure are small manual correc-
tions to the inflow or the outflow of fluid to the rectal balloon,
or readjustment of the external movement detector. Very
rarely, electronic or mechanical disturbances stop treatment
and necessitate restarting.

To maximize safety and efficacy, the Ablatherm® system
incorporates a number of safety features, including alarm
screens, an external movement detector, the Ablaview® func-
tion and real-time imaging with post-2005 equipment. Red
and yellow alarm screens indicate problems during treat-
ment. If a red alarm occurs, treatment should be stopped;
these alarms seldom occur. Yellow alarms indicate the need
for small adjustments by the operator. An external movement
detector provides an additional warning if the patient moves.
Changing the position of the probe to treat the right prostate
almost always triggers this alarm due to movement of the pel-
vis as the probe is adjusted.

The Ablaview® function registers and retains all planning
and treatment sequences. This enables previously untreated
areas to be easily distinguished if treatment is restarted or
if there has to be a change of operators for any reason. This
function also provides the ability to check whether all areas of
a prostate have been treated correctly. The endorectal probe is
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held away from the rectal wall by means of the balloon filled
with Ablasonic® fluid. This anticavitation coupling and cool-
ing fluid prevents the formation of acoustic cavitation bubbles
within the cooling circuit and in front of the probe. This fluid
is cooled to limit the heat damage to the rectal wall by creat-
ing a temperature gradient between the rectal mucosa and the
prostatic capsule.

The Ablatherm® Integrated Imaging system has real-time
imaging as a result of improvements to the piezoelectric probe.
Less local movement has also been achieved through fixation
of the HIFU probe (Fig. 7.9) allowing greater accuracy in the
delivery of HIFU. The device also has inbuilt controls which
detect when the probe is too close to the rectal wall and allows
the device to “fire” with an accuracy of £1 mm.

The Perioperative Phase

Following HIFU treatment, the prostate swells immediately
due to inflammation and edema. This effect can compress the
urethra, hence the need for a urethral catheter. The inflam-
mation and the edema usually resolve over the following
3-8 days. TURP carried out at the same time as HIFU often
reduces the level of urethral compression and the need for
a urinary catheter. Perioperative morbidity is low following
HIFU; significant bleeding is unusual, the need for blood
transfusions or intensive care, and the occurrence of thrombo-

i it Tramd:  4dcc
Prénom:  Paul

Numdea: 227 Menrd: 12 o
Mo Standard

Terps restart
Dttt ¥ atwment
' 10:30:01
- Heure achlle ,
11:15:25 e

Bl (s): 1z

s . W26

FiG. 7.8. Treatment of the prostate with high-intensity focused ultrasound; transrectal ultrasound image overlaid with lesions being generated
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sis or pulmonary embolism is uncommon. Usually there is
minimal postoperative pain for the patient making analgesic
medication unnecessary. Should pain occur following spinal
anesthesia, it is likely to be in the lower left abdomen; this
can be managed using intravenous analgesics. Antibiotic pro-
phylaxis is usually continued until removal of the suprapubic
catheter at about 1 week following the procedure.

Follow up

PSA levels should be measured every 3 months for all patients.
Other follow-up activities depend on whether the goal of treat-
ment is curative or palliative. In cases where HIFU constitutes
curative treatment, biopsies are necessary if the PSA veloc-
ity increases above a rate of 0.5 ng ml-'yr!; such biopsies
will identify small residual tumor volumes that may require
retreatment with HIFU. Complete remission is indicated by

F1G. 7.9. Fixation of the high-intensity focused ultrasound probe negative biopsies, low PSA levels, and a PSA velocity that
Fact Sheet
1. Preoperative preparation: Preoperative preparation for HIFU includes the administration of an enema, prophylactic

10.

antibiotics, and catheter placement

. Anesthesia: Spinal or general anesthesia can be used for HIFU; spinal anesthesia with sedation is recommended
. Positioning the patient and keeping him warm: It is important to position the patient carefully in a comfortable position

and to keep him warm

. Device preparation: Correct preparation of the endorectal probe and its balloon cover is essential for speed, safety, and

efficacy

. Introducing the probe: A number of things can be done to make introduction of the endorectal probe easier; using all the

supplied Ablasonic® liquid is important for efficacy and safety

. Transrectal ultrasound (TRUS) simulation: Automatic TRUS simulation allows accurate treatment planning, including

calculation of the prostate volume and clear definition of the base and apex of the gland

. Treatment planning: Based on the TRUS simulation, treatment is planned to generate a series of lesions tailored to fit the

anatomy of the prostate being treated and to include the whole gland

. Treatment: Treatment automatically follows the computerized instructions generated during the planning phase to gener-

ate a series of pulsed HIFU beams that produce lesions that are 1.6 mm deep, with a height and a width that match the

anatomy of the gland (robotic treatment)

¢ Treatment is divided into sequences lasting approximately 30 min; these are referred to as treatment “blocks”; the
larger the prostate, the more blocks have to be performed

o Safety and efficacy are maximized by a number of safety features, including alarm screens, an external movement
detector, the Ablaview® function, and real-time imaging with post-2005 equipment

. The perioperative phase: In the perioperative phase, the prostate immediately swells due to inflammation and edema,

necessitating the use of a urethral catheter; these symptoms tend to resolve over 3—8 days

 Other perioperative morbidity is low following HIFU; it is unusual for there to be significant pain, bleeding, the need
for blood transfusions or intensive care, and the occurrence of thrombosis or pulmonary embolism is uncommon

Follow up: Follow up should include measurement of PSA levels every 3 months for all patients; other follow-up activi-

ties depend on whether the goal of treatment is curative or palliative

* In cases where HIFU constitutes curative treatment, biopsies are necessary if the PSA velocity increases above a rate
of 0.5 ng ml-1 yr—1; such biopsies will identify small residual tumor volumes that may require HIFU retreatment

 In cases where HIFU constitutes palliative therapy, biopsies should be done only if a local treatment could provide a
benefit
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remains stable below 0.2 ng ml-'yr!. In cases where HIFU
constitutes adjuvant palliative therapy, biopsies should be
done only if a local treatment could provide a benefit.

Specific Measures to Avoid and Manage
Complications

Clinically significant complications that can occur with HIFU
include incontinence and erectile dysfunction (ED). Specific
measures can be taken to avoid ED, while the incidence of
incontinence is rare.

Incontinence

HIFU can result in urinary obstruction, and fibrosis or tis-
sue shrinkage of the urethra, although incontinence is often
due to TURP or the combination of TURP and HIFU. Grade
1 and 2 incontinence after primary HIFU is rare and can be
managed using pelvic floor training. Grade 3 incontinence
is very rare and can only be managed by invasive treatment
(Table 7.4).

ED

ED following HIFU is caused by heat-induced nerve dam-
age. Potency protection relies on preservation of neu-
rovascular bundles within the prostate. If the tumor is
unilateral, low grade, and low volume, sparing the nerves
by leaving a 5-mm margin of subcapsular tissue is pos-
sible and can protect potency in 80% of cases. If ED does
occur, patients can be advised that this often decreases
over time following the procedure. Oral pharmacological
therapy (e.g., sildenafil) can be helpful in the manage-
ment of ED following HIFU.
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e Clinically significant complications that can occur with
HIFU include incontinence and ED

¢ In the rare cases where incontinence occurs, it is due to
TURP or the combination of TURP and HIFU; little can
be done to avoid the occurrence of this complication

* Specific measures can be taken to avoid ED; if the tumor
is unilateral, low grade, and low volume, it is possible to
spare the nerves by leaving a 5-mm margin of subcapsu-
lar tissue and protect potency in 80% of cases

Outcome: Munich Database

HIFU has been in use in the Munich Clinic for over 10 years,
and during this time much research has gone into the optimiza-
tion of the procedure.'>'* A registration of all patients treated
in the Munich Clinic was started in 1996, and this database
records all relevant information on each patient, including
treatment parameters, outcome, and side effects. Up to 2007
there were over 1,350 patients registered on the database.'>"
Patients were categorized into the following risk groups: low
risk: T1-T2a, PSA <10 ng ml”', GS < 7; intermediate risk:
T2b or PSA 10 ng ml~' to <20 ng ml~! or GS 7; high risk: T2c
or PSA > 20 ng ml™! or GS > 7. Outcome in 1,000 patients
treated between 1996 and 2004 with a median follow-up time
of 2.5 years (max: 6.5 years) is shown in Table 7.4. As can be
observed, a high negative biopsy rate of 93.7% at a mean of 9
months and a zero PSA nadir at 3 months have been achieved
in patients with localized cancer who have low- or medium-
risk disease. PSA velocity was also very low in this group
and PSA stability, defined according to the ASTRO criteria,
was recorded in 81%. At the other end of the spectrum, in
the metastatic patient, a negative biopsy rate of 60-66% was
achieved, which is very high for this group of patients. Con-
sidering that this patient group comprised patients with GS 9

TaBLE 7.4. The Munich database of patients treated with high-intensity focused ultrasound.

Stress
Median Additional incontinence Potency
Negative biopsy PSA nadir PSA velocity PSA PCa therapy  Grades II-IIT preservation
Prostate cancer risk group (%) (ng ml™") (ng yr™') stability (%) (%) (%) (%)
Localized Low + medium risk 93.7 0 0.11 81 4.9 1.6 36
(n =400)

Localized high risk (n = 332) 87.6 0 0.15 73 14.7 2.7 27

Locally advanced (n = 209) 79.4 0.1 0.78 23 28.2 2.3 20
Metastatic N + (n = 26) 60 0.1 0.62 NR 429 3.6 0
Metastatic M + (n = 33) 66 0.15 16.9 NR 100 2.9 0

PSA, prostate-specific antigen; PCa, prostate cancer; NR, not recorded
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* A total of 1,350 patients have been entered into a
database of patients treated with HIFU at the Munich
center between 1996 and 2007; low-, intermediate-, and
high-risk patients have been treated

e QOutcome in 1,000 patients indicates a 93.7% negative
biopsy rate at a mean of 9 months and a zero PSA nadir
at 3 months in patients with localized, low/medium-risk
prostate cancer. In patients with metastatic disease, the
equivalent negative biopsy rate was 60-66%

* The incidence of severe complications was low in this
patient series, and preservation of potency was high,
particularly in patients with localized cancer at low and
medium risk

and 10, the PSA nadir values recorded were very promising.
The objective of treating these patients was not to obtain cure
but to reduce local morbidity and increase survival time by
delaying metastasis from the primary tumor. The incidence of
severe complications was low in this patient series and preser-
vation of potency was high, particularly in patients with local-
ized cancer at low and medium risk.

Future Directions

Promising advances in HIFU include the formulation of new
treatment strategies for specific patient groups, and improve-
ments in the visualization and assessment of HIFU lesions.

New Treatment Strategies

In the case of a unilateral tumor and where potency is an
important issue for the patient, rather than treating the
entire prostate, the contralateral lobe/capsule and neuro-
vascular bundle could be excluded. This would be achieved
by excluding 5 mm of tissue on the contralateral lobe and
treating only 90% of the prostate. This approach might
be appropriate in young patients, with small, low GS,
unlilateral tumors. Patients requesting this approach would
need to be advised of the risk of tumor recurrence in the
untreated area and the requirement for good compliance
with follow up.

Improvements in the Visualization and Assessment
of HIFU Lesions

The application and the continued development of a vari-
ety of imaging techniques are likely to provide improve-
ments in the visualization and assessment of HIFU lesions
in the near future. Magnetic resonance imaging (MRI) is
the gold-standard technique used for assessing the efficacy of

C. Chaussy and S. Thiiroff

HIFU treatment, and the extent of necrosis can be clearly
visualized on gadolinium-enhanced T1-weighted images.?
MRI has also been used to guide HIFU treatment by moni-
toring temperature changes within the tissues.?*?! Magnetic
resonance elastography (MRE) may also provide a means of
assessing the effects of thermal tissue ablation by measur-
ing the mechanical properties of the lesion.”? HIFU-induced
lesions are visible using standard ultrasound,? although there
are limitations to the accuracy of this approach. Other ultra-
sound-based techniques that might prove useful for assess-
ing the extent of HIFU-induced lesions include MRE,24
contrast-enhanced power Doppler,” and other techniques
that characterize the acoustic properties of tissues.

Fact Sheet

Promising advances in HIFU include the formulation of
new treatment strategies for specific patient groups, and
improvements in the visualization and assessment of
HIFU lesions

* New treatment strategies include partial treatment of the
prostate gland in selected patients; this approach does
carry an increased risk of tumor recurrence

* A variety of imaging techniques are likely to provide
improvements in the visualization and assessment of
HIFU lesions in the near future

Conclusions

HIFU is an effective standard treatment for prostate cancer,
with a broad range of indications in all tumor stages. Specifi-
cally, HIFU is indicated for localized prostate cancer (stage
T1-T2 NOMO Gleason score 1-3), partial therapy in unilat-
eral low-volume, low Gleason score tumors, salvage therapy
in recurrent prostate cancer after radical prostatectomy, radio-
therapy, or hormone ablation, and as a debulking approach in
advanced prostate cancer. HIFU destroys carefully selected
tissue by generating heat sufficient to cause necrosis, while
leaving surrounding tissue unharmed. Of the two commer-
cially available HIFU systems, the Ablatherm® system pro-
vides well-defined, computer-controlled treatment planning
and execution, supported by a variety of safety measures to
maximize efficacy and safety. While other nonsurgical treat-
ment options for localized prostate cancer (e.g., cryotherapy
or brachytherapy) cannot generally be repeated in cases of
local recurrence, HIFU can be repeated and can also be used
as a salvage therapy. Postoperative morbidity is low. Clini-
cally significant complications that can occur with HIFU
include incontinence and ED, and specific measures can be
taken to avoid the latter. HIFU is a highly effective treat-
ment of patients with localized prostate cancer and can also
be considered for patients with metastatic disease. Promising
advances in HIFU include the formulation of new treatment
strategies for specific patient groups, and improvements in the
visualization and assessment of HIFU lesions
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Overview

HIFU is an effective standard treatment for prostate cancer, with
a broad range of indications in all tumor stages, including:

e Localized prostate cancer (stage T1-T2 NOMO Gleason
score 1-3)

e Partial therapy in unilateral low-volume, low Gleason score
tumors

e Salvage therapy in recurrent prostate cancer after radical
prostatectomy, radiotherapy, or hormone ablation

» For advanced prostate cancer as a debulking process

The contraindications for HIFU are well defined and include:

* Gland sizes larger than 40 ml (larger glands can be reduced
in size prior to HIFU by TURP)

e Conditions where the rectal wall is damaged or rendered
more susceptible to damage (e.g., following radiotherapy or
when there is active local infection)

¢ In cases of rectal stenosis or rectal amputation

When treating prostate cancer using HIFU, ultrasound
waves are generated by a transducer within a probe introduced
into the rectum. The ultrasound waves penetrate the rectal wall
with only slight absorption and reflection, but are focused
onto a small area (the focal point) in the prostate to generate a
lesion by generating heat sufficient to cause necrosis.

Two commercially available HIFU systems are currently in
use — the Ablatherm® system and the Sonablate® system. Both
systems provide TRUS imaging and treatment using an endorec-
tal probe. The main differences between the systems are in the
indications that can be treated, patient positioning, the ultrasound
frequencies used during treatment and planning, shoot and delay
times, the treatment mode within the prostate, and the range of
safety measures available. Overall, the Sonablate® system has
a number of limitations, while the Ablatherm® system provides
features that maximize treatment efficacy and safety.

While other nonsurgical treatment options for localized
prostate cancer (e.g., cryotherapy or brachytherapy) cannot
generally be repeated in cases of local recurrence, HIFU can
be repeated and can also be used as a salvage therapy. HIFU
utilizes information available from prostate biopsies and TURP
and can be combined with TURP for large volume tumors.

The steps in the Ablatherm® HIFU procedure are well
defined and can be thought of as follows:

. Preoperative preparation

. Anesthesia

. Patient positioning and external warming
. Device preparation

. Introducing the probe

. TRUS simulation

. Treatment planning

. Robotic treatment

. The perioperative phase

. Follow up
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Practical tips and tricks refine the procedure further and
improve the speed and ease with which the treatment can be
conducted.

Apart from immediate swelling of the prostate which
tends to resolve over 3-8 days, perioperative morbidity is
low following HIFU; significant pain, bleeding, the need for
blood transfusions, or intensive care are unusual, and the
occurrence of thrombosis or pulmonary embolism is uncom-
mon. Clinically significant complications that can occur with
HIFU include incontinence and ED. Specific measures can
be taken to avoid ED, such as leaving a 5-mm margin of sub-
capsular tissue to spare the nerves if the tumor is unilateral,
low grade and low volume; this approach protects potency
in 80% of cases.

A total of 1,350 patients have been entered into a database of
patients treated with HIFU at the Munich center between 1996
and 2007. Patients treated include those with low-, intermedi-
ate-, and high-risk disease. Outcome in 1,000 patients treated
up until 2004 with a median follow-up of 2.5 years has been
analyzed. Data indicate a 93.7% negative biopsy rate at a mean
of 9 months and a zero PSA nadir at 3 months in patients with
localized, low/medium-risk prostate cancer. In patients with
metastatic disease, the equivalent negative biopsy rate was
60-66%. The incidence of severe complications was low in this
patient series and preservation of potency was high, particularly
in patients with localized disease at low and medium risk.

Advances promising to improve HIFU further in the near
future include:

e New treatment strategies such as partial treatment of the
prostate gland in selected patients (although this approach
does carry an increased risk of tumor recurrence).

* The application and the continued development of a variety
of imaging techniques are likely to provide improvements
in the visualization and assessment of HIFU lesions in the
near future.
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Chapter 8

Harmonic Scalpel

David D. Thiel and Howard N. Winfield

Few surgeons will argue against the benefit of a bloodless
operative field and the ability to achieve this in a safe and
timely manner. Since the first electrosurgical unit was put
into surgical practice in the 1920s, there has been a quest to
discover safer and more efficient hemostatic surgical instru-
ments. The ideal intraoperative hemostatic energy source
would accurately coagulate, cut like a knife without charring
or sticking to tissue, have minimal smoke production, and
keep the patient out of the electrical circuit. Ultrasonic coagu-
lating shears or the Harmonic Scalpel (Ethicon Endo-Surgery,
Cincinnati, OH) was developed as an alternative to electrical
energy for surgical use. The instrument became commercially
available in 1993. Few instruments developed in the past 20
years have facilitated a surgeon’s ability to perform complex
open and minimally invasive procedures like the Harmonic
Scalpel.! The instrument’s efficacy combined with stellar
safety profile has led to the gradual replacement of older
monopolar and bipolar electrocautery in many instances.

Hemostatic Principles in Relation
to Active Surgical Temperatures

Regardless of the mechanism, generation of heat inside a cell
will increase intracellular temperature. The cell can tolerate
temperatures up to approximately 40°C without significant
cell damage. At temperatures up to 50°C, cellular processes
terminate and enzymatic activity ceases in a reversible fashion
dependent on the duration of heating. Above 50°C there is irre-
versible cell damage (denaturation). The tissue will blanch and
proteins disorganize to form a coagulum that seals vessels. As
temperatures approach 100°C the internal water reaches its boil-
ing point, water changes from the liquid to vapor phase, the cell
wall ruptures, and tissue is dessicated. Above 200°C the tissue
will carbonize (turn black) from dehydration and no further cur-
rent can go through it. An eschar forms as the tissue burns.'=
Electrosurgery and laser energy denature protein to form a
hemostatic coagulum that tamponades and seals vessels. Elec-
tric current (electrocautery) or light (laser) is used to transfer

electrons or photons to tissue that results in excitation of the
electron orbitals of molecules. When the electrons return to
their resting state, heat is generated which denatures protein
to form the coagulum.*

The Harmonic Scalpel

The Harmonic Scalpel cuts and coagulates tissue without the
use of electrosurgical or laser energy. The device itself is com-
posed of a generator, a hand piece, and a blade (Figs. 8.1 and
8.2). Electrical energy is transferred from a microprocessor-
controlled generator to a transducer in the hand piece. The
generator pulses the transducer with AC electrical current at
its natural frequency of 55,500 Hz. The transducer consists
of piezoelectric ceramic disks in a stack that are compressed
between two metal cylinders (Fig. 8.3). The disks convert the
electrical energy from the generator into mechanical energy
in the form of vibrating “harmonic” ultrasonic waves at the
same frequency (55,500 Hz). The energy is transferred to an
active blade at the tip of the instrument that will vibrate longi-
tudinally over a distance of 50-100 um. The microprocessor
in the generator will sense changes in the acoustic system and
alter the power delivered.'*?

Hemostatic Mechanism of the Harmonic
Scalpel

The conversion of electrical current into mechanical vibrations
at 55,500 times per second will couple with tissue and transfer
mechanical vibrational energy that breaks hydrogen bonds in
proteins. As the proteins denature, they change conformation
and form a sticky coagulum that welds tissue around bleeding
vessels. Larger vessels are sealed with coaptation followed
by “welding.”> Heat is generated in the tissue from friction
and stress, but much less than that of electrocautery or laser.
This will lead to less smoke production and decreases thermal
energy spread to surrounding tissues. The lower temperatures
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F1G. 8.1. Harmonic Scalpel Generator. The microprocessor-controlled
generator utilizes AC current to pulse the transducer (Fig. 8.2) with
electrical energy. The generator alters the power delivered based on
microprocessors in the device. Note the LED screen demonstrating
power settings (level 1-5)

FiG. 8.2. Hand Piece and Blade. Gross photos of the hand piece con-
taining a transducer that converts electrical energy to mechanical
energy and transfers this energy to the distal blade

FiG. 8.3. Transducer Schematic. The transducer consists of piezo-
electric ceramic disks in a stack that are compressed between two
metal cylinders. The disks convert the electrical energy from the gen-
erator into mechanical energy in the form of vibrating “harmonic”
ultrasonic waves at a frequency of 55,500 Hz

D.D. Thiel and H.N. Winfield

used to coagulate tissue avoid the charring of tissues seen
with higher temperature modalities such as electrocautery and
laser. This allows for more precise dissection due to absence
of tissue plane alteration.

Cutting Mechanism of the Harmonic Scalpel

In addition to the aforementioned coaptive coagulation, the
Harmonic Scalpel simultaneously cuts or dissects tissue via
two mechanisms. Tissue layers are separated by fluid vapors
produced when the instrument is activated. This “cavitational
fragmentation” occurs when cells are fragmented into cellu-
lar debris and water, and is especially prominent in avascular
tissue planes. The Harmonic Scalpel also acts as a “scalpel”
cutting high protein collagen containing tissue by vibrating a
sharp blade at 55,500 Hz. It should be noted that the vibra-
tional action of the blade will “self-clean” the instrument and
avoids tissue or coagulum sticking to the blade.!*3

Use of the Harmonic Scalpel

The generator has settings to alter cutting and coagula-
tion capabilities. This is done mainly by altering the blade
excursion from 50 to 100 um. There is an inverse relation-
ship between cutting and coagulation. A power setting of five
(blade excursion of 100 wm) will increase the cutting speed at
the expense of coagulation. A power setting of 1 (blade excur-
sion 50 um) will slow the cutting speed in favor of improved
hemostasis. A power setting of three (blade excursion 70 um)
is the most versatile and most commonly used setting.

There are numerous types of blades and shears available to
deliver the ultrasonic energy to the tissue (Fig. 8.4). The blades
range from sharp blades for maximal cutting power to flat
blades with blunt edges for maximal coagulation. A sharper
blade will increase cutting power, precision, and speed at the
expense of more reliable hemostasis.! Increasing the tension on
the tissue or a firmer grip on the tissue being coagulated will
give faster cutting with less coagulation. The time of instrument
activation is important as well. The less time the instrument is
activated on the tissue, the lower the hemostasis potential.

Newer technology has allowed the Harmonic Scalpel to be
either foot or hand activated. Ergonomic hand controls have
eliminated the need for a foot pedal and seem easier to use
(Fig. 8.5). The newer generators allow for more efficient power
use in generating the ultrasonic energy. A variety of hand grips
now exist to provide easier alteration of tissue tension.

Safety

The Harmonic Scalpel is approved by the United States Food
and Drug Administration (FDA) for division of tissue and
coagulation of vessels up to 3 mm in diameter. Some animal
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Truly versatile — cut, coagulate, grasp, and
dissect without exchanging instruments
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Scissors

FiG. 8.4. Blade and Shears. Picture demonstrating the multitude of contemporary blades and shears available for use

FiG. 8.5. Hand Controls. Ergonomic hand controls like that shown
have made Harmonic Scalpel use easier and eliminated the necessity
of a foot pedal in many instances

studies suggest that the Harmonic Scalpel can reliably seal
vessels up to 5 mm and withstand bursting pressures up to at
least 250 mmHg.® The product insert lists the indications for
the Harmonic Scalpel as “soft tissue incisions when bleeding
control and minimal thermal injury are desired. The instru-
ment can be used as an adjunct or substitute for electrocautery,
lasers, and steel scalpels.” The only two contraindications
listed in the product insert are that the Harmonic Scalpel
should not be used for incision into bone and it is not indicated
for contraception tubal ligation.

Collateral thermal tissue damage is a risk with any method
of coagulation. The optimal surgical instrument would be one
that coagulates without dispersal of thermal energy outside
the area it has been focally applied. Since the functional tem-
peratures of the Harmonic Scalpel are lower than traditional
electrocautery, the risk of thermal energy spread to peripheral
tissues should be lower. Histologic studies comparing lateral

thermal spread of the Harmonic Scalpel to other energy-
producing hemostatic modalities (monopolar electrocautery,
bipolar electrocautery, and advanced bipolar tissue seal-
ing devices) demonstrate the Harmonic Scalpel to have the
least histologic evidence of peripheral energy spread (0-2.18
mm).%” A histologic study completed in rabbits comparing
ligation of the short gastric vessels (diameter under 1 mm)
with these modalities demonstrated ultrasonic shears to have
the least amount of thermal damage to the adjacent stomach
tissue. Histologic evidence of thermal tissue effect was con-
fined to the subserosal and muscular layers of the stomach
compared to deeper submucosal and mucosal injuries created
by monopolar and bipolar electrocautery.® Intraoperative ther-
mal mapping of ultrasonic shears demonstrates temperatures
1 cm away from the instrument secondary to heat dissipation
to vary depending on power setting and time in use.” Mean
peak temperatures were noted to be directly proportional to
the activation time and the power setting. Significant thermal
spread can be noted up to 25 mm away from the instrument
with maximal power settings and activation times over 10 s.

Despite the minimization of peripheral thermal spread and
the lower functional temperatures of the Harmonic Scalpel,
the functioning blade is hot and will remain so seconds after
an application. Contact with bowel or other surrounding vital
structures with the functioning blade should be avoided at all
times.! Contact with the functional blade can cause thermal
injury or pain to the operating surgeon during hand-assisted
laparoscopy and should be avoided as well.

Any energy-producing hemostatic device will result in
smoke and aerosol emission. The lower functioning tem-
peratures of the Harmonic Scalpel and lack of tissue car-
bonization lead to less surgical smoke production. This will
greatly improve visibility especially in the laparoscopic
setting. The amount of cellular debris found in the plume



78

created by the Harmonic Scalpel (>1 x 107 particles ml™") is
about one-fourth that produced by electrocautery.!® The low
temperature vaporization of tissue by the Harmonic Scalpel is
concerning to some authors due to the fact that cool aerosols
have a higher chance of carrying infection and viable cells
than higher temperature aerosols.'" Conflicting studies exist
as to exactly how many viable cancer and blood cells are present
in the aerosols produced by the Harmonic Scalpel.”!? However,
the aerosols have not been completely studied, and there is no
consensus regarding its composition or its potential effect on
operating room personnel.

The FDA Manufacturer and User Facility Device Experi-
ence Database (MAUDE) lists reported adverse events involv-
ing medical devices. A search completed since 1993 relating
the Harmonic Scalpel and mortality lists ten occurrences.
There is one case of inadvertent enterotomy not recognized
intraoperatively and two cases of delayed bleeding following
splenectomy. There is one death reported from a laparoscopic
nephrectomy although Harmonic Scalpel malfunction played
no role in the death. In the same time period there are 230
reported intraoperative injuries involving the Harmonic Scal-
pel, with the most common being inadvertent injury to adjacent
small intestine or large bowel. The most commonly reported
adverse events of the Harmonic Scalpel involve failure of the
device to test properly before activation at the beginning of the
case. This does not add to patient morbidity and seems only
to increase operative time. There are a few reported instances
of the blades becoming overheated and melting trocars dur-
ing certain laparoscopic procedures. There are also occasional
reported events of the distal tip of the instrument falling off
during surgery requiring retrieval. Again there appears to be
no added morbidity with this occurrence except for an increase
in operative time.

Since no electrical current is passed into or through the
patient with the Harmonic Scalpel, there is no risk of direct
coupling or capacitive coupling injuries. The entire device is
internally grounded eliminating electrical risk to the surgeon.
There is also no risk of neuromuscular stimulation causing
inadvertent patient movement. This is especially important in
patients with pacemakers or implanted defibrillators. Electro-
cautery (monopolar and bipolar) can cause faulty pacemaker
sensing or reset the pacemaker device. Ultrasonic energy is
the safest alternative for surgical coagulation in this patient
population.' Despite the proven safety of the Harmonic Scal-
pel, proper training and experience with the device is neces-
sary to prevent inadvertent damage to surrounding structures.

Clinical Applications of the Harmonic
Scalpel

Harmonic scalpel technology has been utilized in several fields
of surgery including otorhinolaryngologic, gastrointestinal,
vascular, and obstetric and gynecologic surgery in addition
to urology."” In open surgery and especially laparoscopic surgery,
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the Harmonic Scalpel has demonstrated advantages over con-
ventional hemostatic techniques with regard to decreased
operative time and intraoperative bleeding. The instrument
is disposable and its cost must be figured in to any surgi-
cal treatment plan. However, many surgeons will argue the
cost effectiveness of the extra expense by factoring reduced
operative time and decreased blood loss.'* In urology, there
are numerous published reports of the benefits of Harmonic
Scalpel use.

Renal Surgery

The Harmonic Scalpel plays a large role in modern-day lap-
aroscopic renal surgery. We utilize the Harmonic Scalpel in
every laparoscopic renal surgery completed at our institution.
The scalpel will fit through ports 5 mm or larger making it
versatile for use in any abdominal port at any angle. Since the
first laparoscopic nephrectomy was reported in 1991, multiple
modifications in technique have been proposed for improving
hemostasis without compromising visualization and operative
time." Efficacy has been clearly demonstrated with the Har-
monic Scalpel for reflection of the colon medially and free-
ing the kidney from all its attachments during laparoscopic
nephrectomy without switching instruments.'® The Harmonic
Scalpel allows this to be completed in a bloodless field with-
out need for suction of blood or smoke.

Laparoscopic partial nephrectomy remains a difficult proce-
dure for most urologists secondary to the requirement of intra-
corporeal knot tying to control renal parenchymal bleeding
following mass excision. The Harmonic Scalpel has been pro-
posed for wedge resections of smaller exophytic renal tumors.
However, all series commenting on this technique either by
a pure laparoscopic or with hand assistance note the need
for use of adjuvant hemostatic agents (argon beam, holmium
laser, TissueLink radiofreqency device, fibrin based products,
etc.).”” When using the Harmonic Scalpel for mass resection
during laparoscopic partial nephrectomy, it is recommended that
the generator be set at power level 2 or 3 for slower cutting
and increased hemostasis.'® Pig studies have confirmed that
the Harmonic Scalpel will attain complete hemostasis of the
renal parenchyma in most cases of peripheral renal wedge
resections or biopsies, whereas larger resections (polar neph-
rectomies or heminephrectomies) will require supplemental
coagulation.’”® Small interlobular vessels are controlled
sufficiently with the Harmonic Scalpel, but larger interlobar
and arcuate parenchymal vessels will require adjuvant hemo-
static control. The same studies have demonstrated the mean
depth of acute cellular injury demonstrated histologically is
approximately 1.3 mm. However, studies completed on vari-
ous canine organs demonstrate that the Harmonic Scalpel will
not compromise microscopic examination of the tissue by the
pathologists, and in most tissues there is no alteration in speci-
men quality when compared to standard sharp resection.”! We
have not found pathologic examination of renal masses to be
compromised by any hemostatic method we employ on the
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renal parenchyma for partial nephrectomy including the Har-
monic Scalpel.

We find the Harmonic Scalpel to be very useful in control-
ling tributaries to the renal vein. This is especially imperative
in left-sided laparoscopic donor nephrectomies. The use of
endovascular staplers to control the renal vein prohibits clip
placement near the vein that could potentially interfere with
placement or deployment of the vascular stapler. We find the
tributaries of the renal vein (gonadal, adrenal, and lumbar
veins) to be well controlled with bipolar cautery followed by
Harmonic Scalpel division. We utilize a power level of 3 for
this step. Caution must be used with the Harmonic Scalpel
during laparoscopic donor nephrectomies during periureteral
dissection. Pig studies utilizing the Harmonic Scalpel paral-
lel to the ureter have noted no visible evidence of injury, but
marked transmural coagulation microscopically. This trans-
mural coagulation was more pronounced than that seen with
standard electrocautery.> We do not utilize the Harmonic
Scalpel to dissect out periureteral tissue in laparoscopic donor
nephrectomies.

Laparoscopic cyst decortication has been proven to pro-
vide prolonged relief of flank discomfort in patients with
large renal cysts. Significant cyst fluid in the operative field
may render standard electrocautery ineffective during lap-
aroscopic cyst decortication. Published reports document the
efficacy of the Harmonic Scalpel in laparoscopic renal cyst
decortication for removal of the cyst wall and hemostasis.
One series with eight procedures noted significant postopera-
tive bleeding requiring transfusion in two patients. However,
both patients had heparin flushes in their dialysis catheters
postoperatively.?® The authors of this manuscript note that
caution should be used when utilizing the Harmonic Scal-
pel alone for hemostasis of the renal parenchyma in patients
with prolonged bleeding times. The Harmonic Scalpel has
been utilized to divide the isthmus of horseshoe kidneys
laparoscopically. The renal isthmus of horseshoe kidneys is
often too thick for laparoscopic staplers, and the Harmonic
Scalpel has been published as an efficacious safe method for
isthmus division.?**

Adrenal Surgery

Laparoscopic adrenal surgery is now the gold standard for
surgical management of incidentally discovered adrenal
masses. Many authors believe that the Harmonic Scalpel
has been the one technological innovation to improve cost,
safety, learning curve, and operating room time of laparo-
scopic adrenalectomy. The Harmonic Scalpel has demon-
strated cost saving compared to conventional instruments by
dramatically reducing the number of clips used to control
vasculature in proximity to the adrenal gland.?*?” For a right-
side adrenalectomy, all vessels can usually be controlled
with the Harmonic Scalpel including the main adrenal vein,
although use of clips is certainly reasonable and safe. On
the left side all vessels can be managed with the Harmonic
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Scalpel, but larger veins branching toward the left renal vein
may require clipping or stapling.

Pediatric Urologic Surgery

Use of the Harmonic Scalpel has been published in pediat-
ric urologic literature as well. Partial nephrectomies are often
performed in the pediatric population for entities such as non-
functioning renal units, ectopic ureteroceles, and severe reflux
nephropathy. Laparoscopic partial nephrectomy has proven
benefit of improved cosmesis and shorter hospital stay com-
pared to open partial nephrectomy. The Harmonic Scalpel is
used to transect the renal moiety in a bloodless fashion. There
have been no published complications of the Harmonic Scal-
pel in pediatric renal surgery.?** The Harmonic Scalpel has
been published to be a critical tool in pediatric laparoscopic
adrenalectomy for children as young as 3 years of age.*

Laparoscopic varicocelectomy has become a viable treat-
ment option in adolescents with large or symptomatic vari-
coceles. Harmonic Scalpel use has allowed this procedure to
be performed via two 5-mm port sites. One port is used for
a 5-mm camera and another port is used for dissection and
sacrifice of the spermatic cord with the Harmonic Scalpel.’!
In most cases no attempt is made to separate the artery and
vein before division of the cord cephalad to the divergence of
the vas deferens.

Prostate and Bladder Surgery

Prevention of neurovascular bundle injury during radical pros-
tatectomy is imperative to preserve sexual function. Athermal
dissection of the neurovascular bundles during open radical
prostatectomy appears to be the best method to preserve cav-
ernosal nerve function. The rapid increase of laparoscopic and
robotic prostatectomies being performed has led to a rise in
the use of hemostatic energy sources to control intraoperative
bleeding. The Harmonic Scalpel has been utilized in laparo-
scopic radical prostatectomy for hemostatis. Canine studies
show that the Harmonic Scalpel may provide less damage to
surrounding neurovascular bundles than other energy sources
(bipolar or monopolar electrocautery) but provide statisti-
cally more damage and less postoperative nerve function
that conventional athermal neurovascular bundle dissection.*?
Surgeons performing other procedures in close proximity of
nerve bundles have noted the Harmonic Scalpel to cause nerve
impairment secondary to thermal energy spread. Recurrent
laryngeal nerve injuries have been noted following Harmonic
Scalpel use during endoscopic parathyroid surgery.®

Simple prostatectomy or adenomectomy is performed on
patients with benign obstructing prostates that are too large
for standard transurethral resection of the prostate. While tra-
ditionally performed with an open incision, there are recent
reports of this procedure being performed laparoscopically.
The Harmonic Scalpel is used in two recent publications to
resect the adenoma from the prostatic capsule in a relatively
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bloodless field. The mean blood loss in these reports is less
than that traditionally seen with open simple adenomecto-
mies.**¥

The Harmonic Scalpel has proven beneficial in laparo-

scopic cystoprostatectomy as well. The lateral and posterior
vascular pedicles of the prostate can be controlled with the
Harmonic Scalpel in conjunction with bipolar electrocautery
as needed. Many authors have found the Harmonic Scalpel to
be more beneficial and cost effective than sequential firings of
Endo-GIA staplers.*
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Chapter 9

Intravascular Ultrasound

Srinivasa Kalidindi, Stephen J. Nicholls, and Steven E. Nissen

Introduction

In the half century since it was initially performed, coronary
angiography has become the preferred imaging modality for
the diagnosis of atherosclerotic coronary artery disease (CAD).
Angiography has been employed to triage patients to a range
of medical and revascularization therapies. At the same time,
it has become apparent that conventional angiographic tech-
niques are limited in their ability to evaluate atherosclerotic
plaque. This has prompted the search to develop new imaging
modalities to more extensively visualize atherosclerosis in
order to gain further insight into the mechanisms driving the
disease process and to facilitate the therapeutic approach to
the patient with CAD. Intravascular ultrasound (IVUS) has
emerged as a sensitive tool for the evaluation of the natural
history of atherosclerosis.

Role of Angiography in the Evaluation
of Atherosclerosis

A number of important observations suggest that angiography
is limited in its ability to characterize atherosclerosis. While
early studies demonstrated a relationship between the num-
ber of vessels diseased on angiography and clinical outcome,
more recent data suggest that the angiographic severity of a
lesion is a poor predictor of its propensity to cause clinical
events.' Several groups have reported that culprit lesions
are often mild-to-moderately stenotic in patients undergoing
angiography during hospitalization for an acute myocardial
infarction.'? These observations have stimulated the concept
of the importance of plaque composition, rather than its extent,
in determining the likelihood of acute ischemic syndromes. In
addition, while studies employing serial quantitative coronary
angiography have demonstrated a beneficial impact of medi-
cal therapies on the rate of progression of obstructive disease,
the degree of benefit appeared to be of a much smaller magni-
tude than the effect of these therapies on clinical events. These

observations highlight the potential discord between studying
the luminal stenoses and making conclusions about athero-

sclerosis.

Angiography provides a two-dimensional silhouette of the
arterial lumen. It does not visualize the vessel wall, in which
plaque accumulates. As a result, angiography does not image
atherosclerotic plaque. This has important implications for
the precise quantitation of the extent of atherosclerosis within
the coronary arteries. Quantitative angiography compares the
lumen diameter at the site of a lesion with a segment of artery
that is presumed to be free of disease. Given that athero-
sclerosis is a diffuse process, this approach is limited by the
likelihood that the “reference” segment is not normal. This is
supported by the finding of necropsy studies that angiography
underestimates the extent of atherosclerosis.*¢

Angiographic analysis is confounded by arterial remod-
eling. In the presence of early plaque accumulation, the
external elastic membrane (EEM) typically expands, with
relative preservation of the luminal diameter.” Contraction
of the lumen does not typically occur until later stages of
atherosclerosis. As a result, angiographic abnormalities may
not appear until a substantial amount of atheroma is present
within the artery wall. This is supported by the observation
from imaging modalities that visualize the entire vessel that
substantial plaque is often present in segments that appear
normal or minimally diseased on angiography.® As a result,
there is a need to develop imaging modalities that visualize
the artery wall to gain a greater insight into the natural history
of atherosclerosis and its regulation.

Intravascular Ultrasound

Technological advances in ultrasound technology permit the
placement of transducers within the coronary arteries. The abil-
ity to place high-frequency ultrasound transducers (20-50 MHz)
in close proximity to the endothelial surface generates high-
resolution (axially 80 mm, laterally 200 mm) tomographic cross-
sectional images of the entire artery wall (Fig. 9.1). Transducer
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FiG. 9.1. IVUS Image: An intravascular ultrasound image demonstrating the external elastic membrane (EEM), plaque, and lumen areas

systems incorporate mechanically rotated devices or electronically
switched multielement electronic arrays. Mechanical systems
employ a single piezoelectric transducer, rotated at 1,800 rpm,
generating 30 images per second. Electronic systems employ up
to 64 transducer elements, organized in an annular array, which
are sequentially activated to generate images. Mechanical rota-
tion systems are preferred due to superior image quality.

Ultrasonic imaging is performed following anticoagulation
and administration of nitroglycerin. For adjunctive use during
percutaneous coronary interventions, the catheter tip is advanced
beyond the segment of interest. In the setting of clinical trials
that assess the natural history of atherosclerosis, the catheter is
typically placed as distally as possible in the longest and least
angulated epicardial artery. The catheter is subsequently with-
drawn through the coronary artery either manually or at a con-
stant speed (0.5 mm s7') using a motorized pullback device.

The requirement for invasive cardiac catheterization limits
the application of IVUS to the setting of percutaneous coronary
interventions or evaluation of the patient undergoing a clini-
cally indicated angiogram. Despite this, several studies have
documented that IVUS can be performed safely, with reported
complications varying from 1 to 3%.°'" The most commonly
cited adverse reaction is transient, focal coronary spasm, which
responds rapidly to administration of intracoronary nitroglyc-
erin. Serious complications, including dissection and vessel
closure, are rare (less than 0.5%), typically occurring during
coronary intervention rather than diagnostic imaging. Sequen-
tial IVUS imaging has not been shown to accelerate vasculopa-
thy in both transplant and nontransplant patients.'"!?

Evaluation of Atherosclerosis
by Intravascular Ultrasound

The ability to visualize the entire vessel wall permits the
opportunity to detect the full extent of atherosclerosis within
an imaged arterial segment. Invasive ultrasonic imaging has

provided a number of important insights into the natural history
of coronary atherosclerosis. Coronary ultrasound reveals
more extensive and diffuse atherosclerosis than suggested by
angiography. It also highlights that atherosclerosis is typically
present much earlier than previously thought. In a study of
262 heart transplant recipients, shortly following their opera-
tion, macroscopic atheroma was detected in the coronary
arteries of one in six teenage, apparently healthy, donors."
The prevalence of coronary plaque rises exponentially with
age. This dispels the myth that atherosclerosis is a disease
which commences in middle age.

IVUS has been extensively employed to characterize the in
vivo remodeling response of the arterial wall in response to
plaque accumulation. The typical expansive pattern of remod-
eling in early atherosclerosis, initially described on the basis
of necropsy specimens, has been confirmed by ultrasonic
imaging." Further studies provided important insights into
the interaction between atherosclerosis, remodeling, and the
clinical expression of disease.' In particular, culprit lesions
in the setting of acute ischemic syndromes are more likely to
be associated with expansive remodeling. In contrast, patients
with more stable, exercise-related symptoms are more likely
to have culprit lesions with constrictive remodeling, promoting
lumen contraction and obstruction. These findings are consistent
with the observation that expansive remodeling is associated
with higher systemic levels of matrix metalloproteinases, factors
involved in fibrous cap rupture, the pathological stimulus of
acute ischemic syndromes.'¢

IVUS has been employed to characterize the morphology
of culprit lesions in the setting of acute coronary syndromes.
Echolucent, lipid-rich plaques with evidence of rupture
(Fig. 9.2) and luminal thrombus can be identified in the set-
ting of unstable clinical syndromes.!” Investigations in patients
with unstable angina reveal the presence of multiple ruptured
plaques, throughout the coronary tree.'® This is consistent
with the concept that acute ischemic syndromes are triggered
by systemic inflammatory factors.
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F1G. 9.2. Plaque Rupture: The site of plaque rupture can be identified in an IVUS image as a blood-filled recess in the plaque beginning at

the luminal-intimal border

IVUS provides an important role in the diagnostic assess-
ment of lesions which cannot be accurately evaluated by
angiography.® Overlapping contrast-filled structures on angiog-
raphy may obscure ostial and bifurcation lesions. IVUS has
been employed in the catheterization laboratory to charac-
terize these segments and other indistinct lesions, including
those at sites of aneurysms, focal spasm, and angiographic
haziness.®*!" The left main coronary artery can be a challenge
to accurately assess angiographically, as a result of its short
length, aortic cusp opacification obscuring the ostium, and
concealment of the distal part by bifurcation or trifurcation
branches.” Slow withdrawal of the ultrasound catheter into
the aorta, with the guiding catheter disengaged from the left
main ostium, facilitates accurate characterization of the left main
coronary artery.?!??

IVUS has also been employed to investigate the natural
history of other pathological processes within the coronary
arteries. The development of vasculopathy as result of neointi-
mal hyperplasia is the leading cause of poor clinical outcome
following heart transplantation. Given that the transplanted
heart is denervated and patients tend to be asymptomatic until
late stages, surveillance for development of vasculopathy in
recipients is imperative. IVUS is the most sensitive modality
for the detection and quantitation of the extent of vasculopathy
in transplant patients.”® As a result, IVUS has been incorpo-
rated into clinical surveillance strategies of heart transplant
recipients in many large centers.

Utility of Intravascular Ultrasound
in Interventional Cardiology

IVUS has been used extensively in the setting of percutaneous
coronary interventions. Ultrasonic imaging has characterized
that restenosis following interventions results from a combi-
nation of arterial recoil, remodeling, and neointimal hyper-
plasia.® IVUS has provided an important tool for the guidance

of coronary interventions and to evaluate the efficacy of new
devices. Lesions of intermediate stenosis are often difficult to
evaluate using angiography. Assessment is also difficult in the
setting of atypical symptoms, vessel tortuosity, plaque eccen-
tricity, and severe calcification. IVUS facilitates the decision
whether to proceed with revascularization in such patients.
Correlation with functional studies, such as fractional flow
reserve, has provided guidelines from IVUS measurements,
to identify hemodynamically significant lesions.** The pres-
ence of a minimum lumen cross-sectional area of at least
4.0 mm? typically suggests that the lesion can be medically
managed.”>? Additional criteria, including the presence of a
percent cross-sectional area stenosis greater than 70%, provide
increasing support for the need for intervention in the setting
of a minimum lumen area between 3.0 and 4.0 mm?.24%

Adjunctive imaging with IVUS guides the appropriate
choice of intervention required for management of a specific
lesion. The choice of intervention is often dependent on the
extent and distribution of plaque, extent of calcification, and
the presence of thrombi or dissections. Ultrasonic imaging pro-
vides valuable information for the treatment of ostial lesions
and coronary artery dissections, which are not sufficiently
discernable on angiography. Accurate imaging of the full lon-
gitudinal extent of a lesion reduces the requirement to deploy
multiple stents to achieve adequate lesion coverage.

Directional coronary atherectomy (DCA) employs a
mechanically driven cutter to shave off plaque. IVUS identi-
fies specific lesions, which are suitable for this approach. As
calcification impedes tissue removal by DCA, and its detection
by ultrasonic imaging minimizes the chance of procedural failure.
Calcified lesions are more amenable to high-speed rotational
atherectomy, in which a rotating burr debulks plaque. IVUS
imaging has demonstrated that rotablation selectively removes
less compliant plaque material.”’

Advances in stent technology have revolutionized the interven-
tional approach to coronary lesions. Early stents were complicated
by significant rates of acute thrombosis, requiring the use of
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FiG. 9.3. Stent: An IVUS image demonstrating an implanted stent

F1G. 9.4. Restenosis: In-stent restenosis is characterized by the proliferation of neointimal tissue inside the stent struts, as demonstrated in

this IVUS image

intensive anticoagulation. Seminal IVUS observations demon-
strated that low-pressure stent deployment resulted in inadequate
stent expansion and apposition of the struts to the vessel wall,
both factors increasing the risk of acute thrombosis.”® Subsequent
studies revealed that high inflation pressures could be applied in a
safe manner without the use of ultrasound, promoting acceptable
stent expansion and strut apposition®** (Fig. 9.3). This practice was
associated with lowering the risk of thrombosis and the need for
intense anticoagulation, improving clinical outcomes. As IVUS
demonstrated that high inflation pressures could be safely employed
for stent deployment, the routine use of ultrasonic guidance in the
majority of interventional procedures was no longer required.

Neointimal proliferation within stents promotes late lumen
loss and restenosis (Fig. 9.4). The detection of inadequate
stent expansion on ultrasound has been reported to predict
subsequent restenosis.’! IVUS imaging has provided impor-
tant insights into the development of neointimal proliferation
within stents and has guided the development of strategies to
prevent its formation. Coronary ultrasound demonstrated that
application of intracoronary radiation had a profound inhibi-
tory effect on the development of neointimal proliferation.?
IVUS studies assisted in the definition of optimal radiation
dose and location of delivery to result in the most effective
prevention of restenosis.
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The development of drug-eluting stents, coated with antipro-
liferative and immunosuppressive agents, has had a substantial
impact on restenosis rates. Their widespread use has limited the
role of radiation therapy to a small number of resistant cases. Clin-
ical trials comparing the efficacy of various drug-eluting stents
have employed IVUS to monitor for the incidence and extent of
structural change within the stented region.*> However, increasing
use has highlighted a significant association between stent under-
expansion and subsequent thrombosis within these devices.** The
ability of guidance with IVUS has the potential to enable the use
of larger diameter stents and higher inflation pressures. In fact,
achieving a postprocedure minimum lumen area of 5.0 mm? is
the most significant predictor of a decreased prospective incidence
of developing angiographic restenosis, in patients receiving siroli-
mus-coated stents.** While IVUS helped define the optimal use of
a series of interventional approaches, it is likely that with ongoing
problems of restenosis and thrombosis within stents that they are
likely to be used in an increasing manner, in order to achieve more
effective management of symptomatic lesions.

Evaluating the Impact of Medical
Therapies on Plaque Progression

Visualization of the entire artery wall thickness permits accu-
rate quantitation of atheroma burden. The leading edges of
the lumen and EEM can be defined by manual planimetry
or automatic edge detection software packages (Fig. 9.1),
in accordance with consensus guidelines for acquisition and
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analysis of IVUS images by the American College of Cardi-
ology and European Society of Cardiology.”> Given that the
medial layer of the artery wall has a negligible thickness (less
than 500 um) the area between these leading edges is conven-
tionally regarded to be atherosclerotic plaque.

Plaque area = EEM area — Lumen area

The ability to continuously acquire images during catheter
withdrawal generates a series of consecutive cross-sectional
images. A pullback rate of 0.5 mm s~ results in a spatial sep-
aration of 1 mm between every 60th. Summation of plaque
areas in images spaced 1-mm apart permits calculation of the
total atheroma volume (Fig. 9.5).

Total Atheroma Volume (mm*) = z (EEM,., —Lumen__ )

The ability to evaluate the same arterial segment at different
time points provides an important opportunity to evaluate fac-
tors that influence the natural history of plaque progression.
Given that atherosclerosis is a systemic and not focal process,
determination of atheroma volume provides a significant
advantage compared with investigations at a single site. This
is further supported by the difficulty in precisely matching a
single site at two different time points. In contrast, segments
that are defined by the fixed, anatomic location of arterial
side branches can be precisely matched, allowing for accurate
comparisons (Figs. 9.6 and 9.7).

Differences in the length of segment evaluated in subjects
participating in clinical trials will have a profound impact on

Distal Fiduciary Branch

FI1G. 9.5. Volumetric Analysis: Multiple IVUS images are generated during pullback. Fixed anatomic fiduciary points, such as side branches,
define the segment of interest. Volumetric extent of atheroma (and other measures) can then be calculated by summating plaque areas in equally
spaced individual images within the segment of interest. The fiduciary points, as seen in the IVUS pullback images, are shown on the right
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Fi1G. 9.6. Plaque Progression: Matched IVUS images demonstrating an increase in plaque area from baseline (left) to follow-up (right)

the calculated atheroma volume. To control for the heteroge-
neity in segment length, atheroma volume is adjusted, or nor-
malized, by multiplication of the mean plaque area within a
segment by the median number of evaluable images for the
entire study cohort.

Y (EEM,,, — Lumen

Number of Frames per Patient

area )

Normalized TAV (mm’) =

X Median Number Frames

for all Patients

The extent of atherosclerosis can also be calculated as the per-
cent atheroma volume (PAV), which defines the amount of
atheroma as a proportion of the volume occupied by the entire
arterial wall.

Percent Atheroma

2 (EEMarea - Lumenarea )

x100
Y EEM

Volume =

area

The lower variability in PAV measurements permits the use of
smaller sample sizes and has become the primary end point
in many studies that assess the impact of medical therapies
on plaque progression. A number of additional measures are
obtained at the time of analysis. These include maximum and
minimum plaque thickness and the degree of plaque calcification.
Serial measurements of each of these parameters have been
performed in a number of studies that evaluate the impact of
medical therapies that target established atherosclerotic risk
factors and novel pathologic targets within the artery wall.

Lowering Low-Density Lipoprotein Cholesterol

While lowering levels of low-density lipoprotein cholesterol
(LDL-C) with statins reduces event rates in placebo-controlled
trials,*® their optimal use in clinical practice remains uncer-
tain. In particular, considerable debate has focused on whether
intensive lowering of LDL-C results in incremental benefit.
The Reversal of Atherosclerosis with Aggressive Lipid
Lowering (REVERSAL)* trial compared the effects of a



9. Intravascular Ultrasound

89

FiG. 9.7. Regression: Matched IVUS images demonstrating a decrease in plaque area from baseline (leff) to follow-up (right)

moderate (pravastatin 40 mg) and intensive lipid-lowering
(atorvastatin 80 mg) strategy in 502 patients with angio-
graphic CAD and LDL-C between 125 and 210 mg dL~". The
mean LDL-C levels were reduced to 110 and 79 mg dL~' in
the pravastatin- and atorvastatin-treated groups, respectively.
After 18 months of therapy, serial IVUS measurements dem-
onstrated no significant change in atheroma volume (—0.4%)
compared with baseline in atorvastatin-treated patients, while
there was evidence of disease progression in the pravastatin
group (+2.7% change in total atheroma volume). The direct
relationship between LDL-C lowering and rate of plaque
progression suggested that intensively lowering levels of
LDL-C could halt the natural history of atheroma progression.

Subsequent analysis revealed that pravastatin-treated
patients required an additional 30 mg dL-' lowering of LDL-C
to achieve the same impact on plaque progression. This sug-
gested that factors, in addition to differences in LDL-C
lowering, contributed to the observed benefit of high-dose
atorvastatin. The finding of greater reductions in levels of
the inflammatory marker C-reactive protein (CRP) with

atorvastatin and a direct relationship between changes in
CRP and atheroma volume suggest that anti-inflammatory
properties of statins may contribute to their benefit.** These
findings correlate well with the results of the Pravastatin or
Atorvastatin Evaluation and Infection Therapy-Thromboly-
sis in Myocardial Infarction 22 (PROVE-IT) study,” which
demonstrated a beneficial impact of atorvastatin 80 mg com-
pared to pravastatin 40 mg on clinical events in patients with
acute coronary syndromes. Furthermore, it was reported that
patients who achieved the greatest lowering of both LDL-C
and CRP demonstrated the lowest number of clinical events
and rate of plaque progression. The National Cholesterol Edu-
cation Program subsequently included an optional treatment
goal of 70 mg dL' for management of high-risk patients.

A Study to Evaluate the Effect of Rosuvastatin on Intra-
vascular Ultrasound-Derived Coronary Atheroma Burden
(ASTEROID)* investigated the impact of lowering LDL-C
to very low levels. 349 patients with angiographic CAD were
treated with rosuvastatin 40 mg for 24 months, resulting in
lowering of LDL-C by 53.2% to 60.8 mg dL™' and raising
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high-density lipoprotein cholesterol (HDL-C) levels by
14.7% to 49 mg dL-'. These changes were associated with
significant reductions in all measures of atheroma burden,
consistent with regression. Statistically significant reduc-
tions in atheroma burden were only observed in patients
who achieved LDL-C levels less than 70 mg dL-'. This result
supported the concept that lowering LDL-C levels to very
low levels with statin monotherapy could reverse plaque
accumulation within the coronary arteries. These findings
also support early reports of regression in response to statin
therapy in small cohorts of subjects.

Promoting the Biological Activity of HDL

The protective role of HDL in atherosclerosis has been consis-
tently demonstrated in epidemiological and animal studies.**°
The finding that current therapies raise HDL-C levels by mod-
est degrees has stimulated the search to develop new strategies
to promote HDL function. IVUS has recently been employed
in clinical trials that have evaluated the potential efficacy of
experimental agents that can be administered either by intra-
venous infusion or chronic oral therapy.

Carriers of the mutant apolipoprotein A-I Milano (AIM)
have low levels of HDL-C, but are protected from atheroscle-
rotic cardiovascular disease. Administration of AIM in animal
models has a substantial impact on atherosclerotic lesion for-
mation. A small clinical trial was subsequently performed to
assess the impact of infusing AIM in humans.* 47 patients,
within 2 weeks of an acute coronary syndrome, received
weekly intravenous infusions of saline or low (15 mg kg™)
or high (45 mg kg™') doses of reconstituted HDL particles
containing AIM and phospholipids (ETC-216) weekly for 5
weeks. IVUS performed within 2 weeks of the final infusion
revealed regression of coronary atherosclerosis in patients
receiving either dose of ETC-216. The rapid regression
observed is consistent with the observation that lipid-depleted
forms of HDL are efficient promoters of cholesterol efflux.
The recent report from the Effect of rHDL on Atherosclerosis
— Safety and Efficacy (ERASE) study*’ that infusing recon-
stituted HDL particles containing wild-type apoA-I promotes
plaque regression provides further support for the concept that
infusing HDL may be of clinical utility in the management of
patients with acute ischemic syndromes. The impact of these
therapies on clinical outcome remains to be defined in large-
scale clinical trials.

‘While current therapies raise HDL-C levels to a modest degree,
emerging evidence suggests that this can have a substantial
impact on clinical outcome. In a recent pooled analysis of
clinical trials that employed serial assessments by IVUS, the
modest elevation of HDL-C levels was found to be an inde-
pendent predictor of the impact of statin therapy on atheroma
progression.® In fact, raising HDL-C levels by as little as
7.5%, in addition to intensive lowering of LDL-C, resulted
in the greatest degree of plaque regression. This observation
further supported the concept that improvements in the
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functional quality of HDL may be the most important target
for new therapies.

Inhibiting cholesteryl ester transfer protein (CETP) has
been proposed as a therapeutic strategy to raise HDL-C
levels. CETP facilitates the transfer of esterified cholesterol
from HDL to LDL particles. Pharmacological inhibitors of
CETP have been demonstrated to inhibit lesion formation in
animal models and to raise HDL-C levels by greater than 50%
in humans.* Serial IVUS recently evaluated the impact of
CETP inhibition in humans. The Investigation of Lipid Level
Management Using Coronary Ultrasound to Assess Reduction
of Atherosclerosis by CETP Inhibition and HDL Elevation
(ILLUSTRATE) study*’ randomized 910 patients with CAD to
treatment with either atorvastatin as monotherapy or in combi-
nation with 60 mg of torcetrapib daily for 24 months. Atorvas-
tatin was administered at a dose to achieve a LDL-C level less
than 100 mg dL'. Addition of torcetrapib resulted in a 61%
increase in HDL-C and 20% decrease in LDL-C. Despite the
remarkable effect on plasma lipids, torcetrapib had no effect
on the change in PAV. It remains to be determined whether the
lack of benefit was due to the formation of dysfunctional forms
of HDL, the ability of torcetrapib to raise blood pressure, or
some unknown vascular toxicity of the compound. The finding
that torcetrapib does not slow progression of coronary athero-
sclerosis or carotid intimal-medial thickness is consistent with
its lack of efficacy in a large clinical trial.*

Inhibition of Cholesterol Esterification

Uptake of cholesterol ester by macrophages is the pivotal
event in the formation of foam cells, the cellular hallmark
of atherosclerotic plaque. In addition to lowering systemic
levels of LDL-C, it has been proposed that inhibition of
cholesterol esterification may be a therapeutic strategy of
potential utility in cardiovascular prevention. Serial IVUS
has demonstrated that two pharmacological inhibitors of
acyl-coenzyme A:cholesterol acyltransferase (ACAT), a
pivotal factor in promoting cholesterol esterification, do
not have a beneficial impact on atheroma progression.
The Avasimibe and Progression of Lesions on Ultrasound
(A-PLUS) study® evaluated the impact of the ACAT
inhibitor avasimibe compared to placebo on the rate of
plaque progression. No significant difference was observed
between the treatment groups with regard to the change in
atheroma volume. LDL-C levels were higher in avasimibe-
treated patients, consistent with its ability to induce cyto-
chrome P450 3A4 and statin metabolism.

The ACAT Intravascular Atherosclerosis Treatment Evalu-
ation (ACTIVATE)? study compared the effect of pactimibe,
an ACAT inhibitor with no influence on statin metabolism,
and placebo on the serial change in atheroma burden after 18
months of treatment. The groups did not differ with regard to
the primary end point, the change in PAV. However, greater
reductions in atheroma volume throughout the entire segment
evaluated and the most diseased 10-mm segment were observed
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in placebo-treated patients. This suggested that pactimibe may
have a detrimental influence on plaque progression. Accu-
mulation of cytotoxic, intracellular-free cholesterol has been
proposed as a potential mechanism that may contribute to the
detrimental effects of pactimibe on plaque accumulation.”>*

Blood Pressure-Lowering Therapies

While the role of hypertension in promoting cardiovascular
disease is well established, the optimal management of blood
pressure in patients with CAD is controversial. Epidemio-
logical observations suggest that cardiovascular risk begins to
increase at levels of systolic blood pressure considered to be
within the normal range.>> In the Comparison of Amlodipine
versus Enalapril to Limit Occurrences of Thrombosis (CAM-
ELOT)" trial, 1991 patients with angiographically documented
CAD and diastolic blood pressure less than 100 mm Hg were
treated with amlodipine 10 mg daily, enalapril 20 mg daily,
or placebo for 24 months. Treatment with amlodipine signifi-
cantly reduced a combination of cardiovascular clinical events.
In a unique study design, 274 patients also underwent serial
evaluation of atheroma burden by IVUS. This revealed pro-
gression in placebo-treated patients, a trend toward progression
with enalapril and no change in atheroma volume with amlo-
dipine. In particular, the findings on imaging complemented
the impact of therapy on clinical events. A direct relationship
was observed between blood pressure reduction and change in
atheroma volume. These findings suggest that blood pressure
should be more intensively lowered in patients with CAD.

Monitoring the Impact of Therapies on Transplant
Vasculopathy

The use of ultrasonic imaging within the coronary arteries has
been employed to evaluate the impact of medical therapies
aimed at preventing formation and propagation of transplant
vasculopathy. Emerging evidence of the inflammatory events
promoting formation of neointimal hyperplasia in the coro-
nary arteries following heart transplantation has stimulated
the search to develop immunomodulatory therapies. Serial
IVUS monitored the impact of the immunomodulatory and
antiproliferative agent, everolimus, in heart transplant recipi-
ents.”® Treatment with everolimus reduced the incidence and
progression of vasculopathy compared with standard medi-
cal therapy with azathioprine. This beneficial impact on the
coronary arterial wall was associated with a reduction in the
incidence of clinical events including death, rejection and
retransplantation.

Limitations of Intravascular Ultrasound

The invasive nature of IVUS limits its application to patients
who require a coronary angiogram for clinical indications.
It precludes the opportunity to study the natural history of
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atherosclerosis in patients without clinical symptoms and to
directly translate the impact of medical therapies to the set-
ting of primary prevention. The emerging ability of computed
tomography and magnetic resonance imaging to image the
artery wall may provide a potential option to study the natural
history of atherosclerosis in a noninvasive fashion. As imaging
is typically performed within one coronary artery, it is uncer-
tain whether the impact of medical therapies in regression-
progression studies is homogenous throughout the coronary
arterial tree.

The quality of information obtained is critically dependent
on the ability to generate high-resolution images of the vessel
wall. Limitations in catheter size preclude ultrasonic imaging
in small vessels and at sites of severe luminal stenosis. A num-
ber of imaging artifacts impair the ability to directly visualize
the entire artery wall. Imaging artifacts are commonly due to
the presence of the guidewire, arterial side branches, calcium,
bright haloes surrounding the imaging catheter, geometric dis-
tortion due to imaging in an oblique plane, and nonuniform
rotational distortion due to uneven drag on the catheter result-
ing in cyclical oscillations and image distortion. Technologi-
cal advances in catheter profile and ultrasound frequency have
made substantial improvements in the ability to consistently
acquire high-resolution imaging within the coronary arteries.

IVUS provides a suboptimal characterization of plaque
composition to evaluate the natural history of atherosclerosis.
The broad distinction between lipidic, fibrotic, and calficic
plaque lacks the precision required to assess serial changes in
plaque components in response to use of medical therapies.
Technological developments permit analysis of the radiofre-
quency backscatter, providing a tissue map with good correlation
with plaque composition on histology. Preliminary stud-
ies using this approach have suggested that lowering levels
of LDL-C with statins reduces the lipidic and increases the
fibrotic components of atherosclerotic plaque.*

Another major challenge for clinical trials that employ
imaging modalities as surrogate markers of atherosclerosis is
to define the relationship between the impact of therapies on
the artery wall and clinical outcome. A number of observa-
tions suggest complementary effects of interventions on clini-
cal events and the rate of atheroma progression. However,
further evidence is required to directly associate atheroma
burden and its change with clinical outcome.

Overview

The evolution of IVUS provides the opportunity to directly
visualize the arterial wall with high-resolution imaging. This
has permitted a greater understanding of the factors influ-
encing the natural history of atherosclerosis and other vas-
culopathies within the coronary arteries. Its use has played a
pivotal role in the development and validation of new medi-
cal and interventional approaches to the management of
patients with CAD.
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Chapter 10

Ultrasound Application for Penile Disorders:
Color Doppler Ultrasound Hemodynamic Evaluation
for Erectile Dysfunction and Priapism

Rei K. Chiou, Christopher R. Chiou, and Fleur L. Broughton
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Color Doppler Ultrasound Hemodynamic
Study for Erectile Dysfunction

Erection is achieved through hemodynamic mechanisms that
involve the increase of cavernosal arterial flow, relaxation of
corporal smooth muscle, and veno-occlusive function. Hemo-
dynamic studies are important in the evaluation of patients
with impotence. Among the methods of hemodynamic study,
color Doppler sonography is currently the best.

In 1985, Lue et al. described Duplex ultrasonography as
a noninvasive tool to study penile hemodynamics of patients
with erectile dysfunction.! The advent of color Doppler imag-
ing and continuous improvements in ultrasound technology
have greatly enhanced the capacity of ultrasound to assess
hemodynamics. Modern ultrasound equipment is also able
to analyze blood flow parameters to measure velocity more
quickly and more accurately. These characteristics allow the
changes in various blood flow parameters be assessed in a
dynamic fashion.?

The reported methods of performing color Doppler sonog-
raphy for erectile dysfunction (or impotence) vary. The
methods of early reports mostly consist of measuring peak
systolic velocity (PSV) and end diastolic velocity (EDV) at
5- or 10-min intervals. The “highest PSV” is commonly used
to diagnose arterial insufficiency, and an EDV-based criterion
(such as resistive index or RI) is used to diagnose venous leak.
However, in our early experience we noted a number of pit-
falls associated with these methods. Various diagnostic criteria
have also been used; early reports recommended the degree of
cavernosal artery dilatation to be a key criterion, while more
recent reports commonly use “highest PSV” for arterial insuf-
ficiency and resistive index for venous leak.' Meuleman and
associates studied normal volunteers and found that they had
a mean PSV of 41-44 cm s™' during the erectile phases.* A
“highest PSV” of 35 cm s™' was subsequently accepted as nor-

mal. In addition to these criteria, we believe that a dynamic
observation and interpretation of the study is desirable. The
pathophysiology of erectile dysfunction is no less compli-
cated than that of urinary dysfunction. The hemodynamic
evaluation for erectile dysfunction should be performed with
the same attention to detail as urodynamic studies. We believe
that a dynamic study with continuous observation and frequent
recording of hemodynamic parameters is preferable.>>¢

Indications

Our current indications for color Doppler ultrasound hemo-
dynamic study in patients with erectile dysfunction are as
follows:

1. Primary impotence
2. Erectile dysfunction following penile, perineal, or pelvic
injuries

. Medical legal case

. Peyronie’s disease

5. Young patients (< 50 years old) suspicious for vascular
cause of impotence

6. Young patients suspicious for psychogenic cause of impo-
tence

7. Patients or their spouse desire investigation for cause of
impotence

F NN

Procedure

Our current procedure for color Doppler ultrasound hemody-
namic study is as follows:

1. Studies are performed in a “do not disturb” environment
with only essential personnel involved.

2. We perform an intracorporeal injection using a 0.2 c.c.
Papaverine/phentolamine/PGE1l (30 mg/1 mg/20 ug)
mixture (Tri-Mix) or 0.3 ml of the standard Tri-Mix for
most patients. We may administer a second injection in the
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opposite corpora 15-20 min later for patients with an inad-
equate erectile response and abnormal arterial flow of the
opposite side cavernosal artery.

3. We use an ATL HDI ultrasound machine for color Doppler
ultrasound studies at our Urology clinic. With the penis
gently retracted toward the abdomen, the transducer is
placed ventrally at the base of penis to measure blood flow
parameters at a consistent proximal location. The cavern-
osal artery blood flow is traced continuously (switching
from one side to another). The hemodynamic parameters
including PSV, EDV, and RI are recorded frequently (usu-
ally every 1-3 min, depends on the change of hemodynamic
parameters observed) for about 30 min. The measurement
of cavernosal artery diameter before and after injection is
optional.

4. The status of erection is observed and rigidity manually
evaluated periodically during the study. Self-stimulation is
performed if the patient does not achieve a rigid erection.

Phases of Erection and Hemodynamic
Events

Cavernosal arteries at a flaccid state prior to penile injection
usually have a low and intermittent flow (Fig. 10.1). After
injection of pharmacologic agent, we typically observe the
following five phases of hemodynamic events:

In Phase I, both systolic and diastolic flows increase and
become continuous. Patients begin to have penile engorge-
ment (Fig. 10.2).

In Phase II, with an increase in intracorporeal pressure, a
progressive decrease in EDV occurs. The PSV remains high.
In this phase, partial erection is achieved (Fig. 10.3).

In Phase III, when the intracorporeal pressure increases to
near systemic diastolic blood pressure, the EDV reaches 0 and
the PSV remains high. Patients usually have a full erection
with modest rigidity at this phase (Fig. 10.4).

FiG. 10.1. Cavernosal arteries at a flaccid state prior to penile injec-
tion usually have a low and intermittent flow with zero end diastolic
velocity
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F1G. 10.2. In Phase I of pharmacologic erection, both systolic and
diastolic flows increase and become a continuous flow

led
PAF 1000 Hz

FiG. 10.3. In Phase II of pharmacologic erection, with increase in
intracorporeal pressure, a progressive decrease in EDV occurs. The
PSV remains high. In this picture, some diastolic flow remains, but
the EDV has become zero (phase III)

F1G. 10.4. In Phase III of pharmacologic erection, when the intracor-
poreal pressure increases to near systemic diastolic blood pressure,
the EDV reaches 0. PSV remains high
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In Phase IV, EDV becomes negative and PSV remains high.
The penis further increases in its rigidity (Fig. 10.5).

In Phase V, with further increases in intracorporeal pressure
and rigidity, PSV also decreases. EDV remains negative.

Hemodynamic Patterns

The hemodynamic events vary among individual patients. We
stratify the color Doppler hemodynamic findings into the fol-
lowing eight patterns'2:

I. Normal maximal PSV (=35 cm s™'), sustained (=5 min)
Ta. EDV <0 with complete erectile response
Ib. EDV >0 or incomplete erectile response

II. Normal maximal PSV (= 35 cm s7!), transient (<5 min)
IIa. EDV <0 with complete erectile response
IIb. EDV > 0 or incomplete erectile response
III. Borderline maximal PSV (30-35 cm s7!)
[ITa. EDV <0 with complete erectile response
IIIb. EDV > 0 or incomplete erectile response

IV. Low maximal PSV (<30 cm s7')

IVa. EDV <0 with complete erectile response
IVb.EDV > 0 or incomplete erectile response

Interpretation of Color Doppler Ultrasound
Hemodynamic Studies

We interpret the entire dynamic study and consider the maxi-
mum PSV, erectile response, and injection dose required. The
dosage of pharmacologic agents used in color Doppler ultra-
sound studies varies among investigators. We used a modest
dose (as described in procedure) for the first injection since
most normal individuals respond to such dose with a complete
erection. Patients responding only to higher doses are likely
to have abnormal hemodynamics, and their hemodynamic
abnormalities may be masked if a high dose is used from the

FiG. 10.5. In Phase IV of pharmacologic erection, EDV becomes
negative. PSV remains high
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beginning. A smaller dose also decreases the possibility of
priapism. Using a modest dose priapism can still occur. All
patients were informed of this possibility before the study and
we emphasized the prompt and appropriate treatment for pria-
pism. Patients were asked to call our emergency contact num-
ber if an erection lasted longer than 3 h. The option of giving a
second injection to the opposite side helps avoid misdiagnos-
ing a low PSV in the contralateral cavernosal artery.

Patients with a normal maximum PSV and a rigid erec-
tion (patterns Ia, Ila) with one injection are considered nor-
mal. Patients with a sustained normal maximum PSV but an
incomplete erection (patterns Ib) are diagnosed as having
veno-occlusive dysfunction. Patients with a transient normal
maximum PSV but an incomplete erection (patterns IIb)
may have arterial insufficiency and/or veno-occlusive dys-
function. Patients with a borderline or low maximal PSV yet
complete erectile response (patterns IIla, IVa) probably have
arterial insufficiency that is being compensated for by good
veno-occlusive function. Those who have both low maximal
PSV and an incomplete erection have arterial insufficiency,
but their veno-occlusive function cannot be isolated by the
study. Patients requiring a large dose of intracorporeal agent
to achieve a normal maximal PSV and complete erection have
some combination of abnormal erectile tissue, borderline arte-
rial insufficiency, and/or veno-occlusive dysfunction.

Pitfalls of Hemodynamic Studies

In performing a color Doppler ultrasound hemodynamic study,
it is important to watch for the following pitfalls:

1. Some authors reported using 5- or 10-min intervals for
PSV measurements. Such measurement methods may not
be reliably detect the highest PSV. The hemodynamic of
an erection is truly a dynamic event. Many patients reach
their peak response in less than 5 min. A falsely low maxi-
mal PSV could be recorded if measurements do not start
within 2-3 min after the injection. Furthermore, the PSV
may not be sustained in a normal range for longer than
5 min. A dynamic observation rather than a spot check is
preferable.>s

2. PSV values differ with varying sites of measurement.
We find that the PSV is generally highest at the proxi-
mal cavernosal artery and decreases with more distal sites
of measurement. We noted that the PSV at the midshaft
is, on average, 68% of that at the penoscrotal junction.
Additionally, only 25% of patients having a normal PSV
at the proximal penile shaft also have a normal value at
the midshaft.> Thus, measuring distal sites may give a
false low value, making it preferable to measure hemody-
namic parameters at a consistent proximal site. We find
it technically more difficult to measure the hemodynamic
parameters at the proximal crura through the scrotum;
therefore, the penoscrotal junction is our preferred site of
measurement.
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3. Consider the impact of varied vascular anatomy on the
measurement of hemodynamic parameters. The cavernosal
artery anatomy varies among patients. Some anatomical
variations have impact on the hemodynamic parameters.’
Patients with a bifurcated cavernosal artery or a cavernosal
artery that gives out major branches at the proximal shaft
tend to have a lower PSV after the bifurcation or branch.
Thus, it is better to measure the hemodynamic parameters
proximal to the branch. The majority of patients with bifur-
cated arteries or multiple arteries have different PSV values
in each. If it is not possible to measure the hemodynamic
parameters proximal to a large branch or bifurcation, it is
desirable to measure the hemodynamic parameters from
both branches of the artery and interpret the findings cau-
tiously.

By carefully assessing vascular anatomy, puzzling hemo-
dynamics may be explained. For example, in a patient with
a substantially higher PSV at the midpenile shaft than in
more proximal sites, we noted a crosscorporal artery at the
midshaft which supplies blood flow from the opposite cor-
pora. This helped us to understand the unusual finding.

4. Do not diagnose contralateral arterial insufficiency when
only one side of the penis is injected. The pharmacologic
agents injected into one side of corpora may have a lower
concentration in the opposite corpora. We have noted that
patients with low PSV on the contralateral side following
the first injection may convert to a normal PSV after an
injection is administered to that side.!>¢

5. Be careful in interpreting EDV and RI. An EDV of O (or RI
of 1) is commonly used as an indicator of adequate veno-
occlusive dysfunction. High EDV suggests venous leak.
However, such diagnostic criteria should be used with
caution. Since RI = (PSV — EDV)/PSYV, the resistive index
result depends on the EDV. When the EDV is 0, the RI
is 1. When the EDV is >0, the RI is <1. In general, EDV
reflects the intracorporal pressure. Schwartz et al. studied
the correlation of EDV and the intracorporal pressure.* By
placing needles in the corpora to directly measure intracor-
poreal pressure, they found that the EDV of the cavernosal
arteries decreases with increasing intracorporeal pressure.
When the pressure reached near systemic diastolic blood
pressure, the EDV decreased to 0 (RI = 1). However, we
believe that the EDV can also be affected by other factors,
such as the status of the corporal artery and poor sinusoi-
dal smooth muscle relaxation. We observed some patients
have an EDV of zero, but have a soft penis. In these
patients, the 0 EDV (and RI of 1) cannot be explained by
the intracorporeal pressure. An EDV of zero with a flaccid
or semierect penis is probably caused by an arterial factor
rather than intracorporeal pressure, making it a mistake to
conclude that a patient has adequate veno-occlusive func-
tion based on EDV and RI alone. Furthermore, at a flaccid
state of penis, we commonly observe an intermittent caver-
nosal artery flow with a zero EDV. It reflects the contracted
state of the cavernosal artery and does not indicate that the
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patient has an adequate veno-occlusive function. Thus it is
advisable to record the status of the erection to avoid mis-
interpretation of EDV and RI An EDV of negative value is
usually more reliable in reflecting on a high intracavern-
osal pressure and an adequate veno-occlusive function.’

To diagnose veno-occlusive dysfunction using color Doppler
ultrasound, we assess the hemodynamic pattern and erectile
status rather than relying solely on EDV or RI. It is reason-
able to suspect the presence of veno-occlusive dysfunction if
a patient has normal arterial flow but an incomplete erectile
response and a high EDV after intracorporeal injection of
pharmacologic agents. With a careful analysis of the hemo-
dynamic pattern, color Doppler ultrasound provides a global
assessment of veno-occlusive dysfunction in a noninvasive
manner. For patients with sonographic evidence of veno-
occlusive dysfunction further study dynamic infusion or grav-
ity cavernosometry may be necessary to have a more complete
evaluation before considering venous ligation surgery.°

In summary, an erection is a complex and dynamic process.
Color Doppler ultrasound studies for erectile dysfunction are
best performed with the involvement of a urologist who has
a thorough understanding of the hemodynamics of erection.
Dynamic studies and careful interpretation of blood flow
parameters are necessary to provide an accurate assessment of
the hemodynamic abnormalities of erectile dysfunction. Penile
arterial anatomy varies among individuals. The value of hemo-
dynamic parameters differs with varied sites of measurement.
To obtain a reliable result, hemodynamic parameters should
be measured at a consistent proximal site. The variation in
vascular anatomy and cavernosal artery pathology should be
considered when interpreting color Doppler studies.

Color Doppler Ultrasound Evaluation
for Priapism

The literature on color Doppler ultrasound study of priapism
is limited. Most reports are related to patients with high flow
priapism as a result of cavernosal artery injury. Color Doppler
ultrasound is the primary diagnostic tool for the differentiation
of high flow (nonischemic) and low flow (ischemic) priapism.
However, the diagnostic criterion for high flow vs. low flow
priapism is poorly defined. To our knowledge, color Dop-
pler ultrasound hemodynamic studies for priapism patients
following surgical shunt treatment have not been previously
reported. We found that penile hemodynamic characteristics
are important not only for the initial evaluation of priapism but
also for the treatment decisions after initial intervention.!!?

Procedure

For the evaluation of priapism, color Doppler ultrasound
evaluation is performed before penile injection or aspiration.
Hemodynamic assessment may be repeated after therapeutic
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aspiration and penile injection of alpha adrenergic agent
or shunt surgery to examine the restoration of cavernosal
blood flow which indicates the adequate relief of priapism.
With the penis placed toward the abdomen and the trans-
ducer placed at the ventral surface of penis, we examine
the cavernosal arteries from the penoscrotal junction to
the midpenile shaft and measure hemodynamic parameters
(PSV, EDV, and resistive index). With the transducer pushing
down the scrotum, we also examine the cavernosal arteries
at the crura.

Color Doppler Ultrasound Findings
and Interpretation for Priapism

Priapism is traditionally divided into ischemic (low flow) and
nonischemic (high flow) categories. Color Doppler ultrasound
is a useful tool to categorize priapisms. Penile blood gas has
also been used to help the diagnosis. It is generally recom-
mended that a low flow (or ischemic) priapism is a medical
emergency and requires urgent management for detumes-
cence, while a high flow (nonischemic) priapism does not
require urgent management. However, this categorization
and the treatment strategies based on such classification have
many caveats.

Priapism is a dynamic event and the hemodynamic char-
acteristics may vary at different phases of the condition.
Additionally, the hemodynamic characteristics change after
therapeutic intervention. For example, a patient who receives
an intracavernosal injection of papaverine or prostaglandin E1
typically has high blood flow initially, with their high flow
status lasting for a varied length of time. If remains untreated,
it progresses to a low flow and ischemic status.!!'* Metawea et
al. noted that if the PSV is greater than 66 cm s~ and the EDV
is 0 cm s7! after an intracavernous injection of papaverine/
phentolamine, patients have high risk for priapism lasting for
>6 h." Secil et al. reported that if the cavernosal arterial flow
reaches a phase of undetectable flow by color Doppler ultra-
sound after intracavernous injection of papaverine, the patient
has high risk for persistent priapism.'> Pharmacologically
induced priapism usually go through phases of hemodynamic
response, and it is not clear how long and at what point the
priapism becomes ischemic.>> When patients are presented at
4-6 h after injection, and a color Doppler ultrasound shows a
high cavernosal arterial flow, it would not be safe to inform
patients that the cavernosal blood flow is high and they require
no treatment until low flow ensues.

Priapism of other etiologies probably has various phases
of hemodynamic events as well. To obtain an erection, a high
cavernosal arterial flow is usually required. In the case of
priapism, it is not clear at what point the high cavernosal
arterial flow becomes low. When these patients present for
management with 24 h or longer of priapism, most patients
show little detectible cavernosal blood flow in the color
Doppler ultrasound.
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Another caveat of categorizing patients into high flow and
low flow priapism is our observation that some patients with
low flow priapism may develop high cavernosal blood flow
after a successful shunt surgery. Clinically, these patients may
appear to have persistent priapism. However, other patients
with similar clinical findings may have persistent low flow
status if the shunt surgeries have not achieved their goal. We
find that the CDU hemodynamic characteristics are impor-
tant for subsequent treatment decisions following the initial
shunting procedure.!'""* One patient’s CDU, who previously
failed Winter shunt and Quakle shunt treatments before being
referred to us, showed undetectable cavernosal blood flow. We
performed a penile cavernosa-dorsal (CD) vein shunt, and his
CDU study showed high cavernosal blood flow following sur-
gery (Fig. 10.6). It is not uncommon following initial shunt
surgery for patients to have some degree of persistent erec-
tions. This could be due to ineffective shunt surgery or pos-
tischemic hyperperfusion. If patients have ineffective shunt
surgeries without further intervention, they are likely to be
impotent subsequently. Thus, color Doppler ultrasound con-
firmation of priapism resolution is desirable.!!*?

With these considerations, we believe that to understand
the basic hemodynamic abnormality during various phases of
priapism is of critical importance in the management of pria-
pism. We believe that the traditional classification of “high
flow”/low flow or ischemic/nonischemic requires modifica-
tion. We classify priapisms according to the hemodynamic
abnormality and underlying pathophysiology as follows:

1. Arteriogenic priapism. These patients typically have
perineal trauma that causes cavernosal artery injury. Color
Doppler ultrasound typically shows the presence of arterio-
sinusoidal malformation (Fig. 10.7). The cavernosal blood
flow varies, but a pure arteriogenic priapism without veno-
occlusive component seldom has the EDV <0 cm s7%.

2. Veno-occlusive priapism. The veno-occlusive mechanism
of erection is initially a result of passive compression by
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Fi1G. 10.6. In a patient who previously failed Winter shunt and Quakle
shunt, initial CDU shows undetectable cavernosal blood flow. We
performed penile cavernosa-dorsal (CD) vein shunt, and his CDU
study showed high cavernosal blood flow after surgery
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FiG. 10.7. Color Doppler ultrasound typically shows the presence of
arterio-sinusoidal malformation

the dilated sinusoids which is induced by smooth muscle
relaxation and increased cavernosal arterial blood flow. We
hypothesize that after a certain time period of passive com-
pression, thrombosis of emissary veins may develop caus-
ing primarily veno-occlusive priapism.

3. Combined arteriogenic and veno-occlusive priapism. Pri-
apism induced by an intracorporal injection of erection
inducing pharmacological agents typically has both an
arteriogenic component and a veno-occlusive component
during the initial phases. When the effect of pharmacologic
agents on the cavernosal artery subsides, persistent pria-
pism may become solely the veno-occlusive component.

In the course of priapism in an individual patient, the hemo-
dynamics may change at the different phases of their pria-
pism, and they should be managed differently according to
their hemodynamic pattern.

The recognition of hemodynamics in priapism is also
important in deciding whether priapism patients should
receive a second shunt surgery. We believe that an effective
shunt should relieve the veno-occlusive status of priapism.
In color Doppler ultrasound, restoration of cavernosal blood
flow with a positive or zero EDV is usually observed. A nega-
tive value of EDV and/or undetectable cavernosal blood flow
usually indicates the persistence of veno-occlusive priapism.
Patients who were referred to us after having failed previ-
ous shunt surgeries typically have veno-occlusive priapism
in color Doppler ultrasound study. After we carry out penile
CD shunt surgeries for these patients, we commonly observe
a restoration of cavernosal arterial blood flow. With our tech-
nique of penile CD shunt, the patency of shunt can usually be
detected by color Doppler ultrasound.!'* Some patients may
have a period of high cavernosal blood flow after their penile
CD shunt surgery. This is likely related to postischemic hyper-
perfusion and may be one of our body’s repairing mechanisms
for the damaged cavernosal tissue. This observation has two
significant clinical implications. First, if the color Doppler
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ultrasound study, performed after a surgical shunt procedure,
shows the persistence of undetectable blood flow, one should
suspect that that shunt has not achieved its intended purpose to
adequately drain the cavernosal blood. Second, if the patient
appears to have a persistent priapism following a shunt proce-
dure, but the color Doppler ultrasound reveals high cavernosal
blood flow and a patent shunt, it may be part of a recovery
phase for priapism after a successful shunt surgery. Thus
observation rather than further intervention is recommended.
With a management strategy that utilizing penile CD shunt
and incorporating color Doppler ultrasound studies before and
after shunt surgery, we have noted high rate of potency preser-
vation for priapism patients.!?

In summary, the hemodynamic of priapism appears to have
various phases. Color Doppler ultrasound is useful not only to
differentiate arteriogenic priapism from veno-occlusive pria-
pism, but also in monitoring the success of shunt surgery. If
color Doppler ultrasound shows a recovery phase of hemody-
namics with high cavernosal blood flow and a patent shunt,
further surgery is not necessary. In contrast, if following a
surgical shunt procedure the cavernosal blood flow remains
undetectable or has not improved since before the shunt sur-
gery, it is likely that the shunt surgery has not achieved its
purpose and further intervention should be performed without
undue delay.
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Chapter 11

The Physics of Ultrasound and Some

Recent Techniques Used

Gert Karlsson

This chapter will focus on understanding the underlying phys-
ics of diagnostic ultrasound. This will help ultrasound operators
get the best possible performance and understand how simple
adjustments can improve the quality of the scanning thus obtain-
ing a better diagnostic tool. To achieve a good performance of
the scanning, the examiner needs to know how the adjustments
can be used to obtain the best possible diagnostic image.

It is also the aim to go through some frequently seen image
artifacts and how to reduce the negative influence of these arti-
facts, thereby ensuring that the ultrasound can be a real help
in the diagnostic session. Finally some more recent technical
developments that can influence the future choice of equip-
ment are outlined.

The Piezoelectric Effect

The operation of all ultrasound transducers is based on the
piezoelectric effect. The materials used for making crystals
for transducers are endowed with a property called the piezo-
electric effect.

This effect means that when the material is submitted to a
voltage, the piezoelectric material deforms slightly. Inversely,
if the material is deformed by external forces, a small voltage
change results.

In diagnostic ultrasound, short-duration electrical pulses are
applied to the ultrasound crystals during the transmit phase
giving rise to short-duration deformations of the crystals.
These deformations result in an ultrasound transmit waveform
being transmitted into the tissue with a rather constant veloc-
ity, estimated on average to be 1,540 m s™! in human tissue.
(The velocity is much lower in air and much higher in bone.)

Characteristics of Ultrasound

Ultrasound is characterized by its frequency. The frequencies
of ultrasound used for diagnostic purposes in urology are usu-
ally in the range from 2 to 20 MHz.
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A frequency of 2 MHz means that the ultrasound wave
generates 2,000,000 cycles per second.

The lower the frequency of ultrasound, the greater its
ability to penetrate deeper into tissue, but because the wave-
length becomes longer with decreasing frequency, the reso-
lution will be lower.

The higher the frequency of ultrasound, the poorer its abil-
ity to penetrate into deeper parts of the tissue, but because the
wavelength becomes shorter with increasing frequency, the
resolution will be higher.

Due to this relationship between resolution and penetration,
the general rule for ultrasound scanning is that the frequency
used should always be as high as possible, taking into account
how deep in the tissue the target organ is situated — in other
words, how much penetration depth is desired. For very super-
ficial organs, like testis and penis, very high frequencies (>10
MHz) are used. For organs like the kidneys, more penetra-
tion is needed; therefore, lower frequencies (3.5-5 MHz) must
normally be used.

For prostate scanning, the change in procedure in the last
decades (from scanning from the outside, through the bladder,
to scanning the prostate using transrectal ultrasound (TRUS))
has meant that much higher frequencies are now used (6—12
MHz instead of 3—5 MHz).

The result of this is a significantly higher image resolution
during ultrasound scanning of the prostate.

The Principle of Ultrasound Scanning

The ultrasound waves used in urology are transmitted as a
series of short pulses with a duration of a few microseconds.
Between these short pulses being sent out, the transducer is
receiving the echoes coming back from the different depths of
the tissue. The time necessary for receiving an echo depends
on the tissue depth.

Ultrasound is reflected when it goes from one kind of tissue
to another. How much is reflected depends on the change in
impedance between the two kinds of tissue and on the angle
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of incidence of the ultrasound beam. The reflected part of the
ultrasound energy is seen as echoes of different brightness on
the ultrasound image.

If most of the incident ultrasound wave is reflected by some
structure, the echo on the image will be very bright (hyper-
echoic) in this part of the ultrasound image.

The time duration for receiving echoes from a specific
depth equals (2x depth)/speed of sound; from a depth of 15
cm, the time will be 195 ps.

A-mode scanning (Amplitude mode scanning): In the early
days of ultrasound, this was the only way possible to do the
scanning. For each echo received, the amplitude of the echo
was displayed on a screen, with the amplitude displayed as the
Y-axis and the time as the X-axis.

B-mode scanning (Brightness scanning): In B-mode scan-
ning, the amplitudes are converted into different gray levels,
and the gray levels in the different parts of the tissue being
scanned are displayed with varying gray scale levels on a map
with the depth of the tissue as Y-axis and the position along
the transducer surface as the X-axis.

For a B-mode image, modern equipment usually uses a gray
scale resolution of 256 levels. Liquid collections like cysts
and the gall bladder will appear black, while areas with many
strong reflectors such as bony structures will appear echo-rich
or even white.

The Propagation of Sound in Tissue

When an ultrasonic wave is moving down through the tissue,
the actual movement is influenced by:

Speed of Sound

Even though the speed of sound in tissue is relatively con-
stant (apart from being very different in air and bone with total
reflection as a result), it is slightly lower in fatty tissue than in
muscle or normal kidney. Usually the ultrasound system is set
up to use a speed of sound of 1,540 m s7L. If the actual speed
is different, this has an impact on how accurately a point is
displayed and on how accurate measurements are.

Attenuation

The attenuation of the sound wave is very dependent on
the frequency used. It will also increase with increasing
depth of the tissue. The attenuation is due to the absorption
and reflection of sound energy in tissue, in particular when
most of the energy is reflected due to a big difference in
impedance. When the ultrasonic wave meets air or bony
structures, it is almost completely reflected. As a result, a
shadow artifact appears behind the area where air or bone
is encountered.

This phenomenon means that for good image quality, it
is important to ensure good contact (no air) between trans-
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ducer and tissue. Ultrasound gel is used to avoid too much
impedance difference between the transducer surface and
the tissue.

For transrectal scanning of the prostate, it is essential that
no air is trapped between the transducer and the rectal wall. In
cases where a water-filled balloon is used, air bubbles must be
eliminated from the balloon as well.

The attenuation means that it is important to use as high a
frequency as possible without sacrificing penetration depth,
keeping in mind the depth of the intended organ.

The operator has to use the time gain compensation (TGC)
function to compensate for this attenuation in the tissue. With-
out this, the image will be darker and darker as you go from
the transducer surface down through the tissue. All scanners
have TGC to allow a depth-dependent gain adjustment in
order to compensate for the tissue attenuation.

Focusing the ultrasonic beam

See Fig. 11.1.

During the use of an ultrasound transducer, the opera-
tor must try to make sure that the area to be examined is
placed within the focal range. With electronic transducers
an important adjustment available for the operator is the
ability to move the focus as close to the area of interest as
possible.

The focused transducer
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FiG. 11.1. Illustration of the form of the ultrasound beam of an elec-

tronic transducer, where the focal range indicates the range of depths
giving the best resolution for the transducer. The Focal range is the
distance from the transducer array to the depth, where the sharpest
focus will be obtained
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Limitations of Ultrasound

Resolution

Resolution plays an important part in optimizing the image
quality during scanning. Resolution is divided into different
categories: axial, lateral, and contrast resolution.

The axial and lateral resolutions are decisive for separation
of the different reflecting structures. If the resolution is insuf-
ficient, two reflectors may be displayed as one. The minimum
displayed lateral size will be equal to the beam width, and
the minimum axial dimension will be equal to one-half of the
pulse length.

Axial Resolution

This is the resolution in the direction of the ultrasonic beam. It
depends very much on the length of the pulse used — a shorter
pulse gives a higher axial resolution, but when the pulse
becomes shorter, the sensitivity and penetration are reduced.
The axial resolution also depends on the ultrasound frequency
— higher frequencies correspond to shorter wavelengths. Two
points in the tissue cannot be distinguished if they are located
within one wavelength of each other.

For the operator, the important adjustments are the choice
of transducer and — for a given transducer — the choice of fre-
quency. The pulse form and length is built into the equipment
and cannot be changed by the operator.

Some transducers have a fixed frequency, but in most mod-
ern equipment, different frequencies can be selected for the
same transducers.

In addition to this some recent ultrasound systems have the
possibility of using a high frequency in the surface and gradu-
ally reducing the frequency in the lower part of the image,
thus optimizing the image for high near-field resolution, but
keeping an adequate penetration depth.

See Fig. 11.2
Axial resolution
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FiG. 11.2. Illustration of the effects of axial resolution. The resolution
in the direction of the beam is called the axial resolution and can be
adjusted by changing the frequency. Higher frequencies will offer
better axial resolution
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Lateral Resolution

The lateral resolution of an electronic transducer depends on
the width of each ultrasonic beam and on the density of lines
in the image. Optimizing the pitch of the transducer and elec-
tronic focusing of the beam are the two main ways of optimiz-
ing the beam width in the area of interest.

Pitch is a description of the size of each individual crystal
in an array. A smaller crystal means a smaller pitch and a finer
resolution, but sometimes at the cost of good focus in the deeper
part of the tissue. Near-field transducers use high frequency
with a finer pitch; abdominal transducers for kidney scanning
use a lower frequency with a larger pitch. For the operator, the
relevant adjustments affecting the lateral resolution are adjust-
ment of the line density and optimizing the focus position. The
sharper the focus and the higher the line density, the better the
lateral resolution at that point. The cost of higher lateral reso-
lution is usually the frame rate: in order to optimize the axial
resolution, the image frame rate will be reduced (Fig. 11.3).

Contrast Resolution

This term is used as a measure of the system’s ability to
distinguish between two parts of the tissue with almost — but
not completely — identical echogenicity: if the system can dis-
tinguish well between tissues that are very similar, the con-
trast resolution is high. The actual contrast resolution is an
integrated characteristic of the combined ultrasound system
and transducer.

All ultrasound systems allow the operator to adjust the
gray scale and dynamic range. This can be important for cre-
ating a diagnostic image, in which it is possible to easily dif-
ferentiate pathology and normal tissue. It should, however,
not be used to compensate for an ineffective adjustment of
the monitor.

The monitor must be correctly adjusted before other image
adjustments are attempted.

Tissue harmonic imaging can sometimes be used to increase
the contrast resolution.

Lateral resolution
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Fi. 11.3. Illustration of the effects of the lateral resolution. The reso-
lution in the image plane perpendicular to the ultrasound beam is
called the lateral resolution. In order to obtain a better lateral resolu-
tion, a higher line density or a sharper focus can be used
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Artifacts in Ultrasound

In ultrasonic imaging, artifacts are areas in the image that
are not indicative of the tissue being examined. They can be
caused by the instrumentation or related to physical phenom-
ena that the instrument is not able to compensate for.

Examples of artifacts often encountered during a normal
scanning situation are:

* Enhancement

» Shadowing

* Reverberation

* Mirror artifacts

* Propagation speed errors

Some artifacts, like enhancement and shadowing, can be
very helpful for diagnosing structures like cysts and calculi.
Other artifacts, like reverberations or artifacts due to poor con-
tact between transducer and tissue or the presence of strong
reflectors, may disturb the image and reduce the diagnostic
value of the ultrasound images obtained.

Propagation speed artifacts are due to basic assumptions not
being fulfilled. The equipment assumes that sound in tissue
travels in straight lines with a uniform velocity of 1,540 m s,
and that only echoes from the transducer axis are received.

These assumptions unfortunately are not always true.

Enhancement

Increased echogenicity from tissues behind areas with low
attenuation. This type of artifact is normally seen behind cys-
tic or other liquid collections. This kind of artifact helps in
identifying cystic structures and making sure that the structure
is a true cyst (Fig. 11.4).

Shadowing

Shadowing happens due to a decrease of echogenicity from
tissues behind a zone with strong reflectivity or attenuation.
This artifact occurs behind strongly reflecting structures like
calculi or bony structures (for example, the pubic bone). A so-

FiG. 114. A cystic structure showing enhancement behind the cyst,
because the cyst attenuates the beam less than the surrounding tissue does
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called acoustic shadow behind a strong reflector (for example,
the bone or calculus) is the result. In order to have a closer
look at the tissue located in the shadow, the transducer must be
reoriented so that the shadow does not cover the desired area.

Reverberations

When two or more strong reflectors are present, multiple
reflections between these reflectors and the transducer sur-
face may occur. The reverberations are caused by internal
re-reflections in the tissue, or between the transducer and a
reflector in the tissue. The rectal wall and a water balloon,
often used, can form reverberation artifacts if air bubbles or
other materials are located between the transducer and the
area to be examined (Fig. 11.5).

If the ultrasound beam does not hit an interface at a per-
pendicular angle, the direction of the beam will be altered.
The equipment assumes straight-line propagation when it cal-
culates the image, so a reflector may not be displayed in the
correct position. These artifacts can often be avoided by trying
to scan at a perpendicular angle.

One troublesome result of refraction is called the anisotro-
pic effect, frequently seen during transrectal scanning of the
prostate. Ultrasonic beams hitting the prostate near the neu-
rovascular bundles will hit the prostatic border in a tangen-
tial manner. Therefore a significant part of the beam will be
reflected in other directions than the direction of the inci-
dent ultrasound beam. As a result, a lower intensity will be
received by the transducer, and, due to attenuation, the echoes
from these areas will be displayed as darker areas. This could
be mistaken for suspicious hypoechogenic areas, but is just a
result of the attenuation due to hitting these areas in a tangential
manner (Fig. 11.6).

Fic. 11.5. Strong reflection-artifacts (arrows) due to air trapped
between a water-filled balloon and the rectal wall
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F1G. 11.6. Anisotropic effect demonstrated at the left and right-hand
corner of the prostate

Mirror Artifacts

If the ultrasound beam hits a strong reflector, a mirror image
of a real structure is seen on the other side of the reflector.
This artifact can usually be avoided by changing the position
of the transducer.

When scanning the liver and kidneys, this artifact is often
seen when the diaphragm is hit at an angle close to 90°.

Propagation Speed Error

The sound speed in tissue is assumed to be 1,540 m s7'. if the
actual speed is higher or lower than this, a structure at a cer-
tain distance will be displayed as being closer or further from
the transducer than it really is.

Newer Techniques and Methods
in Urologic Ultrasound

Prostate Harmonic Imaging

When an ultrasound wave passes through tissue, it becomes
distorted, and additional frequencies that were not present in
the fundamental signal are generated. Multiples of the fun-
damental frequency are called harmonics, and the second
harmonic frequency is of particular interest. The use of this
feature — a scanning modality called tissue harmonic imaging
— enhances the visibility and detection of hypoechoic struc-
tures. It also seems to suppress some of the detrimental effects
of the presence of hyperechoic structures.

Propagation of ultrasound in any medium is determined
by the Impedance (Z = the density of the medium multi-
plied by the velocity of ultrasound in that medium) and by
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FiG. 11.7. Fundamental and second harmonic frequency

the Reflection Coefficient (r = Z/SZ). The ultrasound wave
becomes distorted as the tissue expands and compresses in
response to the wave. This nonlinear distortion results in the
generation of additional frequencies not present in the origi-
nal waveform.

The reflected signal thus not only includes the fundamental fre-
quency but also multiples of this frequency. The frequency that is
double the fundamental frequency is called the second harmonic.

The second harmonic frequency for imaging has been
used for some time for scanning the liver and kidneys but
has now also become an imaging possibility when scanning
the prostate.

Harmonic imaging of the prostate combined with random
plus targeted biopsies may prove to be advantageous in increas-
ing the sensitivity of transrectal prostate ultrasound (Fig. 11.7).

Grating Lobes

In ultrasound it is assumed that all energy is transmitted from
the transducer in the expected direction of the ultrasound
beam. Unfortunately this is not true. The main part of the
energy is transmitted in this manner — this is called the main
lobe. Part of the energy is, however, transmitted in other direc-
tions — called the side lobes. Energy falling outside the main
lobe in the sound beam from an array transducer is a result of
the active transducer aperture being split into elements. This
phenomenon is called Grating Lobes (or Side Lobes). The
energy in these lobes is substantially less than the energy in
the central ultrasound beam (the main lobe) but is inversely
proportional to the radius of curvature of an array probe.

A prostate ultrasound probe will always tend to have a small
radius of curvature in order to keep the outer diameter of the
probe a reasonable size, and therefore side lobes can some-
times create artifacts and degrade the image quality.

Grating lobes are particularly disturbing in prostate ultra-
sound. The lobes will extend almost laterally out from the
probe because of the small radius of curvature. When pass-
ing through the periprostatic fat tissue, the grating lobes will
eventually hit the inferior side of the pelvic bone, where the
difference in impedance to the ultrasound is very high. This
shift in impedance will cause an almost 100% reflection of the
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energy in the grating lobes, hence the energy will bounce back
across the prostate ultrasound image, resulting in a degrada-
tion of the image quality.

Strong second harmonic signals are generated in a region
of high sound pressure, and accordingly only weak signals are
found in the region where the grating lobes are being generated.
But with almost total reflection, the lobes are disturbing enough.

Using the second harmonic imaging technique not only
reduces the effect of the lateral grating lobes but also reduces
the angle of the second harmonic lobes. The result is that the
lobes are more parallel to the sound beam. Hence the risk of
the lobes being reflected from the pelvic structures is also
minimized (Fig. 11.8).

The true advantage of prostate harmonic imaging may be
the enhancement of any hypoechoic structures combined with

. Transducer

FiG. 11.8. Grating Lobes. F = Fundamental Frequency, 2F = Sec-
ond Harmonic Frequency

FiG. 11.9. Conventional ultrasound image illustrates a 77-cm? pros-
tate without any focal lesion or nodules

G. Karlsson

Fi1G. 11.10. Same patient scanned using harmonic imaging. Note the
increased resolution in differentiating between the peripheral zone
and the transitional zone

the suppression of hyperechoic phenomena, such as shadow-
ing due to the ultrasound beam being reflected from corpora
amilacia (Figs. 11.9 and 11.10).

Compared to conventional TRUS, tissue harmonic zoogra-
phy allows better visualization of malignant lesions resulting
in improved differentiation and better detection of small pros-
tate masses. It appears to be a promising tool for improving
the diagnostic yield of prostate TRUS.

The transitional zone and the rather compressed peripheral
zone are often better seen on the harmonic imaging picture
because of reduced grating lobes.

3D Ultrasound

3D ultrasound has been employed in different clinical applica-
tions for several years. The acquisition of a 3D data set and the
techniques employed are, however, not the same in different
applications. The most commonly known version of render
mode is surface render mode, used extensively to produce
early images of the face of a fetus.

Surface render mode only gives good results when a surface
is available to render. These techniques fail when a strong
surface (a shift in the ultrasound impedance of tissue) cannot
be found, as is the case in the subtly layered structures within
the anal canal, rectal wall, prostate, etc.

High-resolution 3D ultrasound acquires four to five trans-
verse images per mm of acquisition length. Because of this
high resolution, which typically is close to — or equal to — the
axial and transverse resolution of the 2D image, 3D postpro-
cessing facilities can reveal significantly more features than
can be seen in relatively low-resolution 3D data sets obtained
in other applications. Combined with the volume render mode,
3D scanning has the potential to give higher spatial resolution
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for assessing prostatic disease, compared to what is possible
using 2D ultrasound.

A 2D ultrasound image has under normal circumstances
almost no depth, because of the requirements of keeping the
depth of the image as small as possible.

Volume rendering mode techniques use what is called a ray
tracing model as the basis of operation. A ray or beam is pro-
jected from each point on the viewing screen (the display) back
into and through the volume data. As the ray passes through
the volume data it reaches the different elements (voxels) in
the data set thereby creating the volume render view, making
it possible to look deeper into the data set.

This volume render effect may in particular be dramatic if a
number of vowels inside an acquired 3D data set are produced
from scanning hypo echoic structures. A good example is the
use of this technique to assess hypo echoic prostate lesions.
Voxel values behind, for example, a strongly reflective interface
will also result in the illusion of looking into a semitransparent
dark cavity in the anatomy.

It is also possible to apply other render mode projections:

Maximum Intensity Projection (MIP) tries to find the brightest
or most significant color or intensity along a ray path.

Transparent modes allow the separation of color and inten-
sity data and selective control of the transparency of the two
components. Using this method, it is possible to reduce the
intensity of the gray scale voxels so that they appear as a light
fog over the color information. Color information hidden
behind an obstruction can then be made visible.

Furthermore, and possibly more important, acquired 3D
data sets open up for completely new postprocessing tech-
niques where, for example, the data block can be made opaque,
resulting in additional depth information.

3D acquisitions give access to a new, wider range of viewing
planes that are unavailable with 2D scanning. 3D ultrasonog-
raphy reconstructs a “volume” from 2D scans. This volume
can be analyzed using viewing in scan planes not accessible
by 2D ultrasound — for example, the new coronal view of the
prostate. 3D ultrasonography permits quantitative examina-
tions and excellent measurement capabilities.

A major advantage of working with the 3D system is that
images used for diagnosis are totally reproducible. Using the
original electronic data, images can be reviewed as many
times as needed.

The Specific Benefits of 3D
Ultrasonography of the Prostate

3D ultrasonography enables a simultaneous view of the sagit-
tal, transverse, and — particularly important — coronal planes.
By providing such variety of different views of the prostate,
urologists get an invaluable tool for diagnostics with 3D imag-
ing. They can more easily distinguish the zones of the prostate
and see small lesions.

3D prostate imaging makes spatial relationships much
clearer, so urologists can better assess the extent of disease.
It also provides information that can be valuable for selecting
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patients for alternative therapies, for example external beam
radiation or prostatectomy/radioactive seed implantation. In
particular, it may be easier to determine whether the “prostatic
capsule” has been penetrated, a key factor in tumor staging.
The 3D data set is acquired in a precise, controlled manner,
and can be evaluated at any depth, plane, or angle. It can easily
be saved for interpretation off-line.

The 3D acquisition is performed using a precision
motorized device, and a much higher number of images
are interpreted for the total image reconstruction (typically
several hundred). This technique has resulted in a much
improved spatial resolution.

The 3D volume is constructed from the sequence of acquired
images using interactive 3D software built into a 2D ultrasound
system. The software allows the 3D image to be sliced in any ori-
entation as well as rotated in any direction. The display software
allows up to three surfaces of the prostate to be viewed simultane-
ously in a 3D volume rendering. Visualization of lesions in three
planes appears to allow improved assessment of extracapsular
extension. The 3D image is formed with the coronal in addition to
the standard sagittal and axial planes, which means that instead of
a single transverse or sagittal scan section of the prostate, as seen
with 2D transrectal ultrasonography, the 3D images provide an
added surface to be visualized. This surface could be the lateral,
posterior, anterior, superior, or inferior surface of the prostate, or
a through section of the gland where the posterior surface of the
prostate shows tumor infiltration beyond the periprostatic fat.

Examples of 3D Ultrasonography of the Prostate

See Figs. 11.11 and 11.12

3D views of a prostatic carcinoma. By manipulating the data,
views can be obtained, where capsular penetration is demon-
strated. By means of 3D manipulation of the data obtained views

FiG. 11.11. Adjusting the plane and viewing angle of the 3D datas
proved the lesion to be penetrating the prostate capsule a fact not
seen during the 2D prostate scan
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FiG. 11.12. From the 3D image of the prostate a small lesion of the
peripheral zone seems not to be penetrating the capsule. This was
also the conclusion from the prior 2D prostate scan

not possible to obtain by 2D scannings, e.g., coronal views can
be used to obtain additional diagnostic information.

Recent Developments in
Transducer-Design for TRUS

Until recently, the preferred method for performing TRUS
was either to use an endfire transducer for prostate scanning,
or to use the biplanar approach for the scanning. Different
scan planes can be visualized using both methods, but until a
few years ago none of the scanning methods could visualize
more than one scan plane at a time.

A one-plane view of the prostate can make it difficult to
carry out a precise biopsy regimen because you can’t be cer-
tain that you are sampling from the intended targets. This
applies particularly when you are attempting to use a strategy
of placing some biopsies in very lateral positions. Some recent
scientific publications have stated that such a strategy seems
to lead to better efficiency for detecting the cancer.

Particularly in patients with the peripheral zone com-
pressed due to BPH, it can be very difficult to be certain that
the needle is hitting the intended target in the lateral part of
the peripheral zone.

A few years ago a new kind of TRUS transducer made it pos-
sible to scan in simultaneous biplane, i.e., scan in transverse and
sagittal planes at the same time. Based on the isocenter idea — that
the design must make the needle echo visible in both planes in
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sagittal plane
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FiG. 11.13. The two simultaneous image planes of the simultane-
ous biplane transducer. Both image planes are projected nearly per-
pendicular to the longitudinal axis of the transducer. The transducer
is manufactured with a forward tilt of both arrays for better patient
tolerance, as the depth of introduction into the ampulla recti is cor-
respondingly less

FiG. 11.14. Targeting the right lateral peripheral zone of the prostate
ultrasonically guided precision biopsy. The arrow on the transverse
(lower) image points to the marker that indicates the projection of the
needle path in the perpendicularly opposite image plane, the sagittal
(upper) image. Note that this target is exactly in the lateral peripheral
zone. Many urologists consider biopsies of this area difficult if they
are only based on the sagittal image

one point (the isocenter) — this concept makes it possible to make
sure of the exact placement of the needles (Figs. 11.13-11.15).

The simultaneous biplane view makes it possible to target
the areas you intend for biopsies more correctly and with great
precision. The combined transverse and sagittal views make
it possible for you to see exactly where and how deeply your
biopsy needles are placed.
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FiG. 11.15. An illustration of the two simultaneous scan planes for
scanning the prostate

FiG. 11.16. Transverse image of large prostate

F1G. 11.17. Sagittal image of a large prostate
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FiG. 11.18. Endfire image of a large prostate

Simultaneous biplane is particularly valuable for targeting
more lateral biopsies of the peripheral zone with greater preci-
sion because the peripheral zone, certainly in elderly patients
with BPH, becomes very thin and difficult to target.

A real-time transverse image together with a real-time sag-
ittal one provides a clear indication that the needle is in the
intended area, for quicker and more accurate biopsies.

In some patients, however, simultaneous biplane has some lim-
itations for biopsies in the apical part of the prostate. The biopsy
regimen should include biopsies that are from the left and right
apical part of the prostate, yet still close to the parasagittal plane.

Endfire imaging, although offering less confidence for the
precise placement of the lateral biopsies, is ideal for taking
apical biopsies, because the biopsy guide for endfire imaging
is placed immediately behind the imaging array.

Thus the ideal transducer for biopsies close to the prostate
apex seems to be an endfire type. The ideal transducer for
placing lateral peripheral zone biopsies is the simultaneous
biplane transducer. By combining the two concepts: real-
time simultaneous imaging and the biopsy route through the
midcentral transducer finger — and the endfire guidance of
the biopsy route, the biopsy technique remains optimal for all
individual biopsies of the prostate.

One transducer, using one dual biopsy guide and one inser-
tion, combines the best from endfire scanning with simultane-
ous biplane scanning.

This scan technique for TRUS combines simultaneous
biplane scanning and biopsy with endfire imaging and biopsy
in the same transducer. One insertion of the transducer
combines the best from endfire scanning with the best from
simultaneous biplane scanning.

This new technical development makes it possible to take
biopsies in all sections of the prostate with excellent orientation
and confidence (Figs. 11.16-11.19).
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F1G. 11.19. Illustration of the two scan planes when the transducer is
used in simultaneous biplane mode

FiG. 11.20. Ilustration of the scan plane when the transducer is used
in endfire mode
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Contrast-Enhanced Ultrasound for the Prostate

N. Wondergem and J.J.M.C.H. de la Rosette

Introduction

Imaging of the prostate can be performed using different
imaging techniques and has several applications in the evalu-
ation of benign and malignant prostate diseases. Many imag-
ing techniques are used to detect and follow up abnormalities
of the prostate such as prostatitis, abscesses, benign prostate
hyperplasia, and prostate cancer, or to investigate symptoms
that can be caused by the prostate such as hemospermia or
male lower urinary tract symptoms (LUTS). Other utilities of
prostate imaging are guidance of prostate biopsies or to sup-
port prostate cancer treatment using image-guided therapy.
One of the most important applications for imaging of the
prostate is the detection and staging of prostate cancer. The
incidence of prostate cancer is globally increasing, and differ-
ent disease stages of prostate cancer require different treatment
modalities.! In 2007, an estimated 220,000 new prostate cancer
cases will occur, and it will be the second leading cause of can-
cer death for men in the United States.? To prevent under- or
overtreatment as a consequence of incorrect staging, an accu-
rate detection-staging cascade is necessary. Consequently an
accurate detection-staging cascade will improve patient selec-
tion for the different existing treatment modalities resulting in
better treatment outcomes. Sensitivity and specificity of the
existing imaging techniques used to date to detect prostate can-
cer is low. Transrectal ultrasonography (TRUS) of the prostate
is the most widely used technique for imaging of the prostate to
detect cancer. Even in combination with digital rectal examina-
tion and prostate biopsies, however, the sensitivity of TRUS in
detecting prostate cancer is low. Sextant transrectal ultrasound-
guided biopsies are reported to have a sensitivity of 50-85%
in the detection of prostate cancer.> O’Dowd et al. found that
26% of men with initial biopsies negative for prostate cancer
showed positive biopsies for prostate cancer within 1 year after
the first series.* That is why the search for more sensitive and
specific imaging techniques for prostate cancer continues.
The latest development in the detection and staging of pros-
tate cancer is perfusion imaging of the prostate. Tumor growth
is associated with angiogenesis, increased vascularity, and
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abnormal blood flow patterns because of an increased need
of oxygen and nutrients due to expansive growth of malignant
tissue.’ Perfusion imaging is able to visualize these hemody-
namic properties. This chapter is dedicated to the application
of contrast-enhanced ultrasound of the prostate to improve
detection, monitoring, treatment, and follow up of prostate
cancer. We will address the following questions: What is the
contribution of contrast-enhanced ultrasound for the detection
and staging of prostate cancer? Can CEUS support the existing
imaging modalities and what will future developments bring?

Prostate Cancer Imaging

Ultrasonography

Transrectal grayscale ultrasonography (TRUS) of the prostate
is the most widely used technique for imaging of the prostate
with its seminal vesicles and vas deferens. TRUS was initially
used as a technique to evaluate rectal abnormalities, but in
1963 Takahashi et al. were the first to use this technique for
evaluation of the prostate.® Nevertheless it lasted until 1971
before Watanabe et al. introduced and improved TRUS as a
clinical application for the evaluation of the prostate.” Today
TRUS for imaging of the prostate is a standard and widely
used procedure to detect abnormalities of the prostate, guide
prostate needle biopsies, and measure prostate volume. The
best formula to estimate prostate volume is a combination of
the prolate spheroid formula using the transverse diameter as
the major axis and the anterioposterior diameter as the minor
axis. The formula is expressed as p/6 (transverse diameter)?
(anterioposterior diameter).” There is a considerable variation
in repeated measurements of prostatic volume, and the varia-
tion is greatest for two observers compared to one observer.'?

TRUS is universally used as the initial investigation in case
of suspicion for prostate cancer and to guide needle biopsies
of the prostate. Prostate cancer does not present as a solitary
round mass, but is known to be a multifocal disease and that is
what makes diagnosing prostate cancer difficult. TRUS turned
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out to be more accurate to detect cancers greater than 0.2 cc in
volume and located in the peripheral zone, but sensitivity and
specificity remain low.!" At least one-quarter of the prostate
carcinomas is isoechoic, and consequently not all tumors are
identified on TRUS.

Since the introduction of ultrasound-guided sextant biop-
sies as a standard technique in 1989 by Hodge et al., detection
of prostate cancer improved significantly.!? But even a com-
bination of TRUS with needle-guided prostate biopsies has a
low sensitivity of 50-85% in detecting prostate cancer.’ Up to
56% of carcinomas are found in areas that appeared normal on
TRUS and hypoechoic lesions have a 17-57% chance of being
malignant.'* However, it remains important to take biopsies of
a prostatic lesion identified by TRUS because prostatic lesions
are almost twice as likely to show cancer compared to normal
areas of the prostate. These cancers are of higher grade and
volume and more clinically significant.'*!5

We can conclude that sensitivity and specificity of TRUS
alone or in combination with biopsies to detect prostate cancer
are low. TRUS alone lacks distinguishing benign from malig-
nant tissue, and prostate biopsies often miss the cancer because
cancer foci may be small and spread throughout the prostate.

TRUS of the prostate has multiple clinical supporting
applications. Ukimura et al. used real-time intraoperative
TRUS guidance during laparoscopic radical prostatectomy to
enhance intraoperative surgical precision and improve func-
tional and oncological outcomes.!¥ In 1993 Onik et al. were
the first to use TRUS to guide percutaneous radical cryosurgi-
cal ablation of the prostate and monitor the whole treatment.'
Gelet et al. used TRUS for a high-intensity focused ultrasound
(HIFU) experiment on benign prostatic hypertrophy.? Cur-
rently TRUS is also used to support HIFU treatment for pros-
tate cancer.?! Wallner et al. described TRUS as a technique for
verification of proper needle placement in the prostate at the
time of 1-125 seed implantation.??

Color and Power Doppler Ultrasonography

Sensitivity and specificity of TRUS can be improved by using
color or power Doppler ultrasound. The technique of both
methods differs, but both use ultrasound waves reflected from
moving objects (red blood cells) to detect abnormal vascularity
of the prostate. Rifkin et al. found three different flow patterns
using color Doppler that may be associated with prostate can-
cer: diffuse flow, focal flow, and surrounding flow. Up to 85%
of men with prostate cancers greater than 5 mm in size have
visible increased flow in the area of tumor involvement.”

Power Doppler allows comparison of the vascular anatomy
of the normal prostate with that of a prostate with diseases
such as prostate cancer and benign prostatic hyperplasia.*
Malignant tissue generally grows faster and more irregular
with an altered and increased blood flow, and hypervascular-
ity correlates with increased Gleason score.?

Doppler imaging has significant limitations because benign
lesions and inflammatory foci also can cause hypervascularity.

N. Wondergem and J.J.M.C.H. de la Rosette

Although some authors claim that Doppler has a high nega-
tive predictive value and may help to reduce the number of
unnecessary biopsies, Halpern et al. concluded that grayscale
and Doppler ultrasonography fail to identify many malignant
lesions found on sextant biopsy. Therefore a strategy that
relies on a limited number of Doppler-targeted biopsies will
miss some malignant lesions.?>?

Color and power Doppler ultrasonography increase the sen-
sitivity of TRUS, but cannot avoid the necessity of random
biopsies. As a result we can say that Doppler ultrasound imag-
ing can be useful in addition to conventional grayscale TRUS,
but both sensitivity and specificity are low.

Three-Dimensional Ultrasonography

Three-dimensional transrectal ultrasound (3D-US) enables
the physician to interpret the aspect of the prostate in every
desired direction and view the images in sagittal, transverse,
and coronal planes simultaneously. Volume measurement
with 3D-US has lower variability and higher reliability than
conventional 2D ultrasound, but it is hard to make it clinically
applicable because it is labor intensive and time consuming.?
3D-US is a good technique to image the transitional zone in
case of benign prostate hyperplasia.” In the detection of pros-
tate cancer 3D-US has an increased sensitivity compared to
conventional 2D imaging.*® This does not result in significant
clinical improvement of prostate cancer detection and staging,
because specificity decreased.

Elastography

Elastography or strain imaging is based on external tissue
compression and was first described by Ophir et al.*! It is a
method for quantitative imaging of strain and elastic modules
distributions in soft tissues and is used for the detection of
prostate cancer.

Elastography is based on the fact that malignant tissue is
less compressible than benign prostate tissue. Therefore it is
important that real-time elastography should always be inter-
preted in combination with conventional ultrasound because
harder tissue caused by prostatolithiasis, benign nodes, or
prostatitis can lead to pathologic elastograms.

Konig et al. used real-time elastography in combination
with conventional ultrasound. In 127 of 151 cases (84.1%)
prostate cancer was detected, and they concluded that it
is possible to detect prostate cancer with a high degree of
sensitivity using real-time elastography as an additional
diagnostic tool.*> Cochlin et al. demonstrated that adding
elastography to conventional ultrasound has real clinical
value. Taking targeted biopsies from abnormal prostate areas
detected by elastography, in combination with conventional
ultrasound-guided biopsies, improved prostate cancer detec-
tion.** Elastography detects a lot of prostatic cancers, but
sensitivity of elastography alone is not enough to replace
grayscale imaging.
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Cross-Sectional Imaging

(Endorectal) magnetic resonance imaging (MRI) does not
play a role in the detection of prostate cancer. Wefer et al.
found that endorectal MRI can detect just as much prostate
cancers as sextant biopsies, but the additional value is not clear
yet because prostate biopsies are still required for confirma-
tion and grading.** Sensitivity is low for small prostate cancer
foci because MRI is unable to visualize microscopic dis-
ease.” Recent studies showed promising outcomes claiming
that dynamic contrast-enhanced MRI can identify early-stage
prostate carcinoma with high sensitivity and specificity.* Cur-
rently, the major clinical indication for MRI is the detection of
extracapsular extension and seminal vesicle invasion. MRI is
a promising and useful technique for local staging of prostate
cancer but reproducibility, interobserver variability, and high
costs play an important role.

Computer tomography (CT) has no clinical value in the
local staging of prostate cancer. CT does not show tumor in
the prostate, cannot define margins with any great accuracy,
and overestimates the prostate volume. CT can be used for
staging of pelvic and distant metastases, but should not be
used as a routine investigation before radical prostatectomy
because sensitivity is low.*’

Scintigraphy and positron emission tomography (PET) only
play a role in detecting local recurrence after treatment, or in
advanced disease to determine the amount of metastases.*®

Contrast-Enhanced Ultrasonography

Contrast Agents

Contrast-enhanced ultrasonogaphy (CEUS) was first used in
echocardiography after a coincidental finding of ultrasound
signal increase caused by small bubbles formed at a catheter
tip.** CEUS uses gas-filled microbubbles that are adminis-
tered intravenously to the circulation as a bolus, or constantly
by means of an infusion pump to reach a steady state. Depend-
ing on the kind of contrast agent, stabilizing shells consist of
denaturated albumin, surfactants, or phospholipids. The gas-
ses consist of air or perfluoro gas.*® Microbubbles with heavy
gas cores are likely to last longer in circulation because heavy
gasses are less water soluble. Because of their stabilizing shell
the microbubbles can withstand hydrostatic pressure within
the vascular system and acoustic pressure from the ultrasound
wave. As a result they remain stable passing the pulmonary
capillaries without being excreted. The encapsulated gas bub-
bles, varying in size from 1 to 4 mm, remain in the blood pool
for a few minutes until they dissolve. Their size makes them
smaller than erythrocytes, which allows them to move through
the microcirculation without difficulty.

Contrary to contrast agents used for CT and MRI that diffuse
into the tissue, microbubble contrast agents remain intravas-
cular as blood-pool markers of the microcirculation. (Abnor-
mal) Blood perfusion of the target organ (micro) circulation
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can be visualized. Microvessels originating from malignant
lesions can be visualized by the intense reflected signal from
the microbubbles. Microbubble destruction, caused by an
increased mechanical index of the ultrasound beam, is used
for a total depletion of contrast microbubbles in the targeted
imaging area. Imaging the inflow of new contrast microbub-
bles after the destruction may reveal aberrant flow patterns
correlated to prostate cancer.

Safety

Several papers have been published concerning the safety of
ultrasound contrast agents.*'* Adverse events with ultrasound
contrast agents are usually minor, rare, and transient. Com-
plications like nephrotoxicity, which can occur with iodine-
containing contrast media in use for CT or the gadolinium
chelates used in MRI, have never been reported. After use in
thousands of patients the most frequently reported side-effects
of microbubble contrast agents are headache, altered taste,
local pain at the injection side, a warm facial sensation, and a
general flush.* Controlled studies revealed that the symptoms
may not be related to the ultrasound contrast agents because
they have also been observed in the placebo-controlled groups.
No cases of an allergic reaction have been reported to date, but
a single case of general flush with erythema and papules has
been observed. Generalized allergy-like or hypersensitivity
reactions occur only rarely.

Because the gaseous content of the microbubble agents is
eliminated by the lungs, it is of importance to evaluate whether
impaired pulmonary function could be a contraindication for
the use of microbubbles. In a study with Sonovue (Bracco) in
patients with Chronic Obstructive Pulmonary Disease, CEUS
appeared to be as safe and well tolerated as in a healthy con-
trol group.*

Theoretically there is an improved risk of biochemi-
cal effects, such as cavitation. In the expansion part of the
ultrasound cycle, dissolved gas in fluids can form cavi-
ties in the form of gas bubbles. This “acoustic cavitation”
is only described in in vitro situations and never in human
blood. Other in vitro studies also showed that CEUS can
cause hemolysis and platelet aggregation, but this has never
been seen in humans. Animal studies showed myocardial
ischemia, which was not associated with histopathological
evidence of myocardial damage, and several sorts of arrhyth-
mias.*> These effects were seen after direct echocardiogra-
phy with a high mechanical index. Recently, some cardiac
events occurred in patients previously known with severe
heart problems after use of Sonovue. Although relationship
with the injection of the contrast agent cannot be proven,
the use of this microbubble agent has since been restricted
to noncardiac imaging and patients without serious cardiac
morbidity.

In 2004 general safety guidelines for the use of ultrasound
contrast agents were published.*® One should remember that
ultrasound contrast agents are new products and that it may take
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several years of accurate surveillance to document possible
adverse reactions. Significant differences in safety between
the different contrast agents have not been published.

Technique

Different techniques are used for contrast-enhanced ultra-
sonography. The first contrast-enhanced ultrasound images
were made with regular B-mode ultrasound.* Sensitivity of
this B-mode ultrasound was improved with Doppler tech-
nique. The imaging technique used to date is based on the
nonlinear behavior of the microbubble contrast agents: Har-
monic imaging. The effect of this technique depends on the
fact that encapsulated gasses are compressible unlike normal
tissue resulting in altered ultrasound frequencies. The nonlin-
ear behavior of the microbubbles is used to emphasize the dif-
ference between tissue and contrast.

With harmonic imaging the signal returned from the body
includes not only the initial transmitted ultrasound frequency
coming from tissue (like conventional ultrasonography) but
also a harmonic frequency which is twice the initial fre-
quency (coming from contrast microbubbles). Because of
acoustic impedance the pulse transmitted by the ultrasound
probe bounces off the interface between the bubble and sur-
rounding tissue with the initial frequency (as in conventional
ultrasonography). As a result of the shock from the ultrasound
pulse the bubble starts vibrating, generating a harmonic sig-
nal twice the frequency of the initial ultrasound pulse. Only
the signals returning from the body with twice the initial fre-
quency are coming from places where the microbubbles are
located. Microvessels, originating from malignant lesions,
may be visualized by the intense reflected signal from the
microbubbles within the vessels. Harmonic imaging provides
image information in three configurations: tissue-only, con-
trast agent-only, or tissue in combination with contrast agent.
This makes simultaneous viewing of tissue-only and contrast-
only images possible.

Applications

CEUS has been evaluated for many indications. The main
field in which CEUS has been used is echocardiography for
the evaluation of left ventricular function and assessment
of myocardial perfusion.* CEUS is the dynamic imaging
modality of choice for the diagnosis and characterization of
hepatocellular carcinoma and other liver lesions, and it can be
used for monitoring of ablative therapies of liver masses.*’3
Several studies describe the use of CEUS to evaluate tumor
angiogenesis in breast lesions and to establish the response
of breast cancer therapy.**>* Other applications are imaging
of acute cerebrovascular disease, sentinel lymph node detec-
tion, assessment of splenic abnormalities, and abdominal
trauma.’'-> Applications of CEUS in diagnosis, treatment,
and follow up of renal diseases are discussed in the next
chapter of this book.

N. Wondergem and J.J.M.C.H. de la Rosette

Contrast-Enhanced Ultrasonography of the
Prostate

Detection of Prostate Cancer

CEUS of the prostate detects lesions that cannot be seen on
grayscale ultrasound or found with systemic biopsies, because
CEUS allows the assessment of angiogenesis, increased vas-
cularity, and abnormal blood flow associated with prostate
cancer.

Sedelaar et al. correlated images, obtained by CEUS in 70
patients with biopsy-proven prostate cancer, to the histopatho-
logical outcomes of their radical prostatectomies.>® Their pur-
pose was to determine the characteristics of malignant lesions
on CEUS. The results indicated that the detection of prostate
tumors with a maximum diameter >5 mm varied between 68
and 79%, depending on the interobserver differences. Of the
tumors <5 mm an average of 31% was detected. CEUS was
found to improve the sensitivity of detecting malignant tissue
in a group of prostate cancer patients. Other studies showed
that CEUS has the potential to visualize lesions with increased
microvessel density, which seems to be associated with higher
grade prostate cancer.”” Goossen et al. demonstrated that time
enhancement curves, derived from the CEUS signal, can
localize prostate cancer most accurately in either the right
or the left lobe using the minimal time to peak.*® They could
not discriminate between malignancies in either the dorsal or
ventral side of the prostate because of anatomical differences
between dorsal and ventral areas of the prostate.

Better visualization of prostate cancer with CEUS will
increase diagnostic accuracy because biopsies can be taken
targeted instead of randomly. CEUS-guided targeted biopsies
may detect a larger number of prostate cancers with fewer
needle biopsy cores, compared to grayscale ultrasound-
guided biopsies. Using CEUS, Frauscher et al. detected the
same amount of cancers, with higher Gleason scores, with
almost fewer than half the number of biopsies compared to
conventional grayscale ultrasound-guided systematic core
biopsies. The detection rate for targeted biopsies (10.4%)
was significantly better than for systemic biopsies (5.3%). It
was concluded that CEUS-targeted biopsies is a reasonable
approach for detecting a greater number of clinically signifi-
cant cancers, decreasing the number of prostate biopsies.>*
Halpern et al. found a significant improvement in sensitivity
from 38 to 65% in detecting prostate cancer using CEUS. Sex-
tant biopsies were scored prospectively as benign or malig-
nant with grayscale imaging and again for CEUS. Specificity
was similar for both conventional grayscale ultrasound and
CEUS.®" Roy et al. proposed to use CEUS for repeat biop-
sies in patients after a first negative routine biopsy protocol
because CEUS improves the positive biopsy rate of prostate
cancer with directed core biopsies.®

Doppler ultrasound can be used to enhance the contrast
signal. Adding microbubble contrast agents to three-dimen-
sional power Doppler imaging offers an increased detection
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of prostate cancer. Sensitivity increased from 38 to 85% using
microbubble contrast agents during needle-guided prostate
biopsies. Specificity did not change.®

Our clinic is investigating the role of CEUS of the prostate in
the detection of prostate cancer and follow up after treatment.
Figure 12.1 shows a contrast-enhanced ultrasound image of a
prostate in a man with biopsy-proven prostate cancer in com-
bination with histology of the resected prostate. Abnormalities
of the blood flow detected with CEUS correspond to the can-
cer foci in the prostate seen on histology. Figure 12.2 shows
grayscale, color Doppler, and contrast-enhanced ultrasound
images of a prostate with a large tumor on the right side.

Support of Prostate Cancer Treatment

Like conventional grayscale imaging, CEUS can support
treatment of prostate cancer. CEUS has a higher sensitivity
in detecting prostate cancer, resulting in a higher certainty to
predict where and how extensive the tumor is. This informa-
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tion can be used to determine the right treatment modality or
to support treatment. One could decide to spare one neuro-
vascular bundle on the side without aberrant vascularity on
CEUS, assuming there is no malignant tissue on that site. In
case of suspicion of capsular invasion based on CEUS, one
could decide to resect or freeze the prostate more radically.
Figure 12.3 shows a CEUS image of a prostate in a man with
biopsy-proven prostate cancer in combination with histology
of the resected prostate. Based on CEUS there was a suspi-
cion of extraprostatic growth, confirmed by histology of the
resected prostate.

With radiotherapy it is possible to increase the radiation
dose on the areas of the prostate with aberrant vascularity, cor-
related to malignancy. Zaider et al. used magnetic resonance
spectroscopic imaging (MRSI) to optimize dose distributions
for permanent I'* seed implantation.® They increased the radi-
ation dose on those places where intraprostatic lesions were
seen. Calculation of the tumor control probability showed a
minimum increase of 25% compared to the standard treatment

FiG. 12.1. A contrast-enhanced ultrasound (CEUS) image of a prostate in a man with biopsy-proven prostate cancer. Conventional grayscale
ultrasound showed no abnormalities. Real-time CEUS showed four areas with significant abnormal vascularization suspicious for malignant
tissue, corresponding to histology after prostatectomy (colored areas (¢)). In contrary to the dynamic investigation, the static real-time image
does not show any abnormalities (a). Microvessel imaging technique (b) suggests the four abnormal areas that were demonstrated more

clearly during real-time investigation (encircled areas)
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F1G. 12.2. A CEUS image of a prostate in a man with biopsy-proven prostate cancer (a). The right side of the prostate (left side of the image)
shows a high amount of contrast enhancement, corresponding to malignant tissue. Conventional grayscale ultrasound shows a hypodens lesion
corresponding to the lesion seen on CEUS. Color Doppler ultrasonography already showed hypervascularization of the hypodens lesion (¢)
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FiG. 12.3. A CEUS image of a prostate in a man with biopsy-proven prostate cancer. Conventional grayscale ultrasound showed no abnor-
malities. During real-time CEUS imaging an extension of abnormal vascularization beyond the prostate was seen, suspicious for extrapros-
tatic invasion (encircled area Fig. 2a). Microvessel imaging technique showed an abnormal vascularization on the same side of the prostate,
extending outside the prostate (Fig. 2b). The suspicion of a tumor extending outside the prostate was confirmed by the histology of the

resected prostate (Fig. 2¢)

plan. They concluded that a prostate cancer brachytherapy
planning system, based on MRSI, may improve the oncologi-
cal outcome for patients with organ-confined prostate cancer.
As for MRSI, CEUS could support prostate cancer brachyther-
apy planning by detecting intraprostatic lesions. These data
can be used to optimize dose distributions and improve onco-
logical outcomes.

During active surveillance of prostate cancer CEUS can be
used to image and follow up the possible tumor foci. In case of
an increase in contrast enhancement during follow up, associ-
ated with more clinical significant prostate cancer, treatment
can be adjusted to the new situation.

Follow up of Prostate Cancer Treatment

CEUS can be used for several purposes in the follow up of
prostate cancer, using the absence of blood signals as an indi-
cator of treatment outcomes. Both high-intensity focused ultra-
sound (HIFU) and cryosurgery are treatments causing ablation
of tissue by very high or very low temperatures, respectively.?!
After successful prostate cancer treatment with HIFU or cryo-
surgery, blood flow should be absent in the treated area caused
by direct thermal and indirect physiological effects of treat-
ment. At this moment follow up after HIFU or cryotherapy is
based on digital rectal examination, prostate specific antigen
(PSA), and in some cases prostate biopsies to determine bio-
chemical and pathological disease-free survival. CEUS can be
used as an extra surveillance, to detect treatment failures or
recurrence of prostate cancer. Sedelaar et al. consider CEUS
as a promising method to determine the size of the defect after
HIFU therapy for prostate carcinoma. The absence of blood
flow after treatment reflected the affected tissue.® As for
HIFU, CEUS can be used to determine the size of the affected
tissue after treatment after treatment with cryotherapy. CEUS
after optimal treatment will show a total absence of contrast

enhancement in the prostate, meaning an absence of blood per-
fusion. Treatment failures or cancer recurrence will be shown
by areas of contrast enhancement, corresponding to remaining
vital (tumor) tissue. This way CEUS can be used as a verifica-
tion of the used therapy. Figure 12.4 shows a CEUS image of
a prostate, next to a conventional grayscale ultrasound image,
2 weeks after prostate cancer treatment with cryotherapy.

CEUS can be used to monitor the hormonal treatment of
prostate cancer. Eckersley et al. found by means of CEUS
that the vascular enhancement of the carcinoma declined with
therapy, similar to PSA. The demonstrated reduction in vascu-
larity produced by antiandrogen hormone therapy can be used
to monitor therapy.®® The same should be possible with fol-
low up after radiotherapy treatment. Radiotherapy kills cancer
cells, theoretically resulting in a reduction of vascularization
of prostate cancer foci, found by means of CEUS.

The role of angiogenesis inhibitors in the treatment of can-
cer is increasing. Angiogenesis inhibitors put a stop to cancer
angiogenesis. Monitoring of treatment can be performed by
CEUS and is important to see if, and how long the patient
benefits from therapy. In case of successful therapy CEUS
will show a decrease of contrast enhancement in tumor foci
during the use of angiogenesis inhibitors. Lamaruglia et al.
used CEUS to evaluate angiogenesis inhibitors in renal cancer
and concluded that it might be an effective tool for evaluating
antiangiogenic drugs.?’

Future Development

CEUS will benefit from technical improvements like three-
dimensional (3D) imaging and quantification of enhancement.
3D CEUS imaging enables the assessment of the prostate in
sagittal, transverse, and coronal plane simultaneously and
could improve the detection of prostate cancer.
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FI1G. 12.4. A transrectal grayscale ultrasound (TRUS) image of a prostate, next to the CEUS image, 2 weeks after prostate cancer cryotherapy.
TRUS shows no abnormalities or treatment effects (Fig. 3a). CEUS shows a complete absence of contrast enhancement, meaning an absence
of blood perfusion in the prostate with its carcinoma (Fig. 3b,3c). Only the urethra, which was protected from freezing damage, shows con-
trast enhancement, corresponding to vital tissue. The small areas with minimal contrast enhancement (encircled white spots) show that total

avascularity of the prostate is not reached yet after 2 weeks
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F1G. 12.5. This figure shows the mechanism of therapeutic imaging. Drug- or gene-loaded microbubbles with ligands (a) bind to a selected
cell type (b). Microbubble destruction, caused by increasing the mechanical index of the ultrasound beam, releases and delivers the drug or

gene at the desired place (c¢)

A computerized method for quantification of microbubbles
makes an objective grading of contrast enhancement pos-
sible, to detect areas of the prostate with abnormal contrast
enhancement. The development of, and search for, new ultra-
sound contrast agents for better reflection of ultrasound sig-
nals continues. Also new imaging techniques could improve
ultrasound contrast agent detection.

The latest development in using ultrasound microbubble
contrast agents is targeted and therapeutic contrast-enhanced
imaging.®®® Therapeutic imaging uses drug- or gene-loaded
microbubbles with ligands that bind to a selected cell type.
Using the right ligands for the right receptor, microbub-
bles can be used for the delivery of any drug or genetic

material, to any desired location in the body. Microbubble
destruction, caused by increasing the mechanical index of
the ultrasound beam, releases and delivers the drug at the
desired place. Figure 12.5 shows the mechanism of thera-
peutic imaging.

Targeted imaging uses microbubbles with ligands that bind
to a selected cell type to detect pathophysiologic conditions.
Because microbubbles remain intravascular, targeted contrast-
enhanced ultrasound focuses on intravascular diseases such as
inflammation, thrombus formation and angiogenesis.”” Maybe
in the future targeted and therapeutic contrast-enhanced ultra-
sound can improve the detection and treatment of prostatic
diseases.
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Conclusion

CEUS imaging of the prostate is easy to perform, not time
consuming and increases the visibility of abnormal micro-
vascular blood flow correlated with malignancy. CEUS of
the prostate shows promising results in cancer detection by
improving sensitivity of TRUS and targeted biopsies. It can
be useful in tumor staging, treatment support, monitoring of
prostate cancer therapy, and discovering tumor recurrence
after initial treatment.

CEUS of the prostate is a rather new imaging technique
and ultrasound imaging techniques are still improving. More
applications of contrast-enhanced ultrasound for the prostate
are to be discovered, and more studies are necessary to deter-
mine the exact role of CEUS for prostate cancer. The aim is
to improve detection, treatment, monitoring, and follow up
of prostate cancer with better cancer-specific outcomes and
lower patient morbidity.
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Chapter 13

Contrast-Enhanced Ultrasound of the Kidneys

Patricia Beemster, Pilar Laguna Pes, and Hessel Wijkstra

Introduction

Several imaging techniques can be used for visualization of
the kidneys dependent on the indication. Ultrasound (US),
computerized tomography (CT), and magnetic resonance
imaging (MRI) are most commonly used. US is a safe, rela-
tively inexpensive, noninvasive, and widely available imaging
method. It is therefore often used as a screening tool, espe-
cially for nephrolithiasis, hydronephrosis, renal masses, and
perirenal processes. Often, in case of an abnormal finding, a
CT or MRI follows for more detailed information about the
extent, the anatomical landmarks, and eventually surgical
treatment planning.

US is commonly used for identification of stones and
hydronephrosis. However, US does not provide optimal infor-
mation about both stone size and location which are important
parameters in the therapeutic decision.! Additional imaging
with CT or intravenous urography has to be done to answer
these questions. US is highly accurate in the diagnosis of
hydronephrosis, with sensitivity ranging from 90 to 100% and
specificity ranging from 90 to 98%.> It is also a good instru-
ment to monitor the development, progression, or resolution
of hydronephrosis — not only in patients with ureteral stones
who are being observed, but also in the postoperative period
after surgery of the urinary tract.

Cystic lesions of only a few millimeters in diameter can be
detected by US, while solid renal masses are better seen when
approaching 2 cm.? Although the differentiation between simple
cysts and solid renal lesions can be made with an accuracy of
approximately 98%, US fails to differentiate malignant masses
from benign masses like oncocytoma or angiomyolipomas with
low fat content.? In case of a complicated cyst or a solid mass a
contrast-enhanced CT is indicated for further characterization.

US is a sensitive modality for demonstrating perirenal fluid
collections, such as lymphoceles, urinomas, hematomas, and
abscesses, although no differentiation can be made between
the different types of fluid collections.?

Another important application for ultrasonography is its
intraoperative use. Especially in minimally invasive nephron-
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sparing surgeries like laparoscopic partial nephrectomy,
cryoablation, and radiofrequency ablation (RFA), laparoscopic
ultrasonography is essential.® It allows for real-time three-
dimensional visualization of the tumor and thus for better
excision or better placement of cryoprobes or RFA electrodes.
Also, the presence of satellite lesions may be identified.

Another more experimental treatment option for renal
tumors is high-intensity focused ultrasound (HIFU). For this
extracorporeal and thus noninvasive technique to ablate renal
tumors gray-scale ultrasound can be used for identification
and real-time targeting of the tumor.*

Although US certainly has its advantages over CT and MRI,
it also has certain limitations. One of these limitations arises
from the lack of detailed visualization of perfusion. Although
Doppler US can visualize blood flow in large arteries like the
renal artery and vein, perfusion of the microvasculature of the
kidney parenchyma cannot be assessed by Doppler ultrasound.
However, by using contrast-enhanced ultrasound (CEUS) also
the blood flow in the microvasculature can be imaged.

CEUS has been evaluated for many indications. The main
field in which CEUS has been used is echocardiography where it
is used for evaluation of left ventricular function and assessment
of myocardial perfusion.’ CEUS is the dynamic imaging modal-
ity of choice for the diagnosis and characterization of hepatocel-
lular carcinoma and other liver lesions, and it can be used for
monitoring of ablative therapies of liver masses.®’” As described
in the previous section, CEUS is nowadays investigated for the
detection of prostate cancer and for taking targeted biopsies.

This chapter will describe the use of CEUS in diagnosis
and follow up of renal diseases. Also, new developments and
future perspectives are discussed.

Ultrasound Contrast
Ultrasound contrast agents consist of gas-filled microbubbles
with a diameter smaller than red blood cells (~8 mm in diam-

eter) which are injected intravenously. They act as selective
blood pool agents and significantly increase the number of
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reflectors in the vascular space, making, e.g., Doppler imag-
ing more sensitive. Nowadays, more sensitive CEUS tech-
niques have been developed that are capable of detecting
single microbubbles. In this way, real-time imaging of the
(micro-)vasculature is possible and makes CEUS an attractive
alternative to other imaging modalities.

Contrast agents and their mechanism of action have been
described in detail in the previous section. In short, the new-
est CEUS imaging techniques make use of so called nonlinear
behavior of the injected microbubbles. In this way, the reflec-
tions of the microbubbles can be separated from the tissue reflec-
tions, and simultaneous and real-time viewing of a tissue-only
and a contrast-only image is possible. With a short-lasting pulse
of a high mechanical index the microbubbles can be destroyed
which allows repeated and detailed real-time imaging of inflow
of microbubbles.® With this so called destruction-replenishment
imaging information about the dynamics of perfusion within a
tissue can be obtained. The microbubbles used for CEUS imag-
ing of the kidneys travel through the renal microvasculature
and are not subjected to renal filtration or excretion like the
iodinated contrast agents used in CT or the gadolinium chelates
used in MRI. Therefore, specific information about the perfu-
sion of the kidney can be obtained. In addition, the tolerance
for ultrasound contrast agents in clinical practice is excellent
and no renal toxicity has been reported.®® The administration of
contrast can be repeated even in patients with renal failure. This
makes CEUS the perfect tool for renal imaging.

Diagnosis

The added value of CEUS to conventional US is detailed visu-
alization of the renal microvasculature. This means that CEUS
can especially improve the detection of renal diseases that dis-
rupt or alter the architecture of (small) blood vessels.

Renal Artery Stenosis

Renal artery stenosis is the most common cause of potentially
curable secondary hypertension. The use of CEUS improves the
visualization of the main renal artery substantially and reduces
the number of unequivocal examinations.'” Multicenter trials
have shown the accuracy in detection of renal artery steno-
sis with Doppler US to increase from approximately 65 to
78-84% with the use of US contrast, including patients with
obesity and renal dysfunction.'” Also, the examination can be
done twice as fast and with less technical failures.!' The follow
up of the treatment of renal artery stenosis with percutaneous
transluminal angioplasty can also be done with CEUS, and
preliminary studies show promising results.!°

Renal Perfusion Defects

Detection of focal renal perfusion defects can be important in
the differential diagnosis of pyelonephritis, renal infarction,
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segmental renal artery stenosis, and intravascular thrombo-
sis or in detecting rejection of a transplanted kidney. For this
purpose CT, MRI, angiography, scintigraphy, or Doppler US
can be used. Color and pulsed Doppler are sensitive means to
detect significant segmental infarcts in the superficial renal
cortex of the kidney. However, the diagnosis of small or distal
perfusion defects remains difficult because of the lack of sen-
sitivity, particularly when the kidney is deep, hypoperfused, or
moving with breathing.'? Several animal studies indicate that
CEUS improves the detection of focal perfusion defects!>!4;
they are seen as flow defects with sharp edges and correspond
closely to perfusion defects seen on angiography. In one of
these studies the combination of gray-scale and contrast-
enhanced Doppler US allowed the differentiation of renal
ischemia from renal infarction.' It is critical to differentiate
these two since treatment and prognosis for these conditions
differ.

Renal Trauma

The published literature on the value of CEUS in renal trauma
such as contusions and lacerations is very scarce. Theoreti-
cally, the presence of active hemorrhage could be confirmed by
extravasation of contrast agent on ultrasonography. One study
in a porcine model explored the detection of renal hemorrhage
when using a contrast agent injected either intravenously (iv)
or intra-arterially (ia).'> After contrast administration, a cres-
cent-shaped area of increased echogenicity became apparent
within the perinephric space at the site of injury. Dependent
on the observer, the detection improved significantly from 54
to 64% before contrast to 70-74% after ia contrast; however,
there was no significant improvement after iv injection of con-
trast.

Ureteropelvic Junction Obstruction

Research on congenital hydronephrosis caused by obstruction
of the ureteropelvic junction (UPJ) suggests that the cause
may lie in a disturbance in pelvic peristalsis due to an abnor-
mal orientation of muscle fibers at the UPJ.'® The incidence
of vessels crossing the UPJ is much greater in the popula-
tion with UPJ obstruction than in the general population, and
they might add to the obstruction.'® To avoid vascular inju-
ries during endourologic UPJ repair, preoperative detection
of crossing vessels is critical.'® Frauscher et al.'® compared
the detection of crossing vessels using color Doppler US with
and without a contrast agent to the number of vessels found
during laparoscopic repair. In 29 patients with a total of 26
vessels found during laparoscopy, all but one vessel were
detected with CEUS, while unenhanced color Doppler US
only detected 15. In addition the mean examination time was
significantly decreased from 23 to 14 min using contrast. In
another study, Frauscher et al. found that the postoperative
assessment of the position and displacement of the crossing
vessels is also possible with CEUS."
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Cystic Renal Masses

With the use of gray-scale US simple cysts are easily identified
and do not need further evaluation or treatment. However, a com-
plicated cyst needs to be differentiated from a malignant renal
tumor. This is not always an easy task, and contrast-enhanced
CT or MRI is usually required for further evaluation. US find-
ings suggestive of a cystic or pseudocystic renal neoplasm
include a thick irregular peripheral wall, mural nodule(s), mul-
tiple thick septations, and a heterogeneous thick content.'>!8?
The diagnosis of cystic renal cell carcinoma (RCC) relies on
the demonstration of vascular flow within the solid component
or septa of the lesion on CT or MR imaging. Since CEUS is
particularly useful for visualization of renal vasculature, this
imaging technique might be especially helpful in differentiat-
ing benign from malignant complicated cysts (Fig. 13.1).

In a preliminary study of 13 complicated cysts contrast-
enhanced power Doppler US showed best visualization of
tumor vascularity compared with CT and conventional power
Doppler US."® However, limitations can result from strong
enhancement of the surrounding vessels or normal parenchyma
that should not be confused with thick wall enhancement.'?

Solid Renal Masses

Detection

The early detection and the characterization of solid renal
masses are of great importance for their accurate diagnosis,
treatment planning, and prognosis. Up to 83% of asymp-
tomatic renal tumors are detected incidentally with the use
of conventional US.? However, US is less sensitive than
CT in detecting renal lesions <2 cm, particularly if they are

F1G. 13.1. Cystic lesion. Two images of a cystic renal mass: on
the right the B-mode ultrasound image and on the left the contrast-
enhanced image at the exact same moment. The image on the right
shows a hyperechoic rim in the periphery of the cyst — indicative of
a complicated cyst. However, the contrast-enhanced image shows a
nonenhancing and sharply demarcated simple cyst without perfusion
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endophytic and isoechogenic compared with the surround-
ing parenchyma.' Especially in these cases, contrast agents
may substantially improve detection by ultrasonography. An
alteration of the normal cortical thickness and renal pyramid
spacing, abnormal vascular architecture, and necrotic areas
are all suggestive of renal cell cancer.'*?! Other features that
can be indicative of tumor are a heterogeneous enhance-
ment pattern, and a different speed of uptake and vascular
washout of the contrast agent compared to the normal paren-
chyma?*? (Fig. 13.2). Renal cell carcinomas may be less
vascular, hypervascular, or similar in vascularity to adjacent
normal parenchyma on CEUS, findings that correlate to the
measured Houndsfield units (an objective measurement of
enhancement) on CT.!%??

One study compared the diagnostic accuracy of gray-scale
US and CEUS for RCC. Based on 20 RCCs features were
identified that were regarded as positive findings for RCC,
namely: heterogeneous enhancement, intratumoral anechoic
areas, and presence of a pseudocapsule. If a mass showed two
of these features, it was regarded as an RCC. For CEUS they
found a sensitivity, specificity, and accuracy for RCC of 97,
93, and 95%, respectively. On gray-scale US they found these
to be 70, 86, and 78%, respectively, all significantly different
compared to CEUS.>

In another study, the usefulness of CEUS was evaluated in
the diagnosis of solid renal tumors in 29 patients compared to
contrast-enhanced CT.?! These diagnoses were also compared
to histopathologic diagnoses from the resected lesions. Based
on hypervascularity, positive predictive values for CEUS and
contrast-enhanced CT in the diagnosis of renal tumor were
100 and 82%, respectively.

FiG. 13.2. Solid renal mass. A contrast-enhanced (left) and B-mode
ultrasound image (right) of a solid renal mass. The regular ultra-
sound image shows a hyperechoic renal mass in the midsegment of
the kidney. The contrast-enhanced image shows that the normal vas-
culature of the kidney is interrupted by the mass and that it takes up
more contrast. In real time the mass also enhanced quicker than the
surrounding parenchyma
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Differentiation and Characterization

A large study has shown that 12.8% of solitary renal masses
treated with radical nephrectomy or nephron-sparing surgery
turns out to be benign on pathological examination.”® For
lesions <4 cm this is even increased to 23%.% The reason for
this is that benign masses like oncocytoma, angiomyolipoma,
and pseudotumors may appear similar to renal cell carcinoma,
even on CT or MRI. Thus, better differentiation is crucial
since this can prevent unnecessary surgery.

Various features of oncocytomas have been described using
different imaging modalities such as a homogeneous, well-
demarcated lesion, a vascular “spoke-wheel” pattern, and a
stellate central scar.”**” However, specific criteria for a con-
fident preoperative diagnosis have not been established, and
approximately 73% of excised renal masses that turn out the
be benign consist of oncocytomas.”® Whether CEUS can help
significantly in diagnosing oncocytomas is unclear since only
small numbers have been evaluated.?! In this study, one of two
oncocytomas did show vessels in a spoke-wheel configuration
on CEUS which were not seen on CT imaging, leading to a
correct preoperative diagnosis of oncocytoma.

On ultrasonography an angiomyolipoma with a low fat con-
tent is difficult to differentiate from a malignant tumor since
both may appear as hyperechoic lesions. Gray-scale US has
a low specificity for characterizing such lesions. Studies have
shown that CEUS does not improve this diagnostic (in)accuracy;
therefore, differential diagnosis still relies on CT or MRIL.?

With conventional US pseudotumors such as a prominent
column of Bertin and persistent fetal lobulation can be mis-
taken for a renal neoplasm. CEUS can be helpful in the char-
acterization of these normal variants since in those cases the
enhancement is not different from the normal cortex during
the overall transit of the microbubbles.'*'*

Reflux

Vesicoureteral reflux is the most common urinary tract abnor-
mality in children. It is usually investigated by means of
voiding or radionuclide cystography, both involving the use
of radiation. Contrast-enhanced voiding ultrasonography has
been used in children to reduce the radiation dose. After intro-
ducing microbubbles into the bladder using a catheter, the
upper urinary tract is assessed for echoes refluxing from the
bladder, including determination of reflux grade. The sensitiv-
ity and the specificity of contrast-enhanced voiding US in the
detection of vesicoureteral reflux range from 69 to 100% and
from 87 to 97%, respectively.”

Follow up
Transplant Kidneys

The visualization of tissue perfusion is an important com-
ponent of the diagnostic evaluation of kidney grafts. Acute
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rejection of a kidney graft primarily involves the capillary
and interstitial area, and also other vascular problems such
as allograft artery occlusion or thrombosis can occur in the
postoperative period — the added value of CEUS in these situ-
ations is already discussed. Later, progressive remodeling of
small arteries and arterioles compromises renal function and
accounts for the majority of allograft failures.*

Color and spectral Doppler sonography are the most com-
monly used noninvasive diagnostics, whereby perfusion is
estimated by measuring the resistance and perfusion index.
However, such techniques allow the assessment of renal per-
fusion only in segmental and interlobar renal arteries and do
not give information regarding the preglomerular arterioles.

Recently a study was conducted whereby perfusion of
transplant kidneys in the early postoperative period (i.e., the
first 10 days) was evaluated by CEUS and compared to con-
ventional US.3! Specifically, using special software inflow and
washout curves of different regions of interest of the allograft
were assessed. These preliminary results show that CEUS
might be superior in the diagnosis of early kidney allograft
dysfunction. Perfusion defects due to acute rejection were bet-
ter seen using CEUS, and the extent of perirenal hematomas
could be better evaluated.

Chronic allograft nephropathy (CAN) is recognized as the
main cause of renal allograft failure following the first year
after transplantation.*? In a pilot study quantitative determina-
tion of renal blood flow with CEUS was shown to provide sig-
nificantly higher diagnostic accuracy for the detection of loss
of renal function due to CAN compared with conventional
color Doppler resistance indices (85% vs. 73% resp.).*

Ablation Techniques

With the increase in the detection of small renal tumors, the
use of nephron-sparing surgery is becoming more and more
popular. Besides partial nephrectomy the two most com-
mon approaches are cryoablation and RFA. Another option
is HIFU, although currently still in an experimental setting.*
Because the tumor remains in situ in these treatments, imag-
ing is crucial to evaluate treatment success and possible recur-
rence. Besides destruction of the tumor itself, these treatments
rely on the destruction of tumor-nourishing vessels. Thus, fol-
low up is done by assessing the (absence of) perfusion in the
ablated area (Fig. 13.3).

Case studies have reported on the CEUS findings the first
weeks after cryoablation.’»** One day after ablation single
feeding vessels at the rim of the ablated lesion could be
assessed with CEUS, with CT or MRI showing peripheral
enhancement accordingly. In one patient with a persisting
feeding vessel on CEUS, persistent tumor was seen on CT
scan 10 weeks later. In two other patients where the feeding
vessels disappeared, no recurrent lesion was identified on
MRI of CT up to 6 months.

Cryotherapy can be monitored using standard ultrasonog-
raphy intraoperatively because the iceball that is created is
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FiG. 13.3. A cryoablated renal mass. The left image shows the CEUS
image of a kidney tumor 2 weeks after cryoablation. The ablated
area is nonenhancing and well demarcated, indicating that the vascu-
lature in that part of the kidney — and thus the tumor — is completely
ablated

hypoechoic. However, in RFA such determination of initial
treatment success is not possible. Two studies have reported
on the use of CEUS directly after RFA in a porcine model.*>-¢
Porcine kidneys were assessed for a contrast void correspond-
ing to the area of ablated tissue on gross pathology. The
appearance and the size of the lesions seen by CEUS closely
mirror the ablation defect apparent on gross examination; on
average the CEUS measurements of the lesion diameters were
within 3 mm of those seen on gross examination. In addition,
the unenhanced area also corresponded with microscopic
regions of cell death.*

The utility of CEUS for real-time imaging of RFA remains
to be assessed.

Future

Treatment Monitoring

Antiangiogenic drugs are under investigation for treatment of
RCC.¥ These drugs rely on decreasing the (micro)vasculariza-
tion of the tumor. Recently, it was shown that the histopatho-
logical microvessel density in proven renal cell carcinomas
correlates to color pixel ratio — a measure for the vascular-
ization — as measured by contrast-enhanced power Doppler
ultrasonography.*®

In our own institution a clinical trial is in progress to assess
the usefulness of CEUS in monitoring the treatment of renal
cell cancer with an antiangiogenic drug. Prior to partial or
radical nephrectomy patients receive treatment with the drug
for 8 weeks. CEUS is done before, halfway, and at the end
of the treatment. These images are compared to contrast-
enhanced CT images and the final histological specimen. So

127

far, CEUS images showed a strong decrease in enhancement
in renal masses reacting to the treatment with the antiangio-
genic drug (Fig. 13.4), while tumors not reacting still showed
strong enhancement. This corresponded to both CT images
and histopathology. So indeed, CEUS could be an excellent
tool for determining the efficacy of antiangiogenic drugs and
possibly also for predicting survival.

Targeted Imaging

Although the diagnostic value of ultrasound has been improved
by the use of microbubbles, research is ongoing to improve this
even more. With the use of so called targeted imaging correct
and detailed diagnosis, including special information about
lesion extent will become available. This technique relies on
the selective targeting and retention of a contrast agent and the
subsequent US enhancement at specific sites of disease.

Targeting of contrast agents can be accomplished in two
ways.* The first approach is by selecting certain microbubble
shell constituents that facilitate their attachment to cells in
regions of disease. An example of this is the attachment of
specific phospholipids in the shell of the microbubble to acti-
vated leukocytes in regions of inflammation. The second strat-
egy is to attach disease-specific ligands such as monoclonal
antibodies, peptides, and peptidomimetics to the microbubble
shell surface. Since microbubbles are pure blood pool agents,
this limits the choice for potential target cells and antigens.
Until now, microbubbles have been developed for evaluating
inflammation, angiogenesis, and thrombus formation.** Stud-
ies to date have primarily focused on testing feasibility of the
technique.

F1G. 13.4. Antiangiogenic drugs in RCC. A B-mode (right) and
CEUS image of a renal tumor 4 weeks after treatment with an anti-
angiogenic drug. The contrast-enhanced image shows that the mass
has a nonenhancing center which was not there prior to treatment;
indicating that the antiangiogenic drug has disrupted the tumor vas-
culature
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Targeted Drug and Gene Delivery

Another very interesting application of microbubbles is their
potential use as carriers of therapeutic agents such as certain
pharmaceuticals or even genes because they can be stored
inside or on the surface of the microbubble.”’ The fact they
remain stable in a low mechanical index ultrasound field but
can be intentionally disrupted by a high mechanical index
makes targeted delivery to a specific area of interest possible.
In addition, the ultrasound energy itself has certain effects that
can help targeted delivery. First, the acoustic force of US can
push materials into a tissue. Second, US increases cell perme-
ability and thereby enhances cellular uptake of the therapeuti-
cal compound. Last, US can change the chemical properties of
the drug, for example, activation of light-sensitive materials.
The great advantages of targeted drug delivery are minimizing
toxic side effects, lowering the required dose amounts, and
decreasing the costs.

The clinical application of gene and drug delivery by means
of microbubbles is currently still in its infancy. First, several
requirements have to be met. For example, microbubbles have
to be developed capable of efficiently carrying payload while
still maintaining the ability to be destroyed by acoustic energy.
Also, the methods to conjugate antibodies or binding ligands
to the surface of microbubbles need to be refined and specific-
ity of microbubbles for sites of disease should be improved.

Conclusion

Studies with contrast ultrasound imaging for the kidney show
promising results and more and more applications are being
developed. Compared to other imaging techniques it has the
advantages of giving real-time imaging and being highly
available, relatively inexpensive, without the need for X-ray
exposure, non-nephrotoxic, and relatively easy to do by the
urologist himself. In addition, the technique of perfusion
imaging is still improving, and new techniques as targeted
imaging and drug delivery are under development.

Although most series only show preliminary results and
definitive conclusions about the value of CEUS cannot be
drawn yet, we expect that the impact of CEUS for imaging of
the kidney will further increase during the next decade.
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Chapter 14

The Integration of Computed Topography Imaging
in Ultrasound Diagnosis: Real-Time Virtual

Sonography

Tsuyoshi Mitake and Osamu Arai

Abstract Ultrasound imaging in medicine is a noninvasive
and convenient examination method. The probe for the ultra-
sound scanner is manipulated freehand during examination, so
the cross-sectional image is a little less objective compared to
other modalities. In addition, the cross-sectional image is not
parallel to the body, and hence it is difficult to compare ultra-
sound images and computed tomography (CT) images. When
the doctor makes the comparison between these two kinds of
images for diagnosis or interventional operation, he feels some
stress. We thought this situation should be improved, so we
developed a new technology that combines CT images to ultra-
sound images. This system enables side-by-side display of CT
multiplanar reconstruction (MPR) images obtained from CT
volume data and the same cross-sectional ultrasound images in
real time. We named it as real-time virtual sonography (RVS).

Keywords: Ultrasound imaging, CT images, MPR.

Introduction

Medical ultrasound imaging enables observation of the mor-
phology and blood flow of various organs by transmitting
ultrasound to the targeted organ and receiving the reflected sig-
nals. It is currently used at many hospitals and clinics because
real-time images can be obtained noninvasively at the bedside.
The quality of the images was dramatically improved by digi-
tal ultrasound diagnostic equipment which underwent rapid
development in the middle of the 1990s after being introduced
in the latter half of the 1980s. Much more information is now
available when making clinical diagnosis. However, the use of
the reflected echoes of ultrasound makes it difficult to capture
images through bone, gas, or air. Furthermore, the position
of cross-sectional images may not be objective because the
images of the site for observation are obtained with a probe
for transmitting and receiving ultrasound which is manipu-
lated freehand by a technician, as shown in Fig. 14.1.

When diagnosing hepatic cancer, for example, CT is often
the first choice, and then ultrasound imaging is used to reduce
the patient’s exposure to radiation. A technician performs
ultrasound imaging while confirming the site of the hepatic
cancer using several CT images previously taken at a right
angle to the axis of the body. However, since cross-sectional
ultrasound images differ from cross-sectional CT images, the
diagnosis often depends on the experience and knowledge
of the technician when comparing the positioning of images
obtained by both modalities.

We developed a new technology called Real-time Virtual
Sonography which combines ultrasound images and CT imag-
ing to solve this problem. A method was established to display
the same cross-sectional images of an organ with essentially
different physical characteristics side by side. We believe that
combining both modalities in this way increases the amount
of information available and helps with the interpretation of
the images.

Background

The basic concept of this technology was reported in 1996
by Oshio et al. who at the time were conducting research at
Harvard Medical School.! CT volume data are required for
this technology, but only a single-slice helical CT scanner
was available at the time. To obtain volume data for the entire
liver, a 15-cm section was scanned along the body axis dur-
ing breath holding for 30 s, but even so, the thickness of each
CT image slice was approximately 5 mm. With volume data
from such thick slices, it was not practical to construct MPR
images.

Today, however, the use of multidetector CT (MDCT)
enables scanning of the entire liver in slices of less than 1
mm in thickness during a short period of breath holding. Fur-
thermore, developments in PC technology make it possible
to process data for MPR reconstruction using a commercially
available PC.

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology, 131
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FI1G. 14.1. Example of how an ultrasound scanner is used

Ultrasound Scanner

Magnetic Sensor

Magnetic Field Generator
Control Unit

F1G. 14.2. Configuration of the system

Configuration of the Entire System and
Operation of Each Part

Figure 14.2 shows the overall configuration of the system. It
consists of ultrasound diagnostic equipment, a probe for trans-
mitting and receiving ultrasound, a PC, and a magnetic posi-
tioning sensor unit for detecting the position of probe.

The CT volume data obtained in advance are transferred to
the PC via storage media such as CD-ROM or LAN. A mag-
netic positioning sensor unit (miniBIRD of Ascension, U.S.)
is connected to the PC to obtain information on the position of
the probe. It consists of the control unit, a magnetic field gen-
erator, and a magnetic sensor. The magnetic field generator is
placed near the patient, and the magnetic sensor is attached
to the probe. Table 14.1 shows the major specifications of the
magnetic positioning sensor.

When the ultrasound diagnostic equipment starts scanning
and ultrasound cross-sectional images are displayed on the
monitor, Real-time Virtual Sonography processing program
in the PC detects the position of the probe, and displays cross-
sectional images corresponding to its position and angle as
MPR images reconstructed from CT volume data.

Obtaining CT Volume Data

The format for the Digital Imaging and Communication
in Medicine (DICOM) standard is used to upload multiple

TaBLE 14.1. Specifications of the magnetic positioning sensor.

Item Specification

Degrees of freedom
Translation range
Angular range

6 (position and orientation)

Model 800: £76.2 cm in any direction

All Attitude: +180° Azimuth and Roll,
+90° Elevation

Position: 1.8 mm RMS

Orientation: 0.5° RMS

Position: 0.5 mm

Orientation: 0.1° @ 30.5 cm

Static accuracy:

Static resolution:

Source from miniBIRD product brochure by Ascension Technology Corporation

images generated by a CT scanner to the PC. This standard is
supported by most CT scanners, and the volume data consist
of CT images of multiple slices.

For clinical application of this developed technology, it is
important to obtain images of extremely thin slices in a short
time using MDCT. In case of a CT scanner called a 16-array
detector that is currently available for use in clinical settings,
it is possible to acquire images of 16 slices in one rotation, and
the entire liver can be scanned in around 0.6-mm thick slices
during breath holding of less than 20 s. The DICOM format
is very useful for MPR image reconstruction because the
position and the thickness of each slice are written on the file
names and header section of the nearly 300 images acquired.

Obtaining Information on the Position
of the Probe

Information on the position of the probe is acquired by the
magnetic positioning sensor which is connected to the PC via
an RS232C interface. The information obtained by the PC
from the magnetic positioning sensor is limited to the spatial
position (x, y, z) and the angle (rotation angle to the x-axis,
y-axis, z-axis) in the magnetic field generated by the magnetic
generator. This means that only information on the position
and angle of the magnetic sensor in relation to the magnetic
generator is obtained at the ultrasound examination. For this
reason, it has to be viewed in relation to the coordinate system
of the CT volume data obtained in advance, and the coordinate
system executing the ultrasound imaging. This procedure is
sometimes called as registration.
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Registration of Coordinate Systems

To reconstruct CT MPR whose cross section is the same as
ultrasound images, it is necessary to make registration of
coordinate systems. Several methods were considered to make
the registration of relationship between CT volume space and
the practical space of ultrasound imaging. They are:

(1) One-point registration
(2) One cross section registration
(3) Three-point registration

In case of one-point registration, it is easier because of the usage
of just only one fiducial point which is located on the surface of
body. However, in this case, the patient has to lie down straight in
the bed of CT and the bed for the ultrasound. And the magnetic
field generator has to be placed to the patient in a right angle.
Before starting RVS, it is necessary to settle a point as fiducial in
CT volume data space by the software. After that, actually, the
probe with the magnetic sensor should be placed on the fiducial
point which seems to be located on the same as CT volume data.
Then, the software reconstructs and displays MPR image in real
time. It seems very helpful to observe this MPR image and real-
time ultrasound image simultaneously (Fig. 14.3).

The aforementioned method is used only for one fiducial. If
we will use three points as fiducial, it is possible to avoid the
limitation of body position of patient. However, the magnetic
positioning sensor has the effect from the metal which is located
in the examination room. As a result, the accuracy of position
matching between MPR and ultrasound image sometimes may
be decreased. In such a case, we propose to use one cross-section
registration. At first, an MPR image near the observation point,

MPR from CT
(Real-time Virtual Sonography)

F1G. 14.4. Image of phantom
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CT Volume data space is defined as
Memory address in data set.

(X, Y, Z)

Ultrasound examination space is
captured by magnetic sensor

Probe with magnetic sensor
X, Y, 2)

Magnetic Field generator

F1G. 14.3. One-point registration

which is easy to find out with a similar ultrasound image, should
be chosen. And, a similar cross section in ultrasound image is
found by moving the probe. By pushing the key when the good
matching is observed, the software makes the registration and
starts to reconstruct MPR. This method is easy to use and it is
possible to repeat during examination.

RVS of Phantom is shown in Fig. 14.4. The right image is
reconstructed from CT volume data. The right image is ultrasound

HITACHI

Ultrasound Image
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image. The bottom image shows the cross section of ultra-
sound image on CT 3D image.

Clinical Images

This technology is meaningful because it enables more objec-
tive diagnosis by freehand ultrasound imaging. It will also be
a useful tool for technicians and physicians with little expe-
rience. And our concept has been evaluated in Radiological
Society of North America scientific assembly and annual
meeting.>?

In addition, it will be effective for intraoperative monitor-
ing or determining the therapeutic efficacy of radio frequency
ablation (RFA) for hepatic cancer, kidney cancer, and so on,

T. Mitake and O. Arai

which are increasingly performed under ultrasound guidance.
For RFA treatment, a puncture needle is inserted in the site
of the cancer under real-time observation using ultrasound
images while referring to CT images obtained before surgery.
Radio waves are then transmitted from the tip of the needle to
cause thermocoagulation of the affected area. At present, this
method is often performed while referring to CT images taken
vertically to the body axis, but using this system would make
the procedure easier to understand and enable more objective
diagnosis.

Two cases of kidney in which this developed technology is
applied are shown in Figs. 14.5 and 14.6.

Figure 14.5 is the case of the hydrocalycosis with the renal
calculus. It was possible to confirm that the puncture needle
was inserted just near the renal calculus.

F1G. 14.5. RVS in the hydrocalycosis with the renal calculus (Courtesy of Dr. Ukimura, University Hospital, Kyoto Prefectural University of

Medicine, Japan)

HITACHI

F1G. 14.6. RVS at the puncture from intercostals (Courtesy of Dr. Ukimura, University Hospital, Kyoto Prefectural University of Medicine, Japan)
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Figure 14.6 is the case of the puncture from the intercostal
in renal cancer. There is some blind area because of costae.
However, by using RVS, it is easier and safer to make the
operation.

Conclusion

We established a technology called Real-time Virtual Sonogra-
phy that combines ultrasound information and CT information.

The usefulness of this system has been confirmed by the
results of experimental use in a clinical setting. And, the func-
tionality of RVS was integrated into Ultrasound Scanner itself
for convenience, so it is not necessary to connect the exter-
nal PC. Further improvements are planned to correct position
aberration of images due to the breathing of the patient during
CT scanning and ultrasound diagnosis, and to achieve higher
calibration accuracy. In addition, we have the plan to combine
not only CT but also MRI, PET, and so on. We strongly hope
that our effort will be the way for the next step.
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Chapter 15
Elastography

Katharina Koenig

Introduction

It is well known that cancer of, e.g., prostate or breast is pal-
pable as a stiffer mass in comparison to the normal soft tissue
of the organ. There are mechanical characteristics of a tissue
that depend on several conditions such as the molecular build-
ing blocks (collagen, cells, fat, etc.), the microscopic and mac-
roscopic structural organization, and the metabolic activity.
To display the mechanical properties only one parameter is
required. This parameter is known as the shear modulus, elas-
tic modulus, or Young modulus. Krouskop et al. investigated
the elastic moduli of benign prostate tissue, benign hyperpla-
sia, and prostate carcinoma. They found prostates with BPH
are significantly softer than normal tissue and cancer is sig-
nificantly stiffer than the surrounding tissue.! Phipps et al.
tested mechanically prostate tissue chippings from transure-
thral resection of the prostate (TURP). They confirmed the
significant mechanical differences between benign and malig-
nant prostate tissue. Furthermore they found a significant cor-
relation between prostatic tissue morphology and mechanical
characteristics.?

The observation of the mechanical differences led to a
new approach in the detection of prostate cancer described
by Sperandeo et al.? Prostatic tissue was compressed using a
transrectal probe during conventional sonography. The nonde-
formable lesions were diagnosed based on fine needle biopsy.
A high correlation between nondeformable lesions and pros-
tate cancer was found. 62 of 68 cases (92.6%) of the nonde-
formable lesions proved to be adenocarcinomas. 75% of the
prostatic carcinomas showed these stiffer characteristics.

Sonoelastography

Since the eighties, investigators aimed to provide images that
showed elastic differences in organs. One approach was first
described by Lerner et al.* The sonoelastography uses real-
time Doppler techniques to provide an image that showed
the change of vibration patterns. A low-frequency (less than

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology,

1 kHz) vibration is provided by an external source. This is
brought into close contact to the organ. There is a local
decrease in the peak vibration when a hard lesion is present
compared to soft, homogeneous tissue. These amplitudes are
mapped on a gray scale where high vibration is bright and
lower vibrations are dark.>

Taylor et al. reported about 3D sonoelastography in 19
patients with prostate cancer. They used a Logiq-7 ultrasound
system from GE Medical systems. Color Doppler was used to
display the vibration differences. The Doppler images were
overlaid on the gray-scale image. Transverse scans were used
in 1-mm steps to create a 3D image. They found a sensitivity
of 41-71% according to the Grading of the tumor. The posi-
tive predictive value was 71 and 60%, respectively.’

Elastography

1. Method
2. Practice
3. Studies

Method

Another method was first described by Ophir et al. in 1991.%
Elastography or strain imaging is a technique where small
displacements between ultrasonic image pairs acquired under
axial deformation are compared. The backscattered ultrasound
signal does not change their characteristic pattern if the tissue
is only slightly compressed (i.e., approximately up to 2%).
Time or space differences between local regions of interest
within two subsequent images are recorded under different
compression. Displacement estimates within corresponding
A-lines are obtained by the evaluation of the radiofrequency
(RF)-data set. For each pixel of the image a value is calculated
from two subsequent images. The value of the shift between
corresponding A-lines is dependent on the elastic or Young
modulus of the tissue. This value is not absolute but relative
since it is dependent on the surrounding tissue and the applied
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compression force. This is the so-called inverse problem. Stiff
tissues like carcinomas are more elastic than softer tissue, so
the displacement time difference is smaller (Figs. 15.1 and
15.2). The calculated differences of each pixel of the image
can be visualized in colors side by side to the conventional
B-mode image or overlaid on the B-mode image on the screen
of the ultrasound system (Fig. 15.3).'2 The colors can be
freely chosen. Examples of color schemes are black for hard
tissue, red and yellow for intermediate, and blue for very soft
areas (Fig. 15.4). The compression of the tissue can be evalu-
ated by inflation of a balloon.!*> More often the investigator
performs a slight compression of the tissue using the probe to
apply the force.!

Practice

There are some criteria which the investigator should pay
attention to avoid misinterpretation. First, if the compres-
sion is applied by the probe, it is important to make sure that
the organ is compressed at a right angle. If this is not done

image after compression

image before compression

FiG. 15.1. Principles of elastography: Measurement of the displace-
ment between tissue before and after compression. The displacement
in stiffer tissue, which is more elastic, is much smaller than in softer
tissue

1 depth z
|

uncompressed

compressed Al =0T(z,)

F1G. 15.2. One possibility is the measurement of the time shift
between two identical RF-data sets before and after compression. A
smaller time shift means a stiffer tissue
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correctly, artifacts can easily occur which may lead to mis-
interpretation. Only a slight compression in the order up to
2% is necessary. The strength and duration of the manually
induced movement should be adjusted by visual control using
the video screen of the ultrasound system for optical feedback.
The compression should be performed at least two times SO
that the elastographic image is reproducible. Calculi and nod-
ules of benign prostate hyperplasia (BPH) may occur stiffer
than normal tissue; therefore, the strain image should always
be interpreted together with standard ultrasound. This is done
in order to define these stiffer alterations from tumors. There-
fore, the examiner needs experience with conventional ultra-
sound, which should always be used additionally. Another

Phase-Root
Seeking

FiG. 15.3. The RF-data are captured by the probe (i.e., a 7.5-MHz
probe for investigation of the prostate). At least 20 frames are neces-
sary to obtain a stable image. The displacements between two frames
are directly processed by a fast estimation algorithm. The calculated
strain images are shown side by side with the conventional B-mode
image on the monitor of the ultrasound system

rigid

soft

B-mode image

strain image

F1G. 15.4. Left side: Conventional ultrasound of a phantom. This is
constructed by injection of agar—agar in a soft sponge. The inclusion
is not visualized because it is isoechoic. On the right side the harder
area is clearly shown by elastography. The border to the stiffer area is
clearly marked by the halo effect
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criterion is that at the boundary between stiffer and softer
tissue, the softer tissue near the hard area often seems to be
much softer than the surrounding soft tissue. The border to an
area of different stiffness is often marked by a small ribbon
(halo-effect) above and under the stiffer area (Fig. 15.4). Fur-
thermore, the border of the organ and between the central and
peripheral gland is often visualized. This phenomenon can be
explained by the fact that the computation of the elasticity is
not absolute but relative. It cannot be marked laterally because
of the comparison along the A-lines. This halo effect is not
always seen clearly, but it can be considered a facultative sign
of malignancy.

A problem of classification is found in patients with chronic
prostatitis, fibrosis after multiple biopsies or after surgery of
the prostate. In these patients often a diffuse increase of the
elastic modulus is seen. Thus, it is hardly ever possible to detect
a focus. Furthermore, prostates with a T4 carcinoma, which
infiltrate the whole gland, often show a “normal,” homoge-
neous elastogram, although the elastic modulus is increased.
This is because of the so-called inverse problem. The calcu-
lated values for each pixel of the strain image are relative, and
therefore the real elastic modulus is not be imaged.

Studies

Kallel et al. reported in vitro elastography of canine prostates
which showed the ability to produce consistent images of
normal prostate tissue.'® It has been shown that those mac-
roscopic invisible differences in the cellular organization,
i.e., between the central and the peripheral zone results in a
stiffness contrast that was elastographically measurable. Even
small parts of the prostate, i.e., the verumontanum (in canine
prostate about 3 -mm wide) which is a stiffer tissue could be
visualized.

Several clinical studies have been performed to evaluate the
use for detection of cancer in soft tissue. Most interesting are
tumors of the breast and the prostate as they are often isoechoic
and consequently invisible in standard ultrasound imaging.

Based on the principles of elastography described by
Ophir et al.,*” Lorenz and Pesavento developed the real-time
elastography.'>'2 A new fast crosscorrelation technique and
improved computer hardware made it possible to perform
real-time elastography during the standard ultrasound exami-
nation. In a first study, Koenig et al. examined 277 patients
elastographically with histological evidence of prostate cancer
prior to radical prostatectomy (Combison 530, Kretz, Austria).
Three transversal scans per gland (apical, mid, basal) were
performed, and the location of the tumor was laid down by the
investigator. The elastogram was interpreted together with the
conventional B-mode image. After surgery, the glands were
cut in transversal slices, and the tumors were outlined with a
color-marking pen. The histological findings were matched
to the elastograms (Figs. 15.5 and 15.6). In 217/277 (78.3%)
patients prostate cancer was detected by real-time elastogra-
phy [Koenig K, unpublished work].
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The next step was the evaluation of real-time elastography-
guided biopsies of the prostate (Voluson 730, GE, Medical
systems). 404 patients with elevated PSA underwent stan-
dard sextant prostate biopsy. Each biopsy core was separately
examined and compared to the elastographic findings. In 151
of 404 patients (37.4%) the diagnosis of prostate cancer was
histologically confirmed. In 84.1% of the subjects, pathologi-
cal alterations were seen in real-time elastography. The sen-
sitivity was dependent on the Gleason score, where highest
sensitivity (86.7%) was seen in the patient group with Gleason
score between 5 and 6.6

29 patients with histological proven, but untreated prostate
cancer were examined by Miyanaga et al.!” The prostates were
manually compressed with the probe. They measured spatial
differences before and after tissue compression. Elastography
detected 93% of the prostate cancers successfully.

Pallwein et al. found an increased finding of prostate can-
cer in biopsies using contrast-enhanced ultrasound and elas-
tography.'® Frauscher et al. reported about 15 patients with
histological confirmed prostate cancer who underwent elas-
tography prior to surgery (Voluson 730, GE, Medical sys-
tems). 32 areas of carcinoma were found histologically. 28 of
them (sensitivity of 88%) were detected by elastography. No
patient with prostate cancer showed a normal, nonpathologi-
cal elastogram.®

Ives reported about 40 patients undergoing prostate biopsy.*
They were evaluated with conventional ultrasound as well as
color Doppler, and elastography (Hi-Vision 8500, Hitachi
medical system). In 8 of 14 subjects prostate cancer was diag-
nosed by elastography.

Souchon et al. reported about 31 patients with prostate
cancer who underwent HIFU therapy (Combison 311, Kretz,
Austria). The compression of the prostate was performed
using a balloon. The compression was 15-20% of the initial
dimension of the prostate and displacement step was chosen at
0.25 mm. Three elastograms in parallel imaging planes at the
apex, midgland, and base were performed prior to and after the
therapy of one lobe and both lobes. They found a possibility to
visualize prostate cancer and HIFU lesions during therapy."
As the patients did not undergo surgery and consequently no
histology was available, they performed a second study in
which they compared elastographic findings with MRI. In
some patients a good correlation between elastography and
MRI measurements was found, but elastography was unable
to predict MRI in a single individual. Nevertheless, they found
a potential of elastography for monitoring HIFU lesions.*'

Future Directions

These first studies are very promising. Mechanical artifacts
and the lack of no absolute values available lead to a long
learning curve and misinterpretation. To control whether the
compression is performed accurately, it is possible to com-
pare echo signal sets during compression. If the compression
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B-Mode
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Histology

Fi1G. 15.5. Conventional ultrasound (/eft) and elastography (right) of a patient with prostate cancer prior to radical prostatectomy. The tumor
can be clearly identified by the elastogram. The histology confirms the localization in the right lobe. The urethra (blue) and the verumontanum
(red/black) are represented in the strain image. The border of the gland is shown with a small ribbon

strain image

b-mode image

histology

FI1G. 15.6. The localization of the tumor in the left lobe can be seen in elastography. A stiffer mass which is in the right lobe can be judged a
calculi if the elastogram is compared to the conventional B-mode image

is performed accurately, sets can be found again. Hitachi
implemented this calculation and made it visible by a num-
ber scale. The number “one” represents very accurate com-
pression, and every number higher than “one” represents an
increase in artifacts. Stiffer areas in the prostate which are not
visible by conventional ultrasound, i.e., chronic prostatitis or
scars after surgery (TUR-P) remain a problem in the differen-
tial diagnosis. One way to solve the problem is the calculation
of the region of interests. For example, the fat in the axils can
be used as the reference for suspicious areas in the mamma.
Since the elastic modulus of fat should always be the same,
the relative stiffness of another tissue can be estimated. Unfor-
tunately, there is a lack of reference tissue for the prostate.

To eliminate operator-dependent artifacts Salcudean et al.
developed a new system, the so-called vibro-elastography.
Therefore, the transducer is connected with a vibration mech-
anism which can impart to it radial vibratory motion. The
maximum displacement of the endorectal probe can be set in
the range +0-5 mm, while experiments showed that exitations
+2 mm are sufficient. Elastograms were calculated from the
captured RF-data. The first results with a phantom and three
patients undergoing brachytherapy for prostate cancer showed
significant and repeatable details, including stiff regions
within the prostate.??

Yinbo and Hossacker measured elasticity by controlled
water inflation of a sheath placed over a modified transrectal
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ultrasound transducer. It was to produce repeatable, accurate
measurements of elasticity in order to reconstruct 3D imaging
of the prostate.?

One effort to solve the so called inverse problem is the recon-
struction of elastograms. Therefore, the calculated displace-
ment or strain is used for an estimation of appropriate material
properties. This approach tries to reduce the mechanical arti-
facts and leads to more quantitative information. Khaled et al.
reported about a direct method versus an iterative approach to
calculate the shear modulus.* The experimental results with a
phantom showed additional quantitative information, but the
iterative reconstructive method seems to be more sufficient.

Luo et al. developed an iterative approach based upon the
stress—strain relations in the polar coordinates for elasticity
distribution reconstruction.® Simulation results showed that
the radial stress decay and the target-hardening artifact in
strain images could be greatly reduced after a few iterations.

Elasticity imaging techniques are still in development. The
advancement of fast algorithms and fast acquisition hardware
promise increase improvement of a very cost effective and
noninvasive technique. This technique may be a diagnostic
tool with a wide variety of clinical applications in future.

Overview

In the last 15 years many efforts have been made to measure
and visualize the elastic modulus of tissues. Methods dealing
with ultrasound waves are safe for the patient and cost effec-
tive. Clinical studies showed the potential of elastography and
elastosonography in the detection of cancer. Prostate cancer
can be detected with a high sensitivity rate up to 84.1%. Other
tumors for example of the mamma are under investigation.
The method has also a place in the surveillance of therapy
in the treatment of cancer. The technique is still in develop-
ment. Furthermore larger clinical studies are recommended
and technical problems have to be resolved.
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Chapter 16

Ultrasonic Tissue Characterization

Ulrich Scheipers

Introduction

This chapter represents the results achieved over a period of
several years of research in the field of ultrasonic tissue char-
acterization. Mainly focusing on the development of a com-
puter-aided diagnostic system for the detection of prostate
cancer and on the discussion of the results of the underlying
clinical study, this chapter may also be of help to scientists
working in the field of ultrasonic tissue characterization and
focusing on other organs.

Eight different groups of tissue describing parameters and
features applicable for tissue characterization and typically
used by the tissue characterizing community have been evalu-
ated and discussed in this chapter. This discussion may be a
valuable overview for scientists approaching the field of tissue
characterization and facing the problem of which types of tis-
sue characterization parameters to focus on.

A modern nonlinear classifier, the so-called adaptive
network-based fuzzy inference system, is introduced and
described to a degree that will facilitate application and usage
of the classifier by the reader who intends to establish a higher-
order classification system.

Although most parts of the tissue characterization system
have been designed for prostate cancer detection, studies on
the classification of coronary plaques in intravascular ultra-
sound, on monitoring of thermal ablation therapy of the liver,
on staging of deep venous thrombosis, and on classification of
tumors of the parotid gland have recently proven the reliabil-
ity of the approach described in this chapter.!

In the following sections, all details of the multifeature tis-
sue characterization system are discussed. At first, the clinical
background is reviewed in detail in section “Clinical Back-
ground.” Readers with a solid clinical background on pros-
tate cancer diagnostics might want to skip this section and are
motivated to go directly to section “Former Work.” Former
work of the same author and of other groups is presented and
discussed here The technical issues of the system will be dealt
with in the methods section. The methods section is subdivided
into several parts dealing with the acquisition and preprocess-
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ing of the radiofrequency (RF) data in Data Acquisition and
processing, the parameter or feature extraction steps in section
“Parameter Extraction,” the classification procedure in section
“Classification,” and last but not least the data visualization
in section “Visualization.” In the following section “Results,”
the underlying clinical study is described and the results of the
classification are presented. After a general discussion of the
clinical study, the final classification results of the system will
be presented in section “Results of Tissue Characterization.”
In addition to the numerical results, two exemplary cases
taken from the 100 patients included in the clinical study are
discussed in sections “Case A” and “Case B.” Possible appli-
cations of the system, including perspectives for the future,
are discussed in section “Discussion.” The work closes with a
few concluding remarks in section “Conclusion.”

Clinical Background

There is no doubt about the lack of reliability of the differ-
ent methods of diagnostics that are used today concerning
prostate cancer. Digital rectal examination (DRE), transrec-
tal ultrasound imaging (TRUS), and prostate-specific antigen
(PSA) value analysis are relatively insensitive because they
rarely detect small well-differentiated tumors (less than 0.1
cm?®).? DRE is highly dependent on the physician’s skills.
Small tumors cannot easily be palpated in surrounding pros-
tate tissue. Due to this, DRE is most seriously limited by its
lack of sensitivity. When using TRUS, small tumors may eas-
ily be overseen, too.

Using transrectal ultrasound imaging, only approximately
two-third of all tumors can be seen, whereas the remaining
one-third appears isoechoic and cannot be identified as can-
cer.® Furthermore, conventional B-mode (brightness mode)
ultrasound can be applied in different ways. Best diagnostic
results are achieved when B-mode ultrasound is applied in
a dynamic manner, which means that the insonified organ is
compressed manually during the examination by a light force
applied by the physician by moving the transducer probe
slightly back and forth. As the insonified organs move and
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change their shape under varying compressions, different tis-
sue pathologies may be detected. Thus, improved diagnostics
in comparison to the static application of B-mode ultrasound
alone are possible. The use of conventional transrectal ultra-
sound as a dynamic modality has always been propagated by
experienced radiologists, but as reality shows, only skilled
physicians and sonographers apply diagnostic ultrasound in
a dynamic way. Nevertheless, transrectal ultrasound imaging
can detect some cancers that are not palpable, although the
range of sizes of palpable and sonographically visible tumors
is similar. However, ultrasound imaging provides a valuable
adjunct to DRE.?

As the amount of PSA within the patient’s blood is corre-
lated with actual tumor size, it is apparent that small tumors
are hardly found using PSA value analysis. In addition, the
PSA level may often be misleading when taken alone. For
example, the PSA level may be elevated because of the pres-
ence of benign prostatic hyperplasia (BPH).** To a certain
degree, the PSA level is dependent on the prostate volume;
thus, normalizing measured PSA levels by prostate volume
may cope with the BPH dependency. In addition, sexual activ-
ity and even riding a bicycle can increase the PSA level in a
misleading way. The PSA level also depends on the patient’s
age and typically is elevated in older patients, which might
partly be correlated with the incidence of BPH.

When used in combination with DRE and transrectal ultra-
sound imaging, however, PSA levels provide useful data,
because patients who have abnormal DREs or transrectal
ultrasonography findings are much more likely to have cancer
if their PSA level is elevated.> '3 Today, a combination of the
three modalities, if available, is recommended and used for
prostate cancer diagnostics.'*

One new diagnostic modality '* is real-time elastography
or strain imaging, which visualizes the local stiffness of tissue
using transrectal ultrasound imaging. By using a strain imaging
system, the operator or physician is forced to use diagnostic
ultrasound in a dynamic way. While manual compression is
applied to the insonified organ by slightly pushing and pull-
ing the ultrasound transducer back and forth, image series are
recorded at different compression ratios. The applied strain
is typically in the range of a few percentages of the insonified
organ. Elastography, which was first described by Ophir et al.,'¢
was introduced to the field of prostate diagnostics by Lorenz
et al.'"”2! Elastography is used today as an adjunct to DRE, trans-
rectal ultrasound imaging, and PSA value analysis in certain
clinics. Although the first clinical results of real-time elasto-
graphy are quite promising,”>* elastography is still under
clinical evaluation and has not yet been widely introduced.

One feature that digital rectal examination, transrectal
ultrasound imaging, and elastography have in common is
the dependence of the results on the physician or sonogra-
pher conducting the examination. Experienced physicians
and sonographers have higher prediction rates than novice
physicians due to the fact that one has to learn to apply these
modalities.
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In addition to diagnostic ultrasound, computed tomogra-
phy (CT), and magnetic resonance imaging (MRI) have been
tested as imaging modalities for prostate cancer diagnostics.
Clinical studies on both modalities, CT and MRI, lead to the
result that the use of these methods incorporates a diagnos-
tic power, which is too unspecific for clinical use. The con-
trast between normal prostate tissue and cancerous regions
is too low for specific diagnostics, when using conventional
CT. MRI is only recommended by some groups for the use
in staging high-risk patients with extracapsular prostate can-
cer.”?7 As discussed by Jager et al.,” only diagnostic reasons
prevent the application of MRI for prostate cancer diagnos-
tics. No economic reasons prevent MRI application, as would
typically be assumed. Today, both modalities, CT and MRI,
are no longer recommended for prostate diagnostics by the
American Urological Association.?

The use of contrast-enhanced ultrasonography for prostate
diagnostics has been investigated in clinical studies, but these
only involved small patient contingents.* ? Sedelaar et al.?* 3!
discovered that the microvessel density (MVD) might be an
indicative factor for prostate cancer, but the results of only
seven patients are not representative enough to provide a final
judgment on the question whether contrast-enhanced ultra-
sound will increase the detection rate of prostate cancer. Nev-
ertheless, it seems that the degree of MVD might be useful in
staging prostate carcinoma. In addition, tests for the reproduc-
ibility of perfusion parameters have been carried out and found
positive after detailed examinations.* Potdevin et al.* investi-
gated the use of quantitative measures of ultrasound Doppler
in 39 patients. The results were dependent on the specific pros-
tate region, but still they were encouraging enough to conduct
further studies on the subject. The quantitative estimation of
perfusion parameters is considered to be a chance to increase
the detection rates for early-stage prostate cancers. The inclu-
sion of perfusion parameters as an independent group of tissue
features in a nonlinear classification system such as the one
presented in this chapter is a challenge that still is to be taken.

Former Work

During the last years, several works dealing with the charac-
terization of prostate tissue using ultrasound have been pub-
lished. Some approaches are based on video data*-* and do
not take the depth-dependent diffraction and attenuation into
account.**® Some authors tried to characterize prostate tissue
by using only a single parameter, e.g., attenuation estimates®”
0 or backscatter estimates or by combining different parame-
ters using a linear approach or a nearest neighbor technique.*"
# Some authors used nonlinear methods such as conventional
neural networks®* and Kohonen maps*-! to combine tissue
parameters and even compared different nonlinear methods
with each other.>>> An overview of ultrasonic tissue charac-
terization in general can be found in Refs. 3* and . An over-
view of prostate diagnostics using ultrasound imaging is given
by Sedelaar et al. in Ref. *.
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Basset et al. analyzed video data of 37 images originating
from 16 patients by means of texture parameters extracted
from co-occurrence matrices. The regions of interest (ROI)
applied in the study were too large to allow spatially resolved
classification. An accuracy of 78% is reported. No repeated
crossvalidation was applied in this study; thus, no error mea-
sure is given.*

Giesen et al. reported about analyzing video data acquired
from 12 patients. Images were analyzed using texture param-
eters extracted from co-occurrence matrices. A sensitivity of
75% and a specificity of 78% are reported for using needle
biopsy results as the gold standard and a partition of the whole
dataset into 67% for training and into 33% for evaluation. No
error measures are given.*® In a similar study, based on the
same system, Huynen et al. reported a sensitivity of 81% and
a specificity of 77%, which was achieved on a dataset of 239
images originating from 51 patients. Again no error measure
is given.®

Schmitz et al. analyzed RF echo data of 200 datasets
originating from 33 patients using Kohonen maps as non-
linear classifiers on parameters extracted from both time
domain and frequency domain. A mean sensitivity value of
82% and a mean specificity value of 88% are reported when
using leave-one-out crossvalidation. No error measures are
reported.** 1. 5356

Lorenz et al. evaluated 200 datasets originating from 21
patients using leave-one-out crossvalidation and a nonlinear
classifier based on fuzzy inference systems. Four parameters
based on spectral and texture estimations are used in the study.
Overall classification rates estimated as the mean area under
the ROC curve of 61% for isoechoic and 69% for hypoechoic
and hyperechoic tumors are reported. Histological prostate
slices are used as the gold standard. No error measure is
given. %2152

Jenderka et al. reported about work on the extraction of
spectrum parameters, especially attenuation estimates, based
on RF ultrasound data. No results of a clinical study are
reported.*- 40

Loch et al. analyzed video data of 61 patients using texture
parameters and neural network classifiers based on the mul-
tilayer perceptron. From a total of 553 ROIs, 53 ROIs were
used for training while the remaining 500 ROIs were used for
evaluation. A sensitivity of 79% and a specificity of 99% are
reported. However, no details about the methods and no error
measures are given in the publications.?” %

Feleppa et al. reported about spectrum analysis of RF echo
data. During the first few years, lookup tables were used for
classification.*’ >3- 3 Later, conventional neural networks,
especially multilayer perceptrons, are used in their work.
Feleppa et al. include the so-called level of suspicion (LOS)
of the physician conducting the examination as an additional
parameter, thus, risking to lose independence from the opera-
tor.**#7 Balaji et al. reported on a clinical study including
data from 215 patients and applying the classification system
described by Feleppa et al. An area under the ROC curve of
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80% with standard deviation of 5% was reported when using
needle biopsy results as the gold standard and repeated cross-
validation involving 14 partitions with datasets being divided
into 70% for training and 30% for evaluation.*®

Some of the aforementioned works use video data for tissue
characterization. By using video data instead of RF data, only
a small set of tissue characterization parameters can be calcu-
lated, which do not contain the necessary amount of information
to classify the data with sufficient accuracy. Only the use of RF
data can provide the information used to calculate parameters
that characterize prostate tissue in an adequate way.>**°

Some of the aforementioned works use linear classifiers.
As different parameters encountered in tissue characteriza-
tion sometimes have a highly nonlinear interdependence, only
a nonlinear model is able to combine these parameters and,
thus, lead to reliable classification results." - 3% 4% 51. 61 For
this reason, a network-based fuzzy inference system is pre-
sented in this chapter.®% Methods based on a linear model
have also been evaluated formerly but were found less useful
regarding the overall classification results.! - Most classi-
fication approaches only work well if the underlying param-
eters are statistically distributed. Some parameters used in this
approach cannot be assumed to be distributed normally.®"!
Under these circumstances, a network-based fuzzy inference
system, which is quite robust with regard to the distribution of
input vectors, still performs well.”

Some of the works mentioned do not compensate for depth-
dependent diffraction. For the evaluation of spectral param-
eters, the compensation of depth-dependent diffraction and
attenuation effects has been found essential 4% > #-71.73-76 and
is thus performed in the tissue characterization system under-
lying this chapter.

Some former works only focus on the evaluation of one set
of parameters, e.g., co-occurrence parameters ** or spectral
parameters.*> 43 46-48.57 Other works try to combine the results
of different sets of parameters.* >33 %As the information of
tissue characterization parameters of different sets is highly
uncorrelated, the combination of parameters originating from
different sets can lead to better classification results. From
our point of view, only a combination of different sets of
parameters can provide the classification system with enough
information to support a precise decision.

During the search for the best tissue parameters, it was found
that certain parameters perform better than other parameters
for a given depth of the ultrasound echo signal. This observa-
tion led to the integration of morphological descriptors, which
serve as so-called morphological parameters describing the
position of the ROI within the prostate.’®’

Methods

When taking the number of publications into account that
are dealing with tissue characterization, it becomes quite
clear, that there is not only one exclusive method of tissue
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characterization out there, but several different methods that
sometimes might supplement each other and that sometimes
might even contradict each other. While many methods never
left their experimental stage, a few methods have proven suc-
cessful over the last years.

In this section, the technical details of the tissue character-
ization system developed by the author are discussed. While
a lot of work on the system for tissue characterization has
been done by the author himself, many details and aspects
of coworkers and other groups working on tissue character-
ization have been incorporated in this chapter. References to
former publications are given throughout the text. References
and discussions are also given for certain parts of the system
that might be designed in a different way not strictly following
the guidelines provided by the author. In a fast-changing field
like ultrasonic tissue characterization improvements and new
ideas can come up every day; therefore, the following discus-
sion can only be used as a guideline, however, a guideline
that presents the current state of the art in ultrasonic tissue
characterization.

A typical tissue characterization system is divided into four
main parts: data acquisition, parameter extraction, classifica-
tion, and visualization Fig. 16.1.

All four main parts are discussed in the following subsec-
tions. Typically, preprocessing and prefiltering of RF echo
data is considered to coincide with the actual data acquisition
procedure; hence, both aspects are discussed together in sec-
tion “Data Acquisition and Preprocessing.”

The parameter or feature extraction procedure is rather
complex, as parameters can be extracted using different tech-
niques. The section starts with the presentation of an “informa-
tion model” underlying the system described in this work, and
also applicable to tissue characterization in general. Several
different parameter groups or methods of parameter extraction
are reviewed in separate subsections of section ‘“Parameter
Extraction.” Following the individual discussions, all param-
eter groups are discussed again in a concluding overview.

In section “Classification,” the classification procedure,
which consists of several subprocedures, is discussed system-
atically. A large part of the section deals with special aspects
concerning the training process of tissue characterization sys-
tems. An important postprocessing method, the morphologi-
cal filtering, is also discussed in this section.

Section “Visualization,” the last section of the methods sec-
tion, is devoted to the representation and visualization of the
classification results, which, although not directly connected
with the tissue characterization procedure itself, plays an
important and not negligible role in the system as well.

Parameter
extraction

Data

. —> Classification [—> Visualization
acquisition

Fi1G. 16.1. The four main signal processing parts of a typical tissue char-
acterization system as seen from a system developer’s point of view

U. Scheipers

Data Acquisition and Preprocessing

In the system proposed in this chapter, radiofrequency ultra-
sound echo data of the prostate are captured during the usual
transrectal examination of the patient using standard ultrasound
imaging equipment. The ultrasound imaging system used in
this study was a Kretz Combison™ 330 in combination with
the transrectal probe VRW177AK, which consists of a rotat-
ing single element transducer with a nominal center frequency
of 7.5 MHz and proximal 6 MHz estimated bandwidth. Using
this probe, 350 echo lines at an angular spacing of 0.64° were
recorded. Thus, the whole image plane comprises 224°. The
applied focal depth of the transducer is around 2 cm.

Up to five datasets at different positions of the transducer
were recorded per patient. Patient compliance usually was
high, as the method does not significantly extend the normal
examination time when applying transrectal ultrasound imag-
ing, and the usual examination procedure does not have to be
changed in order to apply the system. The system is operator
independent, which means that no special knowledge or train-
ing is necessary for the successful application of the system.
Only typical knowledge of the sonographer or physician of the
application of transrectal ultrasound is assumed.

A block diagram of the data acquisition and preprocessing
procedure is given in Fig. 16.2. The RF data were captured
from the ultrasound imaging system before processing by the
ultrasound imaging system’s time gain control (TGC) unit.
Data are grabbed before being processed by the TGC in order
to make sure that data are always amplified with the same time
gain control settings and is, therefore, comparable during clas-
sification. In fully digital ultrasound systems, sometimes the
TGC can be set to a fixed curve, which, when applied during
every acquisition, also can assure compatible data.

In the proposed system, the signal is fed into a custom-
made hardware TGC with a fixed and known transfer func-
tion to compensate for depth-dependent attenuation effects
and to provide the following analog-to-digital converter
(ADC) with a time signal that uses the whole possible
conversion range throughout the sampling time or depth.
If ultrasound echo data are grabbed without appropriate
depth-dependent amplification, signals originating from
deeper positions within the tissue may be too weak to allow
a precise analog-to-digital conversion. On the other hand,
signals originating from the near field of the transducer
might easily overdrive the ADC hardware. The omission of
depth-dependent amplification is not recommended, at least
not when the product of the center frequency and the desired
penetration depth are in the range of the settings for prostate
diagnostics.

To ensure that the datasets are comparable, which is quite
important for training and classification, a fixed time gain
function was forced on the echo data by using custom-made
TGC hardware. Later fully digital ultrasound imaging systems
allow the reading of the currently applied TGC settings and,
thus, if read TGC settings can be interpreted, make grabbing
echo data after the imaging system’s own TGC unit possible.
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F1G. 16.2. Block diagram of the data acquisition, the preprocessing, and the parameter extraction procedure. The procedure is continued
either in the training procedure described in section “Selection of Parameters” or in the evaluation procedure described in section “Evaluation
Stage,” respectively

After time variant amplification, the data are directly trans- 1,536 sample points were recorded. The first 160 sample
mitted to a PC workstation and sampled at 33 MHz and 8 bit  points of each echo line were discarded due to ring-down
using a GaGe™ ADC card. For each of the 350 echo lines, artifacts.



148

During the next step, every echo data line is compensated
for the formerly induced TGC amplification, which is an
important step, as the tissue attenuation itself is estimated
during the feature extraction and used as a tissue describing
parameter during classification. During TGC compensation,
the word width of the echo data is expanded to 64-bit float-
ing point. The ADC hardware is the part of the system which
comprises the narrowest word width. Further signal process-
ing can be performed on 64-bit floating point data.

In the following, every data frame is subdivided into numer-
ous ROIs per prostate slice using the sliding window technique
in order to attain spatially distributed tissue characterization
images. The ROIs used in this approach consist of 128 sample
points in the transducers’ axial direction and 16 scan lines in
the lateral direction. Their axial and lateral overlap is 75 and
50%, respectively. As the transducer that was used during this
work has sector geometry with an angle of 224°, the actual
area that is encircled by the ROIs changes over depth. Each
ROI comprises an area of approximately 1.5 mm x 2.0 mm in
diameter at a typical focal depth of 20 mm. The average lesion
that can be detected by the system, thus, covers approximately
3.0 mm?. To be precise, the spatial resolution of the system
consists of 1.5 mm? directly at the transducer surface, and of
10.5 mm? at the deepest penetration depth, which is rarely
needed when imaging human prostates. A whole data frame
consists of 1,680 ROIs, but as the prostate typically does not
extend over the whole imaging plane, average prostate data
frames consisted of up to 1,000 ROIs with a mean value of
680 ROIs per data frame. For attenuation measurements,
adjacent ROIs are combined for each single attenuation esti-
mation, as the ROI sizes mentioned are too small to support
reliable attenuation estimation.*

Subsequently, all ROIs are transformed into frequency
domain using fast Fourier transform on every echo line after
windowing using a Hamming window of the ROI’s length
to avoid spectral leakage.”” This step is exceptionally omit-
ted for the calculation of autoregressive model parameters,
as described in section “System Identification Parameters:
AR Model.”

The RF data are compensated for system and depth-depen-
dent effects using the system’s point spread function (PSF)
over depth as an inverse filter within the system’s effective
bandwidth.” By using this approach, it is possible to com-
pensate partly for the system’s effects due to focusing and for
the electromechanical characteristics of the transducer.>* An
error is induced, as the system’s point spread function is con-
structed by interpolating echo sequences from a wire phan-
tom in degassed water recorded at different distances of the
transducer.” By using a glass plate instead of a wire phantom,
the amplitude of the reflected signal can easily overdrive the
imaging system’s input stage. For this reason, a wire phantom
was used to keep the echo amplitude within a feasible range
for the calibration procedure. Instead of only recording the
echo data of a wire at the focus position, several recordings
have been made at different depth positions of the wire, as
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the spectral characteristics of the reflected signal can differ
over depth.’!

During the last stage of the preprocessing procedure, the
echo data are compensated for local attenuation. As the local
attenuation is not only estimated for reasons of attenuation
compensation, but also to be used as a parameter describing the
local tissue characteristics, this concept is described in detail
in the following section “Parameter Extraction.” The concept
of estimating tissue attenuation using pulse echo systems has
been widely used, although it has not been accepted by every
scientist working in ultrasonic tissue characterization.

Parameter Extraction

In the following subsections, different parameter or feature
extraction procedures are discussed in detail. Eight different
groups of parameters were used in the system developed by the
author. A discussion and review comparing all parameter groups
with each other closes the discussion on feature extraction.

The extracted parameters used in this approach are not
claimed to be completely independent of the underlying ultra-
sound imaging equipment. The parameters used for classifica-
tion are calculated from the frequency spectrum and from the
time domain, partly before and partly after demodulation.® A
block diagram of the parameter extraction procedure is given
in the lower part of Fig. 16.2.

Information Model

Considering the information model shown in Fig. 16.3, the
whole information that is apparent about the patient and the
prostate may be divided into four domains, which, more or
less, interfere with each other. In addition to spatially distrib-
uted information in form of spectral and textural parameters,
so-called clinical information may be included in a classi-
fication system. A typical clinical variable is the amount of
PSA within the patient’s blood, but clinical variables may also
include the age and race of the patient®"®* and even the ori-
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Fi1G. 16.3. Information model for multifeature tissue characterization
systems. Four different information domains can be integrated into
computer-aided classification systems. The system discussed in this
chapter makes use of spatially resolved information, clinical infor-
mation, and contextual information. Additional diagnostic informa-
tion is not integrated due to its dependency on the physician
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gin or the disease history of the patient might yield additional
information that can be evaluated by ultrasonic tissue char-
acterization systems.®> Clinical variables have been analyzed
by different groups.®* As a drawback, clinical variables are
no longer spatially distributed, as they are not extracted from
single ROIs but belong to one patient at a time and, thus, need
a huge database to lead to reliable results.

Contextual information can also be described as intersegment
dependence. Contextual features contain information derived
from ROIs surrounding the ROI being analyzed.® Considering
a ROI, which is to be analyzed and which is surrounded by a
certain amount of other ROIs belonging to a certain class, the
probability of the ROI being analyzed belonging to the same
class as the majority of the surrounding ROISs is higher than the
probability of it belonging to another class. Under this assump-
tion, the size of the optimal and most significant neighborhood
can be calculated during the training procedure.

The fourth information domain, which is not used in this
approach but which is also discussed as it is used by other
groups, consists of additional diagnostic information, which
has been gathered by physicians during their examinations of
the patient. In approaches of other groups working in the field
of ultrasonic tissue characterization for prostate diagnostics,
the so-called LOS is used as an additional feature in neural
network classification.* *¢ 47 As this domain contains infor-
mation dependent on the skills of the conducting physician,
features originating from this domain should be used with
great caution in order to maintain independence of the sys-
tem. When integrating parameters such as the LOS into an
ultrasonic tissue characterization system, the system will lose
its independence from other diagnostic modalities and from
the operator himself. The system developed by the author of
this chapter is aimed at being independent of other diagnostic
systems, thus, yielding a new diagnostic modality, which can
be used in addition to conventional diagnostic modalities by
the conducting physician.

Spectrum Parameters

Three different ways to analyze the spectral characteristics
of the backscattered echo signal are discussed in this chapter.
The first approach consists of conventional Fourier transform-
based spectrum analysis. To be precise, only the magnitude of
the Fourier spectrum is analyzed in the first approach, while the
phase of the complex echo signals is ignored. This approach,
which is widely used by the tissue characterizing community,
is described in this subsection. The second approach, which is
presented in section “System Identification Parameters: AR
Model,” uses autoregressive model-based spectrum estima-
tion methods, thus, bypassing the windowing process needed
when applying conventional Fourier-based spectrum analysis.
This approach is often used, to keep ROI sizes as small as pos-
sible. The third method, which is described in detail in section
“Generalized Spectrum Parameters,” is based on the estima-
tion of the generalized spectrum, and, therefore, utilizes infor-
mation coded in the phase of the complex echo signal.
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Following the first approach, spectrum parameters are
typically calculated after applying a gating window to the
TGC-compensated RF echo data of each ROI, computing the
Fourier transform and converting the resultant power spec-
trum to dB.”” Spectral results of each scan line are averaged
to form an estimate of the average power spectrum within
each ROL®% A linear regression line is fitted to the averaged
power spectrum to extract descriptive features. The regression
line is fitted within the effective bandwidth of the system. The
typical procedure is shown in Fig. 16.4. Although the linear fit
is completely defined by two parameters, usually three param-
eters, the axis intercept, the slope, and the midband value, of
the linear fit are evaluated.

The primary set of spectrum parameters evaluated by the
author consists of five measures of backscatter calculated for
the signal bandwidth: axis intercept, slope, midband value,
square deviation, and normalized square deviation of the lin-
ear regression spectrum fit.*> 32 67-8890 Backscatter parameters
can be compensated for attenuation effects, e.g., using the
multinarrow band method.*- 7 91-3

It has been shown by Thijssen et al.”* and Oosterveld et al.”
that excluding all ROIs with overflows, underflows, or severe
inhomogeneities is important for the calculation of attenua-
tion parameters. Under these circumstances, the estimation
of the frequency-dependent attenuation coefficient leads to
unreliable results. ROIs containing these properties should be
discarded before calculation. After estimating the attenuation
for all possible ROIs, the missing attenuation values for ROIs
containing overflows, underflows, or severe inhomogeneities
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FiG. 16.4. Diagram of a typical RF echo spectrum. The linear regres-
sion spectrum fit within the effective bandwidth is used to calculate
axis intercept, slope, and midband value. The deviation between the
estimated spectrum and the linear spectrum fit can additionally be
used as a tissue-characterizing feature
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can be constructed by averaging the attenuation estimates of
the surrounding ROIs. This step can be made to obtain com-
plete parameter maps without missing entries, which is essen-
tial for the following processing steps.

A statistical framework for ultrasound spectral parameter
imaging has been proposed by Huisman and Thijssen ™ and
Lizzi et al.®~"!: > Further information on the underlying statis-
tics can be found in these publications. Applications on dif-
ferent organs are presented in a short overview by Feleppa
et al. in Ref. .

System Identification Parameters: AR Model

Since finding even small lesions within the prostate should be
one objective of ultrasonic tissue characterization, the spatial
resolution of the malignancy maps plays an important role.
Admittedly, there is a discrepancy between the accuracy of the
feature estimations and the underlying size of the ROIs. On the
one hand, as many data as possible are needed for an accurate
parameter estimation, which demands large size ROIs, on the
other hand, the resolution of the malignancy maps is required
to be as high as possible to achieve fine resolved tumor areas
and to keep the smallest detectable lesion size as small as pos-
sible.” % Autoregressive (AR) methods are said to be able to
cope with this discrepancy better than conventional Fourier-
based methods.”’

In many approaches, conventional Fourier transform is used
to convert the underlying echo signals into frequency domain
and to calculate the power spectral density from which the fea-
tures are extracted. When using Fourier transform, the under-
lying time series have to be windowed to cope with spectral
leakage, which may occur when only a rectangular window is
used for the sliding window technique. During the windowing
process, a certain amount of “information” is lost due to the
masking effect of the window function. The loss of informa-
tion leads to a decreased accuracy of the classification process.
This effect increases as the length of the window decreases.
Due to this loss of information, some groups recommend to
use analyzing techniques that bypass the windowing process.
The most popular of these techniques is the autoregressive
analysis or system identification approach.’® *® When using
AR techniques, the power spectrum can directly be estimated
from the time series without involving a windowing process.
No spectral leakage occurs and similar effects can be avoided,
if the model order has been chosen correctly.”: 1%

In addition to the proposed advantage of AR methods for
small size ROIs, Chaturvedi and Insana have shown that AR
methods have an advantage over conventional Fourier-based
spectral analysis when analyzing noisy data. In'°! both meth-
ods were compared for different signal-to-noise ratios. and AR
methods performed significantly better than Fourier methods
for datasets involving low SNR.

Several methods for the estimation of the autoregressive
coefficients are used today. However, Burg’s algorithm has
been found to be an efficient method when dealing with appli-
cations in ultrasonic tissue characterization.'®
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Six autoregressive spectral parameters are usually calcu-
lated from the spectrum and from the linear regression spec-
trum fit: axis intercept, slope, midband value, square deviation
of the spectrum fit from the estimated spectrum, maximum
value, and minimum value of the estimated spectrum.

Wear et al. have shown that the relative advantage of
AR-based methods over conventional FFT-based methods
increases with decreasing gate length.!”” However, it has to
be mentioned that in the approach of Wear et al., FFT-based
results were calculated without windowing the time series
before Fourier transform, which cannot be recommended with
respect to spectral leakage. Due to this fact, the results of Wear
et al. cannot be taken as the final recommendation for applying
ultrasonic tissue characterization based on spectrum analysis.
Detailed results of the AR-based feature extraction approach
described in this chapter can be found in Refs. ' and '*.

Generalized Spectrum Parameters

Both the approaches described sections “Spectrum Parame-
ters” and “System Identification Parameters: AR Model,” one
based on conventional Fourier transform, the other based on
autoregressive models, have one property in common: they
both only incorporate the magnitude of the frequency spectrum.
The phase of the underlying echo signal, which might contain
additional information about the underlying tissue, is not ana-
lyzed in these approaches. In contrast to conventional spec-
tral parameters, which are usually extracted after calculating
the squared magnitude of the tissue response, *> “"'\param-
eters that are based on the generalized spectrum(GS)take
into account the phase.'*'% The generalized spectrum is also
referred to as spectral autocorrelation (SAC) function.

Parameters extracted from the generalized spectrum have
been used in the field of breast tissue characterization by
Donohue et al.,'* 1% in the field of liver diagnostics by Vargese
and Donohue,'% % and in the field of prostate diagnostics by
Scheipers et al.!

For an RF signal segment in time and its spectral compo-
nent, the generalized spectrum is defined over the so-called
bifrequency plane by vector multiplication (outer product) of
the complex spectral component with its complex conjugate.
The vector multiplication results in a matrix with real values
(zero phase) along the main diagonal and with complex values
in the off diagonal elements. While the main diagonal consists
of the magnitude of the Fourier spectrum, the off-diagonal
magnitude components depend on the degree of coherence
between different frequency components from different
regions of the Fourier spectrum and on the original spectrum
magnitudes. According to these assumptions, the coherence
of the backscattered echo signal, which is said to be an indica-
tor for different tissue types, can be analyzed by the general-
ized spectrum.

To extract a reduced set of parameters from the generalized
spectrum, a collapsed average (CA) is applied over the bifre-
quency plane.'™ A typical estimation of a collapsed average is
shown in Fig. 16.5.
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FiG. 16.5. Collapsed average (red) as estimated from a typical ROI.
The linear regression fit (blue) as well as the markings of the ten sub-
bands (green) are added to the graph. The axis intercept, the slope,
the midband fit, and the energy within the sub-bands can be extracted
as tissue characterization parameters

Magnitude normalization of the generalized spectrum may
be useful.!** Magnitude normalization scales the magnitudes
of the elements of the generalized spectrum to unity, thus,
only keeping the original phase differences. The sum of off-
diagonal components over a single diagonal is a vector sum
where each element has a unit magnitude. Thus, the coher-
ence (consistent phase differences) of the spectral pairs over
the ROI determines the final magnitude of the generalized
spectrum estimate. Donohue et al. mention that this kind of
normalization may be useful to get rid of system-induced arti-
facts, which, according to Donohue et al., mostly consist of
magnitude effects and seldom affect the phase.!* Magnitude
normalization can be avoided, if normalization for the sys-
tem’s point spread function is applied instead.'

Donohue et al. suggest using a smoothing procedure on
the data points, which consists of calculating an initial least
square fit estimate and then sorting out 50% of the points with
the greatest error before calculating the final least square fit to
the remaining points. This procedure is intended to limit the
effects of peaks and nulls due to periodic structures, if pres-
ent. If the signal is averaged over several lines of each ROI,
and at the same time, small enough ROIs have been chosen to
keep the inner correlation high, the estimated expected values
will lead to smooth estimations of collapsed averages without
further smoothing procedures.'

Generalized spectrum parameters were directly extracted
from the collapsed average. After applying a least squares fit
to the collapsed average, which can be seen in Fig. 16.5, the
axis intercept, the slope, and the midband value, which is the
same as the area under the collapsed average, are extracted.'
In addition, the maximum of the collapsed average can be
used as a feature. Regions containing strong isolated scatter-
ers or boundaries with sharp changes in density yield high val-
ues for the area under the collapsed average. Specular echoes
directly affect the slope and intercept values, too. The slope
indicates the rate at which coherence is lost as a function of
frequency difference, and the intercept value relates to both
the area under the collapsed average and the slope. Important
features of the collapsed average for detecting and estimating

151

regularly spaced or periodic scatterers are the areas under the
collapsed average separated into several sub-bands. The col-
lapsed average curve is linearly divided into ten sub-bands
within the transducer bandwidth because different-sized
structures, e.g., spacings, layers, scatterer pairs, correspond to
different regions under the curve.

First-Order Texture Parameters

Texture parameters consist of first- and second-order (i.e.,
co-occurrence) parameters. First-order texture parameters do
not take into account the spatial relationship between adja-
cent pixels or sample points. Second-order texture parameters
allow the evaluation of spatial relations between adjacent sam-
ple points. For complex structured signals, such as ultrasound
echo data, the use of spatial information seems to be unavoid-
able. Some features of typical ultrasound B-mode images of
the prostate that are used by physicians or sonographers dur-
ing diagnostics can easily be evaluated by first-order texture
parameters: hyperdense or darker areas within the B-mode
image are sometimes an indicator for prostate cancer. When
taking this into consideration, the simple mean or minimum
value of a ROI, a first-order parameter, should contain dis-
criminating power.

Two different groups of first-order texture parameters are
encountered in tissue characterization. The first group, which
is described in this subsection, consists of numerous mea-
sures, which are directly statistically motivated. The second
group consists of measures that are calculated by estimat-
ing numerical fits of different orders to the histogram of the
backscattered echo signal. As this second group has found
popularity with many groups working on ultrasonic tissue
characterization'®-'"” and is at the same time rather complex,
this group is discussed in section “Backscatter Distribution
Parameters,” separately from the first group discussed in this
subsection.

Texture parameters can be calculated directly from video
or image data or after detecting the envelope of RF echo, e.g.,
using Hilbert transform to calculate the analytic signal, shift-
ing the complex analytic signal into base band, and taking the
squared magnitude. Typical first-order texture parameters that
consist of different estimates of intensity are: maximum value,
minimum value, mean value, standard deviation, contrast,
which is the same as the variance when dealing with first-
order parameters, skewness, kurtosis, signal-to-noise ratio,
ratio of squares, entropy, and the full width at half maximum
of the gray level histogram.

Backscatter Distribution Parameters

In addition to conventional first-order texture parameters, fea-
tures based on probability distribution models, which are fit-
ted to the estimated histogram of the backscattered signal’s
intensities, can be estimated and used for ultrasonic tissue
characterization. An exemplary fitting procedure is shown in
Fig. 16.6.
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F1G. 16.6. A typical histogram of echo intensities (gray). Echo intensities
are estimated for each ROI (read). Different parametric model functions
(blue) are fitted to the estimated intensity distribution using least square
fits. The model parameters are used as tissue describing features

Tissue parameters extracted from curve fittings of back-
scatter distribution models belong to the class of first-order
texture parameters, as they do not take into account the spa-
tial distribution of the intensities within the ROIs. Models of
ultrasound backscatter, especially of the echo envelope of the
demodulated radiofrequency signal, can provide clinically
useful information about the regularity and density of scatter-
ers (small structures in tissues, such as cells) and, thus, can be
useful in medical diagnostics.
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Statistics of speckle patterns in ultrasound backscatter 2 % Rice
. . . b}
were first described in general by Wagner at al.*® Backscat- 22
ter distribution estimates have recently been used for tissue e e _
characterization in general by Dutt et al., ''* Georgiou et al.,'? Nakagami
Shankar,'"® 1% Prager et al.'!® and Dumane et al."*' In the field  p;fpyge/ ' .
K Rayleigh

of applied tissue characterization, first approaches in breast
cancer diagnostics have been published by Shankar et al.''”
122,123 and Dumane et al. '%°. In addition, backscatter distribu-
tion estimates have been used in combination with parameters
from different fields of tissue characterization for breast diag-
nostics.!'" In addition to breast cancer diagnostics, ultrasound
backscatter distributions have been used for diagnostics of
muscle tissue of the back after surgery by Pesavento et al.,'"
for cardiac imaging by Hao et al.,'"® and for prostate cancer

U. Scheipers

diagnostics by Scheipers.! An overview of different distribu-
tion models is presented by Dutt and Greenleaf in Ref. '1°,
Several different backscatter distribution models of different
model order have formerly been used for ultrasonic tissue char-
acterization for prostate cancer diagnostics.! The model order
is determined by the number of free parameters in the model.
At first, the Rayleigh distribution and its simple derivative, the
Rice distribution, are discussed. As both the Rayleigh and the
Rice distribution only account for certain types of ultrasound
backscatter behavior, the more complex K distribution is evalu-
ated in the next step. The K distribution is discussed in its basic
form and in its generalized expansion. Both models have been
designed to cope with irregular forms of backscatter, which is
discussed in the subsections concerning these distribution mod-
els. The subsection on backscatter distribution models closes
with two additional models based on the Nakagami distribu-
tion. A diagram of possible scatterer distributions is presented
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FiG. 16.7. Diagram of possible scatterer distributions. The Rayleigh
distribution is only applicable to large numbers of scatterers per reso-
lution cell and random distributed scatterers. The Rice distribution
can also be used if there is a coherent part in the signal. The K distri-
bution can model signals where the number of scatterers per resolu-
tion cell is small. The whole range of scatterer distributions can be
covered by the generalized or homodyned K distributions
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tion and between the K and the generalized K distribution are marginal; thus, they are hardly visible in the plots. The differences between the
Nakagami distribution and the generalized Nakagami distribution are more significant. Axes have been normalized. The mean square errors
of the fits are given in the title
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in Fig. 16.7. A visualization of the six models fitted to a typical
prostate dataset is presented in Fig. 16.8.

Parameters that describe the distribution model or parameters
derived from them are used as features for tissue characteriza-
tion. In addition to these features, the deviation of the estimated
histogram from the best model fit, e.g., mean square error, can
be used as a descriptive feature for tissue characterization. In
addition to curve-fitting procedures, approaches based on the
estimation of the moments of the distributions are used in some
approaches.'? 12 Approaches based on moment estimations
are unavoidable for mathematically complex distributions such
as the homodyned K distribution, which contains an infinite
series.!” In the approach described here, conventional curve-fit-
ting algorithms based on unconstrained nonlinear optimization
procedures'?* are used to estimate the distribution parameters.
The model functions are usually fitted after demodulating the
RF echo data, but before compression.

Rayleigh Distribution

The echo signal from a scattering medium such as biological tis-
sue can be modeled as the sum of individual backscattered sig-
nals from a number of scattering points within the medium. The
amplitudes of the individual backscattered signals are assumed
to be randomly distributed due to random backscatter coeffi-
cients of each individual scatterer. In addition to the amplitudes,
the phases are also considered to be randomly distributed due to
the random locations of the individual scatterers.

In ultrasound imaging, the echo signal has a statistical nature
arising out of interference signals from a large number of ran-
domly distributed scatterers. If the number of scatterers per reso-
lution cell is large, the size of the scatterers is small in comparison
with the wavelength, and the distribution of the scatterers is ran-
dom, the resulting speckle pattern is called “fully developed.”** In
such cases, the only useful information that can be extracted from
the echo signal is the mean backscattered energy.

The Rayleigh distribution model suits ideal ultrasound
backscatter conditions, but in typical applications of medi-
cal ultrasound, the backscattered signal cannot be assumed
to be Rayleigh distributed. In many cases, at least one of the
following conditions leads to the necessity for so-called post-
Rayleigh distributions:

e The number of scatterers per resolution cell might not be
large enough

* The effective scatterer size or scatterer cross-subsection
might be large in comparison with the wavelength (which
actually is implied in the first condition)

¢ The scatterers might not be located randomly (due to period-
icity, structure, clusterings, or specular reflectors)

The violation of at least one of these conditions leads to extended
backscatter models that are described on the following pages.

Rice Distribution

The Rice distribution model,'> which is also referred to as the
Rician or the Ricean distribution model, is an extension of the
Rayleigh distribution model that adds a “coherent” signal to
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the backscattered signal that underlies the Rayleigh distribu-
tion and, thus, extends the usage of the model. The Rice distri-
bution is completely defined by two parameters.

In contrast to the Rayleigh distribution, the Rice distri-
bution can be used to model unresolved structures such as
periodicity in the spatial scatterer distribution. The ques-
tion, whether this advantage of the Rice distribution yields
increased classification results in comparison to the Ray-
leigh distribution, is examined during the usual classifica-
tion experiments. Nonuniformities in the spatial scatterer
distribution such as clusterings in scatterers or regions with
smaller effective numbers of scatterers cannot be modeled by
the Rice distribution.

K Distribution

In contrast to the Rice distribution, the K distribution can be
used to model nonuniformities in the spatial scatterer distribu-
tion such as clusterings in scatterers or regions with smaller
effective numbers of scatterers.!!? 123126

Neither the Rice distribution, nor the K distribution can
model a combination of both ultrasound backscatter phenom-
ena, coherent scatterers or a reduced number of scatterers per
resolution cell.

Generalized K Distribution

The Rice distribution is a generalization of the Rayleigh dis-
tribution and allows the modeling of structural and periodic
components in the echo signal. The K distribution, however,
is a generalization of the Rayleigh distribution that allows
the modeling of clusterings of scatterers or a reduced effec-
tive number of scatterers within the medium. A combination
of the Rice distribution and the K distribution could model
the whole range of speckle statistics that occur in ultrasound
imaging by combining the advantages of both approaches.
Two approaches are used: the generalized K distribution and
the homodyned K distribution."* While the homodyned K dis-
tribution contains an infinite series and, thus, is computation-
ally adverse, the generalized K distribution can be evaluated
without greater effort.'”” In the definition of the generalized
K distribution, the scaling of the K distribution is expanded
using an additional factor, which integrates the coherent part
of the backscattered ultrasound signal.

Nakagami Distribution

Another approach for modeling the backscattered signal, the
Nakagami distribution, has been extensively investigated by
Shankar et al.'!”- %120 and Dumane et al.'® '?! The Nakagami
distribution is an extended form of the Rayleigh distribution
and follows a different definition to cope with non-Rayleigh
conditions of ultrasound backscatter. The Nakagami distri-
bution is especially aimed at handling a reduced number of
scatterers per resolution cell, but can also model coherent
scatterers to a certain degree.

As the Nakagami distribution cannot cope with coherent
scattering conditions, an extended form, the generalized Nak-
agami distribution, has been introduced.
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Generalized Nakagami Distribution

A generalized form of the Nakagami distribution, which is
intended to cope better with coherent scattering, has been
proposed by Shankar.'? The Nakagami distribution is trans-
formed into the generalized Nakagami distribution by intro-
ducing an additional shape adjustment parameter.

A visualization of the six model functions fitted to a typical
prostate dataset is given in Fig. 16.8. These plots only show
one exemplary case, but they demonstrate the typical behav-
ior of the model functions and the fitting procedure. The esti-
mated mean square deviation for the evaluated functions is
given in the title of each plot.

The differences between the Rayleigh and the Rice distri-
bution and between the K and the generalized K distribution
are marginal; thus, they are hardly visible in the plots. The
differences between the Nakagami distribution and the gener-
alized Nakagami distribution are more significant and can be
seen clearly in the plots. For prostate cancer diagnostics, the
Nakagami distribution model was shown to outperform the
other presented distribution models."

Second-Order Texture Parameters

In contrast to first-order texture parameters, second-order tex-
ture parameters are based on spatial relations between pixel
or sample point gray levels and, therefore, can describe spa-
tial distributions of information in data. Second-order texture
parameters have been used extensively in the field of tissue
characterization, especially for liver'?® 1% and breast cancer
diagnostics.'*

Spatial structures within the data are evaluated by com-
puting co-occurrence matrices of the underlying ROIs. Co-
occurrence matrices are also referred to as spatial gray tone
dependence matrices. The use of co-occurrence matrices for
the evaluation of spatial structures has been proposed by Har-
alick,!®! Valckx and Thijssen,'*? and Valckx et al.!33

Elements of co-occurrence matrices are calculated by eval-
uating the spatial distribution of intensities within an image,
a dataset, or a ROI. In a co-occurrence matrix of a defined
size, the entries of the matrix represent the probability or rela-
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tive frequency of the co-occurrence of two quantized inten-
sity level of a pair of pixels or samples under a given distance
and orientation angle. For applications in image processing,
typically orientation angles of 0°, 45°, 90° and 135° are calcu-
lated when using neighborhoods of eight. Sometimes neigh-
borhoods of four are used as well. With respect to the kind of
neighborhood, a so-called full co-occurrence matrix can be
constructed by element-wise addition of co-occurrence matri-
ces of all relevant orientation angles. Furthermore, the combi-
nation, i.e., the sum of two co-occurrence matrices calculated
for opposing directions, always yields a symmetric matrix.

When using a sector-based ultrasound scanner, as usually
applied during transrectal ultrasound, co-occurrence matrices
should only be calculated in axial direction because of the non-
linear geometry of the scan area. When a sector-based geometry
is used, the lateral resolution changes rapidly with depth, thus
making the calculation of comparable tissue parameters diffi-
cult. This characteristic is quantitatively visualized in Fig. 16.9.

Even when an ultrasound probe with linear geometry is
used, the calculation of symmetric gray tone spatial depen-
dence matrices combining all directions may be uncertain
because of focusing and diffraction effects. It has to be admit-
ted that diffraction and focusing effects influence the axial
resolution over depth, even when the data have been compen-
sated for these effects by filtering with the inverse transfer
function of the system. Therefore, even texture parameters
that are only calculated in the axial direction may exhibit
depth dependency, but on a smaller scale than texture param-
eters calculated in the lateral direction.

Various parameters from common co-occurrence matrices
can be calculated in the spatial domain from demodulated
data or from image data for different distances, i.e., step sizes
between pixels.* The following second-order texture param-
eters are usually evaluated: angular second moment is a mea-
sure of the local homogeneity of the data and represents the
energy within the co-occurrence matrix. In other approaches,
the variance of the co-occurrence matrix, which only differs
by a linear factor, is used instead. Contrast is a measure of the
amount of local variations present in the data and, thus, can
directly characterize edges and specular structures. Correla-
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FI1G. 16.9. Calculation of co-occurrence matrices. (a) A neighborhood of four is shown. (b) Shows a neighborhood of eight. Both approaches
are typically used in the field of image processing. (¢) The typical geometry of an ultrasound sector scanner is shown. Due to this geometry,

only axial intensity distributions should be evaluated
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tion is a measure of local linear dependencies and can be useful
to characterize local periodic texture patterns. Dimension is a
weighted measure of the local information content. Entropy is
often used to characterize diffuse echoes and other highly dis-
ordered texture patterns. Inverse difference moment is related
to the dimension measure, but does not use a weighting term.
Kappa stresses the relationships between equal intensities and,
therefore, can characterize specular reflections. Peak density
is a simple measure of homogeneity relations within the ROI
and can evaluate harmonics as well as other periodicities. All
parameters should be estimated in axial direction only and
should be averaged over echo lines.!

A problem of this parameter group is the dependence of
some co-occurrence parameters on the linear attenuation of
the system. Correlation and inverse difference moment are
depth variant parameters. It is possible to compensate for the
depth dependency by normalizing the data as proposed in Ref.
Bl or by normalizing each ROI locally. All other co-occur-
rence parameters evaluated in this approach are independent
of depth. Texture parameters, which are based on intensity
data, are highly dependent on the scaling of the underlying
data. It is recommended to use RF echo data of the ultrasound
imaging system for the parameter calculation and, thus, allow
scaling of the intensity maps for the extraction of texture
parameters as required. Approaches of other groups use ultra-
sound B-mode video images for tissue characterization and,
thus, cannot choose the scaling freely. It is preferable to give
more weight to the low-amplitude patterns relative to large
amplitude spike. This method is referred to as amplitude com-
pression. Different nonlinear scaling methods are proposed in
the literature,'™ but often simply taking the logarithm of the
intensity values has proven to lead to reliable results, as in the
work underlying this chapter.

Morphological Parameters

All parameter groups discussed in the previous subsections
are based on features extracted from radiofrequency or image
data. Thus, these parameters describe the characteristics of the
underlying tissue of each single ROI of the ultrasound data-
set by means of texture, attenuation, and spectral nature. The
parameters described in this subsection are based on the mor-
phology of the organ, i.e., the prostate. Parameters extracted
from information about the morphological nature of an organ
can make up a completely complementary group of features
which shows little correlation with parameters extracted from
RF or video data.''**

Under certain circumstances, some tissue parameters dis-
cussed in the preceding subsections might lead to unreliable
results. For example, attenuation measurements can fail if cal-
culated behind calcifications due to the fact that the largest
part of the signal energy is reflected by the calcification.
Only a small amount of energy is left behind the calcification,
which does not support reliable attenuation estimation. While
attenuation estimations yield reliable results in the absence of
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calcifications, some co-occurrence parameters that are inde-
pendent of the mean intensity can still yield satisfying results
under adverse circumstances such as calcifications. Because
calcifications, in most cases, are found in the lower subsec-
tion of the prostate, this observation led to the inclusion of
morphological descriptors.! Morphological descriptors, if
integrated in a nonlinear classifier, can allow classification
system to choose different parameter combinations for dif-
ferent positions within the prostate. For example, parameters
extracted from attenuation estimations are chosen by the sys-
tem when dealing with near-field ROIs, texture parameters
based on co-occurrence matrices are used for deep positions
within the prostate.

Eight so-called morphological descriptors have been pro-
posed. The calculation of these morphological descriptors is
illustrated in Fig. 16.10. As the first parameter, the axial dis-
tance of the ROIs from the center of the ultrasound probe can
be evaluated. The sagittal position and the lateral position of
the ROIs within the prostate with respect to a Cartesian grid
are evaluated using two interpretations. On the one hand, the
lateral position ranging from —1 on the left-hand side to +1
on the right-hand side can be evaluated. On the other hand,
an additional interpretation normalized on the center of the
prostate and, thus, ranging from +1 on the left-hand side to 0
in the center position and again to +1 on the right-hand side
can also be evaluated. The second interpretation is normalized
on the center of the prostate because it is intended to prevent
the system from differentiating between the left-hand and the
right-hand subsection of the prostate. The lateral position of
the ROIs in reference to the scan beam is coded in three dif-
ferent parameters. The first measure contains the position of
the ROIs ranging from —1 on the left-hand side to +1 on the
right-hand side of the prostate. The second measure is again
normalized on the center of the prostate slice, thus ranging
from +1 on the left-hand side to O in the center position and
again to +1 on the right-hand side of the organ. This normal-
ization is performed again in order to prevent the system from

Scan area

Prosta fe de "
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Prostate

F1G. 16.10. Sketch of a typical prostate with some morphological
measures attached. The distances Organ depth and Organ width are
used to normalize the morphological descriptors Sagittal, Axial, Lat-
eral, and Width. The area of the prostate slice is evaluated as an addi-
tional parameter



156

differentiating between the left and the right subsection of
the prostate. The third parameter, which is called “integrated
width,” contains an estimation which is calculated by mea-
suring the width over the whole prostate slice at the current
position of the ROI, thus only yielding one value per sagittal
position. The last of the eight morphological features stands
for the area of the prostate slice at the examined position, thus
only yielding one value per prostate slice.

All parameters except area and the integrated width estimate
should be normalized on the size of each individual prostate
slice to yield values between 0 and +1 or —1 and +1, respec-
tively. This normalization is performed in order to keep these
parameters independent of individual prostate slice sizes.

As approximately 70-80% of all prostate carcinoma are
found in the peripheral zone of the prostate, which extends at
the lower bound of the organ, the parameters triggering on the
sagittal position of the ROI can be expected to yield high clas-
sification results during single parameter classification experi-
ments. The lateral measures are expected to provide additional
discriminating power, as cancer only spreads from the inside
of the organ in very few cases. However, classification rates
of lateral measures are expected to lie below the rates of the
sagittal measures.

Clinical Features

In addition to classical tissue parameters and morphological
features, clinical features make up a third group of parameter,
which can be used for tissue characterization. Clinical features
typically consist of all variables which concern the life and
condition of a patient and which can be recorded in a numeri-
cal form. Typical examples of clinical features are the age of
the patient and the amount of PSA in the patient’s blood. Other
personal variables, such as the race or heritage of the patient
and special diets or medication, can also be considered as clin-
ical features. If known, the disease history can be very valu-
able. Clinical features are usually highly independent of the
other parameter groups because of their completely different
nature. This independence can lead to increased classification
rates if clinical variables are used together with conventional
tissue parameters and morphological parameters in a single
classification procedure.
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In the system underlying this chapter, the age of the patient
in years at the day of the transrectal ultrasound examination
was recorded and stored as a parameter. In addition to the
patient’s age, the conventionally acquired amount of PSA in
the patient’s blood * 3% was stored as a parameter. Extended
PSA measures such as free PSA value ' 3% 136 or the PSA
speed *© can also be included.

Additionally, the physician’s results of the DRE were
recorded for every patient and stored as a parameter.?® 17
These values are only of interest during first interpretations of
the data and for comparing the results of the different types of
diagnostics. The results of DRE are highly dependent on the
conducting physician’s skills and, thus, are not recommended
for integration in computer-aided diagnostic systems, which
are intended to remain independent of the operator.

Several works have been carried out on the combination of
clinical variables in order to produce precise diagnostics. An
overview of neural networks classification for urology is given
by Wei in Ref. 38 In a general approach, the clinical features
of 1,787 patients were evaluated and high classification accura-
cies were reported.'* Most previous approaches only combined
parameters from the so-called clinical feature group. Feleppa et
al. report the successful combination of spectral parameters and
clinical features using a neural network.* 4647

All previously described parameters yield one value for
each ROI or at least one parameter per prostate slice. The
clinical features discussed in this subsection only yield one
value per patient. When working on small patient databases,
the integration of clinical parameters into the system can eas-
ily cause problems. Taking the central limits theorem into
consideration, the amount of information might be too small
to support a reliable training procedure. Clinical parameters
should only be used, when the patient database consists of a
relative larger patient contingent, e.g., a few hundred.

Discussion of Parameter Groups

A correlation matrix shown in Table 16.1 was calculated for
all parameter groups. The correlation matrix is calculated as
a simple measure of the linear correlation coefficient between
the different parameter groups. If the correlation coefficient
between two or more parameter groups is high, the “informa-
tion” stored in these features is regarded to be similar; thus,

TaBLE 16.1. Correlation matrix over all groups of parameters.

Parameter group Spectr. AR GS Text. 1 Distri. Text.2 ~ Morph.  Clinic.
Spectral 1.00 0.23 0.16 0.17 0.09 0.16 0.38 0.03
AR model 0.23 1.00 0.35 0.33 0.15 0.39 0.06 0.03
Generalized spectrum 0.16 0.35 1.00 0.71 0.68 0.34 0.06 0.03
Texture first order 0.17 0.33 0.71 1.00 0.80 0.52 0.07 0.01
Distribution model 0.09 0.15 0.68 0.80 1.00 0.40 0.04 0.02
Texture second order 0.16 0.39 0.34 0.52 0.40 1.00 0.05 0.02
Morphological 0.38 0.06 0.06 0.07 0.04 0.05 1.00 0.01
Clinical 0.03 0.03 0.03 0.01 0.02 0.02 0.01 1.00
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only one of the high correlated features should be kept for
further classification tasks.

The combination of different features originating from differ-
ent groups of parameters can increase the final classification
rates of computer-aided diagnostic systems. When the corre-
lation coefficients in Table 16.1 are taken into consideration,
it is apparent that the correlation between the two first-order
texture parameters groups (“Texture first order” and “Distri-
bution model”) is high in comparison to the other correlation
coefficients. The correlation between conventional first-order
texture parameters and features extracted from backscatter
distribution models is 0.80. This leads to the assumption that
an additional integration of backscatter distribution model
parameters in addition to conventional first-order texture
parameters will probably not lead to a significant increase in
classification rate.

The correlation coefficients between first- and second-order
texture parameters are in acceptable ranges between 0.40 and
0.52, which gives rise to the assumption that different tissue
characteristics are evaluated by these groups of parameters,
as has already been proposed in the appropriate subsections.
The correlation coefficients between morphological and clini-
cal features and nearly all other parameter groups are low
when compared to other correlation coefficients. This leads
to the assumption that the integration of morphological and
clinical features, in addition to conventional tissue character-
izing parameters, will increase classification rates. Very low
correlation coefficients ranging between 0.01 and 0.03 are
found in all combinations of parameters involving the clinical
parameter group. This motivates the integration of the PSA
value, the age of the patient, and other clinical values into the
classification system.

Similar correlation coefficients are found in nearly all com-
binations involving the morphological parameter group, which
give rise to correlation coefficients between 0.01 and 0.07,
except for the spectral parameter group, which achieves 0.38.

The parameter group based on generalized spectrum param-
eters shows correlation coefficients of 0.68 and 0.71 when
evaluated against first-order texture parameters. This would
not have been expected for these combinations. An interesting
observation is the fact that all three frequency domain-based
parameter groups, spectral parameters, autoregression param-
eters, and generalized spectrum parameters, yield relatively
low correlation coefficients.

Classification

After the data acquisition and preprocessing as the first step in
ultrasonic tissue characterization and the parameter extraction
as the second step, the classification procedure makes up the
third step. In general, there are different classification meth-
ods in use today, but due to the mathematical characteristics
of the underlying parameters, only a subset of these methods
is adequate for ultrasonic tissue characterization systems.
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The whole range of classification methods can be divided into
two groups: numerical and parametrical classifiers.

Numerical classifiers typically store numerous known cases
in a large database and consult this so-called knowledge base
when looking for a specific diagnosis on a new case. As infor-
mation about known cases is usually stored in numerical form,
these classifiers are called “numerical.” A known diagnosis
found in the database, which shows similar features as the new
case, is then accepted as diagnosis for the new case. Numerical
classifiers, also known as nonparametric classifiers, are com-
putationally inefficient because not only the whole database
has to be stored inside the system, but also the whole database
has to be searched for entries, which match each single new
case. Typically, the databases are downsampled to a practical
size to increase both storage space and the required computa-
tional power, while accepting a loss in accuracy. The search-
ing procedure, also referred to as table-lookup method, may
include interpolating algorithms to increase accuracy. Typical
numerical classifiers are nearest neighbor or k-nearest neigh-
bor classifiers. The description “nearest neighbor” originates
from the procedure of looking for “neighbors” of the actual
case in the feature space. For the example of computer-aided
diagnostic systems, the “neighbors” stand for known diagno-
ses for known cases described by similar parameters as the
actual case.

In contrast to numerical classifiers, parametrical classifiers
analyze the underlying data and estimate model functions,
which model the behavior and the interdependency of the
underlying parameter vectors. Instead of storing the whole set
of known cases, parametrical classifiers outline the numerical
properties of the features. Simple parametrical classifiers such
as the minimum distance classifier, the Bayesian classifier,
and the maximum likelihood classifier are only able to model
linear relationships between features. If nonlinear relation-
ships between evaluated features are expected, as typically is
in ultrasonic tissue characterization, higher-order parametri-
cal classifiers such as neural networks and fuzzy inference
systems are the methods of choice. Fuzzy inference systems
and artificial neural networks have proven to be successful in
handling the nonlinear behavior of tissue parameters. ! 3 63 140

One property, which all higher-order classifiers have in
common, is the need for training. Typically, the amount of
available data is divided into training datasets and validation
datasets to yield representative classification results during
the design procedure of the classifier by evaluating the system
with data that were formerly unknown to the system during
training. More details about this concept called crossvalida-
tion are given in section “Crossvalidation.” A rough over-
view of classifier design is given in Fig. 16.11. The training
procedure and especially the crossvalidation method, which
describes the division of the whole dataset into training and
validation datasets, are discussed in detail in section “Cross-
validation.”

The classification procedure used in the system developed
by the author consists of several stages, which are described in
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FiG. 16.11. Basic principle of classifier design, which consists of
two main stages: training and validation. When neural networks or
fuzzy inference systems are considered, the classifier is iteratively
optimized until a criterion is met. When considering simple classi-
fiers, such as numerical or minimum distance classifiers, no iterative
steps are taken

detail in the following subsections. An introductory overview
of the classification procedure is given in the block diagram
shown in Fig. 16.12, which visualizes the training procedure
of the system. The classification procedure applied during the
training stage differs from the classification procedure imple-
mented for the final evaluation and application of the system.
The latter procedure, thus, is described separately in section
“Evaluation Stage.”

When using higher-order classifiers, several pitfalls have to
be dealt with. If the model order of the classifier is too high,
the model may overfit the training data, which can lead to
poor classification results during crossvalidation. The conse-
quential application of crossvalidation methods during train-
ing can only cope with this problem to a certain degree.

Fuzzy Inference Systems

The adaptive network-based fuzzy inference systems pro-
posed in this chapter are designed to classify and separate the
ROIs into two classes. The first class, or target group, con-
sists of all negative or benign ROIs. The second target group
consists of all positive or malignant ROIs. On the underly-
ing data, two FIS are used in parallel: one FIS is trained to
find all hypoechoic and hyperechoic positive ROIs, while the
other FIS is designed to detect all isoechoic positive ROIs.
Thus, overall three target groups are implemented in the sys-
tem, as the positive target group is divided into two positive
subgroups.

The fundamentals of fuzzy logic and of the idea behind
fuzzy models can be found in detail in the publications of
Zadeh %> % and Mendel ® and in several textbooks by vari-
ous authors. An overview of network-based fuzzy systems is
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FiG. 16.12. Block diagram of training procedure. During this proce-
dure, the different tissue characterization parameters are analyzed,
the rule base of the fuzzy inference system is determined and the
optimal combination of parameters is selected

given by Jang in Ref. '*!. The mathematical background, espe-
cially the learning or training process of the FIS, is described
in detail by Jang in Ref. . Due to the complexity of fuzzy
inference, only a rough overview and a few important details
can be given here. The interested reader is motivated to get
further details from the cited literature.

Fuzzy inference systems use so-called membership func-
tions to fit the underlying parameter probability distributions
in the multidimensional parameter domain concerning each
target group. Typically, Gaussian membership functions are
used when working on normally distributed data. As men-
tioned in section “Parameter Extraction,” not all parameter
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vectors implemented in this work can be considered to be
normally distributed.®®7! This means that the use of Gaussian
membership functions may be considered unsafe in a statisti-
cal way, but the use of fuzzy inference systems in combination
with Gaussian membership functions has been proven to lead
to reliable results, even if the underlying data are not com-
pletely normally distributed. In a typical fuzzy inference sys-
tem, each processed feature is not only modeled by one single
membership function, but by several independent functions.
The number of membership functions per parameter is deter-
mined during the classification procedure and is part of the
design process. To model each feature using several member-
ship functions instead of only one model function each makes
it possible to cope with a wider range of possible distributions
within the data:

e Multiple clusters within the input data space can be mod-
eled using several Gaussian membership functions per
parameter

e Non-Gaussian distributed clusters within the input data
space can be modeled using several Gaussian membership
functions per parameter in superposition

A set of membership functions is combined according to so-
called rules. The combination of membership functions into
rules is shown later in Fig. 16.15. An increasing number of
membership functions yields a decreasing classification error
when considering the fit of the model functions to the training
dataset alone. When considering crossvalidation methods (see
section “Crossvalidation”), an increasing number of mem-
bership functions might result in decreasing generalization.
Therefore, the correct choice of the number of membership

Parameter 1

Parameter 2

Parameter 3

(1l
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functions is very essential for the design of robust fuzzy infer-
ence systems.

The fuzzy inference systems used on the underlying data
are based on Sugeno-type systems'*? with up to 15 Gaussian
model functions per parameter. A Sugeno-type system has
been chosen because this type of fuzzy inference system is
computationally efficient and easily permits the use of propa-
gation algorithms. The exemplary block diagram of a typical
first-order Sugeno-type fuzzy inference system is presented in
Fig. 16.13. In this example, three different input parameters
are evaluated by two membership functions each, thus, result-
ing in two rules. The results of both rules are combined to
form an output value.

The whole feature space is defined by a certain rules, which
each consist of a model function for each parameter. Several
membership functions belonging to a typical classification prob-
lem are shown in Fig. 16.14. In this example, the membership
functions of two rules combining six parameters are given.

As can be seen in Fig. 16.14, two clusters yielding high
probabilities for the target group are found in the six-dimen-
sional feature space spanned by the six input parameters. Both
clusters are modeled using Gaussian membership functions of
different widths and different center positions.

After the membership functions have been estimated during
the training procedure, the system can be used to evaluate the
validation dataset. All measured input parameters of a fuzzy
inference system are weighted by the membership functions
as shown in Fig. 16.15. This step is called fuzzyfication, as the
crisp values of the input parameters are transformed into fuzzy
values by weighting the crisp input values with the formerly
determined membership functions. The estimated degree of
membership is then processed by the rules. Often, simply the

FiG. 16.13. Block diagram of a typical Sugeno-type fuzzy inference system. Three different input parameters are evaluated by two member-
ship functions each, thus, resulting in two rules. The estimated degrees of membership are evaluated by the rules. The results of both rules

are combined to form an output value
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F1G. 16.14. Twelve membership functions, as determined for six different tissue characterization parameters. The functions are plotted over the
normalized output ranges of the parameters. Two rules have been found by the classification system to best characterize the underlying data. All
membership functions belonging to the first rule are drawn in red. All membership functions belonging to the second rule are drawn in blue
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Fi1G. 16.15. Fuzzyfication procedure and application of fuzzy rules. All input parameters of a fuzzy inference system are weighted by the
membership functions as depicted in thefigure. This is called the fuzzyfication procedure. The estimated degree of membership is then pro-
cessed by the rules. Often, simply the maximum value is used as the output, which is called the “winner takes all” strategy
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FiG. 16.16. Defuzzyfication stage of a typical fuzzy inference system. The output values of all rules are combined during the so-called
defuzzyfication stage. Often, simply the weighted average is used as output value of the fuzzy inference system
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maximum value is used as the output value as shown in the
figure. In this example, only the first of the two rules involved
in the fuzzy inference process is shown for reasons of simplic-
ity. Here, parameter 2 achieves the highest membership value;
thus, this value is forwarded to the next stage.

During the next stage, as shown in Fig. 16.16, the output of
all rules belonging to a fuzzy inference system is combined.
This procedure is called the defuzzyfication stage. In this exam-
ple, simply the weighted average is used as the output value of
the fuzzy inference system. Complex procedures, such as tak-
ing the center of gravity of the rules, have been proven useful in
many applications and, therefore, may be used as well in ultra-
sonic tissue characterization. Sometimes, the output values are
scaled using arbitrary output functions. If involved, these output
functions are also considered to be part of the fuzzy inference
system. If using an output threshold-independent performance
measure for evaluating the classification system, such as the
area under the ROC curve, scaling of the output does not alter
classification results and, thus, can be ignored.

As mentioned earlier, the number of rules is adaptively cho-
sen by the system. Subtractive clustering, which is an exten-
sion of the mountain clustering method, is often used as the
initial step in the supervised learning procedure to find natural
clusters in the data space. During this step, the center position
of the Gaussians in the feature space is determined. Subtractive
clustering is a realization of the “scatter partitioning” method
described by Jang."' A hybrid adaptive training algorithm
based on backpropagation and least square error estimation
with adaptive step sizes is used to train the system.® '3 The
use of adaptive step sizes during backpropagation increases
training speed, especially if the initialization of the rules is far
from optimal. The initial setting of the membership functions
is found using the clustering procedures mentioned. Neverthe-
less, training speed is increased by using adaptive step sizes.
Batch learning is applied to set the width parameters and to
refine the center position of the Gaussians.

During the training procedure, the best combination of
parameters and the appropriate membership functions are
stored in a rule base, which is used during the evaluation pro-
cedure described later in section “Evaluation Stage.” This rule
base forms the knowledge base of the fuzzy inference system.
Radial basis neural networks are mathematically similar to
network-based fuzzy inference systems and can be implemented
to behave in the same way as network-based fuzzy inference
systems if required."** In comparison to more complex neural
network designs like the multilayer perceptron, fuzzy inference
systems and radial basis neural networks have the important
advantage of being more transparent or easier to see through.
Although the underlying data will not always be normally dis-
tributed, normally distributed data should be considered as the
model or best case when designing a classification system to
be used in ultrasonic tissue characterization. Therefore, using
classification systems that apply a combination of Gaussians
to model the underlying data should be considered first.
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Crossvalidation

Methods for estimating the accuracy of diagnostic tests and,
thus, for comparing different classifiers require independence
of the test results in the samples. For this reason, fivefold cross-
validation methods have been used for the selection and com-
bination of parameters for the tissue characterization system
underlying this chapter. Crossvalidation methods are known
to yield an almost unbiased prediction error, although it must
be accepted that the results can be highly variable.'® Fivefold
crossvalidation is a method well known in the field of pattern
recognition and classification, which consists of dividing the
whole amount of data into five subsets of approximately the
same size, training the classifier with four of the subsets, and
testing the trained classifier with the fifth remaining subset.
Training and testing procedures are repeated five times with
all possible permutations of the data subsets.

Consequently, no data that are involved in the training
should be used for evaluation. Only datasets that were not
used during the training procedure are used during evaluation.
The same amounts from both target groups, positive and nega-
tive, are used during the training procedure. During the evalu-
ation procedure, the remaining data are used. The division
into five equally sized subsets is based on experiences with
similar datasets" ¢ and represents a compromise between
the achieved accuracy of the classification results and accept-
able computation time.

To provide an overall classification result for the classifier,
the mean value and the standard deviation of the classifier can
be calculated over all five results. While the mean value is a
good estimation for the overall performance of a classifier, the
standard deviation or variance indicates the stability. In the
field of pattern recognition and classification, the estimation
of the standard deviation over small cases such as five is typi-
cally accepted.

In approaches where there are multiple cases from the same
patient, the estimation and inference of the accuracy of the
diagnostic test must account for intracluster correlation. To
account for intracluster correlation, crossvalidation methods
should be used on datasets, which are constructed consider-
ing a division of the number of patients, not the amount of
ROIs."*¢ Small differences in the sizes of the subsets can be
accepted. When using crossvalidation methods and not keep-
ing in mind that possible intracluster correlation exists, the
classification results will be unreliable because they are too
positively weighted. Thus, a strict differentiation between
patients has to be maintained during the evaluation of clas-
sification systems.

Once the design of the classifiers is finished, leave-one-
out classification methods over patients can be performed for
the final classification results, in order to achieve results that
provide the highest possible accuracy, not considering com-
putational costs. Leave-one-out crossvalidation should also
be performed over patients and not over abstract datasets to
avoid intracluster correlation. When considering this system
developed by the author, the original database consisted of
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data originating from 100 patients. Thus, leave-one-out cross-
validation is performed by training the classifier with the data
of 99 patients and classifying the data of the remaining patient
with the resulting classification system. Again, both measures,
the mean classification performance and the standard devia-
tion, should be estimated. For leave-one-out crossvalidation,
the estimation of the standard deviation can be considered
being completely unbiased. Leave-one-out crossvalidation is
also referred to as complete crossvalidation or total crossvali-
dation, as it is performed on the smallest sizes of crossvalida-
tion data subsets possible.

Using crossvalidation methods during training only leads
to representative performance measures if performed on inde-
pendent datasets. In addition, generalization of the classifier
can easily be achieved if using crossvalidation methods during
training and design of the classifier.

Selection of Parameters

As discussed in section “Parameter Extraction,” several
parameter groups have been evaluated by the author with
regard to their classification power and practicability for ultra-
sonic tissue characterization for prostate cancer detection. The
intention is to integrate different parameters originating from
different parameter groups into multifeature classifiers. The
selection of adequate parameters from the pool of different
parameter groups is discussed in this subsection.

The block diagram of the training and parameter selection
procedure is given in Fig. 16.12. The parameter selection pro-
cedure starts by calculating the classification power of each
single feature. In order to use a decision-based criterion'*’
instead of an approximation-based criterion (e.g., mean square
error), the classification power is expressed as the area under
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the ROC curve.'* Details on the estimation of ROC curves are
given in section.!# 130

Once the area under the ROC curve has been calculated for
every single parameter, the parameter with the largest area is
chosen as the first feature of choice. During the next step, this
parameter is evaluated in combination with all other remain-
ing parameters. The parameters belonging to the pair with the
largest area under the ROC curve are chosen as the parameters
of choice for the next iteration. This procedure is repeated
until the area under the ROC curve stalls or even decreases as
the total number of parameters increases.

As this stepwise selection procedure is rather time consum-
ing, a step reduction procedure has been proposed by Sug-
eno.'> When the approach of Sugeno is followed, the current
parameters of choice are only evaluated in combination with
new parameters that performed better during the last iteration
step, as the best combination of parameters two iteration steps
ago. In most cases, this reduction has been proven useful as
the best combination of parameters was found with a reduced
number of evaluations. With regard to computational costs, this
step reduction approach remarkably reduces computation time.
No exact reduction factors are given here due to the variability
in different datasets. An exemplary scheme, which involves the
Sugeno reduction method, is demonstrated in Fig. 16.17.

It has to be admitted that this reduced selection procedure
is not the optimal method as regards the accuracy of the best
parameter estimation. The optimal set of parameters can only
be estimated if every possible combination of parameters is
evaluated and compared with all other possible combinations.
However, as the optimal method is too time consuming to be
practical, the near-optimal method proposed here is consid-
ered a very good choice for applications in ultrasonic tissue
characterization.

Stepl  Step2  Step3  Step4  Step 5
| P1 —0.58 0.71 0.79 0.82—=0.85}
| P2 }—0.62 0.74 0.81

P3 0.68
| P4 |—+{0.63 0.76
| Ps —0.51 0.65 0.67] |/ |
| P6 |—>{0.55 0.70 0.74 i

| P7 —{0.64}—0.73]

|
10.78}

10.83

FI1G. 16.17. Stepwise selection of parameters. The parameter selection is performed according to the exemplary scheme shown. Parameters are
discarded during the selection procedure according to the Sugeno reduction method (P5 and P6), which is implemented to reduce the number
of calculations needed to reach the optimal parameter combination. Skipped calculation steps are shown in gray
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Figure 16.18 displays the results of a parameter combina-
tion process. The mean area under the ROC curve is shown
together with error bars. Eight parameters have been combined
successfully using a fuzzy inference system. An increase in
the area under the ROC curve is observed throughout the com-
bination process. The example shown is typical for parameter
combination procedures using fuzzy inference.

Postprocessing

When considering a single ROI that is going to be analyzed, it is
proposed that the probability of this ROI belonging to a particu-
lar target group is high if the ROI to be analyzed is surrounded
by ROIs, which also belong to this particular target group.
This assumption leads to the integration of so-called contextual
information, which describes the properties of a ROI consider-
ing its context or surrounding environment within the organ.

A typical postprocessing stage is depicted in Fig. 16.19.
The output of the first stage, the fuzzy inference system, is

0.95 2t ' F

0.90 ek
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0.80 f /]
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0.70

1 2 3 4 5 6 7 8
Number of parameters

F1G. 16.18. Results of a typical parameter combination process. The
mean area under the ROC curve (red) is shown together with error
bars (blue). Eight parameters have been combined using a fuzzy
inference system
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Fig. 16.19. Postprocessing stage. This stage evaluates contextual
information by analyzing the environment or context of the ROIs in
two or three dimensions using 2D or 3D filter kernels
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filtered and thresholded, which produces increased classifica-
tion results and malignancy maps that are easier to interpret.

This so-called morphological analysis combines clusters in
the output maps of the fuzzy inference systems to mark areas
of similar tissue characteristics. The clustering procedure is
implemented by the two-dimensional filtering of the output
maps with symmetric binary kernels of a systematically deter-
mined size and subsequently thresholding the obtained maps
by formerly determined filter thresholds. As this procedure
does not only include the filtering of malignancy maps but
also includes thresholding using specific filter thresholds, this
procedure exceeds simple low pass filtering procedures but
represents a nonlinear operation on the data. Typical filter ker-
nels that can be applied during contextual post processing are
shown in Fig. 16.20.

During the training procedure, the optimal kernel sizes and
filter thresholds can be determined by systematically varying

13

F1G. 16.20. Typical symmetrical and binary 2D filter kernels of sizes 5, 9, and 13. The ROI which is being analyzed (red) is evaluated in
correlation with the surrounding ROIs (orange). The optimal size of the filter kernel and the optimal cut-off threshold should be determined

during the training stage
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kernel sizes and filter thresholds and comparing the classifi-
cation results to find optimal combinations. The optimal ker-
nel sizes and filter thresholds should be determined for the
whole range of separation thresholds, thus, still allowing a
free choice of separation threshold during the evaluation pro-
cedure. During the training procedure, the optimal kernel sizes
and filter thresholds can be stored in a database for use during
the evaluation procedure. In addition to improving the classifi-
cation rates, this postprocessing step makes malignancy maps
more readable for the physician or sonographer.

The postprocessing step increases the influence of compact
formed regions, which are rather typical for prostate tumors.
However, during the clustering step, the output resolution of
the system is reduced. The presentation of larger lesions is
enhanced, while the ability of the system to visualize smaller
lesions is reduced. As this postprocessing procedure can be
considered problematic in certain cases, the operator should
be able to switch off this stage during patient examinations.
However, as has been experienced during our clinical studies,
fuzzy inference systems tend to underestimate the malignant
area, thus, motivating the use of morphological postprocess-
ing routines.!

Evaluation Stage

All system design parameters, such as those describing the mem-
bership functions of the fuzzy inference systems and the filter
kernels and separation thresholds of the morphological postpro-
cessing stage, which were previously estimated during training,
are now finally used to classify the underlying ultrasound data.
The appropriate evaluation procedure is shown in Fig. 16.21. As
the composition of the evaluation stage shows many parallels to
the actual training procedure, no additional discussion is needed
concerning the appertaining block diagram.

The results of the two fuzzy inference systems are com-
bined after morphological postprocessing to build a so-called
combined malignancy map, which consists of a conventional
B-mode image of the organ in which areas of high cancer
probability are marked. Typically, these areas are colored in
red to show the malignancy. The combination or fusion of the
output of the two fuzzy inference systems is made by simply
superimposing (disjunction) the single binary output maps of
the two systems.

Visualization

The fourth and last stage in ultrasonic tissue characterization
consists of the visual presentation of the classification results.
Adaptive network-based fuzzy inference systems, as imple-
mented by the author and discussed in this chapter, provide
a fuzzy output value for every ROI of the dataset that is ana-
lyzed and classified. This so-called fuzzy output value stands
for a certain probability of the ROI being negative or positive,
respectively. As this fuzzy output value is not a crisp num-
ber directly indicating absolute probabilities or sensitivities,
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Fig. 16.21. Block diagram of evaluation procedure. During this pro-
cedure, the given ultrasound data are evaluated using the predeter-
mined fuzzy rule base and postprocessing parameters. The results
of both fuzzy inference systems working in parallel and supervising
their own knowledge base are fused to form a single classification
value for each ROI, which can easily be displayed on a PC screen.
Usually an overlay of malignancy maps over conventional B-mode
images is used
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the fuzzy output value is typically converted to an absolute
or physically motivated measure. Although the dependency
between fuzzy output value and target probability is nonlinear,
the output can easily be scaled to provide absolute probabili-
ties. A block diagram of the conversion procedure is given
in Fig. 16.22. Typically, the fuzzy output values are scaled
to absolute probabilities belonging to a certain target group.
The scaling of the output values into sensitivity or specificity
values is commonly used as well.

For the fusion of the output maps of both fuzzy inference
systems, the specificities of both classification systems are
matched in order to provide comparable sensitivity values for
estimated separation threshold values. Often, the fuzzy output
maps of the two fuzzy inference systems are transformed into
binary maps applying a separation threshold to separate the
amount of cases into two target classes. As can be seen in
Fig. 16.22, the binarization is carried out after the conversion
of the fuzzy output values into crisp sensitivity values. The
separation threshold can be selected to be chosen freely by the
operator, as the implemented system is a quantitative system
and produces quasi-continuous fuzzy output vectors.

Certainly, some “information” is discarded during the bina-
rization step, but the output of the system becomes easier to
interpret and, thus, more readable for the physician or sonog-
rapher. The aim of the system is to provide the operator with
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F1G. 16.22. Visualization procedure of an ultrasonic tissue characterization system. The block diagram shows the fourth and final step in ultra-
sonic tissue characterization. The output values of the fuzzy inference systems are converted and scaled to provide representative diagnostic
images. Binary malignancy maps are used for the clinical study underlying this work

the information to probe further in a certain region within the
prostate which yields an estimated high probability for can-
cer. Numerically scaled probabilities can be difficult to inter-
pret, even when using sophisticated visualization schemes
involving selected color maps. The malignancy map can
be presented to the physician on a PC screen and, thus, can
supplement the existing methods of diagnostics. Malignancy
maps can easily be printed or archived, which is an important
step in biopsy planning.'s!

In addition to two-dimensional presentations of prostate
slices, volumetric modalities have been developed to open up
new fields of diagnostics. The segmentation of the organ itself
is an important diagnostic modality, as the shape of the organ
can change due to diseases such as prostate cancer.’> '52 In
the later stages of prostate cancer, the shape of the organ can
change because of excessive tumor growth. Furthermore, the
mere volume of the prostate, which is highly correlated with
benign prostate hyperplasia, is an important diagnostic param-
eter in urology.'>* In addition to diagnostic aims, volumetric
representations of malignancies can help during therapy plan-
ning and during treatment itself. Looking into the future, the
targeting of radiation therapy doses, when considering exter-
nal beam radiotherapy, afterloading techniques or Brachyther-
apy, will be easier to plan. Thermal therapies may be easier to
conduct when using volumetric representations of organ and
tumor borders.

Results

During the clinical study on the detection of prostate carci-
noma underlying most of the development of the tissue char-

acterization system presented in this chapter, radiofrequency
ultrasound data from 100 patients were acquired and pro-
cessed. On the day of the examination, the youngest patient
was 48 years old, the eldest 79 years. Both the mean and the
median age of the patients were 64 years. All patients in this
study underwent prostatectomy. Prostate slices with histologi-
cal diagnosis following prostatectomy act as the gold standard
and “teacher data.” Histological analysis is usually accepted
as the gold standard; nevertheless, it is subject to error.'>

The concentration of the PSA in the patient’s blood was
recorded together with possible medication and hormonal
data. The results of the clinical examinations, involving DRE
and conventional B-mode transrectal ultrasound, have been
recorded two allow crossvalidation.

As shown in Table 16.2, the PSA values of the patients
were in the range of 1-93 ng ml™' with a mean value of 12.8
ng ml~! and a median value of 8.5 ng ml~'. 17 patients had a
PSA value greater than 20 ng ml™', which is a fairly certain
indicator of the presence of prostate cancer. 21 patients had a
PSA value between 10 and 20 ng ml™', which still stands for
a certain probability of prostate cancer. The greatest amount
of patients, in total 49, had a PSA value between 4 and 10

TABLE 16.2. PSA values encountered in the clinical study.
PSA value

Number of patients

PSA <4 ng ml! 9
4 ng ml"' <PSA <10 ng ml™! 49
10 ng ml' < PSA <20 ng ml! 21
20 ng ml! < PSA 17
Not recorded 4
Sum 100
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ng ml~!, an amount that makes a conclusion rather unreliable.
Nine patients had a PSA value below 4 ng ml~'. No PSA val-
ues were recorded for four patients.

Looking at the results of the clinical examinations, which
are shown in Table 16.3, about 44 patients were diagnosed
T3, 41 patients were diagnosed T2, and 11 patients received a
diagnosis of T1. One patient was diagnosed T4. In three cases,
no carcinoma could be diagnosed. Gleason scores are not
evaluated in this study, because they have only been recorded
for a few patients and, thus, cannot be discussed in a represen-
tative manner.

The RF datasets have been divided as described in section
“Data Acquisition and Preprocessing,” resulting in a sum of
129,967 benign and 40,517 malignant ROIs. An exact over-
view is presented in Table 16.4. After prostatectomy, a mini-
mum of three prostate slices was dissected for each patient
while maintaining the angle of the slices according to the
angle of the ultrasound transducer during the data acquisition.
Prostate tissues have been stained and marked on the pros-
tate slices with hematoxylin and eosin. Malignant areas have
been encircled on the glass plates by the pathologists after
the preparation of the slices using microscopic examination
of the specimen. The contours have been transferred to the
workstation by experienced physicians, thus, enabling a defi-
nite assignment of dataset ROIs to tissue classes. For transfer-
ring the contours to the workstation, the B-mode images of all
recorded datasets of one patient are displayed on the work-
station screen. The physician chooses the datasets that fit the
prostate slices best and transfers the contour to the worksta-
tion, interactively encircling the prostate and cancerous areas
with the mouse. Only datasets that exactly match the prostate
slices are kept for further processing. This results in approxi-
mately two or three validated datasets per patient.

The tumors have been divided into two different classes.
The first class (PS) consists of all tumors that were visible in
the conventional B-mode image. In total this class consists

TABLE 16.3. Results of clinical examination.

Results of examination Number of patients

None 3
Tl 11
T2 41
T3 44
T4 1
Sum 100

TABLE 16.4. Overview of regions of interest acquired during the
clinical study.

Class Acronym Number of ROIs

Noncancerous tissue N 129,967

Hyperechoic and PS 27,608
hypoechoic tumors

Isoechoic tumors PU 12,909

Sum 170,484
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of 27,608 ROIs. Hypoechoic tumors have also been included
in this class as hyperechoic tumors. The second class (PU)
consists of all isoechoic tumors, which are tumors that are not
visible in the conventional B-mode.> '3 These tumors appear
in the B-mode image in the same way as healthy tissue. Over-
all, 12,909 ROIs belong to this class. When considering these
amounts, it can easily be concluded that about one-third of all
tumors cannot be seen with conventional B-mode imaging.
Nevertheless, this result correlates well with former studies
on transrectal ultrasound imaging.> * Prior work has shown
that the partitioning of the entire amount of malignant ROIs
into these two classes improves the classification results quite
significantly.”> However, a separation of the first class PS
into two subclasses that consist of isoechoic and hyperechoic
tumors, respectively, could further improve the system.

The third class (N) consists of all other kinds of tissue. In
addition to normal tissue ROIs, ROIs that consist of benign
prostate hyperplasia also belong to this class. It has to be men-
tioned that all other kinds of “unusual” tissue, e.g., stones,
etc., belong to the class N, too. In total, class N comprises
129,967 ROIs.

The manual transfer of prostate and tumor contours from
histological prostate slices to the workstation screen is a
procedure that is very sensitive to errors. The physician or
sonographer has to work properly and precisely to keep trans-
fer errors as low as possible during the training procedure.
The transferring procedure can be conducted reasonably well
for tumors that are more or less visible in the conventional
B-mode image, but requires great skills from the physician in
the case of isoechoic tumors, thus, only allowing the physician
to use typical landmarks such as the prostate border, stones,
and the urethra/seminal duct for navigation. During the prepa-
ration, the prostate slices are often deformed, making a proper
correlation even more complicated. From the current point
of view, an automatic transfer procedure, based on acquiring
images of the histological prostate slices using a scanner and
digital image processing, does not seem to be able to satisfy
the required demands. For this reason, the transfer procedure
was conducted manually by two physicians.

Two fuzzy inference systems were trained in succession
using the histological findings as “teacher data.” Details of
the training process and the fuzzy inference systems involved
in this work are discussed in section “Methods.” The first
fuzzy inference system was trained to distinguish the class
PS, which consists of hypoechoic and hyperechoic tumors,
from class N, which consists of “normal” tissue in the sense
of tumor detection. The second system was used to distinguish
between the class PU, which consists of isoechoic tumors, and
the class N.

Results of Tissue Characterization

Each of the two fuzzy inference systems involved in the clas-
sification process provides a fuzzy output value for each ROI
of the ultrasound dataset. The fuzzy output value is a measure
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of the estimated probability of the ROI being malignant or
benign. The frequencies of occurrence of a classification of
the benign and malignant ROIs for different normalized out-
put values are shown in Fig. 16.23 for FIS 1 and in Fig. 16.24
for FIS 2, respectively.

These curves will also be used for the conversion between
fuzzy output values and crisp values when the absolute prob-
abilities of class membership are requested. Typically, the
output values are expected to be normally distributed. As can
be seen from the figures, only three of the four curves exhibit
normal behavior. The complex shape of the positive curve
of FIS 1 is unexpected but, as the system provides reliable
results, the distribution of the output values is considered to be
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of minor importance. As several tissue parameters involved in
the classification process exhibit non-Gaussian behavior, the
not-normally shaped distribution of the fuzzy output values
can be explained as originating from the distributions of the
underlying tissue parameters.

ROC curves are calculated by continuously varying the sep-
aration threshold.!# 14150 The ROC curves for the two systems
are shown in Fig. 16.25. The area under the ROC curve is 0.86
for the first system and 0.84 for the second system, respec-
tively. The capability of the system has been determined using
the leave-one-out classification method over patients, which
means that the system has been trained on 99 patients to clas-
sify the remaining 100th patient.!*> After 100 single calcula-
tions, the results are averaged to form the final classification
results. The standard deviations of the repeated classification
tests are 0.01 for the first system and 0.02 for the second sys-
tem, respectively. Calculating sensitivities and specificities
for the example point of sensitivity = specificity, a.k.a. equal
error rate, leads to a classification rate of 0.75.

The results of the eight different tissue characterization
parameter groups are given in Table 16.5. Analyzing the
results of the single parameter groups, the conventional spec-
tral parameters based on Fourier transform processing of the
underlying RF echo data allow by far the best discrimination
between malignant and benign ROIs. Followed by the results
of second-order texture parameters and by the morphological
group, conventional spectral parameters clearly outperform
AR model parameters and parameters based on the generalized
spectrum. Clinical parameters did not perform significantly

1.0

%, — B
o — o
*, §§ o
0.9 RS
., \\ &
0.8 &
"“ "0
0.7 i §E
.“ 6’.
"‘0 ‘0“‘
.. 0.6 .
= 0.5 33
17} Ry
o 4 o,
% 0"‘ “‘.
0.4
o ““
0.3 4 S,
o ",
04 "0
o .
0.2 &
0"
0.1 3 —— Classification system 1
- —— Classification system 2
0.0 k= I I I | I

00 01 02 03 04 05 06 07 08 09 1.0

Specificity

Fi1G. 16.25. ROC curves of the two classification systems. The mean
area under is ROC curve is 0.86 with a standard deviation of 0.01 for
the first system (red), and 0.84 with a standard deviation of 0.02 for
the second system (blue), respectively
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TABLE 16.5. Classification results of single parameter groups.

System 1 System 2
Parameter group ROC area Standard dev. ROC area Standard dev.
Spectral 0.77 0.01 0.64 0.03
AR model 0.64 0.05 0.58 0.02
Generalized spectrum 0.64 0.03 0.57 0.02
Texture first order 0.68 0.02 0.60 0.05
Distribution model 0.63 0.01 0.55 0.05
Texture second order 0.72 0.02 0.62 0.04
Morphological 0.72 0.01 0.64 0.04
Clinical 0.54 0.02 0.52 0.06

when analyzed alone, but it has to be remembered that the
correlation between the clinical parameter group and all other
groups was low, thus, still motivating the integration of clini-
cal parameters into a nonlinear classification system.

Classification results of system 2 are in general inferior in
comparison to the classification results of system 1. However,
a similar relationship between the different parameter groups
can also be observed here.

Case A

The first patient, whose case is discussed in detail, here called
case A, was 57 years old on the day of the examination. The
PSA value found in the blood specimen taken on the day of
the examination was high at 29 ng ml~'. He was diagnosed
T2 with a Gleason score of three. This diagnosis was made
after DRE, PSA value analysis, and conventional transrectal
ultrasound examination.

A cancerous region was diagnosed in the lower right lobe
of the organ. When the B-mode image shown in Fig. 16.26
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FiG. 16.26. Conventional B-mode image of case A. An abnormal
hypoechoic region is visible in the lower right area of the prostate.
When the left and the right lobes of the organ are compared, the
lower part does not look symmetrical but exhibits different structures
on both sides

is investigated, an abnormal hypoechoic area can be detected
in the lower right area. When the left and right lower parts
of the organ are compared, no symmetrical behavior is found
as both sides exhibit different structures. The organ border is
clearly seen in the image as a hyperechoic seam encircling the
prostate. When only the B-mode image is considered, all other
parts of the prostate seem to be free of cancerous areas. The
conventional ultrasound image does not show any abnormali-
ties except in the lower right part of the organ.

The histological findings after a radical prostatectomy
of case A are shown in Fig. 16.27. The image shows a con-
ventional optical scan of a tissue specimen dissected from
approximately the same part of the prostate from which the
ultrasound dataset shown in Fig. 16.26 was recorded. The
prostate tissue has been stained using hematoxylin and eosin.
Cancerous areas were microscopically detected and encircled
by the pathologist. The histology proves that the tumor actu-
ally spread over the whole lower part of the prostate. In the
conventional B-mode image shown in Fig. 16.26, only the
right part of the tumor was visible and, thus, could be diag-
nosed as malignant.

Experienced physicians transferred the contours encircled
on the histological specimen shown in Fig. 16.27 to the tissue

FiG. 16.27. Histology of case A. The image was scanned optically
from a prostate slice fixed on a glass plate. The prostate tissue has
been stained using hematoxylin and eosin. A cancerous area (PCa),
here encircled by the pathologist, was detected spreading over the
lower part of the organ
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characterization workstation for the evaluation of the classifi-
cation system. Several histological specimens dissected from
different parts of the organ were matched with several ultra-
sound datasets recorded at different positions of the organ.
The shape of the organ and typical landmarks such as urethra,
prostate stones, and the seminal duct were used for matching
and navigation. The contours of a prostate slice of case A,
as transferred to the computer, are shown in Fig. 16.28. The
whole organ is encircled in green while cancerous areas are
encircled in red.

The output of the classification system for case A is shown
as a malignancy map in Fig. 16.29. Not only the right-hand
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FiG. 16.28. Contour plot of prostate slice of case A. Experienced
physicians transferred the contours encircled on the histological
specimen shown in Fig. 16.27 to the tissue characterization worksta-
tion for the evaluation of the classification system. The whole organ
is encircled in green, cancerous areas are encircled in red
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Fi1G. 16.29. Malignancy map of case A. The final classification results
of the classification system are shown. Areas of the prostate exhibit-
ing high cancer probability are marked in red. Not only the right part
of the tumor was highlighted by the classification system but nearly
the whole extension of the cancerous region was detected
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part of the tumor is correctly classified, but also a distinct part
on the left-hand side of the organ was correctly classified as
cancerous, though this part appears as isoechoic tissue in the
conventional B-mode ultrasound image.

Case B

The second patient, whose case is discussed in detail, here
called case B, was 64 years old on the day of the examina-
tion. The PSA value found in the blood specimen taken on
the day of the examination was slightly elevated at 6 ng ml-..
The patient was diagnosed T2 with a Gleason score of two.
The diagnosis was made after DRE, PSA value analysis, and
conventional transrectal ultrasound.

A cancerous region was diagnosed in the lower left part of
the organ. When the B-mode image shown in Fig. 16.30 is
investigated, a hypoechoic area can be detected in the lower
left area. When comparing left and right lower parts of the
organ, no symmetrical behavior is found. Again, the organ
border is clearly seen in the image as a hyperechoic seam
encircling the prostate. The prostate itself appears less echoic
than the surrounding tissue. When only the B-mode image is
considered, all other parts of the prostate seem to be free of
cancerous areas, though the tissue of the organ is more irreg-
ular than the tissue in case A. The conventional ultrasound
B-mode image does not exhibit any abnormalities except the
irregularity of the whole organ and the compact region in the
lower right part of the organ.

The histological findings after prostatectomy of case B are
shown Fig. 16.31. The image shows a conventional optical
scan of a tissue specimen dissected from approximately the
same part of the prostate from which the ultrasound dataset
shown in Fig. 16.30 was recorded. The histology proves that

SONOHISTOLOGY
R0.92

f=7.5MHz %
a=B/RF -

F1G. 16.30. Conventional B-mode image of case B. A compact
hypoechoic region is visible in the lower left area of the prostate.
When the left and the right lobes of the organ are compared, it seems
that the lower part of the organ is not symmetrical. A slight shadow
is visible behind the hypoechoic region
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FiG. 16.31. Histology of case B. The image was scanned optically
from a prostate slice fixed on a glass plate. The prostate tissue has
been stained using hematoxylin and eosin. A cancerous area, here
encircled by the pathologist, was detected in the lower right part of
the organ

the tumor actually extends over the compact region in the
lower left part of the prostate and, thus, is much bigger than
actually diagnosed using conventional ultrasound B-mode and
DRE. In the conventional B-mode image only the lower right
part of the tumor was visible and, thus, could be diagnosed as
malignant.

Using the histological findings shown in Fig. 16.31, expe-
rienced physicians transferred the contours encircled on the
histological specimen to the tissue characterization workstation
for the evaluation of the classification system. Several histologi-
cal specimens dissected from different parts of the organ were
matched with several ultrasound datasets recorded at different
positions of the organ. The shape of the organ and typical land-
marks such as prostate stones and the seminal duct are used for
matching and navigation. The contours of the prostate slice of
case B, as transferred to the tissue characterization workstation,
are shown in Fig. 16.32. The whole organ is encircled in green
while cancerous areas are encircled in red.

The output of the classification system for case B is shown
as a malignancy map in Fig. 16.33. Areas of high cancer prob-
ability are marked in red. Not only the lower part of the tumor
has correctly been classified, but also the extension to the upper
part of the organ was correctly classified as cancerous. Nearly
the whole area of the cancerous part of the organ was detected.
In addition to two-dimensional representations of malignant
areas, volumetric representations can be constructed by ren-
dering classification results. Typical volumetric presentations
of case B’s prostate are shown in Fig. 16.34.

Discussion

All patients examined during the clinical study underlying
this work underwent prostatectomy. However, long-term pro-
cess checkups of patients who underwent prostatectomy have
shown that about 40% were prone to biochemical relapse,
which is indicated by a consecutive rising PSA value.”® Most
likely, these patients did not profit from excision. These results
demand superior diagnostic staging and planning before the

U. Scheipers
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FiG. 16.32. Contour plot of prostate slice of case B. Using the his-
tological findings shown in Fig. 16.31 experienced physicians trans-
ferred the contours encircled on the histological specimen to the
tissue characterization workstation for the evaluation of the classi-
fication system. The whole organ is encircled in green, cancerous
areas are encircled in red
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FiG. 16.33. Malignancy map of case B. Areas of the prostate exhibit-
ing high cancer probability are marked in red. Not only the lower part
of the tumor has been highlighted by the classification system, but
nearly the complete extension of the cancerous region was detected

actual surgery. Only an exact analysis of preoperative tumor
characteristics can lead to a decrease in relapse.?® Sophisti-
cated ultrasonic tissue characterization systems can provide
the physician with an improved analysis of prostate tissue,
which might lead to a decrease in relapse.

In addition to conventional prostatectomy and external
beam radiation therapy, which still are the preferred methods
for high-risk patients in many countries,'> alternative methods
like Brachytherapy are on the rise.'*® Because Brachytherapy
is aimed at the low-risk patient, where the tumor is located in
one side of the prostate only and the prostate capsule is still
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FiG. 16.34. Volumetric representations of prostate carcinoma and
organ boundaries as seen from different viewing angles. The carci-
noma is visualized in opaque red, while the whole organ is shown in
transparent yellow. Rendered volumes can be rotated to any angle to
aid in therapy planning and diagnostics

intact,'””- 138 especially volumetric reconstructions of the whole
organ, based on ultrasonic tissue characterization including
malignant areas within the prostate, will result in improved
planning for the application of Brachytherapy.

Another radiation-based method, the afterloading tech-
nique, is based on a combination of a temporarily implanted
iridium load and percutaneous irradiation. This method may
also be used for high-risk patients.'>® The dose of both modali-
ties, the implanted iridium load and the percutaneous irradia-
tion, has to be planned properly in order to irradiate the whole
malignant area while sparing unaffected tissue. Because of the
high accuracy demands of the method, volumetric representa-
tions of the prostate and cancerous areas might successfully
supplement the afterloading technique.

Cryoablation'” and high-intensity focused ultrasound
(HIFU),'®® two nonionizing methods, are used minimally
invasive. Even combinations of irradiating and nonionizing
methods are used today, for example, thermo-radiotherapy
that consists of a combined usage of interstitial hyperthermia
and conformal radiation therapy.'®® Again, these therapies
might benefit from ultrasonic tissue characterization in two
ways: firstly, volumetric reconstructions may aid in plan-
ning therapy. Secondly, tissue characterization methods may
be used to characterize the treated tissue and to monitor the
treatment procedure. For tumors, which are not considered, to
be curable, hormonal therapy is the therapy of choice.'®* Hor-
monal therapy is also used to shrink tumors before treatment
by surgery or radiotherapy. Ultrasonic tissue characterization
may help to monitor the therapy process. Especially volumet-
ric representations of tumors can be used to calculate tumor
shrinkage due to hormonal influence.

Chemotherapy'® is the method of choice in special cases,
usually when all other modalities, even hormone therapy, are
not successful. Although no clinical studies have been con-

171

ducted on this matter so far, ultrasonic tissue characterization
may be used to monitor the changes in tissue due to chemo-
therapy. Improved medication and the improved adjustment of
medication during therapy might be possible in the future.

Focus on Brachytherapy

Permanent-implant Brachytherapy is a technique that is
becoming more and more popular for the treatment of the
early-stage prostate carcinoma. Since the radioactive sources
are implanted directly within the tumor, Brachytherapy pro-
vides a very effective way of delivering a full radioactive
dose to the diseased area while sparing radiation exposure
to normal tissue.*®!%* Typically, between 40 and 100 seeds
are placed within the prostate. The major limitation today is
the effective planning and placement of the seeds within the
malignant region of the prostate. Several works dealing with
software solutions for the placement problem have been pub-
lished. An overview is given in Ref. 1%, As the tumor region
is seldom recognized with a high grade of accuracy when
using conventional diagnostics, seeds are typically implanted
within the whole prostate, in order not to save any malignant
regions. When this method is considered, it is apparent that
a high overall dose has to be applied to the patient to treat
all malignant regions while keeping the false negative rate of
untreated malignant regions as low as possible. The approach
described in this work may lead to better planning modalities
for Brachytherapy using tissue characterization-based volu-
metric reconstructions of prostate regions. As has been shown
in this work, the classification system is able to detect can-
cerous regions within the prostate with a high grade of accu-
racy. Using volumetric reconstructions, the cancerous regions
can be modeled in three dimensions. The tumor model can
be used as input for conventional Brachytherapy planning
software, which calculates the radioactive dosage and its
appropriate seed positions.'* Improved planning modalities
for radioactive seed implantations will result in better results
of Brachytherapy. The patient’s overall exposure to radiation
will be kept as low as possible while increasing the irradiation
at malignant areas.

Conclusion

Ultrasonic tissue characterization for prostate cancer diag-
nostics is a revolutionary approach toward precise cancer
diagnostics. A sophisticated system for ultrasonic tissue char-
acterization based on multifeature processing and nonlinear
classifiers has been proposed and discussed as an exemplary
case. Systems for ultrasonic tissue characterization usually
comprise four main processing stages: data acquisition and
preprocessing, parameter extraction, classification, and visu-
alization, all which have been discussed in detail. Numerous
ways of extracting tissue describing parameters originating
from different parameter groups have been described in the
literature. The most popular of these groups have been dis-
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cussed. In the exemplary system proposed in this chapter,
several of these parameters are combined to produce spatially
resolved malignancy maps using a multifeature approach
based on fuzzy reasoning. The classification engine of the
proposed system consists of two network-based fuzzy infer-
ence systems working in parallel. In addition to 2D malig-
nancy maps, the output of the tissue characterization systems
can be rendered to yield volume reconstructions of the pros-
tate and of carcinoma within the prostate.

It has been shown that ultrasonic multifeature tissue char-
acterization is able to detect the prostate carcinoma with a
high grade of accuracy. This means that ultrasonic tissue
characterization systems can supplement the existing meth-
ods of prostate diagnostics to improve the early detection
of prostate cancer and to achieve an increased reliability in
diagnostics.

The ROC curve area of the proposed system is 0.86 for the
first subsystem, which was trained to distinguish between
hyperechoic and hypoechoic tumors and normal tissue, and
0.84 for the second subsystem, which was trained to distin-
guish between isoechoic tumors and normal tissue. The stan-
dard deviations are 0.01 for the first subsystem and 0.02 for
the second subsystem, respectively. Tumors that are not vis-
ible in the conventional B-mode image can be located. The
planning of biopsies may be improved, unnecessary biopsies
may be avoided and performed biopsies may be guided with
increased reliability. In comparison to the work of Feleppa
et al.*»*#"-5" and Balaji et al.,*® who include the so-called LOS
of the physician as an additional parameter in their classifi-
cation system, only conventional parameters are used in the
proposed approach. However, a high grade of accuracy could
still be achieved without losing the independence from the
conducting physician.

The problem of conventional B-mode ultrasound imag-
ing for the detection of prostate cancer is the interobserver
variability, which is the dependence of diagnostic results on
the abilities of the conducting physician or sonographer. A
highly trained physician or sonographer may be able to detect
the majority of tumors, while a novice physician or sonog-
rapher may oversee small tumors or tumors with isoechoic
properties, which, therefore, cannot be seen in conventional
B-mode imaging. An ultrasonic tissue characterization sys-
tem can automate the process of finding suspicious regions
and hence help to reduce the wide gap in ultrasound imaging
diagnostic results between expert and novice physicians and
sonographers. As ultrasonic tissue characterization systems
even evaluate characteristics of the ultrasound echo signal
that cannot be seen in the conventional B-mode image, the
approach may also be of great help to the expert
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Chapter 17

Augmented Reality for Computer-Assisted
Image-Guided Minimally Invasive Urology

Osamu Ukimura and Inderbir S. Gill

Background

Surgery is considered to be a highly interactive process and
significant surgical decisions need to be made during surgery.
In this era of minimally invasive surgery, videoscopic proce-
dures have increasingly made the surgeon distanced from the
real surgical field, with diminishing tactile feedback. Imag-
ing guidance is particularly crucial for such videoscopic
minimally invasive surgery where the procedure is performed
through small openings in the body, since the sensory infor-
mation available to the surgeon is much more limited than in
the open approach. Image-guided surgery has had significant
growth in recent years and is becoming widely accepted by
experts or professionals.'”” Conventional use of intraoperative
imaging for surgical navigation, such as real-time ultrasound
or open MRI, has critical issues including (1) operator depen-
dency in interpretation of the image, (2) the need for ultrasound
expertise, (3) the need of expensive equipment for open MRI,
and (4) the limitation of its two-dimensional imaging feature.
If using conventional 2D preoperative imaging alone, surgeons
have generally needed extensive mental imagination to under-
stand the 3D anatomy beyond the surgical view, by using tactile
feedback or other available sensory information. On the other
hand, intraoperative computer-assisted image guidance systems
allow the surgeon to have detailed information available in the
real surgical field during the surgical procedure, visualizing
the 3D anatomy of the patient and also rendering the surgical
instruments. The 3D patient information can be a preoperative
imaging modality such as CT, MRI, or PET that requires a reg-
istration process onto the real anatomy during the procedure, or
it can be a real-time imaging modality such as ultrasound or flu-
oroscopy that have the advantage of eliminating the registration
process because of their real-time nature. The patient-specific
surgical planning models can be made into 3D preoperative or
intraoperative surgical planning models. Furthermore, integrat-
ing by digital information the interventional device and the 3D
imaging, computer-assisted interventional treatment (such as in
percutaneous or extracorporeal approaches) will significantly
improve both the consistency of the intervention and the clinical

O. Ukimura and L.S. Gill (eds.), Contemporary Interventional Ultrasonography in Urology,

follow-up data available for patient and statistical analysis to
validate new therapeutic interventions. The goal of future com-
puter-assisted image-guided surgery is not simply to replace
the surgeon with a computer or robot, but to provide new valu-
able versatile tools that extend the surgeon’s ability to achieve
both oncological and functional outcomes of the surgery for the
patient. The value of computer assistance can be measured in:
(1) increased precision of the surgery, (2) reduced morbidity or
error rates, (3) shortened operative times, and (4) a shortened
learning curve for the novice.

Virtual reality has been used as a surgical simulator of the real
world for training or planning.® The laparoscopic simulator is
regarded as one of the recommended tools for training surgical
residents, which might be enhanced by coupling it with a vir-
tual reality simulation model. Augmented reality is the technol-
ogy further advanced from virtual reality.**'3 It is a powerful,
new, intraoperative imaging technology allowing the merging
of computer graphics and real surgical imagery into a single,
coherent perception of the enhanced surgical world around the
surgeon. This means that the image one sees on the endoscopic
video screen comprises a real video image overlaid with a graph-
ics image. This allows the surgeon directional interpretation of
the 3D imaging information of the real endoscopic surgical
field. The clinical application of augmented reality in the indi-
vidual clinical setting will offer better realism, potentially not
only improving precision in difficult surgery for the expert, but
also decreasing the learning curve for the novice by minimiz-
ing adverse effects. Augmented reality technology potentially
improves clinical outcomes, in a practical educational process.

Technical Aspects of Augmented Reality

Augmented reality was initially applied to neurosurgery, which
has a relatively fixed small space, frames, and a bony refer-
ence, facilitating the registration of virtual and real images.*!!
In clinical application of augmented reality technology, the
challenge in laparoscopic surgery has included the deforma-
tion of the abdominal organs due to respiration, heartbeat, gas
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insufflations, and surgical manipulation.'? Key steps in the
application of augmented reality involve the reconstruction of
3D surgical models from the imaging modality, registration
of the image onto the real anatomy, and tracking the surgi-
cal instruments as well as tracking any motion of the targeted
organs and surrounding anatomies. The system is designed to
assist a surgeon in (1) performing a surgery with preoperative
surgical planning models; (2) allowing intraoperative regis-
tration of preoperative surgical models onto the real surgical
field, and (3) intraoperative use of the 3D surgical planning
model integrated with the surgical instruments.

The preoperative surgical plan generally starts with 2D
medical images, together with other available information
about the patient, such as the pathology. For intraoperative
use, a 3D surgical model can be developed from these pre-
operative images as well as intraoperatively acquired images.
In the operating room, this information is registered onto the
actual patient using an intraoperative position sensor system,
which typically involves the use of a magnetic or optical 3D
localization system, X-ray, or US images, or the use of a laser
system. If necessary, the surgical plan can be updated intraop-
eratively with real-time imaging such as US, X-ray, or MRL

The essential technology for augmented reality is the accu-
racy of the registration and tracking systems. The most common
clinical applications for the registration and tracking system
include (1) optical sensor systems, (2) electromagnetic sensor
systems, or (2) a robot itself. (1) Optical tracking systems, using
an infrared stereo camera and optical marker, are the most preva-
lent tracking systems used today for image-guided surgery. In
general, optical tracking systems provide a simple tracking solu-
tion that achieves high accuracy, a fast sample rate to achieve a
real-time nature, and relatively constant and isotropic measure-
ment error for clinical practice. (2) Electromagnetic sensor sys-
tems have a field generator that produces one or more distinct
magnetic fields, and a receiver with one or more sensor coils
that picks up the signals. Unfortunately, electromagnetic sensor
systems have the shortcoming that anything that distorts the gen-
erated field (such as metal in an operating gurney) will cause a
decrease in accuracy. Key components of electromagnetic sensor
systems include (1) the field generator to generate the magnetic
fields, (2) the sensor to produce electrical signals in the presence
of the induced magnetic fields, and (3) the system control unit
to control the field generator, and to receive the sensor data and
synchronizing it with the field generator output, performing cal-
culations, and communicating with the host personal computer.
(3) A robot can also prove to be a great localizational tool to pro-
vide digital information of the surgical instruments in the space.
An accurately calibrated robot provides a very precise location
within the calibrated workspace. A further method of tracking
is the use of real-time medical imaging directly, for example,
using fluoroscopy or ultrasound as well as, in the near future,
using real-time CT fluoroscopy and MRI. Also in the future, a
body-GPS (global positioning system) may be used for tracking
the dynamic motion of the surgical target.

Augmented reality provides 3D anatomy to localize the
tumor, adjacent organs, and vasculatures in order to determine
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the correct dissection planes. Potential advantages of the use of
augmented reality in laparoscopic surgery include identifying
ideal dissection planes or resection margins and the avoidance
of any injury to invisible structures to improve the safety and
efficacy of various percutaneous approaches or extracorporeal
techniques such as radiofrequency ablation, cryosurgery, the
cyber knife, or high-intensity focused ultrasound. Since the
use of augmented reality will be simplified when automated
image registration is developed for achieving the dynamic
tracking of organ movement, we are currently working toward
the use of a wireless body-GPS.

Initial Clinical Use of Augmented Reality
in Urology: Cleveland Clinic Experience

In the Cleveland Clinic, we have first developed our system
and software for augmented reality navigation to be compati-
ble with laparoscopic urological procedures, from the original
program of our coresearcher’s augmented reality technique for
breast-conservative cancer surgery in 1998."*-15 We employed
optical tracking systems, which have been the most prevalent
tracking systems for image-guided surgery, as already men-
tioned (Fig. 17.1). The 3D anatomical information can be a
preoperative high-resolution image such as CT or MRI for kid-
ney surgery or a real-time imaging modality such as transrec-
tal ultrasound (TRUS) (Figs. 17.2-17.8) or MRI (Fig. 17.9)

FiG. 17.1. Upper, Optical positions sensor with infrared optical cam-
era, named by Polaris; Lower, Optical marker attached TRUS probe
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F1G. 17.2. Original intraoperatively acquired 2D TRUS picture with
traced hypoechoic lesion (yellow line), which was proven by positive
biopsy for cancer

FiG. 17.3. Reconstructed 3D sur-
gical model of the prostate and
biopsy-proven cancer area (blue)

FiG. 17.4. Augmented reality visual-
ization using the 3D TRUS image
of biopsy confirmed cancer area
(rainbow colored) onto the real-
time laparoscopic view; augmented
reality demonstrates the precisely
superimposed 3D cancer area even
when the directions of the endo-
scopic view were changed

FI1G. 17.5. Augmented reality visu-
alization using the 3D TRUS image
of prostate and seminal vesicles
onto the real-time laparoscopic
view; augmented reality demon-
strates the precisely superimposed
3D prostate model even when the
directions of the endoscopic view
were changed
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FiG. 17.7. Augmented reality visualization using the 3D TRUS image
of prostate and seminal vesicles (Fig. 17.6) onto the real-time laparo-
scopic view

FiG. 17.6. Reconstructed 3D surgical model of the prostate (see-though orange colored) and biopsy-proven cancer area (blue)

FiG. 17.8. Left: Original intraoperatively acquired 2D power Doppler TRUS picture, which was focused on the blood flow within the neu-
rovascular bundle (NVB). Right: Augmented reality visualization using the reconstructed 3D TRUS model of the NVB, which was recon-
structed from the series of the original pictures (shown in the left of figure) onto the real-time laparoscopic view

for prostate surgery. The ability to employ a 3D model from In the summer of 2006, as our initial clinical series, we
the intraoperatively acquired ultrasound image as well as the employed our augmented reality system in 25 laparoscopic
accuracy to register a preoperatively constructed 3D model by  cases: laparoscopic partial nephrectomy (LPN) (n = 8), lap-
CT/MRI were our key steps, since the position and shape of aroscopic radical nephrectomy (LRN) (n = 2), laparoscopic
the targeted organ might move and change according to the donor nephrectomy (LDN) (n = 1), laparoscopic radical pros-
progress of the surgery. tatectomy (LRP) (n = 13), and laparoscopic radical cystopros-
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F1G. 17.9. Left: 3D surgical model of the prostate (purple colored) and biopsy-proven cancer area (blue), which was reconstructed from pre-
operative MRI image. Right: Augmented reality visualization using the reconstructed 3D MRI model (shown in the left of figure) onto the

real-time laparoscopic view

tatectomy (LRC) (n = 1).!*15 The system consists of surgical
instruments (rigid laparoscope, laparoscopic surgical instru-
ments) on which optical markers were attached, an infrared
optical tracking sensor (Polaris, Northern Digital, Waterloo,
Ontario, Canada), and a computerized workstation.

The practical process to perform image-guidance included
(1) calibration of the instruments (TRUS probe, laparoscope,
and surgical instruments), integrated with the optical position
sensor system, (2) image acquisition and segmentation of the
region of interest (such as a biopsy-proven hypoechoic cancer
area), (3) 3D image reconstruction according to specific sur-
gical planning in each case, (4) (when using preoperative CT
or MRI), registration of 3D coordinates between real surgical
fields and imaging data, and (5) superimposition of the 3D
image onto the laparoscopic view.

In the tracking system of the intraoperative motion of
the surgical instrument, on which 3—4 optical markers were
attached, calibration of the instruments was performed one
day before surgery, and then these instruments (including lap-
aroscope, laparoscopic scissors, and pointer) were sterilized
over night. Intraoperative ultrasound images of the surgical
fields were obtained by a TRUS probe (Type 8818 or Type
8808, B-K medical, Copenhagen, Denmark) for the prostate
(Fig.17.1), or an abdominal convex probe for the kidney, with
an ultrasound machine (Pro-Focus, B-K medical, Copenha-
gen, Denmark). For calibration of the US probe, a specially
shaped board was designed. A US image of the board, which
was placed under water, was obtained, and then specified to
determine 2D coordinates between the points imaged by US
and the corresponding points on the board. An US image
could be obtained intraoperatively at any time point during
surgery, and immediately segmented for construction of 3D
models of the tumor and surrounding structures to create a
superimposed image. When using preoperative CT or MRI for
the superimposed image, the CT or MRI image was obtained

preoperatively, and all volume data were transferred into the
workstation by a CD formatted by DICOM. 3D surgical plan-
ning models of CT or MRI were constructed one day before
surgery and stored in the workstation.

For prostate surgery, intraoperative real-time TRUS was
performed as reported previously.>® The 3D motion of the
ultrasound probes was followed with the aid of an optical
tracking system which measured the position of the opti-
cal markers attached to the probes. The regions of interest
containing the prostate and hypoechoic cancer lesion were
defined manually on the stored 2D images using Virtual Place
software (Medical Imaging Laboratory Inc., Tokyo, Japan)
(Fig. 17.2). A surgical planning 3D model of the prostate
and cancer area was created by the volume rendering method
(Figs. 17.3 and 17.6). Since the US image is real time, and
available at any time point during surgery, the constructed
3D geometry can be projected very precisely without a reg-
istration process (Figs. 17.4, 17.5, 17.7, and 17.8). This is
achieved under the hypothesis that no movement of organs in
the operative field occurred between acquisition and projec-
tion of the images. The prostate, biopsy-proven cancer area,
and neurovascular bundles (NVB) were finally superimposed
onto a real video image of the laparoscopic surgical field in
accordance with the 3D coordinates (Figs. 17.4, 17.5, 17.7,
and 17.8). To map the movements of the prostate at different
surgical stages we ran the TRUS probe repeatedly to update
the image.

In selected cases in which MRI could demonstrate the can-
cer area, 3D images of the MRI for the prostate were employed
for the surgical planning model. In these cases, 3D models
of the preoperative MRI images were reconstructed one day
before, and superimposed with the technique of an image-to-
image registration process, with overlapping of the 3D models
of the preoperative MRI onto the 3D models of intraoperative
US (Fig. 17.9).
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Intraoperative US is most attractive for surgical navigation
because US is real time and the 3D model can be updated
at any time point during surgery. In our recent reports, the
ability to acquire intraoperative TRUS images during nerve-
sparing LRP has been proven to be useful for obtaining better
surgical margins and erectile function recovery.®!¢ The most
valuable information from intraoperative TRUS is to enable
visualization of what is beyond what the surgeon can see
directly, which includes the biopsy-proven cancer area and
the neurovascular bundle. 3D images of the prostate anatomy
and biopsy-proven cancer area were re-constructed from the
intraoperative real-time TRUS. Augmented reality technology
can superimpose a 3D US image of the blue-colored cancer
area on the real surgical laparoscopic view. This allows the
surgeon direct interpretation of the 3D relationship between
the cancer and the NVB.

Conclusions

Real-time surgical navigation systems using augmented real-
ity technology have been applied for various laparoscopic
urologic procedures. Reconstructed 3D models included
preoperative CT, MRI, and/or intraoperative ultrasound. Cur-
rently, intraoperative real-time ultrasound is the most attrac-
tive imaging modality and can be acquired at any time point
during surgery to update the real-time surgical anatomy which
can be changed from its preoperative status by respiration,
heartbeat, and/or surgical manipulations.
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Chapter 18

Robotic Percutaneous Interventions

Dan Stoianovici, Bogdan Vigaru, Doru Petrisor, and Pierre Mozer

Introduction

A robot is a mechanical device controlled by a computer. The
first industrial robot was created by J. Engelberger and G.
Deroe in 1961 and consisted of an articulated arm used in the
automobile industry. The first robotic systems in the field of
medicine began in the 1980s and were derived from industrial
robots. However, the medical requirements for safety, steril-
ity, and demanding constraints of the applications led to the
development of specialized robots. In urology, robotics was
introduced in 1989 by B. Davies at the Imperial College in
London for transurethral resection of the prostate (TURP).!

Many classifications of robots can be found, and depending
on the specifics of the applications these can be rather numer-
ous.? A top-level classification in the medical field, however,
may separate the systems based on the input that the system
uses. The daVinci™ (Intuitive Surgical, Inc., CA), which is
perhaps the most popular system today, is a surgeon-driven
system, in which the robot is made to follow the input of the
surgeon. The human operator directs the machine which does
not have autonomous actions. The second type of robots is
image-guided. These are connected to a medical imager
(ultrasound, fluoroscopy, CT, MRI, etc.) and allow the physi-
cian to control the intervention under image feedback. Spe-
cial algorithms are used to drive the robots in the space of
the image (robot to image registration and navigation). With
these and other image-guidance methods, the robots become
more autonomous in executing the task, which is defined and
monitored by the physician. The progress of surgical robots is
most likely to emerge from the image-guided field, because
these systems augment information that is not commonly
available. Moreover, unlike humans, robots and imagers are
digital devices and may establish a digital platform for image-
guided interventions.

Due to the technical challenges involved, image-guided
robots are not yet as popular. However, several systems have
been developed. Most of these apply to needle interventions,
because needle procedures have a large area of utility, are rela-
tively simple, and have the potential to significantly improve
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upon the traditional manual access. Percutaneous robotic
interventions are particularly promising in the field of urol-
ogy. The kidneys and the prostate are commonly accessed per-
cutaneously for diagnosis and therapy, and improved targeting
has the potential to significantly improve the outcomes.

One of the main challenges of image-guided robots is that
no imager is perfectly suited. The common ultrasound has rela-
tively reduced imaging quality, and its geometric consistency is
not entirely reliable. X-ray fluoroscopy is also real time, but is
two dimensional (2D), and its use is limited by the admis-
sible radiation levels. The CT is a “disciplined” geometrically
consistent imager, but only a few advanced models deliver real-
time 3D images, and this is done at the expense of significant
radiation. Finally, MRI-based imagers are slow, notorious for
their magnetism related restrictions, and impede direct access
to the patient within the scanner for intervention purposes.

As such, the development of image-guided intervention
(IGI) robots is a very challenging task. Special systems and
methods need to be derived in order to take advantage of the
imager’s capabilities while accounting for their deficiencies
and requirements and still satisfying the combined medical
safety, sterility, and precision of the intervention.

A robot’s compatibility with a medical imager refers to the
ability of the robot to safely operate within the confined space
of the imager while performing its clinical function, without
interfering with the functionality of the imager.* The combi-
nation of imager compatibility and clinical requirements has
been met with the development of customized systems for
specific applications. Several urology examples of these dedi-
cated robots are included in the following table and will be
presented subsequently (Table 18.1).

Robotic Percutaneous Access of the Kidney
One of the first robots to be specifically made for urology
applications is percutaneous access of the kidney (PAKY),*

which was developed in our institution. PAKY is a very sim-
ple motorized needle driver that enables the active insertion
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TaBLE 18. 1. Several image-guided percutaneous robots for urology.

D. Stoianovici et al.

System Institution Status Imaging modality Organ
PAKY-RCM Johns Hopkins, Baltimore, USA Animal models Fluoroscopy and CT Kidney
Human trials
AcuBot Johns Hopkins, Baltimore, USA Mockup Fluoroscopy and CT Kidney prostate
Cadaver studies
Animal models
Clinical trials
B-Rob ARC, Seibersdorf, Austria Mockup Ultrasound and CT Broad range of percuta-
neous treatments
InnoMotion IMB, Karlsruhe, Germany Animal models MRI and CT Kidney (ex vivo)
Clinical use
MrBot Johns Hopkins, Baltimore, USA Mockup MRI Prostate
Cadaver studies
Animal models
Light puncture robot TIMC, Grenoble, France Mockup MRI and CT Thoracic and abdominal

animal models

organs

F1G. 18.1. PAKY-RCM in fluoroscopy-guided kidney access

of a needle. This is made of radiolucent materials so that the
structure of the driver does not impede the visualization of the
kidney. The system helped in accessing the kidney for stone
removal interventions and has been used in numerous clinical
cases.’

In its second version, an automated orientation module was
added, the RCM.® The entire system comprises three motor-
ized degrees of freedom (DOF): translation allowing insertion
of the needle and two rotations allowing orientation of the
needle (Fig. 18.1).

Several clinical studies were performed under fluoroscopy
guidance and joystick control.” Intraoperative access vari-
ables (number of access attempts, time to successful access,
estimated blood loss and complications) were recorded in a
parallel blinded study of 46 patients who underwent either the

robotic or standard manual procedure. The robot was successful
in obtaining access in 87% (20 of 23) of cases. No statistically
significant difference was found between the access variables
in the two groups. This was expected because image guidance
was not used in controlling the robot, but it showed the feasi-
bility of the robotic procedure and allowed for future image-
guided developments. This robot was also successfully tested
in telesurgical applications between our institution and several
hospitals in Europe®'! and Brazil.'

The true advantages of robotics are given by their ability
to directly use the imaging information. In doing so, how-
ever, special algorithms are required in order to coordinate
the motion of the robot in the image space. Many groups
have contributed to the development of these registration and
image-guidance algorithms.'*'S The photograph in Fig. 18.2
shows a radiofrequency (RF) ablation performed under direct
image guidance in the CT scanner.'®

An IGI robot with full mobility (6DOF) was also made in
our laboratory for CT needle interventions, the AcuBot."” The
robot mounts on the mobile table of the CT scanner, has a
bridge-like structure over the patient, and its distal part is suf-
ficiently small to fit with the patient in the bore of the scanner.
The system was successfully used in several IGI cases for the
kidneys and demonstrated outstanding targeting performance
and reduced the radiation levels for the patient and medical
personnel.'®"® The robot has also performed the first kidney
ablations with CT preplanning of the ablation regions and
robotic implementation of the plan (Fig. 18.3)."

One of the most advanced IGI robots today is the Innomo-
tion robot made by the Innomedic (Herxheim, Germany, http://
innomedic.com/). Its most remarkable feature is that it works
with MRI scanners, a very challenging engineering develop-
ment. This started at the Institute for Medical Engineering and
Biophysics (IMB), Karlsruhe, Germany.?**! Innomedic is the
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Fic. 18.2. IGI kidney RF ablation with the PAKY-RCM robot in
CT scanner

e

F1G. 18.3. Kidney RF ablation with the AcuBot under CT guidance

first to introduce a commercial MR-IGI system. It includes a
five DOF robot to position a needle guide for manual needle
insertion and can be used for various abdominal organs including
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FiG. 18.4. CT-guided animal experiments with the Light Puncture
Robot

the kidneys. CT-guided procedures can also be performed,
because the CT is much less demanding than the MRI.

Another IGI robot for percutaneous interventions is the
light puncture robot (LPR),” currently under development
in the TIMC laboratory (Grenoble, France). This robot is
made of plastic (nylon, delrin) for MR compatibility and
to reduce artifacts in a CT environment. Like the Innomo-
tion robot, it is designed for multiple application fields. A
needle holder is placed on the patient’s body supported by
four straps (Fig. 18.4). This presents 3DOF (one allowing
the inclination of the needle, one for rotation about an axis
normal to the patient and a translation for needle insertion)
in a compact (15x23 cm) light-weight (1 kg) structure. The
straps are supported by four pneumatic actuators mounted
on a frame placed on the table around the patient. The actua-
tors allow for the translation of the needle holder about
the patient’s skin (2DOF). The length of the straps can be
adjusted according to the patient’s size.

The straps allow some flexibility for the needle driver to
follow small movements of the skin insertion point (mainly
respiratory motion). The driver advances the needle with a
relatively fast speed of 9 cm s™'. The setup of the system takes
less than 5 min.

All actuators are connected by 7-meter plastic tubes to the
robot controller and air compressor, allowing them to be placed
outside of the magnetic hazard zone. CT-guided mockup
experiments have demonstrated the ability of LPR to reach
targets within 1-mm errors. Initial animal experiments on four
pigs under general anesthesia with a 17-gauge needle showed
errors within 1 cm for liver punctures. These experiments
were performed without stopping the respiration, as tradi-
tionally performed. Current work is experimenting the use of
the robot in the MRI.
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Another robot, the B-Rob (Biopsy Robot), was developed
by the ARC Seibersdorf Research robotics laboratory in Aus-
tria for needle applications guided by X-ray-based imagers.
The robot presents two 2DOF arms holding needle guides.
The orientation of the needle is changed by positioning the
arms. Needle insertion is then manually performed through
the needle guide.? The first in vitro trials of the system using
a penetrable gel phantom showed that B-Rob allows image-
guided positioning of a biopsy needle with submillimeter
accuracy.?* Beside biopsy procedures, further clinical applica-
tions are under evaluation.

One of the major sources of error for targeting the kidney
is the soft tissue deflection and respiratory motion, which
is estimated to be about 3 cm in the craniocaudal axis.>® An
active and very challenging research area is now related to
respiration tracking algorithms that would allow robots to
better target the organs independent of their motion. The
main technical difficulty is that current imaging does not
completely provide the 3D information required for con-
trolling the robot in real time. Alternatively, the methods
most commonly used in robotic interventions are based on
respiratory gating and breath stopping, as done in manual
interventions.

Robotic Percutaneous Access
to the Prostate

Distally from the diaphragm, the movements of the prostate
are much more limited, but some motion may be induced by
direct interaction of the instruments or transrectal probes.?
However, immobilization methods may be employed in this
case as well.

In view of the high incidence of prostate cancer and the
development of minimally invasive techniques for its treat-
ment, many research teams are currently working on robots
allowing percutaneous access to the prostate.”” These systems
are usually guided by ultrasound images to perform trans-
perineal biopsies or to implant brachytherapy seeds.

Davies designed a simple robot essentially reproducing the
DOF of a brachytherapy template.?®* Two DOF are used for
needle positioning and one DOF for needle insertion. Rota-
tion around the axis of the needle is added in order to reduce
needle deflections. This system is at the stage of a research
prototype.

Wei*® proposed the use of a robot with 6DOF allowing
orientation of each needle in all directions. The ultrasound
transducer rotates around its axis for reconstruction of a 3D
volume. Mockup tests demonstrated a precision on the order
of one millimeter.

Our team has also developed a fully automated robot
for transperineal prostate access, the MrBot. It is mounted
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F1G. 18.5. CAD simulation showing the MrBot alongside the man
in the left lateral decubitus position in the closed bore of an MRI
scanner

alongside the patient (Fig. 18.4) in the MR imager and can
be precisely operated from the control room under image
feedback (Fig. 18.5).%!

In the case of MRI, the design and construction of com-
patible robots is a very challenging engineering task because
most of the components commonly used in robotics may
not be used in close proximity to the imager. MRI scanners
use very high-density magnetic fields (up to several Tesla),
with pulsed magnetic and radiofrequency fields. Within the
imager, ferromagnetic materials are exposed to very high
magnetic interaction forces, and heating may occur in con-
ductive materials by electromagnetic induction. The use of
electricity may cause interference that leads to image arti-
facts and/or robot signal distortions.

To overcome MRI incompatibilities a new type of motor?*?
was designed and used in the new robot. With this the robot
is entirely constructed of nonmagnetic and dielectric materi-
als, operates on air, and uses light for the measurements of its
sensors. The controller of the robot, containing MRI incom-
patible materials is distally located outside the imager’s room
(Fig. 18.6).

The robot has five DOF to place and orient an end effec-
tor as desired under MRI guidance. The end effector has an
additional DOF to set the depth of needle insertion and 3DOF
to manipulate a titanium needle and to deploy brachytherapy
seeds automatically.®® Precision tests in tissue mock-ups
yielded a mean seed placement error of 0.72+0.36 mm.?! With
different needle drivers, the MrBot applies to various auto-
mated IGI, such as biopsy, therapy injections, and thermal
or radiofrequency ablations. The system is presently in pre-
clinical testing with cadaver and animal experiments, but tests
show very promising results and clinical trials are expected to
commence in the near future.
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F1G. 18.6. MrBot robot and its control cabinet

Conclusion

Considerable progress has been made in the field of image-
guided robots, clinical trials have shown their utility, and a
commercial IGI robot is already available for use in Europe.
These robots differ considerably from surgeon-driven systems
such as the daVinci. In contrast IGI robots bring new dimen-
sions to the typical vision-based surgeries and diagnosis imaging.
These also have more autonomous functions, which is not yet
of artificial intelligence but base their motions on image feed-
back. The physician does not directly control the robot, but
defines its tasks and monitors its actions based on the image.
Clinical performance no longer depends on the physician’s 3D
cognition and motor skills, and lets him or her free to concen-
trate on the critical clinical aspects of the intervention. These
new characteristics have the potential to improve upon the
way that current procedures are done, and also allow for new
advanced diagnostic and therapeutic methods to be developed.
Image-guided robots are expected to bring a new generation
of robots in medicine.
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