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Intravenous CT angiography (CTA) was fi rst introduced more than 10 years ago follow-
ing the development of spiral CT. However, considerable technical problems, related to 
the diffi culties in achieving satisfactory spatial resolution of large body volumes or of the 
extremities, prevented widespread clinical application of this interesting non-invasive 
diagnostic imaging modality.

The introduction of the multidetector-row technology allowed excellent volume 
data acquisition and improved considerably the technical quality of CTA imaging while 
reducing the quantities of iodinated contrast media administered to the patient.

CTA is now a mature and robust technique that increasingly is replacing catheter 
angiography for diagnostic purposes in daily radiological practice.

This volume covers exhaustively not only the technical and physical bases of multi-
detector-row CTA but also the correct clinical execution of the study, as well as the new 
and fascinating applications of this method in all organs of the body as well as in the 
extremities. The eminently readable text is complemented by numerous superb illustra-
tions.

The editors belong to the department of radiology of the University “La Sapienza”, a 
clinical radiological center with a long-standing interest and competence in new imag-
ing modalities and specifi cally in angiography and CT. They are widely recognized as 
experts in the fi eld.

The authors of individual chapters, who come from both sides of the Atlantic and 
from the Far East, were invited to contribute because of their outstanding personal 
experience in a specifi c anatomic area and their major contributions to the radiological 
 literature on the topic.

I would like to thank the editors and the authors and congratulate them sincerely for 
their superb efforts in writing this excellent volume, which is a much-needed compre-
hensive update of the considerable diagnostic possibilities of modern CTA.

This book will be of great interest not only for general and vascular radiologists but 
also for all referring clinical practitioners. I am confi dent that it will meet the same suc-
cess with readers as the previous volumes published in this series.

Leuven  Albert L. Baert

Foreword
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Preface

The advent of spiral CT introduced a new era in radiology: three-dimensional acquisi-
tion. The possibility to acquire volumes instead of simply bi-dimensional scans allowed 
to introduce the concept of multiple phases studies after a single intravenous bolus of 
contrast agent administration and especially to acquire a volume during the passage 
of the contrast agent in the arteries. The advent of computed tomography angiography 
(CTA) resulted in a revolution in vascular radiology with more and more pathological 
entities assessed non invasively, leaving catheter angiography the main and increasing 
role of treating mini-invasively diseases.    

The clinical advantage of CTA appeared immediately clear either in emergency or 
selected cases. Infact since then the role of CTA is well established in the diagnosis of 
acute diseases of the aorta (dissection and rupture), pulmonary embolism, thoracic and 
abdominal aortic aneurysms.

Other applications were also successfully considered, such as the evaluation of the 
intracranial circulation, the carotid arteries, the renal arteries and the pelvic arteries.

The success of the technique was also related to the development of sophisticated 
workstations for three-dimensional evaluation and reconstructions of the acquired 
volume, introducing new algorithms that facilitated the diagnosis and created images 
analogue or at least similar to those provided by catheter angiography.

As the experience with CTA increased it became evident which were the limitations 
of spiral CT:  the need to reach a compromise between spatial resolution along the 
z-axis and volume coverage and to administer quite large volumes of iodinated contrast 
agent. In fact if a large volume needed to be acquired a thin slice collimation could not 
be used; on the contrary a high resolution volume using a thin collimation was possible 
only for limited volume width. At the same time scan duration was long (considering 
a minimum gantry rotation time of 0.75 seconds, which nevertheless in most scanners 
was 1 second) necessitating, in order to achieve a good vascular enhancement, a large 
amount of contrast agent.

These limitations were then surpassed at the beginning of 1999 when the fi rst mul-
tidetector row scanners were introduced and tested clinically, with excellent results. It 
seems immediately clear that the compromise between volume coverage and spatial 
resolution had no reason to exist anymore and that the volume of iodinated contrast 
agent could be reduced.

Since then a large number of articles have demonstrated that computed tomography 
has entered a new technological era with enormous impact on the routine daily practice; 
real three-dimensional visualization of all body structures, non invasive assessment of 
vascular structures, cardiac and coronary imaging, perfusion imaging and more and 
more screening examinations. 
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Multidetector row CT technology is under continuous development and at this time 
we are assisting to decrease of the gantry rotation time, improvement of x-ray tubes 
performances and increase of number of slices acquired per second. 

Computed Tomography Angiography is the application that has most benefi ted of all 
these technological improvements opening to non invasive assessment the evaluation 
of all peripheral vasculature and the coronary arteries with all relative clinical implica-
tions.

The aim of this text is therefore to show the potentials and clinical applications of 
CTA, with its limitations and advantages, also in comparison with other imaging modali-
ties.

Rome Carlo Catalano
 Roberto Passariello
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1.1 
Evolution of Multidetector-Row CT 
Angiography

1.1.1 
Development of Helical CT Angiography

Helical computed tomography (CT), introduced 
commercially more than a decade ago, represented 
a revolutionary advance compared with single-

slice “conventional” CT. Shortly after its introduc-
tion, Rubin et al. [36, 37], at Stanford University, 
described CT angiography (CTA) of the abdomi-
nal aorta and its branches, utilizing the volumetric 
data sets which were acquired in a single breath-hold 
on a helical CT scanner. For CTA, the images were 
obtained during peak arterial enhancement, using 
a rapid injection of iodinated contrast, which was 
given through a large-gauge peripheral IV. The in-
vestigators were able to reliably identify up to third-
order aortic branches, and they detected pathologi-
cal conditions such as abdominal aortic aneurysms 
and dissections, as well as renal artery stenosis, and 
were able to reformat the data set into various three-
dimensional representations, including shaded sur-
face displays and maximum-intensity projections. 
Rubin and his colleagues [36, 37] noted the signifi-
cant advantages of CTA compared with traditional 
catheter angiography: speed, noninvasiveness, need 
for only a single injection to obtain multiple views, 
and visualization of the extraluminal as well as in-
traluminal structures. At the same time, the use of 
helical CT angiography to noninvasively image the 
carotid circulation was also reported from Stanford 
University [45], and Remy-Jardin and her colleagues 
[34] reported the first prospective evaluation of heli-
cal CT for suspected pulmonary embolism. Multiple 
reports followed, confirming the robustness of CTA 
for imaging the aorta and other vessels, as well as its 
many advantages compared with conventional angi-
ography, most significantly that conventional angi-
ography reveals the lumen of an aneurysm, whereas 
CTA demonstrates the overall aneurysm size and ex-
tent, as well as its relationship to adjacent structures. 
Van Hoe et al. [49], for example, compared CTA with 
digital subtraction angiography (DSA) in 38 patients 
with abdominal aortic aneurysms; the proximal ex-
tent of the 15 juxta- and suprarenal aneurysms was 
predicted correctly in 14 cases with CTA but in only 
12 cases using DSA, compared with the findings at 
surgery. Additional reports on the utility of heli-
cal CTA emerged, for imaging suspected traumatic 
aortic injury [8], living renal donors [38], staging 
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2 D. S. Katz and M. Hon

malignancy prior to surgery, and evaluating hepatic 
transplant recipients before and after surgery [26]. 
For all of these clinical situations, it was noted that 
CTA could be combined with additional phases of 
imaging (unenhanced, portal venous, delayed), e.g., 
when staging malignancy.

1.1.2 
Refinement and Additional Applications of 
CT Angiography

As helical CT scanners proliferated over the next 
several years, the utilization of CT angiography in-
creased significantly, as did the number and types 
of applications. Compared with conventional angi-
ography, CT angiography was more comfortable for 
patients, faster, and more readily available at most 
institutions and practices, especially after hours and 
at weekends. At many institutions, CTA completely 
or mostly replaced DSA (and other imaging tests) for 
many applications, including imaging for suspected 
pulmonary embolism; imaging of aortic aneurysm, 
dissection, or injury; and imaging of potential liv-
ing renal donors. The maturation of CTA paralleled 
the development of commercially available software 
packages and workstations, which allowed volumet-
ric rendering and other advanced reconstructions 
of the three-dimensional data set, although the 
primary method of image interpretation remained 
review of the axial images.

1.1.3 
Development of Multidetector-Row 
CT Angiography

The introduction of multidetector-row CT (MDCT) 
scanners further advanced the revolution started by 
helical CT [4, 39], and has had its greatest impact 
on CT angiography. The initial MDCT scanners ac-
quired the data for four to eight axial images per 
second. Current state-of-the-art MDCT scanners 
can obtain the data for 16 or more slices per sec-
ond (“16-plus”), further decreasing scan time and 
routine slice thickness (typically 1 or 1.25 mm), as 
well as increasing volumetric coverage. Additional 
advantages of MDCTA compared with single-slice 
CTA include decreased motion, respiratory, and car-
diac artifacts; decrease in contrast volume (if only 
an arterial phase study is needed); and scanning 
of isotropic or nearly isotropic voxels, further im-
proving multiplanar and three-dimensional recon-

structions [40, 42]. In one early study which showed 
the superiority of MDCT angiography (MDCTA), 48 
patients with aortic aneurysm or dissection were 
imaged on two separate occasions, once using a 
single-slice helical CT scanner and the other time 
using an MDCT scanner. With MDCT, the entire 
thoracoabdominal aorta was covered in a single 30-s 
breath-hold, mean contrast volume was decreased 
by 58%, image quality improved, and aortic en-
hancement did not decrease [40]. With the advent 
of MDCT scanners, techniques including lower-ex-
tremity CTA and coronary CTA became much more 
readily performed, especially with the 16-plus per 
second MDCT units.

1.2 
Established Uses of CT Angiography

1.2.1 
Thoracic CT Angiography

1.2.1.1 
Thoracic Aortic Imaging

Quint et al. [33] demonstrated the high accuracy of 
CTA of the thoracic aorta in 49 patients with vari-
ous pathological processes, including dissection 
and aortic ulcer; there was exact correlation with 
the findings at surgery in 45 of the patients. CTA 
has become the test of choice for suspected aortic 
dissection, as the diagnosis may be excluded or es-
tablished with an extremely high level of accuracy, 
the type (Fig. 1.1; including variants such as intra-
mural hematoma; Fig 1.2), extent, and involvement 
of branch vessels determined, and alternate diag-
noses made if dissection is not present. Sommer et 
al. [46] determined that CTA, magnetic resonance 
angiography (MRA), and transesophageal echocar-
diography were all nearly equivalent in a group of 
symptomatic patients with suspected aortic dissec-
tion, but CTA was superior for the evaluation of the 
arch vessels, and CTA had the advantages of speed 
and convenience. For imaging suspected thoracic 
aortic injury, CTA also became established as the 
initial test of choice, with the additional major ad-
vantage (compared with conventional angiography) 
that the entire body can be scanned if needed, and 
is globally evaluated, i.e., the lungs, bones, etc., can 
all be examined (Fig. 1.3). In a series of 1,518 blunt 
trauma patients, 127 (8%) with apparent aortic in-
jury and/or mediastinal hematoma visible on CT 
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angiograms subsequently underwent conventional 
angiography. In all of these 127 cases, if the aorta 
itself appeared normal on CT images, it also was 
normal on angiograms; all aortic injuries were also 
confirmed, except for two false-positive CT studies, 
where a ductus diverticulum was shown on con-
ventional angiograms [8]. In another study of 382 

patients, all of whom underwent both CTA and DSA, 
there were ten true-positives, and no false-positive 
or false-negative CT studies [6].

1.2.1.2 
CT Pulmonary Angiography

CT pulmonary angiography (CTPA) for suspected 
pulmonary embolism, since its introduction by 
Remy-Jardin and colleagues in 1992 [34], is greatly 
improved when performed on MDCT scanners, and 

a b

Fig. 1.1a,b. A 45-year-old woman with acute onset of lower back pain and history of aortic valve replacement for rheumatic 
heart disease. a Transverse CT angiography image at the level of the aortic root shows an aortic dissection flap (arrows). b 
CT image at the level of the left renal artery shows the dissection flap (arrow)

Fig. 1.2. Multidetector-row CT angiography image 
shows a type A intramural hematoma (arrows ) in 
this 77-year-old woman who was imaged for short-
ness of breath, chest pain, and widening of the me-
diastinum on plain radiographs

Fig. 1.3. A 59-year-old man underwent multidetector-row CT 
angiography following a fall from a tree. There is focal dis-
ruption of the distal thoracic aorta (arrows). CT also revealed 
pleural effusions, pulmonary contusions and lacerations, 
and multiple fractures (the latter not shown). The patient 
was successfully treated with a thoracic aortic stent-graft
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has correspondingly become a front-line imaging 
examination at an increasing number of institu-
tions. As a result, at our own institution [25] and at 
many others, over the past several years, catheter 
pulmonary angiography has rarely been performed, 
and the volume of ventilation-perfusion scans has 
also dramatically decreased. CTPA can be combined 
with CT venography of the abdomen, pelvis, and 
lower extremities [17], without the requirement for 
additional contrast, permitting “one-stop shop-
ping” for pulmonary thromboembolism. The con-
troversy over the reliability of CTPA for imaging 
the subsegmental pulmonary arteries is waning, as 
several reports have shown that MDCT is quite ac-
curate for imaging these vessels when thin images 
are acquired, although the significance of isolated 
subsegmental emboli – in the absence of residual 
clot in the lower extremities – remains uncertain 
[17]. In one study of 157 patients, for example, dual-
detector CTPA showed relatively high accuracy for 
pulmonary embolism, compared with conventional 
pulmonary angiography [31], and it is assumed 
that multidetector-row CTA is even more accurate 
when a state-of-the-art scanner is utilized. For ex-
ample, a recent study documented the visualization 
of almost 90% of subsegmental pulmonary arteries 
using 1.25-mm images and 4-channel MDCT [10]. 
Very recently, Patel et al. [28] showed that MDCT at 
1.25 mm collimation significantly improved visu-
alization of both segmental and subsegmental pul-
monary arteries as well as interobserver agreement 
for pulmonary embolism. Additionally and very sig-
nificantly, using a pig model, it was shown that there 
was no difference between CTPA and catheter angi-
ography for the detection of subsegmental emboli, 
using the gold standard as autopsy of the animals in 
contrast to catheter angiography itself [2].

1.2.2 
Abdominal CT Angiography

1.2.2.1 
Renal Artery Imaging

Evaluation of renovascular disease historically in-
volved work-up with systemic renin levels, which 
was followed with invasive, selective renal vein re-
nin levels for lateralization. Captopril renal scans 
subsequently improved the diagnostic yield, but the 
overall sensitivity was suboptimal. Doppler sonog-
raphy has been used in some centers to screen for 
renal artery stenosis, but has not gained widespread 

acceptance due to its relatively high technical fail-
ure rate – even in conjunction with IV contrast en-
hancement – and lower sensitivity compared with 
other cross-sectional imaging studies. The major 
advantages of Doppler sonography are lower cost 
and quicker accessibility [5]. Gadolinium-enhanced 
magnetic resonance angiography is currently con-
sidered by some authorities to be the modality of 
choice for the routine noninvasive evaluation of 
suspected renal artery stenosis [23, 32]. Magnetic 
resonance angiography has the major advantage of 
not requiring iodinated contrast, since many pa-
tients with suspected renal artery stenosis also have 
a degree of renal insufficiency. Alternative strate-
gies include conventional angiography as an initial 
examination, although this is obviously an inva-
sive test; conventional angiography can, however, 
be performed using gadolinium or carbon dioxide 
in patients with renal insufficiency. The use of CTA 
for imaging the renal arteries was first reported by 
Rubin et al. as noted above [36], although subse-
quent investigations of CTA for renal artery stenosis 
were somewhat disappointing [7]. By the mid to late 
1990s, with use of thinner sections and optimized 
technique, reports were published of nearly 100% 
sensitivity and specificity for the identification of 
greater than 50% renal artery stenoses [3, 14, 29]. 
For the evaluation of patients with suspected renal 
artery stenosis, CTA is less expensive than MRA, 
can reveal flow within metal stents as well as arte-
rial calcification, and can be used to directly plan 
for renal arterial angioplasty [29]; however, CTA 
requires the use of iodinated contrast, which re-
quires that patients do not have renal insufficiency. 
Multiphasic helical CT, including CTA, was also 
reported as a replacement for the combination of 
DSA and intravenous urography for the evaluation 
of patients being considered as living renal donors. 
As first reported by Rubin et al. [38] and confirmed 
by multiple investigations (most recently in patients 
potentially undergoing laparoscopic renal extrac-
tion [18]), there was a very high correlation with 
findings at surgery for the arterial and venous anat-
omy. Multiphasic CT permitted the identification of 
calculi, anatomical variations such as multiple renal 
arteries, early renal branching, and retroaortic/cir-
cumaortic renal veins, and renal masses. Similar 
techniques can also be used for imaging potential 
living hepatic donors, although in this instance MR 
is advantageous, because MR cholangiography can 
easily be performed at the same sitting, and ana-
tomical variants which might preclude donation can 
therefore be identified.
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1.2.2.2 
CT Angiography of Aortic Stent-Grafts

CTA has quickly become the test of choice for imag-
ing patients before and after the placement of aor-
toiliac stent-grafts [1, 43, 44]. The axial CT images, 
along with maximum-intensity projection and other 
image reconstructions, can be easily and readily used 
to plan stent-graft placement and to detect compli-
cations after stent-graft placement, most commonly 
type II endoleaks, where contrast extends into the 
perigraft sac from patent aortoiliac branches such as 
the lumbar arteries (Fig. 1.4). The superiority of CTA 
over DSA for the detection of endoleaks was clearly 
shown in one study of 46 patients: sensitivities and 
specificities were 63% and 77% for DSA compared 
with 92% and 90% for CTA [1]. 

related to the time of recognition and treatment. 
Traditionally, a mesenteric angiogram using con-
ventional catheter technique is performed as soon 
as the diagnosis is considered [52]. If acute ischemia 
is diagnosed, intra-arterial infusion of vasodilators 
will decrease morbidity, even in those patients who 
require surgery. There is also the rare possibility of 
treatment with thrombolysis if the acute thrombus 
is found early enough. If no acute mesenteric isch-
emia is found, other less urgent imaging can take 
place. Relatively recently, Horton and Fishman [12] 
proposed a MDCTA protocol for imaging both sus-
pected acute as well as chronic mesenteric ischemia, 
which we have adopted at our institution (Fig. 1.5). 
There are virtually no reports comparing any type 
of CTA with conventional angiography [52], and 
there is little published on the accuracy of MDCTA 
to date, although it is anticipated that with MDCTA 
the accuracy for acute mesenteric ischemia should 
improve significantly compared with earlier CT 
studies. In the only such study we are aware of at 
this time, Kirkpatrick et al. [19] imaged 47 patients 
with suspected acute mesenteric ischemia, which 
was subsequently proven in 21 patients; manage-
ment was influenced in 4 by the arterial phase im-
ages, and an alternate diagnosis was established on 
CT in 15 of the 26 patients without ischemia. In 
both acute and chronic mesenteric ischemia, nar-
rowing and calcification of the origins of the celiac 
and superior mesenteric arteries may be identified 
on CTA, which are optimally seen on sagittal ref-
ormations (Fig. 1.6), although the clinical signifi-
cance of this finding is not always clear [12]. With 

Fig. 1.4. Transverse helical CT angiography image shows 
a type-II endoleak (arrow) in this 81-year-old woman who 
underwent CT for routine surveillance several months after 
placement of an aortic stent-graft for an abdominal aortic 
aneurysm

1.3 
Newer and Emerging Uses 
of Multidetector-Row CT Angiography

1.3.1 
CT Angiography of Suspected 
Mesenteric Ischemia

Mesenteric ischemia is an increasing problem in 
aging Western populations. Mesenteric ischemia, 
both acute and chronic, may be multifactorial, is 
often difficult to correctly diagnose (especially 
early acute ischemia), and may have devastating 
effects [52]. Acute mesenteric ischemia is a true 
medical emergency, with morbidity and mortality 

Fig. 1.5. An 82-year-old woman with acute mesenteric isch-
emia. Transverse multidetector-row CT angiography image 
shows loops of small bowel with both increased and de-
creased enhancement. Atherosclerotic changes are noted in 
the aortic lumen, but the superior mesenteric artery is pat-
ent, as is the celiac artery (on other images, not shown)
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the advent of MDCTA, it is possible to now make 
the diagnosis of acute mesenteric ischemia in a few 
minutes, less time than it takes to prepare a patient 
for catheter angiography, and much less time than 
it takes to gather the angiography team if the pa-

Fig. 1.6a–c. A 79-year-old man with suspected mesenteric 
ischemia. a,b Sagittal multidetector-row CT angiography 
reconstructions show patency of the celiac (a, arrow) and 
superior mesenteric (b, arrow) arteries. c There is athero-
sclerosis of the aorta on this coronal reconstruction. Colitis 
at the splenic flexure is noted, which was believed to be isch-
emic (arrows)

a

b

c

tient presents after hours. In terms of patients with 
suspected chronic mesenteric ischemia (“intestinal 
angina”), patients usually present insidiously with 
classic signs and symptoms of postprandial pain, 
weight loss, and fear of eating [52]. MDCTA is an 
ideal imaging modality to evaluate this entity, as 
the CT is usually performed anyway to evaluate for 
other causes of the patient’s symptomatology. When 
tailored specifically to evaluate for chronic mesen-
teric ischemia, the origins and proximal portions of 
the mesenteric arteries are well visualized on CTA 
[12]. Treatment of stenoses or occlusions with en-
dovascular angioplasty and/or stent placement, or 
with surgical therapy, can then be planned using 
the information from the CTA.

1.3.2 
Lower-Extremity CT Angiography

Lower extremity CT angiography, an outgrowth of 
aortoiliac CTA, is a recent development which can 
be performed easily and routinely with MDCT [15, 
41], but which was first introduced using a single-
slice helical CT scanner [3, 22, 35]. Lawrence et al. 
[22] showed high accuracy of CTA for identifying 
greater than 75% stenoses, compared with DSA, in 
the central thigh and calf arteries in 50 patients. 
Beregi et al. [3] demonstrated 100% concordance of 
CTA and DSA for revealing popliteal stenoses and 
occlusions in 26 patients, but only CTA showed the 
cause of the problem in 10 patients: aneurysm, en-
trapment syndrome, or cystic adventitial disease. In 
the first report using MDCTA for imaging the lower 
extremities, Rubin and colleagues [41] showed 100% 
concordance for the extent of disease with DSA in 
18 patients, and better demonstration of distal run-
off vessels on MDCTA in a subset of the patients 
(Fig. 1.7). The technique worked surprisingly well 
despite severe asymmetric disease in some patients. 
Other very recent reports have noted similar find-
ings and equally promising results [24, 27]. MDCTA 
of the lower extremities, which is performed as a 
single CTA acquisition of the entire abdomen (and 
if necessary, chest), pelvis, and legs, has the poten-
tial to be cost-effective compared with MRA and 
other imaging tests [50], and compared with MRA 
it is much easier to acquire diagnostic images of the 
calves and feet [15]. Compared with DSA, vascular 
calcifications are evident, as are soft-tissue abnor-
malities. Our experience to date is that MDCTA is a 
robust technique, and surprisingly our vascular sur-
geons have readily accepted the results of MDCTA 
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for a subset of patients with peripheral vascular 
disease, especially in those patients with limited 
arterial access for conventional angiography, where 
reconstitution from distal collaterals gives MDCTA 
a significant advantage over conventional angiog-
raphy [15]. There are no studies, to our knowledge, 
to date which have compared MDCTA of the lower 
extremities to MRA, and in general larger prospec-
tive studies are needed, although determination of a 
true gold standard, as with many types of MDCTA, 
is problematic [15].

1.3.3 
Cardiac CT Angiography

There has been a recent explosion of interest in 
cardiac imaging concurrent with the introduction 
of the latest version of MDCT scanners, although 
there are few large, prospective peer-reviewed tri-
als by which to judge the true accuracy of MDCTA 
for coronary arterial imaging, and the current 
literature is already out of date [9, 13, 20, 48, 51]. 
Until very recently, temporal resolution was lim-
ited to 250 ms, and the previous reports of coro-
nary MDCTA have been somewhat disappointing, 
as very high accuracy is required if the technique is 
to compete with conventional coronary angiogra-
phy. Even with 16-plus MDCT scanners, significant 
challenges continue, including high radiation doses 
(primarily related to retrospective cardiac gating), 
motion artifacts, especially of the right coronary 
artery, optimization of contrast timing and delivery, 

problems with patients with high and/or irregular 
heart rates, optimization of rapid and straightfor-
ward yet comprehensive data analysis, and poten-
tially most significantly, “turf” battles with cardi-
ologists. To overcome some of these challenges, CT 
manufacturers are introducing dedicated software 
packages, allowing ready performance of ventricu-
lography, quantification of coronary arterial steno-
ses, and even myocardial perfusion. Additionally, 
CT has significant potential advantages compared 
with other modalities: other than the obvious non-
invasiveness, compared with echocardiography, the 
chest wall is not a problem and, compared with MR/
MRA, soft versus hard plaque can be distinguished. 
If these remaining technical challenges are over-
come, and the coronary arterial circulation can be 
routinely imaged with a higher degree of accuracy 
with improved visualization of the more peripheral 
coronary arterial circulation, then MDCTA of the 
heart and coronary arteries may play an important 
role in the future, including in the comprehensive 
evaluation of the patient with thoracic pain.

1.3.4 
Whole-Body CT Angiography

Whole-body CT angiography is now possible with 
16-plus slice MDCT scanners, although the technol-
ogy must be used judiciously such that all patients 
do not indiscriminately and unnecessarily receive 
whole-body radiation. The concept of a single-pass 
whole-body MDCT protocol for trauma patients, 

Fig. 1.7a,b. A 60-year-old man with bilateral claudication and an unsuccessful attempt at peripheral arterial access for 
conventional angiography. a Transverse image from a multidetector-row CT angiogram demonstrates no significant flow 
in the left external iliac artery (arrow). b Transverse image at the level of the mid thighs reveals patency of both superficial 
femoral and profunda femoral arteries. The trifurcation vessels in the thighs were also patent bilaterally (not shown)

a b
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for example, was first proposed by Ptak et al. [30], 
from the Massachusetts General Hospital. A similar 
protocol may also be applied when imaging patients 
with known or suspected atherosclerosis, permitting 
examination not only for aortic pathology but also 
for arterial disease in the lower extremities, the ca-
rotid arteries, and even the circle of Willis, although 
at present (in contrast to whole-body MRA [11]), we 
are not aware of any formal peer-reviewed reports 
of the utilization of such a protocol. Additionally, 
CTA has also been shown to be highly accurate as 
the initial imaging test in patients with suspected 
injuries to the central arteries of the proximal arms 
and legs [47]. Finally, with helical CT [21] and then 
with MDCT [53, 54], active arterial contrast extrav-
asation in the setting of trauma (and to a much 
lesser extent, in patients without trauma) is being 
increasingly recognized in the chest, abdomen, and 
pelvis, even when patients are not being specifically 
imaged in the arterial phase of contrast adminis-
tration. The identification of such extravasation 
strongly suggests the need for immediate surgery 
or angiographic therapy.

1.4 
Conclusions

With the continuing advancement of multidetector-
row CT technology, the application which has ben-
efited the most, CT angiography, has continued to 
evolve along with it. Helical CT and now multidetec-
tor-row CT have revolutionized noninvasive arterial 
imaging for an increasing number of examinations 
and continue to do so to this day. Conventional an-
giography of course will always play a major role in 
patient care, because interventional vascular pro-
cedures require arterial catheterization, but for di-
agnostic purposes CT angiography, especially when 
performed on multidetector-row CT scanners, has 
become the imaging test of choice for many clini-
cal situations, including suspected aortic dissection 
or transection, aortic aneurysm imaging, suspected 
pulmonary artery embolism, tumoral staging, and 
potential living renal donor evaluation. MR angiog-
raphy does compete with CT angiography, although, 
with the increasingly improved spatial resolution of 
MDCTA and the ease in reformation of the imaging 
volume, the advantages of MRA have decreased over 
the past several years for some indications. MRA 
continues to have a primary role when radiation ex-
posure is a concern (especially in young individuals 

who may need multiple studies over time or when 
multiphasic imaging is to be performed) or when 
iodinated contrast is contraindicated (due to renal 
dysfunction or allergy). The challenges of viewing, 
interpreting, and storing increasingly large CT data 
sets [39] have lessened to some extent as picture-ar-
chiving systems and workstations have kept up with 
these demands. Multiple types of reformations are 
now available with a click of a button and within a 
matter of seconds – even volumetric reformations 
(Fig. 1.8) – although in our opinion review of the 
images in a cine fashion on a CT monitor or work-
station remains the mainstay of initial evaluation, 
even with CT angiography of the lower extremities 
or cardiac imaging. Finally, when interpreting CTA 
studies, attention must always be paid to the extra-
arterial structures, since CT is a global examina-
tion, and alternative or additional diagnoses may 
be present [16].
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2.1 
Introduction

Computed tomography has experienced tremendous 
technological developments since its introduction 
more than 30 years ago. Acquisition of single im-
ages took several minutes on the first scanners in 
the 1970s. The introduction of spiral CT in the early 
1990s was one of the milestones of CT history, result-
ing in fundamental and far-reaching improvements 
of CT imaging, and opening a spectrum of entirely 
new applications, including CT angiography with 
new visualization techniques such as multiplanar 
reformation (MPR), maximum-intensity projection 
(MIP), or even volume-rendering technique (VRT) 
[1-3]. For the first time, it became possible to per-
form volumetric imaging of larger scan ranges in a 
single breath-hold, effectively avoiding misregistra-
tion artifacts. However, the goal of isotropic imaging 
of large scan ranges within one breath-hold could 

not be reached. As a result, compromises had to be 
accepted between scan range, longitudinal resolu-
tion, and scan time. As an example, to be able to 
finish a thorax examination within a single breath-
hold (i.e., in 20 s) using a 0.75-s rotation time, an 
8-mm slice was frequently used. This resulted in 
table speeds of 16 mm/s at a pitch of 1.5.

Simultaneous acquisition of multiple slices is 
an effective way of increasing the scan speed at a 
certain longitudinal resolution or to increase lon-
gitudinal resolution at a given scan speed. In 1998, 
several manufacturers introduced 4-slice scanners 
with rotation times of 0.5 s, effectively increasing 
scanning performance by a factor of 6 compared 
with the previous single-slice scanners rotating at 
0.75 s. This allowed for an optimization of protocols 
in several different respects [4, 5]: the examination 
time for standard protocols could be significantly 
reduced, which is clinically important for trauma 
cases and noncooperative patients. Alternatively, 
the scan range that could be covered within a cer-
tain scan time could be increased by the same factor, 
relevant for applications such as oncological screen-
ing or peripheral CT angiographic examinations 
(CTAs). The most important clinical benefit, how-
ever, turned out to be the possibility to scan a given 
scan range in a given time at substantially improved 
longitudinal resolution. However, with four slices, 
limitations still remained. True isotropic resolu-
tion could not be achieved routinely, as the available 
transverse resolution of around 1 mm  did not fully 
match the in-plane resolution [6–14]. Consequently, 
more than four simultaneously acquired slices com-
bined with submillimeter collimation for routine 
clinical applications was the next step on the way 
toward true isotropic routine CT scanning, leading 
to the introduction of 16-slice CT systems in 2001 
[15, 16]. Figure 2.1 summarizes the development 
of multislice CT over the past years. It can be ob-
served that, on average, the number of slices in CT 
doubled approximately every 2.5 years. This is an 
interesting parallel to Moore’s law in the semicon-
ductor industry. Figure 2.2 depicts the decrease in 
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number of slices doubles approximately every 2.5 years
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Fig. 2.2. Change in the size of a voxel element over the past 
30 years

new visualization paradigms and novel evaluation 
techniques, the corresponding large number of im-
ages also poses a challenge to the viewing and read-
ing environment of the radiologist. In this chapter, 
we summarize the technical principles of multide-
tector-row CT and reflect on some of the new possi-
bilities these developments have opened for volume 
visualization and evaluation.

2.2 
Detector Design, Dose, and Dose Reduction

2.2.1 
Detector Design

All recently introduced 16-slice CT systems employ 
adaptive array detectors. The SOMATOM Sensation 
16 (Siemens, Forchheim, Germany) as a represen-
tative example uses 24 detector rows [15]. The 16 
central rows define 0.75-mm collimated slice width 
at isocenter; the 4 outer rows on both sides define 
1.5-mm collimated slice width. The total coverage 
in the transverse direction is 24 mm at isocenter. 
Due to geometric magnification, the actual detector 
is about twice as wide (see Fig. 2.3). By appropriate 
combination of the signals of the individual detector 
rows, either 12 or 16 slices with 0.75-mm or 1.5-mm 
collimated slice width can be acquired simultane-
ously. In a “step-and-shoot” sequential mode, any 
multiple of the collimated width of one detector 
slice (1.5 mm, 3 mm, 4.5 mm, 6 mm, etc.) can be 
obtained in principle by adding the corresponding 
detector signals during image reconstruction. In a 
spiral mode, the slice width is adjusted in a final z-

Table 2.1 Development of characteristic CT performance parameters over time

1972 1980 1990 1998 2002

Min. scan time (s) 300 5 1 0.5 0.42

Data per 360 scan 58 kB 1 MB 2 MB 12 MB 50 MB

Data per spiral scan - - <50 MB <500 MB <1 GB

Image matrix 80×80 256×256 512×512 512×512 512×512

Power (kW) 2 10 40 60 60

Collimation (mm) 13 2–10 1–10 0.5–5 0.75/1.5

Spatial resolution (lp/cm) 3 12 15 24 24

Contrast resolution 5 mm/5 HU/
50 mGy

3 mm/3 HU/
30 mGy

3 mm/3 HU/
30 mGy

3 mm/3 HU/
30 mGy

3 mm/3 HU/
30 mGy 

voxel size corresponding to the increase in spatial 
resolution. Table 2.1 summarizes the development 
of the most relevant performance parameters in CT 
over the past 30 years. Today, a state-of-the-art CT 
scanner can routinely produce 1,000 images in less 
than 15 s. This amount of data approximately corre-
sponds to the contents of one CD, i.e., to about 1 h of 
music in CD quality. While the routine availability 
of high-quality volume data sets opens the way for 
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filtering step. Therefore, the slice width selection is 
not restricted to multiples of the collimated width of 
one detector slice; instead, any slice width equal to 
or larger than the collimated width of one detector 
slice (0.75 mm or 1.5 mm) can be realized. Hence, 
from the same data set, both narrow slices for high-
contrast details or as an input to 3D postprocessing 
and wide slices for low-contrast information and/or 
overview and filming may be derived.

2.2.2 
Dose and Dose Reduction

With multislice CT, a certain dose increase com-
pared with single-slice CT is unavoidable due to the 
underlying physical principles. The collimated dose 
profile is a trapezoid in the transverse direction. 
This is a consequence of the finite length of the focal 
spot and the prepatient collimation. In the plateau 
region of the trapezoid, X-rays emitted from the en-
tire area of the focal spot illuminate the detector. In 
the penumbra regions, only a part of the focal spot il-
luminates the detector, while other parts are blocked 
off by the prepatient collimator. With single-slice 
CT, the entire trapezoidal dose profile can contrib-
ute to the detector signal, and the collimated slice 
width is determined as the full width at half-maxi-
mum (FWHM) of this trapezoid. With multislice 
CT, only the plateau region of the dose profile may 
be used to ensure equal signal level for all detector 
slices. The penumbra region has to be discarded, 
either by a postpatient collimator or by the intrinsic 
self-collimation of the multislice detector, and rep-
resents “wasted” dose. The relative contribution of 
the penumbra region increases with decreasing slice 
width, and it decreases with increasing number of si-
multaneously acquired slices. This is demonstrated 
by Fig. 2.4, which shows the “minimum width” dose 
profiles for a 4-slice CT system and a corresponding 

16-slice CT system with equal collimated width of 
one detector slice. Correspondingly, the relative dose 
utilization of a representative 4-slice CT scanner 
(SOMATOM Sensation 4, Siemens AG, Forchheim, 
Germany) is 70% for 4×1 mm collimation and 85% 
for 4×2.5 mm collimation. A comparable 16-slice CT 
system (SOMATOM Sensation 16) has an improved 
dose utilization of 76% (large focal spot) or 82% 
(small focal spot) for 16×0.75 mm collimation and 
85% (large focal spot) or 89% (small focal spot) for 
16×1.5 mm collimation.

The most important potential for dose reduction is 
an adaptation of the dose to the patient size [17, 18]. 
As a rule of thumb, the dose necessary to maintain 
constant image noise has to be increased by a fac-
tor of 4 if the patient diameter is increased by 8 cm. 
Correspondingly, for patients 8 cm smaller than the 
average, a quarter of the standard dose is sufficient 
for adequate image quality, which is of tremendous 
importance in pediatric scanning. Most CT manufac-
turers therefore offer dedicated pediatric protocols, 
e.g., with dose recommendations according to the 
weight of the children. In contrast-enhanced studies 
such as CTAs, the contrast-to-noise ratio for fixed pa-
tient dose increases with decreasing X-ray tube volt-

Fig. 2.3. Example of an adaptive 
array detector used in a commer-
cially available 16-slice CT system 
(SOMATOM Sensation 16, Siemens, 
Forchheim, Germany)

Fig. 2.4. Dose profiles for a 4-slice CT system and a 16-slice 
CT system with equal collimated width of one detector slice. 
The relative contribution of the penumbra region, which rep-
resents wasted dose, decreases with increasing number of 
simultaneously acquired slices.
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age. As a consequence, to obtain a given contrast-to-
noise ratio, patient dose can be reduced by choosing 
lower kilovolt settings. Compared with a standard 
scan with 120 kV, the same contrast-to-noise ratio in 
a 32-cm phantom, corresponding to an average adult, 
is obtained with 0.49 times the dose for 80 kV (1.3 
times the milliampere-seconds) and 0.69 times the 
dose (1.1 times the milliampere-seconds) for 100 kV 
[19]. Ideally, 80 kV should be used for CTAs at lowest 
patient dose. In practice, the maximum tube current 
available at 80 kV, which is generally not sufficient to 
scan obese patients, limits the application spectrum. 
In these patients, 100 kV is a good compromise and 
the preferable choice for CT angiographic examina-
tions such as thoracic CTAs or cardiac CTAs. In ana-
tomical dose modulation approaches, the tube output 
is adapted to the patient geometry during each rota-
tion of the scanner to compensate for the varying X-
ray attenuation in asymmetrical body regions such as 
shoulder and pelvis. Depending on the body region, 
dose can be reduced by 15–35% without degradation 
of image quality [20]. In more elaborate approaches, 
the tube output is modified according to the patient 
geometry in the transverse direction to maintain ad-
equate dose when moving to different body regions, 
for instance from thorax to abdomen (so-called auto-
matic exposure control). In the special case of electro-
cardiogram (ECG)-gated spiral scanning for cardiac 
applications, the output of the X-ray tube can be mod-
ulated according to the patient’s ECG. It is kept at its 
nominal value during a user-defined phase of the car-
diac cycle, in general the mid- to end-diastolic phase. 
During the rest of the cardiac cycle, the tube output 
is reduced to 20% of its nominal value. Depending on 
the patient’s heart rate, dose can be reduced by 30–
50% using ECG-controlled dose modulation [21].

2.3 
Image Reconstruction

2.3.1 
Definition of the Spiral Pitch

An important parameter with which to characterize 
a spiral scan is the pitch. According to International 
Electrotechnical Committee (IEC) specifications, 
the pitch p is given by:

p =
 table feed per rotation

 total width of the collimated beam (1)

This definition holds for single-slice CT as well as 
for multislice CT. It shows whether data acquisition 
occurs with gaps (p>1) or with overlap in the trans-
verse direction (p<1).

2.3.2 
The Cone-Angle Problem and Multislice Spiral 
Reconstruction Approaches

Two-dimensional image reconstruction approaches 
used in commercially available, single-slice CT scan-
ners, such as the convolution-back-projection recon-
struction, require all measurement rays contributing 
to an image to run in a plane perpendicular to the 
patient’s transverse axis (the z-axis). In multislice 
CT systems, this condition is violated: the measure-
ment rays are tilted by the so-called cone angle rela-
tive to a plane perpendicular to the z-axis. The cone 
angle is largest for the slices at the outer edges of the 
detector and it increases with increasing number of 
detector rows. It has been shown [15] that the cone 
angle can be neglected for multislice CT with up to 
four slices. As a consequence, all commercially avail-
able 4-slice CT scanners rely on image-reconstruc-
tion approaches that neglect the cone angle of the 
measurement rays [22–24]. When a larger number 
of slices are acquired, however, cone-beam artifacts 
appear at a level that cannot be tolerated, hence the 
cone-beam geometry needs to be taken into account. 
A variety of cone-beam reconstruction algorithms 
has been published [25–37]. Most of them, however, 
are not easily applicable to medical CT. Exact spiral 
reconstruction approaches [34, 35], relying on a 3D 
Radon inversion, offer a theoretically exact solution 
of the cone-beam reconstruction problem. They are 
computationally very expensive and result in im-
age reconstruction times far from being acceptable 
in a clinical environment. Recently, an exact mul-
tislice spiral reconstruction algorithm which does 
not use 3D Radon inversion has been proposed by 
A. Katsevich [36]. This approach shows promising 
properties concerning computational complexity, 
yet it is still in the research state (as of 2004). In the 
field of approximate multislice spiral algorithms, 
approximations are used to handle the cone-beam 
geometry. Although these algorithms are theoreti-
cally not exact, image artifacts may be controlled 
for a moderate number of simultaneously acquired 
slices and kept at a level tolerable for medical CT. 
Two different types of approximate cone-beam re-
construction algorithms are currently implemented 
in state-of-the art, 16-slice CT systems. The first 
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one uses 3D-back-projection and generalizes the 
Feldkamp algorithm [32], which was originally in-
troduced for sequential cone-beam scanning, to spi-
ral scanning. Using this approach, the measurement 
rays are back-projected into a 3D volume along the 
lines of measurement, in this way accounting for 
their cone-beam geometry. 3D back-projection is 
computationally demanding and requires dedicated 
hardware to achieve acceptable image-reconstruc-
tion times. The second reconstruction approach is 
based on nutating-slice algorithms, which split up 
the 3D reconstruction into a series of 2D reconstruc-
tions on tilted intermediate image planes individu-
ally adapted to the local curvature of the spiral path 
[25–29]. An example is the adaptive multiple-plane 
reconstruction (AMPR) [30, 31], implemented in the 
16-slice scanner SOMATOM Sensation 16 (Siemens, 
Forchheim, Germany).

2.3.3 
Adaptive Multiple-Plane Reconstruction

The AMPR is a generalization of the advanced 
single-slice rebinning algorithm (ASSR) [28]. In 
the ASSR, a partial scan interval (~240°) is used 
for image reconstruction. The image planes are no 
longer perpendicular to the patient axis; instead, 
they are tilted to match the spiral path of the focal 
spot (see Fig. 2.5 for a 16-slice scanner at pitch 1.5). 
For every view angle in this partial scan interval, 
the focal spot lies in or nearby the image plane, i.e., 
measurement rays running in or very close to the 
image plane are available for image reconstruction. 
These are the conditions required for a standard 2D 
convolution-back-projection reconstruction. In a fi-
nal z-reformation step, axial images are calculated 
by an interpolation between the tilted intermedi-
ate image planes. ASSR encounters its limitations 
when the spiral pitch is reduced to make use of the 

overlapping spiral acquisition and the resulting dose 
accumulation. For a 16-slice scanner at pitch 0.5, two 
full rotations (720°) of multislice spiral data have to 
be used for every image to ensure complete dose uti-
lization, and there is no way of tilting a single image 
plane to match the spiral path. A solution for this 
problem has been found in the AMPR algorithm [30, 
31]: instead of using all available data for one single 
image, it is distributed to several partial images on 
double oblique image planes, which are individually 
adapted to the spiral path. These partial images have 
the same reference projection angle, i.e., they fan out 
like the pages of a book (see Fig. 2.6a). To ensure full 
dose utilization, the number of images per refer-
ence projection angle (the number of “pages” in the 
book), as well as the length of the data interval per 
image, depend on the spiral pitch. The number of 
images varies from 5, each using 360° of multislice 
spiral data, at very low pitch values, to 2, each using 
240° of multislice spiral data, at high pitch values, 
greater than 1. The final images with full dose uti-
lization are calculated by a z-interpolation between 
the tilted partial image planes (see Fig. 2.6b). The 
shape and the width of the interpolation functions 
are selectable, different slice-sensitivity profiles 
(SSPs) and different slice widths can therefore be 
adjusted in this z-reformation step. Furthermore, 
by automatically adapting the functional form of the 
interpolation functions to the pitch, the spiral con-
cept introduced with Adaptive Axial Interpolation 
[24] can be maintained with AMPR: the spiral pitch 
is freely selectable, the slice width is independent of 
the pitch. As a consequence of the pitch-independent 
spiral slice width, the image noise for fixed mil-
liamperes (fixed tube-current) would decrease with 
decreasing pitch due to the increasingly overlapping 
spiral acquisition. Instead, the tube current (mil-
liamperes) is automatically adapted to the pitch of 
the spiral scan to compensate for dose accumulation 
and to maintain constant image noise. The user se-

Fig. 2.5. The advanced single-slice rebin-
ning algorithm (ASSR) approach for a 
16-slice CT scanner at pitch 1.5. The blue 
line represents the spiral path of the fo-
cal spot. On the right, a projection into 
a plane containing the z-axis is shown, 
where the spiral path is represented as 
a sinusoidal line. A partial scan interval 
(~240°, marked in red) is used for image 
reconstruction. The intermediate image 
planes are no longer perpendicular to the 
patient axis; instead, they are tilted to 
match the spiral path of the focal spot
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lects an effective milliampere-seconds value, which 
is also called “volume mAs”. The tube current is 
then automatically adjusted to pitch and rotation 
time according to:

mA = eff. mAs • p/Trot   (2)

As a consequence of Eq. (2), the patient dose is 
independent of the pitch p. The weighted CT dose 
index CTDIw

 of an examination is given by:

CTDIw = (CTDIw)n • eff. mAs  (3)

with (CTDIw)n in milligrays per milliampere-sec-
onds. The subscript n stands for “normalized.” The 
spiral dose is therefore constant and equal to the 
dose of a sequential scan with the same milliam-
pere-seconds.

2.4 
ECG-Synchronized Multislice CT for 
Cardiothoracic Applications

2.4.1 
ECG Triggering and ECG Gating

One of the most exciting new applications of mul-
tislice CT is the ability to image the heart and the 
cardiothoracic anatomy without motion artifacts. For 
ECG-synchronized examinations of the cardiotho-
racic anatomy, either axial scanning with prospective 

ECG-triggering or spiral scanning with retrospective 
ECG-gating can be used. With prospective ECG-trig-
gering, the heart volume is covered by subsequent 
axial scans in a step-and-shoot technique. For each 
axial scan, the number of images corresponds to 
the number of active detector slices. A partial scan 
data interval is acquired with a predefined temporal 
offset relative to the R-waves of the patient’s ECG 
signal which can be either relative (given as a cer-
tain percentage of the RR-interval time) or absolute 
(given in milliseconds) and either forward or reverse 
[38]. With retrospective ECG-gating, the heart vol-
ume is covered continuously by a spiral scan. The 
patient’s ECG signal is recorded simultaneously to 
allow for a retrospective selection of the data seg-
ments used for image reconstruction. Only scan data 
acquired in a predefined cardiac phase, usually the 
diastolic phase, is used for image reconstruction [7, 
8, 38]. Prospective ECG-triggering has the benefit of 
a smaller effective patient dose, since scan data is 
acquired in the previously selected heart phases only. 
It is, however, more sensitive to arrhythmia than ECG 
gating. Furthermore, it does not provide continuous 
volume coverage with overlapping slices or recon-
struction of images in different phases of the cardiac 
cycle for functional evaluation.

2.4.2 
Adaptive Cardio-volume Reconstruction

A variety of dedicated reconstruction approaches 
for ECG-gated multislice spiral CT have been intro-
duced with 4-slice CT scanners [7, 8, 38, 39]. A rep-

Fig. 2.6a,b. The adaptive multiplane reconstruction (AMPR) approach. As a first 
step, the multislice spiral data are used to reconstruct several partial images on 
double oblique image planes, which are individually adapted to the spiral path. Each 
of these partial images has the same reference projection angle, i.e., they fan out like 
the pages of a book (a). As a second step, the final images with full dose utilization 
are calculated by a z-interpolation between the tilted partial image planes (b)
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resentative example is the adaptive cardio-volume 
(ACV) algorithm [38]. An extended and modified 
version of ACV has been implemented in the 16-
slice CT-scanner SOMATOM Sensation 16 (Siemens, 
Forchheim, Germany). ACV consists of two major 
steps and combines a partial scan reconstruction 
optimized for temporal resolution with multislice 
spiral weighting to compensate for the z-movement 
of the patient table during the spiral scan and to 
provide a well-defined SSP. During multislice spiral 
weighting – the first reconstruction step – a “single-
slice” partial scan data segment is generated for each 
image using a partial rotation of the multislice spi-
ral scan data. For each projection angle within the 
data segment, a linear interpolation is performed 
between the data of those two detector slices that are 
in closest proximity to the desired image plane. The 
cone angle of the measurement rays is neglected; 
the rays are treated as if they traveled in planes per-
pendicular to the z-axis. Since the heart is usually 
sufficiently centered and does not contain extended 
high contrast structures, severe cone artifacts are 
not expected. Deviating from general-purpose spi-
ral scanning, a cone correction is not necessary for 
ECG-gated spiral scanning with 16 slices [16].

Depending on the patient’s heart rate during the ex-
amination, the partial scan data segment is automati-
cally divided into 1 or 2 subsegments (see Fig. 2.7). At 
heart rates below a certain threshold, one subsegment 
of consecutive multislice spiral data from the same 

heart period is used, resulting in a constant temporal 
resolution of half the gantry rotation time (Trot/2) for 
sufficiently centered objects. At higher heart rates, 
two subsegments from adjacent heart cycles contrib-
ute to the partial scan data segment. In that case, the 
temporal resolution varies between Trot/4 and Trot/2 
depending on the patient’s heart rate, since the heart 
cycle time and the gantry rotation time have to be 
desynchronized [38]. The SOMATOM Sensation 16 
provides both Trot=0.5 s and Trot=0.42 s for cardiac 
applications. For Trot=0.5 s, the threshold for two-
segment reconstruction is 65 bpm; for Trot=0.42 s, it 
is 71 bpm. The temporal resolution as a function of 
the patient’s heart rate for both rotation times is in-
dicated in Fig. 2.8. Improved temporal resolution at 
the expense of reduced transverse resolution by the 

Fig. 2.7. Schematic of the adaptive cardio-volume (ACV) im-
age reconstruction approach for ECG-gated multislice spiral 
scanning. Dashed lines are used to indicate the z-positions of 
the detector slices, which change linearly relative to the pa-
tient due to the constant spiral feed. At the bottom, the ECG 
signal is shown schematically. At heart rates below a certain 
threshold, one segment of consecutive multislice spiral data 
is used for image reconstruction. At higher heart rates, two 
subsegments from adjacent heart cycles contribute to the 
partial scan data segment. For each heart period, a stack of 
images at different z-positions covering a small subvolume 
of the heart is reconstructed, which is indicated by a box

Fig. 2.8. Temporal resolution for sufficiently centered ob-
jects as a function of the heart rate for the ACV approach us-
ing 0.5-s and 0.42-s gantry rotation time. For 0.42 s rotation 
time, the temporal resolution reaches its optimum (105 ms) 
at 81 bpm. This is clinically important, since without admin-
istration of beta-blockers the majority of heart rates are in 
the range 75–85 bpm

use of multisegment reconstruction approaches can 
degrade the image quality of cardiac examinations 
by blurring coronary plaques and stenoses [38]. In 
addition, multisegment approaches encounter their 
limitations if the patient’s heart rate varies during ex-
amination, hence the ACV-approach is limited to two 
segments as a maximum. Similar to the AMPR recon-
struction for general purpose spiral scanning, a final 
z-filtering step is applied to the original ACV-images. 
Shape and width of the filter functions are selectable, 
different SSPs and different slice widths can there-
fore be adjusted. The image-quality improvements 
with 16-slice CT systems compared with established 
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4-slice scanners can be demonstrated with CT data 
of a mathematical, anthropomorphic heart phantom. 
Figure 2.9a shows MPRs along right and left coronary 
artery (RCA and left anterior descending coronary ar-
tery, LAD) of this phantom, which are the result of an 
ACV reconstruction for a CT scanner with 4×1 mm 
collimation, 0.5 s rotation time, and pitch p=0.375 
(table feed 3 mm/s). Images with 1.3 mm slice width 
and 0.6 mm increment have been reconstructed us-
ing a standard body kernel and an artificial ECG-sig-
nal with 55 bpm. The MPRs demonstrate the clinical 
image quality typical for 4-slice CT-systems and il-
lustrate their performance limits: coronary plaques 
can be differentiated and classified according to 
their CT density (Hounsfield units, HU), stents suffer 
from blooming and artifacts. For the MPRs shown in 
Fig. 2.9b, the ACV approach has been applied to scan 
data simulated for a CT scanner with 16×0.75 mm 
collimation, 0.42 s rotation time, and pitch p=0.28 
(table feed 8 mm/s). Images with 1.0 mm slice width 
and 0.5 mm increment have been reconstructed using 
an artificial ECG-signal with 55 bpm. The MPRs are 
free of cone-beam artifacts, thus demonstrating that 
a cone correction is not required. Instead, due to the 
smaller slice width and the improved axial sampling 
compared with a scan with 4×1 mm collimation, the 
stents show less geometric distortions and a reduc-
tion of the “blooming” artifact. In clinical practice, 

the result of the phantom study has been confirmed 
by patient scans. ECG-gated cardiac scanning bene-
fits from both improved temporal resolution and im-
proved spatial resolution. Characterization and clas-
sification of coronary plaques even in the presence of 
severe calcifications is entering clinical routine as a 
consequence of the increased clinical robustness of 
the method. In a recent study, coronary CTA with 
a 16-slice system was performed on 59 patients. In 
comparison with conventional catheter angiography, 
86% specificity and 95% sensitivity could be dem-
onstrated. None of the patients had to be excluded 
[40]. Comparable results were obtained by a different 
group [41].

With a spatial resolution of 0.5×0.5×0.6mm3, 16-
slice CT sets today’s benchmark in spatial resolution 
for noninvasive coronary artery imaging. Motion 
artifacts in patients with higher heart rates remain 
the most important challenge for multislice coro-
nary CTA. Although diagnostic image quality can 
be achieved in most cases by administration of beta-
blockers, it is desirable to avoid patient preparation. 
Further improved temporal resolution will therefore 
have a much bigger impact on the development of car-
diac CT than further increase in the number of simul-
taneously acquired slices. For robust clinical perfor-
mance, better temporal resolution has to be achieved 
by faster gantry rotation rather than by multisegment 
reconstruction approaches. Obviously, significant im-
provements will be needed to handle the substantial 
increase in mechanical forces (~17g for 0.42 s rotation 
time, >33g for 0.3 s rotation time) and increased data 
transmission rates. Rotation times of less than 0.2 s 
(mechanical forces >75g) required to provide a tem-
poral resolution of less than 100 ms independent of 
the heart rate appear to be beyond today’s mechani-
cal limits. An alternative to further increased rota-
tion speed is the reconsideration of a scanner concept 
with multiple tubes and multiple detectors that was 
described for the first time in 1975.

2.5 
From Slices to Volumes: Impact 
on Visualization and Postprocessing

The latest generation of 16-slice CT systems allows 
for truly isotropic imaging in virtually any appli-
cation. As a consequence, the distinction between 
transverse and in-plane resolution is gradually be-
coming a historical remnant, and the traditional 
axial slice is loosing its clinical predominance. It is 

Fig. 2.9a,b. MPRs along the right coronary artery (RCA) and 
left anterior descending coronary artery (LAD) of a mathe-
matical heart phantom for virtual CT-scanners with 4×1 mm 
collimation (a) and with 16×0.75 mm collimation (b). ACV 
reconstruction of simulated CT data, neglecting the cone-
angle of the measurement rays
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Fig. 2.10 State-of-the-art 
16-slice CT: endoscopic 
view into the coro-
nary arteries. Calcified 
plaques are visualized as 
bright lesions

replaced by interactive viewing and manipulation 
of isotropic volume images, with only the key slices 
or views in arbitrary directions used for filming or 
stored for a demonstration of the diagnosis. With 
high-performance visualization software packages, 
such as the syngo InSpace, one can now interactively 
inspect large volumes and even navigate through en-
doscopic visualizations. As an example of the level 
of image quality available today, Fig. 2.10 shows an 
endoscopic view into the coronary arteries. At the 
resolution provided by today’s 16-slice scanners, it 
now becomes possible for the first time to quantita-
tively evaluate not only calcified but also soft plaques 
in the coronaries. Figure 2.11 shows an example of 
the syngo VesselView application, which offers au-
tomatic centerline extraction as well as unfolding 
of the vessel along that central path. Measurement 
tools provide distance and lumen area measure-
ments. In Fig. 2.12, the syngo Volume package is 
used to quantitatively evaluate a soft plaque in terms 
of its volume and average HU-value density.

2.6 
Future Perspective for Multislice CT

Improved transverse resolution goes hand in hand 
with considerably reduced scan times, facilitating 

the examination of uncooperative patients and re-
ducing the amount of contrast agent needed, but 
also requiring optimized contrast agent protocols. 
New clinical applications are evolving as a result 
of the tremendously increased volume scan speed, 
such as CTAs in the pure arterial phase. A CTA of 
the circle of Willis with 16×0.75 mm collimation, 
0.5 s rotation time and pitch 1.5 requires only 3.5 s 
for a scan range of 100 mm (table feed 36 mm/s). A 
thorax-abdomen CTA with submillimeter collima-
tion takes about 17 s for a scan range of 600 mm. 
For a CTA of the renal arteries, the table feed can 
be reduced to 24 mm/s (pitch 1) to make better use 
of the tube output for obese patients; nevertheless, 
the total scan time for 250 mm scan range with 
16×0.75 mm collimation is not longer than 11 s. An 
examination of the entire thorax (350 mm) with 
16×0.75 mm collimation, 0.5 s rotation time, and 
pitch 1.375 (table feed 33 mm/s) can be done in 11 s, 
hence, both a native and a contrast-enhanced scan 
can be obtained within the same breath-hold pe-
riod for optimum matching of both image volumes. 
ECG-gated cardiac scanning also benefits from both 
improved temporal resolution and improved spatial 
resolution.

For general purpose CT, we will see a moderate 
increase in the number of simultaneously acquired 
slices in the near future; the resulting clinical benefits, 
however, may not be substantial and have to be care-
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Fig. 2.12. 
Quantitative evalua-
tion of noncalcified 
coronary plaque. 
The software calcu-
lates mean density 
and volume of a 
selected lesion

Fig. 2.11. Example of 
a dedicated software 
package for vascular 
applications (syngo 
VesselView). The 
software automati-
cally extracts the 
centerline of the 
vessels, generates 
curved reformats, 
and offers both 
visual and quantita-
tive assessment of 
plaque and vessel 
lumen for grading 
of stenosis or preop-
erative planning of 
endografts

CATA_02-Flohr.indd 20CATA_02-Flohr.indd   20 19.10.2004 16:16:00 Uhr19.10.2004   16:16:00 Uhr



Multidetector-Row CT: Technical Principles 21

Fig. 2.15. VRT of the RCA of a heart specimen, acquired on 
a flat-panel CT-system with 0.25 mm slice width and on a 
4-slice CT scanner with 1.3 mm slice width for comparison 
(Courtesy of Klinikum Grosshadern, Munich, Germany)

Fig. 2.13. Prototype setup incorporating a flat-panel detector 
into a standard CT gantry

Fig. 2.14. Multiplanar reformation (MPRs) of a hand speci-
men, scanned with a CT prototype with a flat-panel detec-
tor

fully considered in the light of the necessary technical 
efforts. As soon as all possible examinations can be 
performed in a comfortable breath-hold of not more 
than 10 s, a further increase in the slice number will 
not give a significant clinical benefit at all. Potential 
further improvement of the spatial resolution will 
have to be reserved to special applications due to 
the inevitable increase in dose that has to be applied 
for adequate signal-to-noise ratio. It will have to go 
along with the development of more powerful X-ray 
tubes and generators. Instead of a mere quantitative 
enhancement of scan parameters with doubtful clini-
cal relevance, the introduction of area detectors large 
enough to cover entire organs such as the heart, the 
kidneys, or the brain in one axial scan (~120 mm scan 
range) could bring a new quality to medical CT. With 
these systems dynamic volume scanning would be-
come possible, and a whole spectrum of new applica-
tions, such as functional or volume perfusion studies, 
could arise. Area detector technology is currently un-
der development, yet no commercially available solu-
tion so far fulfills the high requirements of medical CT 
concerning dynamic range of the acquisition system 
and fast data readout. Initial experience with today’s 
cesium iodide–amorphous silicon (CsI–aSi) flat-panel 
detector technology originally used for conventional 
catheter angiography is limited in low contrast reso-
lution and scan speed. Due to the intrinsic slow sig-
nal decay of flat-panel detectors, rotation times of at 
least 20 s are needed to acquire a sufficient number 
of projections (≥600 per rotation). On the other hand, 
high contrast resolution is excellent due to the small 
detector pixel size, yet dose requirements preclude 
the examination of larger objects. Initial experimen-
tal results are limited to small high-contrast objects 
such as joints, inner ear, or contrast-filled vessel spec-
imens. Figure 2.13 shows a prototype setup incorpo-
rating a flat-panel detector into a standard CT gantry 
(SOMATOM Sensation 16, Forchheim, Germany). 
The detector covers 25×25×18 cm3 scan field of view, 
the pixel size is 0.25×0.25 mm2, both measured at the 
center of rotation. Figure 2.14 shows MPRs of a hand 
specimen, demonstrating excellent spatial resolution. 
Figure 2.15 shows a VRT of the RCA of a heart speci-
men, acquired on a flat-panel CT system with 0.25 mm 
slice width and on a 4-slice CT scanner with 1.3 mm 
slice width for comparison (courtesy of Klinikum 
Grosshadern, Munich, Germany). The combination 
of area detectors of sufficient quality with fast gantry 
rotation speeds is a promising technical concept for 
medical CT systems. Due to the present technical re-
strictions, however, these systems will probably not be 
available in the near future.
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3.1 
Introduction

Image processing and three-dimensional (3D) recon-
struction of diagnostic images represents a necessary 
tool for depicting complex anatomical structures and 
understanding pathological changes in terms of both 
morphology and function.

The importance of 3D reconstructions is evident 
if we consider that the quantity of native images 
produced with new-generation cross-sectional tech-
niques has become increasingly large. Volumetric 
data such as those acquired with multidetector row 
computed tomography (CT) are particularly well 
suited to postprocessing. On the other hand the anal-
ysis and processing of such data through additional 
planes over the axial and 3D views is becoming man-
datory.

Image processing involves operations such as re-
formatting original CT images and surface and vol-
ume rendering. These types of operations are also 
included in a wide classification which divides the 
techniques of display of 3D models into projectional 
and perspective methods.

Projectional methods are those in which a 3D vol-
ume is projected into a bidimensional plane; in the 
perspective methods a 3D virtual world is displayed 
by means of techniques that aim to reproduce the 
perspective of the human eye looking at the physical 
world.

Projectional methods include CT image-reformat-
ting approaches such as multiplanar reformations 
(MPR) in the sagittal, coronal, oblique, and curved 
planes. More specific projection techniques include 
maximum-intensity projection (MIP) and mini-
mum-intensity projection (MinIP). The reformatting 
process does not modify the CT data but uses them in 
off-axis views and displays the images in an orienta-
tion different from native acquisition.

Surface and volume rendering use algorithms 
that generate 3D views of sectional two-dimensional 
data. Surface rendering is based on the extraction of 
an intermediate surface description of the relevant 
objects from the volume data, while volume render-
ing displays the entire volume preserving the whole 
dynamic range of the image. A more advanced ap-
plication of surface and volume rendering is repre-
sented by virtual endoscopy, which is a simulation of 
the endoscopic perspective by processing volumetric 
data sets.

The CT acquisition parameters that have a direct 
effect on the quality of the image processing are sec-
tion thickness, reconstruction spacing, and pitch. 
Thin sections and reconstruction spacing allow bet-
ter postprocessing results by reducing partial volume 
averaging effects on the longitudinal plane or z-axis 
(Fig. 3.1). The effect of pitch on 3D imaging of CT 
data sets is particularly relevant for single-row sys-
tems, where the use of high pitch values introduces 
an increased slice-sensitive profile and consequently 
determines artifacts on projectional and perspective 
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images such as the stair-step artifact. In multirow CT, 
the effect of pitch on slice-sensitive profiles is less rel-
evant and does not significantly affect 3D imaging.

The acquisition must be performed during one 
continuous breath-hold to avoid different positions 
of the scanned organs; movement artifacts, which 
slightly affect the quality of axial slices, become clearly 
visible especially in 3D images, where the continuity 
of the volume acquired is essential to reproduce a re-
liable 3D model. Isotropic viewing is another factor 
that can influence the quality of 3D images, in par-
ticular MPR; it refers to the situation in which MPR 
images can be created in any plane with the same spa-
tial resolution as the original sections [25].

In multirow CT, an additional element that influ-
ences the quality of 3D images is contrast enhance-
ment, especially in the study of the vascular system. 
The bright contrast obtained in the vascular system 
and the absence of background enhancement allow 
easier application of image-processing algorithms; 
therefore dedicated CT angiographic protocols are 
required [2, 13, 17].

3.2 
Multiplanar Reformations

Reformatting approaches enable images to be dis-
played in a different orientation from the original 
one. The term “reconstruction” is often used instead 
of “reformations,” although it is inaccurate in this 

context. In fact the reconstruction process, especially 
in CT, refers to the procedure that converts raw pro-
jection data into an axial image.

There are many situations in diagnostic imaging 
in which identification, generation, and display of 
the optimal image plane is critical; in the case of CT 
this issue is even more relevant due to the fixed scan-
ning plane (axial plane for X-ray emission and z-axis 
for CT table movement to cover the human body). In 
this setting the use of additional planes, for studying 
structures of interest which are not oriented along 
the acquisition plane, is strongly recommended. 
Therefore, techniques to generate and display opti-
mal 2D views are particularly important.

3.2.1 
Sagittal and Coronal Reformatting

Most processing systems allow the selection of series 
or range of images. The dedicated software “grabs” 
the highlighted series and begins to load it into a 
data set to create MPR. Usually processing systems 
show an axial, a sagittal, and a coronal image. By 
using appropriate icon-command, it is possible to 
change any image orientation. At this point the user 
can select the primary view that acts as the working 
image (Fig. 3.2). On the basis of the primary view, 
changes in the other frames can be made. Therefore, 
the starting point of image reformations includes 
these “conventional” coronal and sagittal planes for a 
preliminary view of the 3D data set.

Fig. 3.1 Section thickness influences the diagnostic accuracy of postprocessed images. the morphological detail of the phantom 
is progressively better depicted by means of thinner sections.
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3.2.2 
Oblique Reformatting

When the user needs additional planes with respect 
to classic axial, coronal, and sagittal views, oblique re-
formatting is available. Oblique reformatting is quite 
similar to sagittal or coronal reformatting, except that 
the CT voxels in the stack are sampled along an axis 
that is tilted from either the x- or y-plane. Several 
organ systems in the human body are not easily vi-
sualized with routine sagittal and coronal planes, and 
oblique reformatting can be useful in these instances 
(Fig. 3.3a,b). Oblique reformatting is employed when 
the desired 2D image lies along a plane oriented at an 
oblique angle to the orthogonal axes of the volume 
image (Fig. 3.4) [1].

Oblique images are less intuitive and much harder 
to compute, as simple readdressing of the voxels in 
a given order will not generate the proper oblique 
image.

Specification and identification of the oblique im-
age are often done using landmarks in the orthogo-
nal image data. To accomplish this, several images 
need to be presented to allow unambiguous selec-

tion of the landmarks, usually through multiplanar 
orthogonal images. Two methods can be used for 
definition of the oblique plane orientation. Selection 
of three landmarks will uniquely define the orien-
tation of the plane, which may need to be rotated 
for proper display orientation. Two selected points 
define an axis along which oblique planes perpen-
dicular to the axis can be generated. This does not 
uniquely define a single plane, as the oblique im-
age may be generated anywhere along the axis, but 
this method is often used when a stack of oblique 
images needs to be generated through a structure. 
Interactive manipulation of the oblique plane orien-
tation can be achieved if controls for angular rota-
tion maneuvers are provided.

Oblique sectioning, particularly when interactive, 
requires a visualization method for plane placement 
and orientation verification. One method uses se-
lected orthogonal images with a line indicating the 
intersection of the oblique image with the orthogonal 
images. Another method depicts the intersection of 
the oblique plane with a rendered surface image, pro-
viding direct 3D visual feedback with familiar struc-
tural features [23].

Fig. 3.2 Multiplanar reformation  inter-
face shows a four-panel display. In this 
case an axial image, a coronal image, 
and two sagittal images are depicted; 
one of the sagittal images is an oblique 
image projected in a orthogonal plane. 
By using appropriate icon-command, it 
is possible to change any image orien-
tation and to select the primary view. 
The selected primary view acts as the 
working image.
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a

Fig. 3.3. a In some instances (assessment of the diameter of tubular structures) it is crucial to obtain measures from the or-
thogonal plane, because the employment of other planes may determine overestimation. b Abdominal aortic aneurysm: the 
assessment of the diameters of the aneurismal neck and sac can be obtained only by means of oblique reformatting.

Fig. 3.4 Oblique reformatted images of an abdominal aortic aneurysm were obtained by using thin axial sections. The multiple 
oblique views show both renal ostia and longitudinal extension of an abdominal aortic aneurysm that could not be directly 
appreciated in the native axial image.
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3.2.3 
Curved Reformatting

It is also possible to sample a 3D stack of CT images 
along a curved plane. Often structures of interest 
may have curvilinear morphology that orthogonal 
and oblique reformations cannot capture in a single 
2D image. This restriction of planar sections can be 
overcome using curvilinear reformatting techniques. 
A trace along an arbitrary path on any orthogonal 
plane defi nes a set of pixels in the orthogonal image 
that have a corresponding row of voxels through the 
volumetric data set. Each row of voxels for each pixel 
on the trace can be displayed as a line of a new image, 
which corresponds to the curved planar structure 
lying along the trace. Curved planar reformatting 
represents a variation of MPR.

This technique is useful for curved structures 
such as the spine, the mandible, and tortuous tubular 
structures (e.g., blood vessels; Fig. 3.5).

3.3 
Maximum-Intensity Projection

Maximum-intensity projection enables the evaluation 
of each voxel along a line from the viewer’s eye through 
the volume of data and to select the maximum voxel 
value, which is used as the displayed value.

It represents the simulation of rays that are traced 
from the operator through the object to the display 
screen, and only the relative maximum value detected 
along each ray path into the selected slab (Fig. 3.6a,b) 
is retained by the computer. This method preferen-
tially displays bone and contrast-filled structures 
(MIP is largely used for CT angiography; Fig. 3.7).

MIP has a number of related artifacts and short-
comings that must be taken into account to properly 
interpret the rendered image. The displayed pixel in-
tensity represents only the structure with the high-
est intensity along the projected ray. A high-density 
structure such as calcifications (Fig. 3.8) will obscure 

Fig. 3.5 Curved planar reformation enables complete visualization of some curved structures by tracing a cut plane following 
the anatomical shapes that are confidently represented.
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Fig. 3.6a,b A multiplanar approach can be obtained both in maximum-intensity projection (MIP) and multiplanar reformation, 
although for MIP the thickness of the examined plane should be properly selected. 

b

a
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information from intravascular contrast material. 
This limitation can be partially overcome with use of 
nonlinear transfer function or through volume ed-
iting to eliminate undesired data [3, 4, 26]. Volume 
editing can be a preprocessing step (section-by-sec-
tion “slab” editing) or an interactive process (“slid-
ing-slab” MIP).

The use of the highest intensity value also in-
creases the mean background intensity of the image, 
effectively selecting the “noisiest” voxels and thereby 
decreasing the visibility of vessels in enhancing struc-
tures such as the kidney and liver. MIP images are 
typically not displayed with surface shading or other 
depth cues, which can make assessment of 3D rela-
tionships difficult. Also, volume averaging (the effect 
of finite volume resolution) coupled with the MIP al-
gorithm commonly leads to MIP artifacts. A normal 
small vessel passing obliquely through a volume may 

have a “string of beads” appearance, because it is only 
partially represented by voxels along its length. The 
impact of these artifacts depends on the resampling 
filters that are used. Despite its limitations, MIP usu-
ally has superior accuracy compared with surface 
rendering in CT angiography and produces repro-
ducible results with different operators.

Closely related to MIP is the MinIP, which involves 
detecting the minimum value along the ray paths in 
each view. This algorithm can be used alternatively 
to MIP especially in cholangiopancreatographic CT 
studies [19, 22].

An application defined “variable thickness view-
ing” enables combining multiple thin sections and vi-
sualizing them as slabs, thereby improving noise and 
coplanar effects. This technique is useful for exami-
nations such as lung studies, because thin sections 
improve lesion detection (Fig. 3.9) and the accuracy 

Fig. 3.7 MIP is largely used in CT angi-
ography because the contrast-filled ves-
sels are accurately depicted by this ref-
ormation approach. Anatomical details 
are correctly displayed, showing the pa-
tency of the main renal arteries and also 
the presence of a left accessory.

Fig. 3.8 Renal ostia are incom-
pletely visualized for the pres-
ence of intimal calcifications.

CATA_03-Neri.indd 31CATA_03-Neri.indd   31 19.10.2004 16:29:55 Uhr19.10.2004   16:29:55 Uhr



32 Neri et al.

of lesion volume measurement, while slab mode im-
proves lesion detection [4].

3.4 
Volume Visualization

The aim of volume visualization is to realistically 
represent and analyze volume data by integrating a 
series of axial CT sections into a form that is easier to 
interpret than the original images. The medical field 
was the first to exploit volume visualization, and the 
first attempts date back to the late 1970s, with clinical 
applications in craniofacial surgery and orthopedics 
which required CT visualization of complex bony 
structures.

There are two basic classes of volume-visualization 
algorithms in use today: surface and volume render-

ing. The key idea of surface rendering is to extract an 
intermediate surface description of the relevant ob-
jects from the volume data. Only this information is 
then used for rendering. In volume rendering, on the 
contrary, images are created directly from the volume 
data, and no intermediate geometry is extracted [8].

All 3D rendering techniques represent a 3D vol-
ume of data in one or more 2D planes, conveying 
the spatial relationships inherent in the data with 
use of visual depth cues. To understand how these 
techniques work, it may be helpful to think of the 
volume of data as a cube floating within a computer 
monitor. The data are organized into a 3D matrix of 
volume elements (voxels). The screen of the com-
puter monitor is a 2D surface composed of discrete 
picture elements (pixels). Presenting what is stored 
in memory on a 2D screen is a challenge, but it is the 
very problem that 3D reconstruction software has 
creatively solved.

Fig. 3.9 Variable-thickness viewing allows depiction of the topographic relationships of bronchi and pulmonary vessels and also 
distinguishes them from pathological structures that show the same nodular appearance on the axial image 
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Each 3D rendering technique relies on mathematic 
formulas to determine for each pixel what portion of 
the data in memory should be displayed on the screen 
and how that portion should be weighted to best rep-
resent spatial relationships. Voxel selection is usually 
accomplished by projecting lines (rays) through the 
data sets that correspond to the pixel matrix of the 
desired 2D image. Differences in the images produced 
with various types of 3D rendering are the result of 
variations in how voxels are selected and weighted [3]. 
The different methodological approach of 3D render-
ing techniques (surface and volume rendering) deter-
mines different outcome in practice (Figs. 3.10, 3.11).

Surface-rendering models do not contain any 
“inside” data and work with the extracted surface, 

which is manipulated as an empty shell. Volume 
rendering may display the surface of the superficial 
voxels of the data set, but it maintains all the data 
inside the shell as well. The advantage here is that 
now we can manipulate all the data, and also the dy-
namic range of the image is preserved generating 
images with higher flexibility. In volume rendering 
various parameters such as surface shading and 
opacity can help reveal both surface and internal de-
tail and the radiologist or clinician is able to clearly 
distinguish most disease. For this reason a careful 
selection of these parameters should be performed. 
The disadvantage is that a volume render takes up 
more memory and takes longer to build than a sur-
face render.

Fig. 3.10 MIP, volume rendering with surface shading and then with a slight transparency applied to the same data set show 
different aspects of the aortoiliac region. Surface shading and transparent images provides more panoramic views, while MIP 
allows better depiction of vascular patency and calcification.

Fig. 3.11 A metallic biliary stent determines many disturbances on MIP images. The correct placement of the device is better 
appreciated in surface- and volume-rendered images.
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3.4.1 
Surface Rendering

Surface rendering was the fi rst 3D rendering tech-
nique applied to medical data sets. Its early develop-
ment in the 1970s was a logical extension of new 
computer graphics and image-processing techniques, 
and innovations in data segmentation (division of a 
volume into multiple areas or objects primitives) and 
display [6, 7].

Surface rendering is a process in which apparent 
surfaces are determined within the volume of data 
and an image representing the derived surfaces is dis-
played. Much of the research in this area has focused 
on how surfaces are determined. Surface contours 
are typically modeled as a number of overlapping 
polygons derived from the boundary of the selected 
region of interest. A virtual light source is computed 
for each polygon, and the object is displayed with the 
resulting surface shading. Multiple overlapping sur-
faces can be displayed on a single image with the ad-
ditional implementation of partial opacities.

Simple thresholding is a commonly used technique 
designed to segment structures of interest for sur-
face rendering. In this technique, each voxel intensity 
within the data sets is determined to be within some 
user-specified range of attenuation values (bone at-
tenuation; Fig. 3.12). In surface rendering, the voxels 
located on the edge of a structure are identified and 

displayed; the remaining voxels in the image are usu-
ally considered invisible. This approach is quite use-
ful for examining the inner surface of hollow struc-
tures such as airways (virtual bronchoscopy), colon 
(virtual colonoscopy), middle ear (virtual otoscopy), 
etc. The thresholding assignment of the voxels that 
will be visible is both critical and sometimes difficult 
to reproducibly define. If the thresholding process is 
too aggressive, actual protruding structures can be 
lost from view because of partial volume effects. If 
the thresholding process is too lax, nondesired voxels 
(different from the segmented tissue) are included in 
the 3D model (Fig. 3.13a,b).

After the thresholding process, the surface of the 
volume data is generated by approximating and con-
necting the shape of edge voxels of the segmented 
volume. These visualization pipelines generate a 
triangle-based wire-frame model, which represents 
the surface. Most commonly a marching-cubes algo-
rithm [15] is used, which basically decides whether 
a surface passes through a data element or not. By 
“marching” through all the cubic cells intersected by 
the isosurface, the algorithm calculates the intersec-
tion points along the edges and produces triangular 
mesh to fit to these vertices. The wire-frame model 
can be covered by a virtual surface by assessing sur-
face properties, reflection, and color. In addition a 
virtual light source can be placed arbitrarily to create 
shading and depth effects.

Fig. 3.12 Maxillary and zygomatic bone. Surface rendering clearly depicts the cortical bone and details of fracture lines.
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3.4.2 
Volume Rendering

As mentioned above, volume rendering takes the 
entire volume of data, sums the contributions of each 
voxel along a line from the viewer’s eye through the 
data sets, and displays the resulting composite for 
each pixel of the display. 

To optimally display the anatomical structures, 
volume rendering enables modulation of window 
width and level, opacity, and percentage classification, 
and enables also the interactive change of perspective 
of 3D rendering in real time [3].

Before modulating the visibility of anatomical 
structures by the mentioned parameters, data resam-

pling and editing can be done, in order to reduce im-
age-processing time, and is applied prior to render-
ing. Resampling reduces image resolution. Manual 
or semiautomatic editing is typically performed to 
“eliminate” an object such as an organ from sur-
rounding structures. One example of editing is rep-
resented by clip-plane. This technique defines planes 
that segment the volume into regions of displayed or 
suppressed voxels [3].

Rendering parameters are applied to the full-vol-
ume data sets and affect the appearance of the image 
to be displayed. The window width and level func-
tions are similar to windowing parameter settings on 
standard CT scanners or workstations. Volume ren-
dering typically segments data on the basis of voxel 

Fig. 3.13a,b Segmentation process eliminates all the structures whose Hounsfield density is lower than a selected value. a 
Segmentation; b effects of progressive thresholding values.

b

a
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attenuation. The window can be adjusted to standard 
settings; however, real-time rendering also permits 
the user to interactively alter the window setting and 
instantly see the changes.

“Opacity” refers to the degree with which struc-
tures that appear close to the user obscure structures 
that are farther away. High opacity values produce an 
appearance similar to surface rendering. Low opac-
ity values allow the user to “see through” structures 
(Fig. 3.14).

pixel within a desired 2D plane. A weighted sum of 
these voxel values encountered by the ray is calcu-
lated for each pixel and then scaled to the particular 
range of gray-scale values in the display.

3.4.2.1 

Clinical Applications of 3D Rendering in 
Multidetector-Row CT

Clinical applications of 3D imaging run parallel to 
the applications of multidetector-row CT, since both 
are substantially dependent on each other. The main 
application of multidetector-row CT is the study of 
vascular pathologies [9, 28]. The rapid scanning time 
allows a selective and precise evaluation of arterial, 
portal, and venous phases of the vascular system, 
even in the peripheral district. Especially in the latter, 
multidetector-row CT with MIP and volume render-
ing is valuable. One practical example is the study of 
patients with pulmonary embolism: in these patients 
deep venous thrombosis is one of the major causes of 
embolism and the presence of thrombus is generally 
evaluated by Doppler ultrasonography (US) or with 
angiography. The advantage of multidetector-row 
CT, which is used to study the pulmonary arteries 
in this clinical setting, is the potential to extend the 
acquisition caudally, to cover the lower limbs [13]. 
The accuracy of volume rendering in the study of 
a variety of applications (thoracic and abdominal 
aortic aneurysm, renal artery stenosis, intracranial 
aneurysm) is very high [11, 21, 29].

Due to the fast acquisition and high resolution, 
multidetector-row CT, since its introduction in the 
clinical practice, has been found to be effective in 
the management of emergency. In this setting the 
use of 3D imaging, and especially volume rendering, 
certainly has been proved useful in musculoskeletal 
trauma [18, 20]. Volume rendering allows detection 
of fractures and also characterizes the extent of frac-
ture line as well as the presence of fragments. The 
provided 3D visualization of the fracture has impor-
tant surgical outcomes; in fact, on the basis of volume 
rendering, the correct surgical approach can be easily 
planned [14].

There are many areas in oncology that can benefit 
from volume rendering, for example to determine tu-
mor resectability and preoperative planning for tu-
mor resection in patients with a variety of neoplasms 
including pancreatic cancer, primary and metastatic 
hepatic malignancies, lung cancer, and renal cell car-
cinoma [3].

A wide variety of applications of 3D image pro-
cessing can be mentioned for other anatomical areas; 

The use of percentage classification is a more ad-
vanced feature of volume rendering which distin-
guishes between different groups of voxels pertain-
ing to different tissues in an optimal way. Each group 
is approximated by a trapezoid in the software that 
can be interactively manipulated to alter the visibility 
of the tissue, and multiple trapezoidal distributions 
can be displayed simultaneously [3].

Image display is the final step of image process-
ing and relates to the process by which a “virtual” 
3D representation of a volume data set is “flattened” 
onto one or more 2D planes; this process is required 
because a 3D model must be represented with a com-
puter monitor, which is a bidimensional device. 

The most commonly used display method is ray-
casting, which is a basic technique for displaying a 
volume of data in two dimensions. In this technique, 
an array of parallel lines (rays) are mathematically 
projected through the volume in alignment with each 

Fig. 3.14 Volume rendering of a polypoid lesion of cecum. The 
high-transparency mode provides a simulation of double-con-
trast barium enema.
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however, among these all the applications in surgical 
planning will have an impact in clinical practice and 
in the radiologist’s work.

Evaluation of complex craniofacial anomalies 
played a major role in early clinical applications of 3D 
reconstruction of CT data [16, 30]. The advantage of 
3D reconstruction for surgical treatment of craniofa-
cial malformations was demonstrated in the accurate 
evaluation of complex spatial relationships, which 
represented a dramatic improvement over use of ax-
ial CT scans alone [3]. Recently, volume rendering has 
been shown to have advantages over other render-
ing techniques, particularly in resolving subcortical 
bone lesions and minimally displaced fractures, and 
in visualizing hidden areas of interest while creating 
few artifacts [12]. 

Postoperative review of patients with implanted 
devices can also be accomplished more effectively, be-
cause volume rendering eliminates the vast majority 
of streak artifact and clearly delineates the anatomi-
cal relationship.

3.4.3 
Virtual Endoscopy

Virtual endoscopy is a computer-generated simu-
lation of the endoscopic perspective obtained by pro-
cessing volumetric (CT/MR) data and is one of the 
applications of virtual reality in medicine [5]. The 
first presentations of virtual endoscopy in the radio-
logical field were given by Vining in 1993 and 1994 

[31, 32], who reported the application in the study of 
bronchi and colon, respectively. Initial works were 
oriented to demonstrate the feasibility of the tech-
nique in the exploration of the entire human body, 
but soon focused experiences were carried out for 
specific clinical problems.

Nowadays virtual endoscopy accounts reports on 
the study of colon, stomach, bronchial tree, larynx 
and trachea, middle and inner ear, paranasal sinuses, 
brain ventricles, vessels, biliary tract, urinary tract, 
and joints. The terminology used to describe the 
technique was adapted to the anatomical area under 
examination: virtual colonoscopy (Fig. 3.15), bron-
choscopy (Fig. 3.16), cholangioscopy, ureterorenos-
copy, angioscopy, etc.

Most investigators agree that the colon explora-
tion represents the main clinical impact of virtual 
endoscopy. The unique difference between virtual 
endoscopy and other 3D imaging methods is the 
type of perspective. In virtual endoscopy the typical 
perspective of fiber-optic endoscopes is reproduced 
by a dedicated computer program; one can freely fly 
through or around 3D objects that are produced by 
common 3D processing techniques based on surface 
or volume rendering. As a consequence the properties 
of data that are used to generate virtual endoscopy 
are the same of any data used for other image pro-
cessing techniques: volumes that respect the spatial 
relationships of the human body. However, take it for 
granted, in virtual endoscopy there are specific re-
quirements of image acquisition related to the scope 
of the virtual endoscopic examination.

Fig. 3.15 Virtual endoscopy generates endoluminal perspectives similar to conventional endoscopy. A polypoid lesion of the 
colon is confidently represented by conventional and virtual colonoscopy.
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3.4.3.1 
Volume Generation

Each patient’s data set is composed of a defi nite 
number of series corresponding to the different 
phase of acquisition, unenhanced or enhanced. The 
volume is in general automatically created by each 
piece of dedicated software, and the radiologist is 
asked uniquely to select the desired imaging series 
to be reconstructed. To reduce the image overload, 
a reduced volume can be reconstructed by selecting 
the images corresponding to a selected anatomical 
area. Within the software architecture, the volumet-
ric data set is organized in terms of voxels. These 
are near-cubic elements that arise from each image 
pixel. This latter is the basic building block for the 
voxel to which a Hounsfi eld value (in the case of CT) 
or an intensity value (in the case of MR) is assigned; 

each voxel has also a defi ned spatial position and 
dimension in the volume.

The ideal volumetric data set, which represents 
precisely the imaged structures, is obtained when all 
voxels are isotropic and therefore their shape is cu-
bic. Unfortunately conventional CT and spiral CT did 
not completely fulfill these acquisition requirements. 
Dedicated MR sequences and multidetector-row CT 
seem to have overcome these limitations.

3.4.3.2 
Volume Segmentation

Surface and volume rendering are the methods used 
to virtually represent the human body in three di-
mensions. Each owns a specifi c principle of data-
set segmentation in order to select the anatomical 
structure to display from the inside. Most available 
software for virtual endoscopy allows the radiolo-
gist to interact with the volumetric sample and seg-
ment it in real time. By using surface rendering, the 
change of visible structure is made by the selection 
of a threshold which defi nes the edge line of a sur-
face to display and effectively represents the passage 
between two different density or intensity values (the 
colonic mucosa and the colonic lumen fi lled by air). 
Thus, before starting the inner visualizations with 
these methods, the operator should be aware of the 
different threshold values used. For example the co-
lonic surface in a CT study with pneumocolon can be 
optimally represented with thresholds ranging from 
–800 to –700 HU; the middle ear –500 HU and the 
threshold for displaying aortic lumen depends on the 
degree of contrast enhancement.

In the volume-rendering technique, the generation 
of endoscopic view is quite flexible and interactive 
when the computer used is powerful enough. Almost 
all commercially available software has been imple-
mented with predefined volume-rendering protocols 
that produce endoluminal views of specific organs. 
To simplify the concept, in volume rendering the use 
of a threshold is strongly smoothed by the use of 
transfer opacity functions, therefore the passage be-
tween structures having different voxel properties is 
attenuated and progressively increased or decreased 
by a linear scale of values.

3.4.3.3 
Generation of Perspective View

The typical endoscopic view is generated by a ray-
casting algorithm [24]. In ray-casting, parallel rays 
are virtually generated by a source point (the eye 

Fig. 3.16 Virtual endoscopy of the main bronchi and conven-
tional bronchoscopy generate similar patterns. The endo-
scopic view is created by positioning the virtual endoscope 
within the trachea.
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of the observer or point in which the endoscope is 
positioned); the rays transverse the acquired volume 
along a divergent direction and, applying surface or 
volume rendering algorithms, the encountered voxels 
are classifi ed by the attribution of opacity values. In 
surface rendering the voxels located above or below 
a specifi c threshold that are encountered by the rays 
cast are fi xed and transformed in a mesh of polygons 
refl ecting each ray. The algorithm used to perform 
the surface extraction is called the “marching cube” 
[15]. It transforms the cubic shape of a voxel into 
a mesh of triangles (triangulation), and the fi nal 
composition of the transformed voxels constitutes 
an isosurface.

In volume rendering the classification of voxels is 
given by linear opacity functions that attribute dif-
ferent opacity values to particular voxels intensities. 
The advantages of this approach are the optimization 
of the dynamic range and the ability to change tissue 
opacities to produce 3D renderings, which maintain 
surface details and which represent the entire data 
set.

The final image of surface- or volume-rendered 
ray casting will have a conic field of view (as in en-
doscopy). The field of view can be changed by view-
ing angle. Many software packages have a large view-
ing angle, but an increase in this value distorts the 
surface morphology and alters the potential to rec-
ognize pathological findings. This approach seems to 
have other limitations that are also relevant to real 
endoscopy.

An exhaustive virtual endoscopic study is time-
consuming, especially virtual colonoscopy. To obvi-
ate this aspect, new algorithms have been proposed 
such as virtual dissection of the colon and unfolded 
cubic rendering of colon [27].

3.4.3.4 
Fly-Through Path

Fly-path planning is a critical issue in virtual endos-
copy. The navigation through tubular structures is 
quite diffi cult, especially if these are tortuous, and 
presents sharp curves, caliber enlargement, or strong 
reduction along their path. The calculation of the 
shorter and central navigation path is required to 
help the radiologist. The ideal assisted navigation 
should allow the radiologist to stay comfortably in 
front of the computer display and take a movie of the 
complete fl y-through of the structure under exami-
nation. This is easy to perform in straight structures 
such as the abdominal aorta or trachea, but become 
diffi cult in tortuous structures such as the colon.

The requirements of an assisted navigation are: 
automatic path-planning, collision detection, and di-
rect interaction with the objects displayed. The last 
point should consist of the following steps: stop the 
navigation, look at the object, touch the object, cross 
correlate with other images (axial, MPR, external 3D 
models).

Various authors have proposed the calculation of 
an automatic path. Jolesz [10] proposed a method in 
which the endoscopic camera is considered as a robot 
and the walls of the organs as obstacles. However, any 
given automatic path is not free of errors in calcula-
tion, and the collision with the organ’s surface is pos-
sible. Collision detection algorithms work as in the 
case of the Jolesz [10] method. The surface is identi-
fied as a variation of threshold value and therefore, 
when the endoscope finds it, performs a change of 
direction.

The collision detection algorithm is also used in 
VRML (virtual reality modeling language), where sur-
face-rendered models represent different objects of a 
virtual world that can be explored through Internet 
browsers. The direct interaction with the objects dis-
played in the endoscopic views is an absolute require-
ment of virtual endoscopy. The main criticism of this 
technique is that it can wrongly represent objects of 
the real world. To overcome this problem, most soft-
ware enables visualization of the target object, point-
ing to it with the computer mouse, and obtaining the 
corresponding axial or MPR image crossing through 
it. On the other hand, we must remember that virtual 
endoscopy is not a stand-alone technique, but it is one 
of the possible ways through which volumetric data 
sets can be represented. Therefore a constant correla-
tion with original data should always be performed, 
especially to confirm endoscopic findings.
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the vascular territory of interest to coincide with 
the CT acquisition. Many empirical injection pro-
tocols have been employed successfully in the past. 
However, since the introduction of multidetector-row 
CT (MDCT) – which is a continuously and rapidly 
evolving technology – scan times have become sub-
stantially shorter with each new scanner generation. 
Injection protocols developed for the early days of 
CTA are no longer adequate for current MDCT tech-
nology, and one may completely miss the bolus if the 
injection protocol is not adequately adapted to the 
capabilities of a modern MDCT scanner.

Thus the purpose of this chapter is to provide the 
reader with the ingredients necessary for the ratio-
nal design of CM injection protocols for all current 
and potential future applications of cardiovascular 
MDCT and CTA. Those ingredients are:
• A basic understanding of the physiological and 

pharmacokinetic principles guiding arterial 
enhancement following intravenous CM adminis-
tration

• Knowledge of the effects of user-selectable injec-
tion parameters on vascular enhancement

• Awareness of the technical properties of injection 
tools (power injectors) and timing devices (bolus 
tracking) used for CM delivery
Several theoretical and practical examples, as well 

as suggestions for injection protocols, are provided to 
illustrate the key points in a logical fashion.

4.2 
Contrast Media for CT Angiography

All currently used angiographic X-ray CM are wa-
ter-soluble derivates of symmetrically iodinated ben-
zene. They are either negatively charged ionic (ionic 
CM) or nonionic molecules (nonionic CM). The di-
agnostic use of X-ray CM is exclusively based on the 
physical ability of iodine to absorb X-rays, not on 
pharmacological effects – which are generally unde-
sired. The desired effect of CM is thus directly related 
to the iodine concentration of the agent.

4 Contrast-Medium Administration

 Dominik Fleischmann

D. Fleischmann, MD
Assistant Professor of Radiology, Department of Radiology, 
Thoracic and Cardiovascular Imaging Sections, Stanford 
University Medical Center, 300 Pasteur Drive, Room S-072, 
Stanford, CA 94305-5105, USA

4.1 
Introduction

Intravenous contrast-medium (CM) administra-
tion remains one of the fundamental components 
of computed tomography angiography (CTA). The 
general goal is to achieve adequate opacifi cation of 
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The selection of intravenous CM for CTA is pri-
marily governed by safety considerations and rate of 
expected adverse reactions. Nonionic CM are gen-
erally safer than ionic CM, with less idiosyncratic 
(non-dose-dependent, e.g., allergic) adverse reac-
tions [17]. Ionic CM also have a greater potential to 
cause acute nausea and vomiting, and – as a result – 
motion, when injection rates greater than 2.0–2.5ml/
s are used. Furthermore, extravasation of ionic CM 
is less well tolerated than nonionic CM. Therefore, 
nonionic CM are probably the best choice for CTA 
[14].

4.3 
Pharmacokinetic and Physiological Principles

All angiographic X-ray CM are extracellular fl uid 
markers. After intravenous administration they are 
rapidly distributed between the vascular and intersti-
tial spaces [8]. Pharmacokinetic studies on CM have 
traditionally concentrated on the phase of elimina-
tion (following CM injection) rather than on the very 
early phase of CM distribution (during CM adminis-
tration). For the time frame relevant to CTA, however, 
it is this particularly complex phase of early CM dis-
tribution and redistribution that determines vascular 
enhancement. Early CM dynamics cannot be stud-
ied directly (i.e., measuring the rapid changes of the 
concentration of CM from blood samples). However, 
as relative CT attenuation values (∆HU, where HU 
is Hounsfi eld units), derived by subtracting back-
ground attenuation before administration of CM, are 
linearly related to the concentration of CM (iodine), 
CM dynamics may be described and expressed in 
these units [7, 8].

It is important to recognize at this stage that vascu-
lar enhancement (which is the topic of this chapter) 
and parenchymal organ enhancement are affected 
by different kinetics. Early vascular enhancement 
(for CTA and cardiovascular MDCT) is essentially 
determined by the relationship between iodine ad-
ministration per unit of time (iodine flux, in milli-
grams of iodine per second) versus blood flow per 
unit of time (i.e., cardiac output, in liters per min-
ute). Parenchymal enhancement, on the other hand, 
is governed by the relationship of total iodine dose 
(milligrams of iodine) to total volume of distribution 
(i.e., body weight, BW, in kilograms). Thus, the most 
important injection parameter to chose in CTA is the 
injection flow rate, whereas in organ imaging it is the 
injection volume.

4.3.1 
Early Arterial Contrast-Medium Dynamics

Early CM dynamics have gained substantial inter-
est because of their implications for CTA. Whereas 
time-attenuation responses to intravenously injected 
CM may vary between vascular territories and across 
individuals (as discussed below), the basic pattern 
can be observed in the example in Fig. 4.1.

Figure 4.1 schematically illustrates early arterial 
CM dynamics as observed in the abdominal aorta: 
When a 16-ml test-bolus of CM is injected intrave-
nously at a flow rate of 4 ml/s, it causes an arterial 
enhancement response in the aorta. The time inter-
val needed for the CM to arrive in the arterial terri-
tory of interest is referred to as the CM transit time 
(tCMT). The first peak in the enhancement response is 
also referred to as the “first-pass” effect. While CM is 
distributed throughout the vascular and interstitial 
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Fig. 4.1a–f. Simple “additive model” illustrates the effects 
of injection flow rate and injection duration on arterial en-
hancement. Intravenous contrast medium (CM) injection (a) 
causes an arterial enhancement response (b), which consists 
of an early “first-pass” peak, and a lower “recirculation” effect. 
Doubling the injection flow rate (doubling the iodine admin-
istration rate) (c) results in approximately twice the arterial 
enhancement (d). The effect of the injection duration (e) can 
be regarded as the sum (time integral) of several enhancement 
responses (f). Note that due to the asymmetric shape of the 
test-enhancement curve and due to recirculation effects, arte-
rial enhancement following an injection of 128 ml (the time 
integral of 8 consecutive 16 ml) increases continuously over 
time (adapted from [9], with permission)

CATA_04-Fleischmann.indd 42CATA_04-Fleischmann.indd   42 19.10.2004 16:37:17 Uhr19.10.2004   16:37:17 Uhr



Contrast-Medium Administration 43

spaces of the body, a certain proportion of CM-en-
hanced blood returns rapidly from highly perfused 
organs, such as the brain and the kidney, to reenter 
the right heart (recirculation). It is important to real-
ize that within the time frame of CTA one will not 
only observe the first pass of contrast material but 
also its recirculation effect.

For a given individual and vascular territory, the 
enhancement response is proportional to the iodine 
administration rate, or iodine flux (milligrams of io-
dine per second). Figure 4.1c and d illustrate the ef-
fect of doubling the iodine administration rate (by 
doubling the injection flow rate). One can observe an 
enhancement response, which is approximately twice 
as strong. Whereas the effect of the iodine adminis-
tration rate on arterial enhancement is straightfor-
ward and logical, this is not the case for the effect of 
the injection duration and the shape of the enhance-
ment curve.

A simple additive model – based on the assump-
tion of a time-invariant linear system – may help to 
explain the effect of prolonged injections on arterial 
enhancement [9]: As shown in Fig. 4.1e and f, a large 
(128 ml), prolonged (32 s) bolus of CM can be viewed 
as the sum of eight subsequent “test boluses” of 16 ml 
each. Each of these eight test boluses has its own 
effect (first pass and recirculation) on arterial en-
hancement. The cumulative enhancement response 
to the whole 128-ml injection equals the sum (time 
integral) of enhancement responses to each of the 
eight test boluses. Note, that the recirculation effects 
of the earlier test boluses overlap (and thus sum up) 
with the first-pass effects of later test boluses.

As a result, the general enhancement pattern ob-
served in the arterial system following the intrave-
nous injection of a prolonged bolus (>10 s) of CM 
can be characterized as follows: After a certain time 
interval (corresponding to the CM transit time, tCMT), 
there is a short, steep enhancement increase, which is 
followed by a continuous increase in arterial opaci-
fication as long as CM is injected, which is then fol-
lowed by a rapid decrease in enhancement after the 
end of the injection. Note that this enhancement re-
sponse is delayed in time relative to the beginning of 
the intravenous injection (tCMT).

4.3.2 
Physiological Parameters Aff ecting Vascular 
Enhancement

In general, the previously described vascular en-
hancement response to intravenously injected CM 

applies to all arterial territories. The specifi c magni-
tudes, however, are characteristic for a given vascular 
territory in a given patient. The exact shape of a 
time-attenuation curve is determined by individual 
physiological parameters and beyond the control of 
the observer.

The CM transit time (tCMT) from the injection site 
to the vascular territory of interest depends on the 
anatomical distance between them, but also on the 
encountered physiological flow rates between these 
landmarks. Injection flow rates hardly affect the ar-
terial tCMT. For systemic arteries, the tCMT is primar-
ily controlled by cardiac output. Cardiac output also 
accounts for most of the wide interindividual vari-
ability of the tCMT. Low cardiac output prolongs, high 
cardiac output decreases the tCMT. Obviously the tCMT 
can be substantially delayed in patients with venous 
obstructions downstream of the injection site.

The degree of arterial enhancement following the 
same intravenous CM injection is also highly variable 
between individuals. Even in patients considered to 
have normal cardiac output, mid-aortic enhance-
ment may range from 140 to 440 HU (a factor of 3) 
between patients [20]. Even if BW is taken into ac-
count, the average aortic enhancement ranges from 
92 to 196 HU/ml per kilogram (a factor of 2) [13]. 
Adjusting the CM volume (and injection rates) to BW 
will therefore reduce interindividual differences of 
arterial enhancement, but will not completely elimi-
nate them. A reasonable compromise in clinical CTA 
therefore is to adjust the injection volumes and flow 
rates for patients with deviations of their BW of more 
than 20% from an average of 75 kg. The key physi-
ological parameters affecting individual arterial en-
hancement are cardiac output and the central blood 
volume.

Cardiac output is inversely related to the degree 
of arterial enhancement, particularly in first-pass 
dynamics [1, 2]: if more blood is ejected per unit of 
time, the CM injected per unit of time will be more 
diluted. Hence, arterial enhancement is lower in pa-
tients with high cardiac output, but it is stronger 
in patients with low cardiac output (despite the in-
creased tCMT in the latter). This effect is illustrated in 
two patients with very different physique, in Fig. 4.2. 
Note that the 51-year-old hypertensive man, with a 
BW of 88 kg required about 3 times more CM volume 
to achieve the same degree of arterial enhancement 
when compared with the 67-year-old woman with 
59 kg of body weight.

Central blood volume is also inversely related to 
arterial enhancement – but presumably affects recir-
culation and tissue enhancement to a greater extent 
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than it affects first-pass dynamics [7]. Central blood 
volume correlates with BW. If total CM volumes are 
chosen relative to BW, then 1.5–2.0 ml/kg BW (450–
600 mg I/kg BW) are a reasonable quantity for arte-
rial CTA.

Another factor which affects the tCMT but also arte-
rial enhancement is a temporarily diminished venous 
return caused by a forced Valsalva maneuver of the 
patient in an attempt to hold his or her breath. In pa-
tients but also in previously undiagnosed asymptom-
atic individuals with a patent foramen ovale, such a 
maneuver may cause a temporary right-to-left shunt 
with early arterial enhancement.

4.3.3 
Eff ect of User-Selectable Injection Parameters

With key physiological parameters (such as car-
diac output) beyond the control of the observer, it 
is particularly important to understand the effects 
of user-controllable injection parameters on arterial 
enhancement. Traditionally, injection protocols for 
CTA have been expressed as the volume (milliliters) 
and fl ow rate (milliliters per second) of CM. Given the 
previously described, early arterial CM dynamics, it is 
more useful, however, to express injection protocols 
for CTA in terms of iodine administration rate (or 
its substitute, the injection fl ow rate, in milliliters per 
second) and injection duration (seconds). The CM 
volume is then derived by simple multiplication.

Iodine administration rate (injection flow rate). The 
number of iodine molecules administered per unit of 
time (the iodine flux) is proportional to the injection 
flow rate for a given CM concentration. An iodine flux 
of 1.0–1.2 g/s (3.5–4 ml/s) is generally considered a 
minimum injection rate for CTA (15 mg I/s per kilo-
gram of BW). The injection flow rate has a direct, pro-
portional effect on arterial enhancement (Fig. 4.1c,d); 
e.g., a 50% increase in the injection rate (for a given 
injection duration) will result in a 50% increase in ar-
terial enhancement (at the cost of 50% more CM vol-
ume). Similarly, a 30% increase in the iodine concen-
tration will yield a 30% stronger enhancement. Note 
that enhancement always refers to increase in attenua-
tion above baseline (nonenhanced) values.

Injection duration. As illustrated in Fig. 4.1, arte-
rial enhancement also increases with the injection 
duration. This effect is not as straightforward and 
logical as the effect of the iodine flux; however, it is 
immediately obvious that very short injection dura-
tions – e.g., 5 s – cannot reach an adequate arterial en-
hancement level (let alone the difficulty of correctly 
timing a CTA acquisition to such a short enhance-
ment peak). Therefore, the “old rule” of CTA, where 
the injection duration equals the scanning duration, 
is no longer applicable to fast acquisitions. There is a 
minimum injection duration necessary to raise arte-
rial enhancement to an adequate level of opacifica-
tion, which is probably in the region of about 10 s.

Biphasic or multiphasic injections. As previously 
noted, the typical arterial enhancement pattern re-
sulting from prolonged (20–40 s) CM injections is a 
continuous rise of arterial enhancement. Even with 
correct scan timing, this will result in lower arterial 
opacification early during the scan, and excessive en-
hancement later during the data acquisition. A more 
uniform enhancement can be achieved, however, if 

a

c

b

d

e f

Fig. 4.2a–f. Variability of arterial enhancement between pa-
tients of different physique: The aortic enhancement responses 
(a, b) to a 16ml test bolus are shown for a 51-year-old hyper-
tensive man with a body weight of 88 kg (a), and a 59-year-old 
woman with 59 kg bodyweight (b). Because of a substantially 
lower enhancement response to the test bolus, the younger, 
and bigger man required more than 3 times more CM volume 
(162 ml) than the older and smaller woman (48 ml) (c,d), to 
achieve a similar enhancement in the subsequent computed 
tomography angiogram of the thoracoabdominal aorta (e, f)
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the injection rates are varied over time, with high ini-
tial flow rates and lower continuing flow rates [3, 11].

4.3.4 
Mathematical Modeling

Accurate prediction and controlling of time-depen-
dent arterial enhancement is highly desirable for 
MDCT, particularly with faster scanners and for CTA. 
Ideally, one wants to predict and control the time 
course as well as the degree of vascular enhancement 
in each individual – independent of an individual’s 
underlying physiology. Two mathematical techniques 
addressing this issue have been developed.

The first is a sophisticated compartmental model, 
which predicts vascular and parenchymal enhancement 
using a system of more than 100 differential equations 
to describe the transport of CM between intravascu-
lar and interstitial fluid compartments of the body [1]. 

Fig. 4.3a–h Flowchart illustrates the four main steps to characterize, predict, and optimize arterial enhancement in computed 
tomography angiography of the aorta using the “black-box” model. The calculation of the optimized biphasic bolus for this 
65-year-old patients is based on the selection of an “ideal” enhancement of 200 ∆HU for 30 s, with slopes of increase and de-
crease in 200 HU/6 s:
1. Step 1: The patient function is calculated in Fourier space from the relation of a 16 ml test bolus (a) to the patient’s corre-
sponding aortic time attenuation response, the test enhancement (b)
2. Step 2: Once the patient function is known, the standard enhancement (d) to an orbitrary bolus, e.g., a 120-ml standard bolus 
(c) can be predicted
3. Step 3: With the use of the patient function, it is also possible to calculate a theoretically “ideal” bolus (e) which is supposed 
to achieve an “ideal”, near rectangular enhancement (f) 
4. Step 4: As the theoretically “ideal bolus” (e) contains “unreal” components in the time domain, such as oscillations, or negative 
flow rates, a fitting algorithm has to be introduced, to approximate the ideal flow rates into a practically applicable “optimized” 
biphasic (Σ:113 ml) bolus (g). The corresponding optimized enhancement (h) can be predicted as described in step 2. Despite 
the pronounced simplification of the optimized bolus (g) the resulting optimized enhancement (h) does not deviate much from 
the desired form in the scanning period
Bolus descriptors are given as: total volume (milliliters) at flow rate (milliliters per second). ∆HU arterial enhancement over 
baseline attenuation in Hounsfield units,. (From [10], with permission)
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For CT angiography, this model suggests multiphasic 
injections to achieve uniform vascular enhancement. 
The injection flow rate is maximum at the beginning of 
the injection followed by a continuous, exponential de-
crease in the injection rate [1, 3]. The limitation of this 
approach is, however, that it cannot be individualized, 
because key physiological parameters are generally un-
known in patients with cardiovascular disease.

The second black-box model approach is based on 
the mathematical analysis of a patient’s characteristic 
time-attenuation response to a small test-bolus injec-
tion [10]. Assuming a time-invariant linear system, 
one can mathematically extract and describe each in-
dividual’s response to intravenously injected CM (“pa-
tient factor”) and use this information to individually 
tailor biphasic injection protocols to achieve uniform, 
prolonged arterial enhancement at a predefined level 
[11]. The principle of this technique is outlined in 
Fig. 4.3. The method is robust and has been success-
fully used in clinical practice, as illustrated in Fig. 4.2.
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Despite the advantages of mathematically derived 
injection protocols, both models are not widely used, 
not being commercially available, because of the ad-
ditional time needed for calculating individual in-
jection protocols and because of the need for a test-
bolus injection. The greatest value of mathematical 
modeling comes from the gained insights into early 
CM dynamics for the time frame relevant for cur-
rent and future CT technology, which allows a more 
rational design of empirical but routinely applicable 
injection techniques.

4.4 
Instrumentation and Technique

4.4.1 
Intravenous Access

A large cubital or antebrachial vein is the most fa-
vorable injection site. For a given vein, the largest-
diameter peripheral catheter that accommodates the 
desired injection rate is selected. Whereas cannula 
lumen diameters as small as 22 g (0.71 mm) may suf-
fi ce for routine (nonvascular) MDCT, diameters up to 
17 g (1.47 mm) have been used for dedicated CTA. If 
high injection fl ow rates are desired, a fast manual 
saline injection with the patient’s arms in scanning 
position (usually above the head) before mechani-
cal CM delivery is recommended to assure correct 
peripheral catheter position. Injections through a 
central venous catheter reduce the tCMT, injections in 
a peripheral vein at the dorsum of the hand slightly 
prolong the tCMT. In both instances, the fl ow rates 
need to be adapted in order to prevent CM extravasa-
tion or catheter rupture.

4.4.2 
Power Injectors and Safety Issues

Adequate intravenous CM administration for MDCT 
requires the use of a mechanical, programmable 
power injector. The general use of CM in MDCT 
carries the same risk of idiosyncratic (non-dose-
dependent) adverse reactions as in other applica-
tions. These allergy-like effects are well described 
[17] and their discussion is beyond the scope of 
this chapter. Because MDCT requires fast injections, 
dose-dependent (nonidiosyncratic) adverse effects 
and the risk of CM extravasation have recently re-
gained interest.

Dose-dependent adverse reactions include nausea, 
vomiting, arrhythmia, pulmonary edema, and cardio-
vascular collapse. Based on clinical and experimental 
evidence for ionic CM, one might naturally assume 
that rapid injections would be less well tolerated than 
slower injections [6]. However, at least for injection 
flow rates up to 4 ml/s, there seems to be no corre-
lation between injection rate and the overall rate of 
adverse reactions [16].

The rate of CM extravasation during the intrave-
nous administration of CM with power injectors is 
low, ranging from 0.2 to 0.6% [4]. Whereas this is 
presumably higher when compared with hand-in-
jection and drip-infusion techniques, no correlation 
was found between extravasation frequency and in-
jection rates up to 4 ml/s [16]. Most extravasations 
involve only small volumes and result in minimal to 
mild symptoms if nonionic CM is used.

Large volumes of CM may be involved, however, in 
noncommunicative patients such as infants and chil-
dren, elderly, or unconscious patients. Monitoring of 
the injection site during CM administration is rec-
ommended in this group, because severe extravasa-
tion injuries have occasionally been reported, and 
guidelines for management of extravasation injuries 
should be at hand [4]. Recently an automated CM ex-
travasation device has been developed, which inter-
rupts the mechanical injection when a skin-imped-
ance change due to fluid extravasation is detected 
[18]. Such a device might prove useful in high flow-
rate MDCT applications [5].

4.4.3 
Saline Flushing of the Veins

It is well know from upper-extremity venograms that 
a considerable amount of CM remains in the arm 
veins after the end of an injection, from where it 
is cleared only very slowly. In the setting of CTA, 
this fraction of CM is not utilized because it does 
not contribute to arterial enhancement. Flushing the 
venous system with saline immediately after the CM 
injection pushes the CM column from the arm veins 
into the circulation. This has two desirable effects in 
thoracic MDCT.

First, saline flushing improves arterial opacifica-
tion. This effect can also be exploited to reduce the 
total CM volume in routine thoracic MDCT [12, 15]. 
Second, because saline flushing removes CM from the 
brachiocephalic veins and the superior vena cava, it 
reduces perivenous streak artifacts in thoracic and 
cardiac CT. Precise timing and caudocranial acqui-
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sitions allow imaging of upper thorax and thoracic 
inlet without obscuring artifacts (Fig. 4.4).

Saline flushing has been performed (a) manually 
– using a three-way valve, (b) by layering saline above 
contrast in the syringe of a power injector, or (c) by 
using two interconnected power injectors. The former 
techniques, however, are impractical for routine CT, 
because the manual technique may expose the radi-
ologist or technologist to radiation, and the layering 
technique is time-consuming and poses a risk for con-
tamination. The most convenient technique for rou-
tine saline flushing after CM injection involves new, 
programmable double-piston power injectors (one 
syringe for contrast material, one for saline) similar 
to those used in MR angiography. Saline flushing is 

relatively more important when the total volumes are 
small and if high-concentration CM is used.

4.4.4 
Scanning Delay and Automated 
Bolus-Triggering

A fi xed, empirical injection-to-scan delay may be ad-
equate for many routine thoracic and abdominal CT 
acquisitions, particularly if maximum vessel opacifi -
cation is not of critical importance, and in patients 
without cardiovascular disorders. For dedicated ar-
terial MDCT, however, a fi xed scanning delay can-
not be recommended, because the arterial tCMT is 

Fig. 4.4a–d. Saline flushing of the veins: CTA of the chest wall in a 57-year-old woman with a history of bilateral breast cancer, 
referred to evaluate the size and patency of the bilateral internal mammary and thoracodorsal arteries and veins for possible 
free flap surgical reconstruction. 150  ml of CM were injected biphasically over 55 s, followed by 40 ml of saline using a double-
piston power-injector. A fast caudocranial CTA acquisition (16×1.25 mm) was initiated immediately following the end of the CM 
injection. Volume-rendered images show absence of any streak artifacts at the level of the upper thorax and thoracic inlet (a), 
allowing to assess both internal mammary arteries and veins (straight arrows in c) and the diminutive thoracodorsal arteries 
and veins (dashed arrows in b and d)

a b

c d
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prohibitively variable between individual patients 
– ranging from 8 to as long as 40 s in patients with 
cardiovascular diseases. One might completely miss 
the bolus with a fast MDCT acquisition if the delay 
is not properly chosen. In vascular MDCT therefore, 
the delay needs to be timed relative to the individual 
tCMT. Transit times can be determined using either a 
test-bolus injection or an automatic bolus-triggering 
technique.

Test bolus. The injection of a small test-bolus 
(15–20 ml) while acquiring a low-dose dynamic 
(nonincremental) CT acquisition is a reliable means 
to determine the tCMT from the intravenous injec-
tion site to the arterial territory of interest [21]. The 
tCMT equals the time-to-peak enhancement interval 
measured in a region-of-interest (ROI) placed within 
a reference vessel. Furthermore, time-attenuation 
curves obtained from one or more ROI can be used 
for individual bolus-shaping techniques using one of 
the previously described mathematical models (see 
Sect. 4.3.4). A test bolus is particularly useful to de-
termine the tCMT if unusual CM injection sites need 
to be used (e.g., lower-extremity veins).

Bolus triggering. Many CT scanners have this fea-
ture built into their system. In principle, a circular 
ROI is placed into the target vessel on a nonenhanced 
image. While CM is injected, a series of low-dose, 
nonincremental scans are obtained, and the attenua-
tion within a ROI is monitored or inspected visually. 
The CT acquisition is initiated when the desired en-
hancement threshold (e.g., 100 ∆HU) is reached.

Four specific parameters need to be selected when 
bolus triggering is used. The details as well as the ter-
minology are scanner specific:
• Monitoring delay determines when the fi rst moni-

toring slice is acquired after the beginning of the 
injection, usually between 5 and 10 s

• Monitoring interval is the sampling interval for 
the monitoring slices. While some vendors (e.g., 
Toshiba) provide continuous monitoring (and 
radiation), others acquire the monitoring slices at 
predefi ned intervals (1–3 s)

• Trigger threshold is the enhancement value within 
the ROI which, when reached, initiates the CTA 
acquisition. Values of 80–120 HU (above baseline) 
are reasonable values in this context

• Trigger delay is the time interval between reach-
ing the trigger threshold (or CM arrival) and the 
beginning of the actual CTA data acquisition. The 
minimum trigger delay depends on the scanner 
(see below). The trigger delay can and should 
be increased with short acquisition times (see 
Sect. 4.5)

While bolus triggering is a very effective and ro-
bust means for individualizing the scanning delay, it 
is important to be aware of the fact that it inherently 
results in longer scanning delays compared with the 
test-bolus technique. This is because the scanner 
needs a minimum of 2–3 s to begin data acquisition 
after the trigger threshold is reached (or more if the 
starting position of the scan is not identical to the ta-
ble position of the monitoring series). In addition to 
this, one has to add the time for image reconstruction 
and the sampling interval of the monitoring images, 
which may substantially differ between manufactur-
ers and between scanner models. Notably in early 
models of General Electric MDCT scanners, this im-
age reconstruction time is 3 s (“what you see is 3 s 
old”). In these particular scanners, the actual scan 
is initiated approximately 8 s after the true tCMT (3 s 
image reconstruction time, 3 s minimum “diagnos-
tic delay”, 2 s potential sampling error). While this 
is not necessarily a disadvantage – because arterial 
enhancement only gets better with a longer delay – it 
has to be taken into account for by also increasing 
the injection duration accordingly – in order to not 
run out of CM at the end of the acquisition (see also 
Sect. 4.5).

When the specific details of the bolus-triggering 
technique of a given scanner are known and taken 
into account, bolus triggering is a very robust and ef-
ficient method, which does not require an additional 
test-bolus injection.

4.4.5 
Contrast-Medium Concentration

Vascular enhancement is proportional to the num-
ber of iodine molecules administered per unit of 
time. This iodine administration rate (iodine fl ux) 
can therefore be increased either by increasing the 
injection fl ow rate and/or by increasing the iodine 
concentration of the CM used. Thus, if one aims for 
a certain iodine administration rate (e.g., 1.2 g/s), 
this requires a faster (e.g., 4 ml/s) injection fl ow rate 
with standard-concentration CM (300 mg I/ml) com-
pared with a slower (e.g., 3 ml/s) fl ow rate with high-
concentration (400 mg I/ml) CM. Very high iodine 
administration rates, up to 2.4 g/s or more, can be 
safely injected with a 400 mg I/ml solution at 6 ml/s, 
whereas an injection fl ow rate of 8 ml/s would be re-
quired using a standard (300 mg I/ml) solution. High 
iodine administration rates are useful in CTA, notably 
in patients with a shallow enhancement response due 
to underlying cardiocirculatory disease. Figure 4.5 
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shows excellent arterial enhancement of the entire 
peripheral arterial tree using such high-concentra-
tion CM and high initial iodine administration rates 
(2.4 g/s). Furthermore, high iodine administration 
rates are particularly desirable for nonvascular im-
aging purposes, e.g., for detecting hypervascular liver 
lesions or in organ perfusion studies.

Low-concentration CM, on the other hand, have 
the advantage that they cause less perivenous arti-
facts at the level of the brachiocephalic veins and the 
superior vena cava in thoracic MDCT, particularly if 
saline flushing of the veins is not employed [19].

4.5 
Clinical Contrast-Medium Injection Protocols

The most crucial parameter to be considered for de-
signing rational injection protocols is the CT acquisi-
tion time. Scanning times have become substantially 
shorter with latest scanner technology, and further 
technical developments can be expected in the near 
future. When bearing in mind that the acquisition 
times for current CTA applications may range from 
more than 30 s (e.g., thoracoabdominal CTA with a 
4-channel MDCT) to as short as 5 s (abdominal CTA 
with a 16-channel MDCT), it becomes obvious that 
the widely followed rule of thumb – where the injec-
tion duration equals the scanning duration – is not 
universally applicable. This is illustrated by the fol-
lowing example: Assume that the same patient who 
underwent a prior CTA with a slow scanner and a 
scan time of 32 s (Fig. 4.1f) is rescanned with a new 
faster scanner, with a scan time of 16 s (Fig. 4.6). It is 
readily apparent that if the original injection fl ow rate 
of 4 ml/s would have been used for the shorter injec-
tion duration of only 16 s(compared with 32 s), the 
arterial enhancement with the faster scanner would 
be less than with the slower scanner. To compensate 
for that, arterial enhancement needs to be increased, 
either by increasing the iodine fl ux (e.g., by increas-
ing the injection fl ow rate from 4 to 5 ml/s; but also 
by increasing the iodine concentration of the CM) 
and/or by increasing the injection duration and scan-
ning delay (e.g., for 8 s), respectively.

The following two basic injection strategies (for 
slow and for fast acquisitions) serve as templates for 
various clinical CTA applications and vascular ter-
ritories. The suggested protocols are based on phar-
macokinetic considerations, published clinical and 
experimental data, mathematical approximations, 
and practical experience. The protocols are targeted 

Fig. 4.5. Peripheral CTA in a 62-year-old man. Note the bright 
arterial opacification in the abdominal aorta, and the entire 
peripheral arterial tree achieved with a biphasic injection 
using high-concentration CM (400 mg I/ml). The first 36 ml 
were injected at 6 ml/s, the following 90 ml were injected at 
2.5 ml/s
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at average patients with a BW of 75 kg. CM injection 
protocols are tabulated as their iodine dose and ad-
ministration rates, together with injection volumes 
and rates for 300, 350, and 400 mg I/ml concentration 
CM. Adjusting both the total iodine dose and the io-
dine administration rate to BW is recommended for 
patients with a BW less than 60 kg and more than 
90 kg (e.g., by subtracting or adding 20% of the in-
jected volume and flow rate, respectively).

4.5.1 
Basic Strategy for Slow CTA Acquisitions: 
Biphasic Injections

Biphasic (or multiphasic) injections are ideal for 
prolonged injections (20–40 s) (Table 4.1), because 
they provide a more uniform enhancement in the 
vascular territory of interest [11] (Fig. 4.3). In gen-
eral, the injection duration is chosen equal to the 
scanning duration. The initial iodine administration 
rate should be 1.8g/s for 5 s. The second, maintaining 
injection phase should be in the order of ≥1.0 g/s (io-
dine administration rate). The scanning delay should 
be short (equal to the tCMT or only slightly longer, up 
to tCMT +2 s; see also Figs. 4.2 and 4.3).

Biphasic injections are less useful for short acquisi-
tion times (because enhancement is uniform enough 

during fast scan times), and particularly when the 
scanning delay is longer than the tCMT +2 s, because 
the initial peak caused by the initially high injection 
rate would be missed.

4.5.2 
Basic Strategy for Fast CTA Acquisitions: 
Rapid Injections

As shown in Fig. 4.6, fast acquisitions require higher 
iodine administration rates and require that the 
scanning delay be increased relative to the tCMT. This 
is shown for scan times in the range of 25–5 s in 
Table 4.2.

In general, the injection durations are longer than 
the acquisition times in this setting, and the iodine 
administration rates are high. High-concentration 
CM is favorable in this setting, because it avoids exces-
sive injection flow rates. Saline flushing of the veins 
is generally recommended, notably when short scan-
times and when high-concentration CM is used.

For routine CTA applications with 8- and 16-chan-
nel GE scanners (models prior to the Xtreme console), 
and with scan times in the range of 10–20 s, the fol-
lowing ball-park rule can be applied: Select an injec-
tion rate between 4 and 5 or 6 ml/s (≥350 mg I/ml 
concentration). Inject at the selected injection rate for 
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Fig. 4.6. Two strategies to increase arterial en-
hancement when compared with a 16-s injec-
tion at 4 ml/s (upper left panel) can be employed 
– either alone or in combination: Increasing the 
injection rate from 4 to 5 ml/s increases the en-
hancement approximately 20% (lower left panel). 
Alternatively, one can also increase the injection 
duration and the scanning delay – taking advan-
tage of the fact that enhancement increases with 
longer injection durations (right upper panel). 
Maximum enhancement can be achieved when 
both – the injection rate (and or the iodine con-
centration), as well as the injection duration are 
increased (right lower panel) simultaneously. 
tCMT Contrast medium transit time
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8 s longer than the scan time (e.g., for a 10-s acquisi-
tion, inject 5 ml/s for 18 s, resulting in 90 ml total vol-
ume). Use SmartPrep for scan timing, with its default 
minimum diagnostic delay of 3 s (the actual acquisi-
tion will start approximately 8 s after the tCMT, in this 
setting; for details, see Sect. 4.4.4). The same approach 
can be chosen with other scanners; however, the diag-
nostic delay should be slightly longer (5–8 s).

Table 4.1.

Iodine 300 mg I/ml CM 350 mg I/ml CM 400 mg I/ml CM

Acquisition 
time (s)

Scanning 
delay (s)

Total 
dose (g)

Biphasic 
iodine-fl ux 
(g @ g/s)

Total 
volume 
(ml)a

Biphasic 
injections 
(ml @ ml/s)a

Total 
volume 
(ml)b

Biphasic 
injections 
(ml @ ml/s)b

Total 
volume 
(ml)c

Biphasic 
injections 
(ml @ ml/s)c

40 tCMT+2 42 9 @ 1.8 + 
33 @ 0.95

140 30 @ 6 + 
110 @ 3.1

120 25 @ 5.1 +
95 @ 2.7

105 23 @ 4.5 + 
82 @ 2.4

35 tCMT+2 39 9 @ 1.8 + 
30 @ 1.0

130 30 @ 6 + 
100 @ 3.3

110 25 @ 5.1 +
85 @ 2.9

100 23 @ 4.5 + 
77 @ 2.5

30 tCMT+2 36 9 @ 1.8 + 
27 @ 1.1

120 30 @ 6 + 
90 @ 3.6

105 25 @ 5.1 +
80 @ 3.1

90 23 @ 4.5 + 
67 @ 2.7 

25 tCMT+2 33 9 @ 1.8 + 
24 @ 1.2

110 30 @ 6 + 
80 @ 4.0

95 25 @ 5.1 + 
70@ 3.4

85 23 @ 4.5 + 
62 @ 3.0

20 tCMT+2 30 9 @ 1.8 + 
21 @ 1.25

100 30 @ 6 + 
70 @ 4.2

85 25 @ 5.1 +
60 @ 3.6

75 23 @ 4.5 + 
52 @ 3.1

15 tCMT+2 27 9 @ 1.8 + 
18 @ 1.35

90 30 @ 6 + 
60 @ 4.5

80 25 @ 5.1 +
55 @ 3.8

70 23 @ 4.5 + 
47 @ 3.4

CM, contrast medium; tCMT, CM transit time, as established with a test bolus or bolus-triggering technique
a Volume and fl ow rate calculated for 300 mg I/ml concentration CM
b Volume and fl ow rate calculated for 350 mg I/ml concentration CM
c Volume and fl ow rate calculated for 400 mg I/ml concentration CM

4.5.3 
Modifi cations of Basic Injection Strategies

Adaptations of the basic injection strategies may be 
necessary for specifi c vascular territories and certain 
patient conditions. Also, as mentioned earlier, injec-
tion volumes and fl ow rates should be adapted to a 
patient’s weight.

Table 4.2. Injection protocols for fast CTA acquisitions

Iodine 300 mg I/ml CM 350 mg I/ml CM 400 mg I /ml CM

Acquisition 
time (s)

Scanning 
delay (s)

Dose (g) Iodine fl ux 
(g/s)

CM volume 
@ inj. rate 
(ml @ ml/s)a

CM volume 
@ inj. rate 
(ml @ ml/s)b

CM volume 
@ inj. rate 
(ml @ ml/s)c

25 tCMT+8 42 1.2 135 @ 4.0 115 @ 3.5 100 @ 3.0

20 tCMT+8 39 1.35 125 @ 4.5 110 @ 4 95 @ 3.4

15 tCMT+8 36 1.5 115 @ 5 100 @ 4.5 90 @ 3.8

10 tCMT+8 33 1.8 110 @ 6 90 @ 5 85 @ 4.5

5 tCMT+10 27 1.8 90 @ 6 80 @ 5 70 @ 4.5

1 tCMT+10 23 1.8 75 @ 6 65 @ 5 60 @ 4.5

tCMT, contrast-medium transit time, as established with a test bolus or bolus-triggering technique
a Volume and fl ow rate calculated for 300 mg I/ml concentration CM
b Volume and fl ow rate calculated for 350 mg I/ml concentration CM
c Volume and fl ow rate calculated for 400 mg I/ml concentration CM

CATA_04-Fleischmann.indd 51CATA_04-Fleischmann.indd   51 19.10.2004 16:37:31 Uhr19.10.2004   16:37:31 Uhr



52 D. Fleischmann

4.5.3.1 
Suboptimal Intravenous Access

Occasionally small-bore cannulas and/or small veins 
(e.g., on the dorsum of the hand) have to be used for 
CTA. Because of the cumulative enhancement effect 
of prolonged injections, it is still possible to achieve 
bright arterial enhancement even with low (3 ml/s) 
injection rates. The total amount, however, has to 
be increased when compared with a standard CTA 
acquisition, and the delay has to be increased also. 
Careful monitoring of the injection site is recom-
mended in this setting.

4.5.3.2 
Lower-Extremity Injection Site

Arterial enhancement is more diffi cult to predict 
from lower-extremity (e.g., femoral line or periph-
eral) venous injections, particularly in patients with 
congestive heart failure. Bolus-triggering can be 
used; however, a test bolus may be more reliable to 
determine the CM transit time.

4.5.3.3 
Pregnancy

If CTA is carried out in a pregnant patient – e.g., to 
rule out pulmonary embolism – one has to keep in 
mind that the cardiac output may be substantially in-
creased during late pregnancy, which, in turn, reduces 
vascular opacifi cation. This is particularly relevant 
when low-dose CT acquisition parameters are chosen 
to reduce the radiation dose, because the resulting 
images tend to be noisy. To avoid the diagnostic di-
lemma of insuffi cient opacifi cation of the pulmonary 
arteries (which would require repeat scanning), large 
amounts of CM and high injection rates (5 ml/s) are 
recommended.

4.5.3.4 
Pulmonary CT Angiography

In general, it is easier to opacify the pulmonary vas-
culature than the systemic arteries, because the bo-
lus is less broadened in the pulmonary circulation. 
Furthermore, the interindividual variation of the 
tCMT is not as marked as in the systemic circulation 
(except in patients with chronic thromboembolic 
pulmonary hypertension, CTEPH).

Moderate amounts of iodine and flow rates (1 g/s) 
are required to allow a distinction between opacified 
blood and intraluminal abnormalities. Large amounts 

of iodine are necessary, however, if an additional, de-
layed (approx. 2–3 min) acquisition of the lower-ex-
tremity veins is desired. A fixed delay is adequate in 
the majority of patients and should be chosen so that 
the injection ends 3 s earlier than the end of MDCT 
acquisition. Saline-flushing is always recommended. 
For patients with severely compromised cardiocircu-
latory disease (CTEPH), slower injection rates suffice 
(because diminished cardiac output leads to brighter 
enhancement). Image quality is more consistent if 
the delay is timed relative to the CM transit time in 
this setting.

4.5.3.5 
Coronary CT Angiography

Depending on the scanner capability, either the slow 
(biphasic) or the rapid injection protocol can be used 
to opacify the coronary arteries. Particularly with 
fast acquisitions, saline fl ushing is recommended, 
because it reduces the otherwise bright opacifi ca-
tion and artifacts in the right atrium and ventricle, 
which may obscure the right coronary artery. Ideally, 
all the CM is fl ushed out of the right side of the heart, 
to result in a “laevocardiogram.”

4.5.3.6 
Thoracic Outlet

For the assessment of the structures of the thoracic 
inlet and the costoclavicular space, it is necessary 
to inject into the contralateral arm or/and use sa-
line-fl ushing to remove excess CM from the central 
veins. With saline-fl ushing, a caudocranial scanning 
direction is used, and the acquisition is initiated im-
mediately after the CM is delivered. Large amounts 
of contrast with prolonged injections allow simul-
taneous venous opacifi cation during a single CTA 
acquisition (Fig. 4.4).

4.5.3.7 
Abdominal CTA Combined with Abdominal MDCT

If an abdominal CTA acquisition is part of a multi-
phasic abdominal MDCT study, the injection pro-
tocol needs to be adapted to achieve both excellent 
arterial and parenchymal enhancement. Thus, high 
iodine administration rates (for arterial enhance-
ment) are combined with high total iodine dose (for 
parenchymal opacifi cation). Scan timing is chosen 
according to the clinical question: If pure arterial 
imaging is desired (e.g., in the assessment of living 
related kidney or liver donors), the CTA acquisition is 
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obtained at an “early arterial phase” (tCMT + 2–8 s). If 
hypervascular liver lesions are also sought after (e.g., 
in patients before and after transarterial emboliza-
tion), the CTA acquisition is obtained during a “late 
arterial phase” (tCMT + 10–15 s). The parenchymal 
acquisitions are usually obtained after approximately 
60 s (or tCMT + 40 s).

4.5.3.8 
Peripheral CT Angiography

In patients with peripheral arterial occlusive disease, 
the blood fl ow from the aorta down to the crural and 
pedal arteries may be substantially diminished. With 
table speeds greater than 30 mm/s, it is possible to 
outrace the bolus in patients with severe disease.

Two injection strategies are possible to guarantee 
excellent opacification of the entire peripheral ar-
terial tree: (a) For slow scanning speeds (with scan 
times in the range of 30–40 s), biphasic injections are 
most favorable, with an initial iodine administration 
rate of 1.8 g/s for 6 s, followed by a second injection 
phase at 1.0 g/s for a duration of the scan-time minus 
10 s (Fig. 4.5); (b) alternatively, with fast acquisitions 
(≤30 s), one can inject at a constant rate for 35 s and 
then choose a delay of 40 s minus the scan time. In 
patients without peripheral arterial occlusive disease 
(e.g., in lower-extremity trauma), the standard injec-
tion strategies can be used.

4.6 
Conclusion

CM delivery remains an integral part of cardiovas-
cular MDCT and CTA. While CT technology contin-
ues to evolve, the physiological and pharmacokinetic 
principles of arterial enhancement will remain un-
changed in the foreseeable future. A basic under-
standing of early CM dynamics thus provides the 
foundation for the design of current and future CM 
injection protocols. With these tools at hand, CM 
utilization can be optimized for various clinical ap-
plications of CTA and optimized for each patient. 
This ensures optimal CM utilization while exploiting 
the full capabilities of continuously evolving MDCT 
technology.
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5.1 
Introduction

Computed tomographic angiography (CTA), a rap-
idly evolving fi eld in CT imaging, is a noninvasive 
tool for visualizing blood vessels. The acquisition of 
thin-slice continuous images of the blood vessels, in 
which contrast material is used, is necessary to create 
three-dimensional (3D) reformations of the intracra-
nial vessels. This technique offers a greater capability 
for identifi cation and characterization of intracranial 
vascular diseases. While magnetic resonance angiog-
raphy (MRA) also allows accurate depiction of intra-

cranial vascular diseases and may be used as a screen-
ing method, CTA may be used as a further defi nitive 
evaluation or preoperative evaluation. Compared 
with single-detector helical CT, multidetector-row 
CT improves temporal and spatial resolutions, allow-
ing nearly isotropic images with large volumes such 
as the entire bed of intracranial vascular structures. 
Since CTA has some limitations such as inferior spa-
tial and temporal resolutions to digital subtraction 
angiography (DSA), this technique may not be able 
to replace DSA in general.

This article aims to illustrate the state-of-the-art 
techniques of CTA and three-dimensional recon-
struction, as well as their application in the evalua-
tion of intracranial lesions.

5.2 
Data Acquisition Techniques

3D CTA of the intracranial vessels can be performed 
with conventional single-detector helical CT or mul-
tidetector-row CT scanners. Multidetector-row CT 
scanners have several advantages over single-detec-
tor helical CT in general. These include improved 
temporal resolution, improved spatial resolution in 
the z-axis, decreased image noise, and longer ana-
tomical coverage [1]. Multidetector-row CT scan-
ners acquire data more quickly, allowing isotropic 
or nearly isotropic images with large volumes such as 
the entire vascular structures of the head. When the 
vascular diseases are in a limited region such as the 
circle of Willis, the advantages of multidetector-row 
CT may be small because the image quality of the 
vessels in a limited area is usually suffi cient even by 
single-detector helical CT.

According to the location of the vascular lesions 
or suspected vascular lesions on CT, MRI, or MRA, 
the scanning volume of CTA is usually determined 
in each case. When the location of lesions is at the 
circle of Willis or supratentorial region, the volume 
scanning usually begins at the level of the sellar floor 
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Table 5.2 Intravenous contrast-agent administration for intracranial CTA

Techniques of contrast-agent 
administration

Volume of contrast 
agent (ml)

Monitoring arterial 
enhancement

Placement of region 
of interest

Reliability

Fixed scan delay 100–200 No No Relatively low

Test bolus injection 100–150 Yes No High

Automated bolus tracking 100 Yes Yes High

and is continued cranially. When the lesions are mul-
tiple or unknown, the volume scanning may begin at 
the level of the foramen magnum and be continued 
cranially. Multidetector-row CT scanners are prefer-
able for wider anatomical coverage such as the entire 
vascular structures from the aortic arch to the intra-
cranial vessels.

In four-detector-row multisection helical CT for 
the head region, volume data may be acquired in 
10–20 s using a slice thickness of 1.0–1.25 mm and a 
table speed of 3.0–3.75 mm/s (200 mAs; 120 kV); the 
scanning volume may be 30–60 mm with a 512×512 
matrix (Table 5.1). The actual acquired voxel size was 
0.47×0.47×0.5 mm. With 16-detector-row multisection 
helical CT, the scanning speed is 4 times faster than 
that of four-detector-row multisection helical CT.

5.3 
Methods of Contrast-Agent Administration

In order to obtain high-quality CTA images, high 
concentration of contrast material in the vessels is 
necessary. Technique-related factors such as contrast 
material volume and concentration, rate of injection, 
and type of injection and patient-related factors such 
as body weight may affect CT contrast enhancement 
[2, 3]. When the attenuation of the intracranial ves-
sels is usually more than or nearly 300 HU, the image 
quality of 3D or multiplanar reformations (MPR) are 
usually satisfactory. Intravenous contrast-agent ad-
ministration is generally performed in conventional 
intravenous CTA, while contrast agent is intraarteri-
ally administrated in intraarterial CTA

In intravenous contrast-agent administration, 
there are three methods available: a fixed scan de-
lay technique, a test bolus injection technique, and 
an automated bolus-tracking technique (Table 5.2). 
A total of 100–150 ml of nonionic contrast material 
(300 mg I/ml) is usually injected into the antecubital 
vein with a flow rate of 2.0–4.0 ml/s by using a power 
injector.

A fixed scan delay (15–45 s) after the initiation of 
intravenous contrast injection has been used com-
monly to obtain the intracranial arterial phase, with-
out taking into account differences in transit time of 
contrast material [4–7]. This technique has a poten-
tial of missing the optimal timing of intracranial ar-
terial phase. To avoid the situation, a larger volume of 
contrast material may be needed.

A test bolus injection technique is a method to 
measure the time between the initiation of intrave-
nous contrast injection and the arrival of contrast 
material in the vessels interested [8, 9]. This technique 
requires additional volume of contrast material and 
monitoring the arterial enhancement by periodical 
CT scanning. Based on this result, a scan delay is de-
termined.

An automated bolus-tracking technique is another 
method to obtain the optimal arterial phase [10, 11]. 
Placement of region of interest (ROI) and choice of 
a threshold of arterial enhancement are needed for 
radiologists or technologists. The ROI may be placed 
in the carotid artery near the skull base. Then this 
technique consists of automated ROI measurement 
in the selected artery during low-dose scans obtained 
every few seconds after contrast medium injection. 
When arterial enhancement reaches the threshold, 
the spiral scan is initiated.

Table 5.1 Acquisition parameters for intracranial CTA

Detectors of CT Collimation 
(mm)

Table speed 
(mm/s) 

Slice thickness/
reconstruction interval 
(mm)

Scanning time 
(s)

Single detector 1 1–1.5 1/0.5–1 30–40

Four-detector 1–1.25×4 3–3.75 1–1.25/0.5–0.8 10–20
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The technique of contrast-agent administration 
may be determined by the capability of CT unit and ra-
diologist’s preference. Unlike intravenous contrast-ma-
terial injection in conventional CTA, intraarterial CTA 
is a relatively invasive examination and is performed 
with a combined angiography and CT unit [12]. This 
method has theoretical advantages compared with 
intravenous contrast-agent administration, because 
a higher concentration of contrast material can be 
obtained in the intracranial artery without consider-
ing the appropriate timing of injection, and a smaller 
amount of contrast material can be used. When evalu-
ating intracranial aneurysms, a total of 16–24 ml of di-
luted contrast agent, 4–6 ml of nonionic contrast mate-
rial (300 mg I/ml) diluted with triple volume of saline 
(12–18 ml), is injected into the carotid artery at a flow 
rate of 0.6–0.8 ml/s by using a power injector [12].

5.4 
Postprocessing and Display Techniques

There are various display techniques in CTA. They in-
clude axial, MPR, maximum-intensity projection (MIP), 
surface rendering, volume rendering, and virtual en-
doscopy methods. Although all these techniques are 
valuable in displaying CTA data, it has not been estab-
lished which technique or which combination of the 
techniques is the best or better method for identifi cation 
and characterization of intracranial vascular diseases.

Axial and MPR images have basic information 
from the volume data for the intracranial vessels. 
They enable the evaluation of relationship between 
calcification or bony structure and intracranial ves-
sel lumens. The assessment of the intracranial vessels 
is not able to perform with 3D reformatted images 
alone [11]. In the evaluation of the vessels in the skull 
base, axial and MPR images are essential (Fig. 5.1). 
The curved MPR method may be useful for the as-
sessment of the tortuous vessels and the vessels sur-
rounded by bony structures [13].

MIP is a widely used method for CTA and MRA 
(Fig. 5.2b). The single layer of the brightest voxels 
is displayed without use of attenuation threshold. 
When arterial luminal attenuation is smaller than 
calcification, calcification can often be differentiated 
from arterial lumens. Although the attenuation infor-
mation is maintained, the depth information is lost. 
Therefore, intracranial vessel structures are superim-
posed as two-dimensional projection angiograms.

The surface rendering method shows the first 
layer of voxels within defined thresholds, that is, the 

visualization of the surface of all structures. The cali-
ber of the intracranial artery varies depending on the 
thresholds selected. This may lead to a slight overesti-
mation of the vessel structures. Unlike MIP, the atten-
uation information is lost but the depth information 
is preserved. Calcification cannot be separated from 
arterial lumens but the spatial relationship between 
the vessels is understood.

3D images with volume rendering have a number of 
theoretical advantages over MIP and surface render-
ing [14, 15] (Figs. 5.1, 5.2, 5.3). Groups of voxels within 
defined attenuation thresholds are chosen and relative 

a

b

Fig. 5.1a,b A 60-year-old woman with an unruptured giant 
aneurysm of the left internal carotid–ophthalmic artery. a 
Volume-rendered computed tomography angiogram (CTA) 
from behind and above demonstrates a giant aneurysm extend-
ing to the anterior communicating artery. b Multiplanar recon-
struction image of CTA shows the relationship between the gi-
ant aneurysm and the left internal carotid artery (arrows).
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a b

Fig. 5.3a,b A 67-year-old woman with an unruptured giant aneurysm of the left vertebral artery. a Volume-rendered CTA from be-
hind and above shows a giant aneurysm of the left vertebral artery. Thrombus in the aneurysm is not depicted. b Axial source image 
of CTA shows partial thrombus (arrowheads) within the aneurysm. The lumen of the aneurysm is located anteriorly (arrow).

c

a
b

Fig. 5.2a-c A 61-year-old man with an unruptured aneurysm of 
the anterior communicating artery. a Volume-rendered CTA from 
above shows an aneurysm at the anterior communicating artery 
(arrow). b Maximum-intensity projection image of CTA from 
above depicts an aneurysm at the anterior communicating ar-
tery, but the relationship between the aneurysm (arrow) and the 
adjacent arteries is not clearly understood. c Virtual endoscopy 
from the left A1 segment shows thrombus (star) within the an-
eurysm (AN) and the adjacent arteries. Rt A1, right A1 segment; 
Rt A2 right A2 segment; Lt A2, left A2 segment

Fig. 5.4a–d A 76-year-old man with severe stenoses of the left vertebral artery. a Anteroposterior digital subtraction angiogram 
of the left vertebral artery shows severe stenoses and segmental dilatation in the intracranial segment of the left vertebral artery 
(arrows). b MRA image also depicts severe stenoses and dilatation in the left vertebral artery (arrows). c Volume-rendered CTA 
image from behind shows aneurysm-like dilatation of both vertebral arteries (arrows), which correspond to the calcification of 
the vessel wall. d Axial source image of CTA demonstrates no apparent lumen in the stenotic artery because of circumferential 
calcification. (Adapted from [11])
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voxel attenuation is conveyed by means of a gray scale, 
which yields images that are more accurate than those 
with surface rendering [15]. The volume-rendered 
images maintain the original anatomical spatial rela-
tionships of the 3D angiography data set and have a 
3D appearance, facilitating interpretation of vascular 
interrelationships, which is limited with MIP images 
[15]. The quality of volume-rendered 3D angiography 
is essential in the imaging of the intracranial vascu-
lature, especially vascular lesions such as aneurysms. 
Although the volume-rendering technique has much 
larger data volume than MIP and surface-rendering 
techniques, new computer processing and display sys-
tems do not limit its practical and versatile use.

Virtual endoscopic images can be obtained by 
a perspective volume-rendering method [16, 17] 
(Fig. 5.2c). With this method, the volume data are 

rendered from a point source at finite distance to ap-
proximate the human visual system.

5.5 
How to Analyze Images

The axial or MPR images are always analyzed in con-
junction with the corresponding 3D images because 
of the potential for misinterpretation inherent in the 
evaluation of 3D images alone.

Calcifications in the arterial wall are the limiting 
factor of 3D images owing to the inability to separate 
mural calcification and intramural contrast material 
(Fig. 5.4). MIP may allow the visualization of both cal-
cification and arterial lumen. To minimize this limi-

a

b

c

d
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tation, analysis in conjunction with the axial source 
or MPR images is necessary. Dense circumferential 
calcification of the arterial wall may cause artifacts 
that interfere with the evaluation of the arterial lu-
men on axial or MPR images of CTA [11].

In the skull base region, CTA often fails to identify 
the lumen of the internal carotid artery within the 
cavernous sinus, because the cavernous sinus is en-
hanced [11]. When the density of the arterial segment 
is greater than that of the cavernous sinuses, the MPR 
or curved MPR images can usually assess the lumen 
of the arterial segment. However, when the cavernous 
sinuses are equally enhanced relative to the carotid 
artery, this arterial segment cannot be differentiated 
from the venous structure.

Careful evaluation for the superimposition of 
the bone and venous structures is needed when the 
intracranial arteries are assessed. The basal vein of 
Rosenthal may overlap with the middle and poste-
rior cerebral arteries. The skull base structures such 
as the anterior and posterior clinoid processes con-
tact with the internal carotid artery. This overlapping 
of the structure is usually resolved by careful evalua-
tion of continuity of the vessels using MPR and axial 
source images.

To eliminate the skull base bone, subtraction meth-
ods have been developed [18–20] (Fig. 5.5). Although 

the techniques allow the visualization of the internal 
carotid artery without bony structures, this issue has 
not been completely resolved.

5.6 
Comparison with Other Modalities

MRA is another noninvasive imaging modality. This 
technique includes time-of-fl ight (TOF) and phase-
contrast methods. In the evaluation of intracranial 
vessels, TOF MRA is widely used because of its bet-
ter spatial resolution and shorter examination time. 
On TOF MRA, 3D images are preferable for intra-
cranial arteries and 2D images are often used for 
intracranial venous structures. In the assessment of 
the cervical carotid arteries, contrast-enhanced MRA 
has become a more accurate diagnostic method than 
conventional MRA [21].

With regard to depiction of the intracranial ves-
sels, CTA has several advantages compared with TOF 
MRA. Acquisition time for CTA is faster than for TOF 
MRA. Since patients may have claustrophobia and 
need patience for longer examination time for MRI, 
the patient acceptance of the examination is much 
higher for CTA. CTA provides the information about 

Fig. 5.5 An 81-year-old woman with dural arteriovenous fistula at the left cavernous sinus. Selective maximum-intensity projec-
tion image of CTA with bone subtraction shows the left cavernous sinus (arrow) and the dilatation of the left superior orbital 
vein (arrowheads). Bony structures are partially visualized because of incompleteness of subtraction.
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the relationship between the vessels and the bony 
structure, while TOF MRA does not.

TOF MRA has several limitations in identifying 
and grading stenoses. First, the vessels that lie near 
the sphenoid sinus are subject to artifactual narrow-
ing or nonvisualization owing to the large suscep-
tibility gradient present in this area [22], although 
this issue is not so problematic with recent MRI 
units, resulting in a superiority of MRA over CTA 
in this region [11]. The artifacts may be minimized 
with the development of MRA sequences. Second, 
acceleration of flow in the carotid siphon and loss 
of laminar flow and resultant intravoxel dephasing 
can also contribute to artifactual signal loss in the C2 
and C3 portions of the internal carotid artery, mak-
ing it difficult to evaluate narrowing of this segment 
of the vessel [22] (Fig. 5.6). Third, MR angiograms of 
severely stenotic vessels often show an apparent dis-
continuity in a vessel. The flow void results from in-
travoxel spin dephasing and the acceleration of spins 
through the area of stenosis [23]. These artifacts may 
result in overestimation of stenosis on MRA alone. 
These disadvantages are not seen on CTA, because 
CTA shows the vessel lumen filled with contrast ma-
terial such as DSA.

Disadvantages of CTA include the need for ex-
posure to ionizing radiation, injection of iodinated 
contrast material, optimization of imaging delay 
time, and careful evaluation for superimposition of 

the bone and venous structures. Since CTA has infe-
rior spatial resolution to DSA and does not provide 
information about intracranial hemodynamics, CTA 
cannot replace DSA in general. The amount of radia-
tion exposure during CTA is without doubt greater 
than that during conventional CT but is significantly 
less than that during DSA [7]. The amount of ioniz-
ing radiation may not be an important concern in the 
predominantly older patient population. Iodinated 
contrast agents must be used with caution in patients 
with serious risk factors, such as renal insufficiency, 
congestive heart failure, or hypersensitivity to con-
trast material.

5.7 
Clinical Application

The most useful application of CTA among intracra-
nial diseases is diagnosis of aneurysms. CTA for in-
tracranial aneurysms is widely used and established. 
CTA for steno-occlusive diseases is also useful, but it 
has some limitations. In other vascular diseases such 
as arteriovenous malformations, dural arteriovenous 
fi stulas, and brain tumors, CTA may be applied as 
an alternative to MRI/MRA or limited purposes. 
According to each vascular disease, advantages and 
limitations of CTA need to be understood.

Fig. 5.6 A 48-year-old man with psychiatric problems. Maximum-intensity projection image of MRA from the front shows a 
stenosis-like area (arrow) in the left carotid siphon. The stenosis-like area is caused by artifactual signal loss due to turbulent 
flow in the carotid siphon.
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5.8 
Intracranial Aneurysms

5.8.1 
Diagnosis and Preoperative Evaluation

Conventional angiography has been considered to 
be the gold standard for diagnosis and preoperative 
evaluation of intracranial aneurysms. However, there 
are several limitations to obtain suffi cient informa-
tion prior to treatment. Superimposition of vessel 
loops, tortuosity of vessels, small aneurysm size, or 
complicated aneurysm shape may cause an errone-
ous detection of an aneurysm or insuffi cient delinea-
tion of the aneurysm and adjacent vessels. To avoid 
these situations on conventional angiography, differ-
ent projections, stereoviews, increased magnifi cation, 
and high frame-rate acquisition may be needed [24]. 
Also, the limitation of conventional angiography for 
diagnosis and preoperative study of intracranial an-
eurysms has been recognized by studies with CTA [4, 
5, 25–30] and 3D angiography [31, 32].

The usefulness of CTA for the diagnosis and pre-
operative evaluation of intracranial aneurysms has 
been advocated [4, 5, 25–30]. Diagnostic accuracy 
of CTA is greater for detection of aneurysms larger 
than 3 mm than for detection of aneurysms 3 mm or 
smaller [28, 29]. According to previous studies with 
single-detector helical CT [4, 5, 25–29], the sensitiv-
ity and specificity of CTA for intracranial aneurysms 
larger than 3 mm are 83–100% and 79–100%, and 
those for intracranial aneurysms 3 mm or less are 
51–98% and 79–100%, respectively.

Some authors have suggested that CTA may re-
place the use of conventional angiography in assess-
ment of acute subarachnoid hemorrhage [25, 26, 30]. 
In the future, surgery would be performed on the 
basis of CTA findings alone; however, some limita-
tions in current CTA are considered as follows [27, 
28]. First, it requires relatively large amounts of con-
trast materials and proper timing of the scanning. 
Second, patient movement due to poor patient con-
dition causes unsatisfactory CT angiographic quality. 
Third, CTA cannot always be repeated because of risk 
factors such as renal insufficiency or heart failure. 
Intravenous injection site and heart function may af-
fect CT angiographic results.

Aneurysms adjacent to the skull base may not al-
ways be depicted on CTA. Several authors have de-
scribed that aneurysms at the skull base that arise 
from the intracavernous or paraclinoid carotid ar-
tery may be obscured by the bone, calcium, or venous 
blood in CTA studies [25, 26, 28]. The axial source and 

MPR images of CTA may play an important role in as-
sessing the aneurysms at the intracavernous or para-
clinoid carotid artery (Fig. 5.1).

CTA is especially useful for the following condi-
tions: complex-shaped aneurysms, aneurysms with 
large diameter, thrombosed aneurysms, and com-
plex-overlapping vessels such as the anterior commu-
nicating artery aneurysm. Even if carotid angiograms 
with manual compression of the carotid artery during 
arteriography are used, DSA does not always clearly 
depict its presence and the relationship to the anterior 
communicating artery and bilateral A1 and A2 seg-
ments of the anterior cerebral artery in the anterior 
communicating aneurysm. In thrombosed aneurysm, 
axial source and MPR images of CTA are useful for 
assessing the relationship between aneurysm lumen 
and thrombus within the aneurysm [25] (Fig. 5.3).

Although intraarterial CTA using a combined CT 
and angiographic unit is a limited method to use, it 
may be useful for preoperative evaluation of intra-
cranial aneurysms as a supplement to DSA [12]. The 
additional findings of intraarterial CTA to DSA may 
affect the following treatment.

5.8.2 
Postoperative Follow-up Study

After surgical treatment of an intracranial aneurysm, 
posttreatment evaluation may be necessary for as-
sessing clipping status. Potential problems include 
partial clipping of the neck, inadvertent occlusion of 
vessels after improper clip placement, and migration 
of the clip. The dome and the neck of the aneurysm 
after clipping can be evaluated with CTA [33, 34]. CTA 
is not severely degraded by the presence of nearby 
aneurysm clips (Fig. 5.7). The very thin collimation 
of 1 mm or less reduces the severe beam-hardening 
artifacts seen on routine head studies [33]. CT arti-
facts may depend on material of the clip [34]. The 
artifacts caused by the titanium clips are relatively 
small compared with artifacts from other clips [34].

In the posttreatment evaluation of aneurysm em-
bolization using Guglielmi detachable coils, MRA is a 
noninvasive useful tool [35–37]. Several reports have 
described that 3D TOF MRA had high sensitivity 
with few coil-induced artifacts in detecting residual 
necks of aneurysms treated with Guglielmi detach-
able coils. Embolic materials made of platinum seem 
to have few coil-induced artifacts. Since the platinum 
coils cause remarkable artifacts on CT, MR studies 
are more preferable for patients treated with plati-
num coils than CT studies.
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5.9 
Steno-occlusive Diseases

5.9.1 
Atherosclerotic Narrowing

Atherosclerotic narrowing of the major intracra-
nial arteries is associated with the risk of stroke 
[38]. A warfarin–aspirin symptomatic intracranial 
disease study showed that symptomatic patients 
with 50–99% stenosis of an intracranial artery ben-
efi ted from anticoagulation therapy [39]. Although 
conventional angiography is a gold standard for 
evaluating intracranial steno-occlusive diseases, 
cerebral angiographic complications still remain. 
Among noninvasive imaging modalities, MRA al-
lows accurate discovery of intracranial steno-oc-
clusive diseases and is widely used as a screening 
method [40–42]. However, MRA has a potential for 
consistent overestimation of stenosis. The clinical 
effi cacy of CTA in the evaluation of narrowing of the 
lumen of the intracranial artery has already been 
shown to be sensitive and specifi c [6, 7, 43]. Skutta 
et al. [44] retrospectively studied the usefulness of 
CTA for evaluating the intracranial steno-occlu-
sive diseases in 112 patients. They concluded that 
CTA was a reliable method for grading intracranial 
steno-occlusive lesions, with the exception of the 
petrous segment of the carotid artery. Hirai et al. 
[11] prospectively studied intracranial steno-occlu-
sive diseases with MRA, CTA, and DSA. MRA had 
a sensitivity of 92%, a specifi city of 91%, and an 
accuracy of 91% for the identifi cation of stenosis of 
50% or greater, while additional use of CTA yielded 
a sensitivity of 100%, a specifi city of 99%, and an 
accuracy of 99% [11]. The combined MRA and CTA 
provided signifi cantly higher diagnostic accuracy 
than did MRA alone. The combined evaluation re-

duced the tendency to overestimate stenosis seen 
with MRA and improved the specifi city for detect-
ing stenosis of 50% or greater. The combined MRA 
and CTA could achieve equal accuracy to DSA in 
measuring stenosis and detecting occlusion of the 
major intracranial arteries in most patients with 
suspected steno-occlusive diseases [11]. However, 
CTA may not always correctly delineate the lumen 
of the artery with circumferential calcifi cation and 
the cavernous portion of the internal carotid artery 
[11] (Fig. 5.4).

5.9.2 
Acute Embolic Stroke

In patients with large-vessel embolic stroke, intraar-
terial thrombolytic treatment performed within 6 h 
of stroke onset can reduce the incidence of disability 
[45, 46]. Large-vessel stroke may be diffi cult to dis-
tinguish from transient ischemic attacks, lacunar in-
farctions, postseizure states, peripheral neuropathies, 
complex migraine, and toxic metabolic encephalopa-
thies [47]. In order to perform effective treatment, it 
is important to accurately and rapidly detect intra-
cranial steno-occlusive diseases. Knauth et al. [11] 
prospectively evaluated the usefulness of CTA of the 
intracranial vessels compared with conventional an-
giography in 21 patients with acute ischemic stroke. 
In this study, CTA correctly demonstrated all trunk 
occlusions of the basilar artery, the internal carotid 
artery, and the middle cerebral artery. Lev et al. [48] 
studied 44 consecutive intraarterial candidates who 
were examined with CTA. Sensitivity and specifi city 
for the detection of large-vessel occlusion were 98.4% 
and 98.1%, respectively. They concluded that CTA is 
highly accurate for the detection and exclusion of 
large-vessel intracranial occlusion and may be valu-

Fig. 5.7 A 52-year-old man with post-
surgical clipping of ruptured anterior 
communicating aneurysm. Volume-
rendered CTA image reveals the clip 
and the adjacent arterial structures. 
Residual lumen of the aneurysm is not 
depicted. Contrast angiography also 
shows no residual lumen of the aneu-
rysm.
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able in the triage of hyperacute stroke patients to 
intraarterial thrombolytic treatment.

5.9.3 
Moyamoya Disease

Moyamoya disease is a rare cerebrovascular occlu-
sive disease of unknown cause that occurs predomi-
nantly in the Japanese, although cases in other ethnic 
groups have also been described [49, 50]. The angio-
graphic features of this disease include (a) bilateral 
stenosis or occlusion of the supraclinoid portion 

of the internal carotid artery (ICA) that extends to 
the proximal portions of the anterior cerebral artery 
and the middle cerebral artery, and (b) the presence 
of parenchymal, leptomeningeal, or transdural col-
lateral vessels that supply the ischemic brain [51, 
52]. Although conventional angiography remains 
the principal imaging technique for demonstrating 
anatomical changes in detail, less invasive CTA pro-
vides an accurate means of diagnosing moyamoya 
disease when it is suspected on CT, MRI, or clinical 
grounds [53].

5.9.4 
Arterial Dissection

Dissections of the intracranial artery are relatively 
uncommon vascular diseases that usually affect the 
supraclinoid carotid, middle cerebral, or vertebrobas-
ilar arteries [54–57]. These lesions have been recog-
nized as a cause of stroke in young and middle-aged 
adults [54–57].

The accurate diagnosis of intracranial dissec-
tions is important for appropriate management of 
patients. Although conventional angiography is the 
classic gold standard for the diagnosis of intracranial 
artery dissection, it rarely demonstrates specific an-
giographic signs such as a double lumen or intimal 
flap. Noninvasive imaging techniques including MRI, 
MRA, and CTA have been reported to be valuable 
methods for establishing the initial diagnosis and for 
follow-up studies [58–61].

5.10 
Extracranial–Intracranial Bypass

In patients with ischemic cerebrovascular disease, ex-
tracranial–intracranial (EC-IC) bypass can be used to 

improve cerebral blood fl ow and halt the extension 
of affected areas or reduce the risk of future strokes, 
although the effectiveness of this technique remains 
controversial [62]. The superfi cial temporal artery–
middle cerebral artery anastomosis is frequently per-
formed for the treatment of supratentorial ischemia. 
In patients with moyamoya disease, encephaloduro-
arteriosynangiosis and modifi ed encephaloduroar-
teriosynangiosis procedures have been performed. 
To examine the patency of EC-IC anastomosis after 
surgery, conventional cerebral angiography has been 
the most reliable imaging method among several mo-
dalities [63].

CTA using a multidetector CT unit is useful for as-
sessing EC-IC bypass routes [64]. The wide scanning 
range is valuable for demonstrating the donor and 
recipient arteries on a single image.

5.11 
Arteriovenous Malformation

Intracranial arteriovenous malformations (AVMs) 
are a complex network of abnormal vascular chan-
nels that consists of arterial feeders, the AVM nidus, 
and venous drainage channels. Cerebral angiography 
is a gold standard of this disease and can provide 
the hemodynamic information and the angioarchi-
tecture.

Three-dimensional reconstruction of CTA is very 
helpful in demonstrating the nidi, drainers, and 3D 
structure of AVMs [65] (Fig. 5.8). Demonstrations of 
feeders are not remarkable. CTA of cerebral AVMs 
could be performed routinely, and 3D imaging is 
helpful in demonstrating the complex anatomy of ce-
rebral AVMs. This technique may be helpful in plan-
ning gamma-knife radiosurgery.

5.12 
Carotid-Cavernous Sinus Fistulas

Carotid-cavernous sinus fi stulas (CCFs) are classifi ed 
into dural and direct types. CCFs usually appear as 
neuro-ophthalmologic symptoms that include pro-
ptosis, chemosis, cranial nerve palsies, and dilated 
episcleral veins.

Although DSA is currently the standard of ref-
erence for the diagnosis of dural and direct CCFs, 
CTA can provide noninvasive diagnosis of these 
diseases [66]. CTA depicts an enlarged enhancing 
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cavernous sinus and venous drainage channels 
such as the superior ophthalmic vein, petrosal si-
nus, sphenoparietal sinus, and intercavernous si-
nus [66] (Fig. 5.5).

5.13 
Brain Tumors

CTA is an alternative method to evaluate extra-axial 
brain tumors. However, it is not usually applied to 
intra-axial brain tumors. In large skull base tumors 
such as meningiomas and pituitary adenomas, CTA 
may be useful for preoperative evaluation.

5.13.1 
Meningiomas

Skull-base meningiomas often involve intracranial ves-
sels. Preoperative evaluation of the tumor is essential 
for successful surgical removal. Although DSA clearly 
demonstrates the vascular structure of meningiomas, 
it does not show the relationship between tumors and 
bony structures and has a risk of neurological compli-
cation. MRA is a noninvasive method that is widely 
used in the evaluation of patients with meningiomas.

CTA depicts the relationship between skull-base 
meningiomas and neighboring bony and vascular 
structures clearly, with minimal risk to the patients 
[67] (Fig. 5.9).

Fig. 5.9a,b A 67-year-old man with left sphenoid ridge meningioma. a Volume-rendered CTA image from the above shows left 
sphenoid ridge mass (arrows) and wall irregularity of the left anterior cerebral artery (arrowheads) suggesting tumor encase-
ment. b Multiplanar reconstruction image of CTA shows the encasement of the left carotid fork (arrow) in the tumor.

Fig. 5.8a,b A 32-year-old man with left parietooccipital arteriovenous malformation. a Contrast-enhanced axial CT image shows 
abnormal enlarged vessels (arrow) in the parietooccipital region, which suggest cerebral arteriovenous malformation. b Volume-
rendered CTA image from the front and above shows feeding arteries (arrows) from the middle and posterior cerebral arteries 
and draining veins (arrowheads).

a b

a b
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6.1 
Introduction

The two major reasons for the interest in the effi ca-
cious and noninvasive imaging of the extracranial 
carotid arteries are the relatively high incidence of 
atherosclerotic disease in Western countries [1] and 
the ease with which this disease can be treated [2–5]. 
Stroke is the third leading cause of severe disability 
and death in the Western world, creating an enor-
mous economic burden on society. Ischemic cere-
brovascular events are often due to atherosclerotic 
narrowing at the carotid bifurcation. Digital subtrac-
tion angiography (DSA) is the current standard of 
reference for the evaluation of carotid artery disease 
[6, 7]. However, because of the costs and risks of this 
procedure, noninvasive techniques such as computed 
tomography (CT) have been developed.

Investigators of several large clinical trials con-
cluded that the risk of stroke can be reduced by 
performing carotid endarterectomy in symptom-
atic patients with a stenosis of more than 70% [8]. 
Furthermore, endarterectomy in patients with a 
symptomatic moderate carotid stenosis of 50–69% 
produced a moderate reduction in the risk of 
stroke. Investigators in the Asymptomatic Carotid 
Atherosclerosis Study (ACAS) [9] suggested that as-
ymptomatic patients could benefit from carotid end-
arterectomy, even with a stenosis of 60%. However, 
high-grade stenoses may remain asymptomatic, and 
it is widely recognized that other factors are also im-
portant in determining whether a carotid lesion will 
remain clinically silent [10--15]. Plaque morphology 
and composition have been proposed as important 
risk factors for thromboembolic events, giving rise to 
the concept of unstable plaque. Plaques that are more 
prone to disruption, fracture, or fissuring may be as-
sociated with a higher risk of embolization, occlusion, 
and consequent ischemic neurological events [16, 17]. 
These studies have emphasized the importance of ac-
curate delineation of the morphology of the carotid 
bifurcation, as well as the degree of stenosis.

The ability of catheter angiography to depict the 
vessel lumen is usually excellent. Multiple angio-
graphic series in various projections, however, may 
be required to completely understand or resolve a 
complex area of luminal abnormality. Catheter angi-
ography is reproducible from institution to institu-
tion, is able to accurately depict the morphology of 
the vessel lumen regardless of blood flow rates and 
can portray the arterial anatomy form the aortic arch 
to the very small intracranial vessels in a single ex-
amination. Important information regarding cere-
bral hemodynamics may also be obtained from the 
examination, including the presence of intracranial 
and extracranial collateral circulation; any noninva-
sive imaging modality for the evaluation of the ca-
rotid arteries should provide information similar to 
or better than catheter angiography [18, 19].

The need for a noninvasive imaging modality 
nevertheless is also related to the relatively high inci-
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dence of complications of diagnostic catheter angiog-
raphy. In fact several studies have shown that related 
to catheter angiography there is a risk of transient 
ischemic attack or minor stroke up to 4%, a 1% risk of 
major stroke, and a small (<1%), but definite risk of 
death. Even patients without apparent neurological 
complications after DSA have been shown to develop 
minor asymptomatic infarctions due to microembo-
lisms [20].

The importance of a reliable, noninvasive imaging 
modality is also related to the recent development 
of less invasive means than carotid endarterectomy 
to treat carotid artery occlusive disease with angio-
plasty and stenting. Relevant preoperative informa-
tion can be achieved with CT.

Since the early 1990s, CT angiography has chal-
lenged DSA in the evaluation of many regions of 
the vascular system. In fact, CT angiography has 
proved a superior diagnostic accuracy over cath-
eter arteriography in several applications [21–23]. 
Furthermore, CT angiography is significantly less in-
vasive and expensive and allows three-dimensional 
(3D) visualization from any angle and view, which 
cannot be achieved with projection techniques such 
as DSA. Spiral CT angiography is a well-established 
technique for imaging atherosclerotic disease of the 
extracranial carotid artery and has also been pro-
posed for evaluating plaque morphology and com-
position.

Since the introduction of spiral CT, several studies 
have demonstrated the efficacy of this technique in 
the assessment of the carotid arteries [24, 25]. In fact 
the carotid arteries lend themselves to be examined 
by CT angiography. They primarily run in the longi-
tudinal plane of scanning, which limits the effect of 
decreased resolution along this plane, which is par-
ticularly present with single detector-row scanners. 
The cross section of the arterial lumen lies mainly in 
the axial plane. Motion of patients is easy to control 
and breath-hold studies are not necessary. Several 
studies have demonstrated that single-slice spiral CT 
is accurate as compared to DSA, although it has some 
drawbacks, represented by a limited volume of ex-
ploration, the use of large amount of iodinated con-
trast agent, and difficulties in assessing the degree of 
stenosis in the presence of heavily calcified plaques 
[26--28].

The recent introduction into the clinical practice of 
multidetector-row spiral CT (MDCT) with simultane-
ous acquisition of multiple channels has a substantial 
effect on CT angiography, providing acquisition of 
large volumes at high resolution, with excellent visu-
alization also of small branches, reducing the amount 

of iodinated contrast agent [29–31]. Although there 
are several studies on the use of MDCT angiography 
in several vascular regions, there are limited data on 
its use in patients with suspected carotid artery ste-
nosis, mainly concerning the feasibility but not the 
accuracy [32, 33].

Most, if not all, limitations of single-slice spiral CT 
have been overcome by MDCT, particularly regard-
ing the length of the examined volume and the spatial 
resolution along all three axes of the acquisition.

6.2 
Acquisition and Contrast-Agent 
Administration Techniques

The advent of multidetector-row spiral CT has en-
abled a signifi cant increase in spatial and temporal 
resolution and reduced the limitations of single-slice 
spiral CT. In fact although excellent results were ob-
tained even with single-slice spiral CT in the evalua-
tion of the carotid arterial system, with demonstra-
tion of the presence of plaque and degree of stenosis, 
the examination was limited to the tract of the bi-
furcation with a volume coverage of 8–10 cm. With 
single-slice spiral CT studies, the collimation used 
ranged between 2 and 5 mm, with limited resolution 
along the z-axis [24, 25].

In the examination of the carotid arteries, a high-
resolution protocol should be used to increase the 
spatial resolution along the z-axis. According to 
the type of equipment available (4-, 8-, or 16-detec-
tor-row scanners) a different protocol can be used 
(Table 6.1). In any case, 1.25 mm or less collimation 
should be used with an effective slice thickness of 
1.25 mm and a reconstruction interval of 1–0.75 mm 
in order to have an overlap of 30–50%.

Patients are positioned supine with their head 
tilted back to avoid artifacts from dental hardware, 
which if possible should be removed. Upper arms are 

Table 6.1  High-resolution computed tomography angiogra-
phy study (volume coverage 30 cm)

Detector 
confi guration

Pitch Scan time Table speed 
(mm/s)

4-channel 4×1.25 1.5 32 9.375

4×1 1.5 25 12

8-channel 8×1.25 1.5 11 27

16-channel 16×1.25 1.375 11 27.5

16×0.75 1.5 7 43
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positioned along the body of the patient, as for any 
other neck and head CT study.

Anteroposterior and lateral topograms are initially 
acquired in order to correctly position the volume of 
acquisition and include all vascular structures. The 
acquisition should include a volume from the aortic 
arch to the intracranial circulation. In the preparation 
of the acquisition of the CT angiogram, the delay time 
between contrast administration and start of the ac-
quisition must be defined. Among all parameters the 
delay time appears to be the most important; in fact 
the carotid circulation time is extremely rapid, which 
means that the jugular veins generally are filled ap-
proximately 10 s after the carotid arteries. Therefore, 
in order to have an exclusive arterial enhancement, 
the delay time must be accurately determined either 
by using the test bolus technique or bolus triggering. 
We prefer the use of the test bolus, with sequential 
dynamic scans acquired at the level of the aortic arch 
after i.v. administration of a small contrast-agent vol-
ume of 16 ml at the flow rate that will be used dur-
ing the acquisition (in our experience 4 ml/s); if a 
double-piston power injector is available or even two 
injectors are present in the CT suite, it can be helpful 
to flush the test bolus with saline solution. Otherwise 
the bolus-triggering technique can be used, although 
the delay time between visualization of the contrast 
agent and the start of the acquisition may determine 
venous contamination of the images. During the ac-
quisition, patients are asked to hold their breath, al-
though not strictly necessary, and especially to avoid 
swallowing.

The amount of contrast agent necessary for CT 
angiography of the carotid arteries is limited. We 
prefer to inject a volume of 60–70 ml of high-con-
centration contrast agent (370–400 mg I/ml) at a flow 
rate of 4 ml/s; exactly as in other vascular regions, 
the duration of the injection should correspond to 
that of the acquisition (i.e., injecting at 4 ml/s, for a 
scan duration of 20 s, the volume of contrast agent 
administered should correspond to 80 ml). In order 
to have a compact bolus of contrast agent traveling 
in the arteries and avoid hyperconcentration artifacts 
from the contrast agent in the superior vena cava, it 
is advisable to flush the contrast agent with saline so-
lution, injected at the same flow rate as the contrast 
agent, with a volume of 20–30 ml.

Once the acquisition is completed, it may be use-
ful to perform a reconstruction task at greater slice 
thickness (5 mm), with a dedicated kernel for the 
evaluation of the brain parenchyma, since most of 
the patients present with ischemic neurological dis-
orders.

6.3 
Image Evaluation

6.3.1 
3D Reconstruction

In the evaluation of the carotid arteries, 3D re-
constructions should be performed in order to dis-
play the entire supra-aortic vasculature. Different 
techniques are currently in use for carotid artery 
reconstructions: multiplanar reformation (MPR), 
maximum-intensity projections (MIP) and volume 
rendering (VR).

MPR and MIP are limited to external visualization 
of the vessels, while VR also performs the internal 
visualization and can be used for endoscopic-type 
applications.

MPR is a very convenient and available technique 
for displaying the data. One substantial limitation of 
traditional MPR is that visualized structures must 
lie in a plane. Because the carotid arteries for which 
3D visualization is desired do not lie within a single 
plane, an MPR cannot be created that demonstrates 
the entirety of the vessel. As structures course in and 
out of the MPR, pseudostenoses can be created. The 
solution to this problem is to use curved planar ref-
ormations (CMPR) along the common and internal 
carotid artery that allow the entire visualization of 
the vessels (Fig. 6.1). MPR also is particularly useful 
in the carotid arteries when heavy parietal calcifica-
tions are present that impair visualization of the in-
ner residual lumen of the vessel. A smooth window-
level setting should also be used in these instances to 
distinguish calcifications from contrast agent.

MIP are created when a specific projection is se-
lected (anteroposterior for example) and then rays 
are cast perpendicular to the view through the vol-
ume data, with the maximum value encountered by 
each ray encoded on a 2D output image. As a result 
the entire volume is collapsed, with only the brightest 
structures being visible. An advantage of MIP over 
MPR is that structures that do not lie in a single plane 
are visible in their entirety (Fig. 6.2). A limitation of 
MIP, however, is that bones or other structures which 
are more attenuative than contrast-enhanced blood 
vessels, for example, will obscure the blood vessels. 
The solution to this problem is to use MIP of a limited 
volume and especially to use different obliquities, 
similar to what is performed with catheter angiogra-
phy. In most cases pre-defined projections cannot be 
used, although anteroposterior, lateral, and oblique 
(+45° and –45°) generally allow visualization of the 
carotid bifurcation and separation of the internal 
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from the external carotid artery. Nevertheless in our 
experience the best approach is to interactively per-
form reconstructions at different rotations instead of 
just taking predefined images. Even in MIP the use of 
different rotations may allow distinction of inner re-
sidual lumen, which can be obscured when horseshoe 
heavy calcifications are present.

The final and most complex rendering technique 
is VR. There are many different versions and inter-
faces for VR, but the general approach is that all voxel 

values are assigned an opacity level that varies from 
total transparency to total opacity. Despite the theo-
retical interest of VR 3D display over the current post-
processing techniques, no definite advantage of this 
technique for the evaluation of carotid artery disease 
is found in most of the cases. VR appears particularly 
useful when carotid arteries are tortuous and present 
multiple kinkings and in all those cases in which the 
anatomical course of the vessels requires a perspec-
tive view for easier visualization (Fig. 6.3).

a b

Fig. 6.2a,b. Multiple-projection selective digital subtraction angiography (a) barely demonstrates the course of both internal 
carotid arteries, which is easily demonstrated, even in the presence of severe kinking, by multidetector-row computed tomog-
raphy angiography with thin maximum-intensity projection reconstructions (b).

Fig. 6.1a,b. Curved multiplanar reformations show, along their entire courses, both common and internal carotid arteries. 
Bilaterally there is evidence of the degree of stenosis. In a the plaque appears irregular (arrow). In b also note the potential to 
follow the internal carotid artery either in the extra- or intracranial tract.

a b
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The analysis of transverse images is particularly 
useful in problem solving, such as when heavy parietal 
calcifications are present and when severe stenosis or 
pseudo-occlusions are present. By using the axial sec-
tions, the degree of narrowing can be correctly esti-
mated if the scanning plane is roughly perpendicular 
to the vessel. Mural calcifications constitute a drawback 
for MIP reconstructions, but the combination of axial 
and MIP imaging enables an accurate estimation of the 

degree of stenosis severity in most cases (Fig. 6.4). The 
use of the VR technique may be useful when dense cal-
cifications are located around or close to the residual 
lumen, because the arterial lumen may be viewed in 
its transparency through the surrounding structures. 
In clinical routine, all techniques should be used in as-
sociation with the axial images. The most appropriate 
method of reconstruction has to be selected in each 
case also based on the different type of plaque.

Fig. 6.4. a Multidetector-row computed tomography angiography with thin maximum-intensity projection reconstruction  does 
not allow assessment of the entity of the stenosis in the presence of a heavy calcification. b Transverse image  demonstrates 
the residual lumen and the presence of a fibro-lipidic plaque with parietal calcification (arrow). c The entity of the stenosis is 
confirmed by selective digital subtraction angiography

a b c

Fig. 6.3a,b Selective digital subtraction angi-
ography  (a) demonstrates the presence of a 
severe stenosis at the origin of the internal 
carotid arteries. Multidetector-row com-
puted tomography angiography  with vol-
ume-rendered reconstruction (b) confirms 
the presence of the severe stenosis, but also 
shows a severe kinking of the distal internal 
carotid artery.a b
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More recently, automated 3D CT angiography 
analysis software has become available from various 
manufacturers. With the application of automated 
3D CT angiography analysis software, it is possible to 
obtain both 3D visual evaluation and quantification 
of the vessels with automatic detection of minimal 
diameters at the level of maximal stenosis. The prin-
ciple of automated 3D CT angiography analysis re-
lies on region-growing techniques from a start point 
determined by the observer. The trajectory is built in 
an iterative way, step by step, going into the direction 
of the end point. The algorithm detects trajectories 
where the density along the trace remains high in 
amplitude. It also detects density changes perpen-
dicular to the calculated trace, in order to create the 
vessel contours; thus, automated 3D CT angiography 
analysis is designed to make it easy to manipulate 
the vessels to be assessed by the observer. Most of 
the postprocessing work is thus done by the com-
puter; however, the reproducibility and accuracy of 
this image-reconstruction technique in the evalu-
ation of carotid artery stenosis still remains to be 
fully determined. There are some limitations to this 
method, mainly related to the presence of calcifica-
tions and severe irregularities of the vessels walls. 
Calcifications with high density lead to decreases in 
the density difference between intraluminal contrast 
media and calcification, making it difficult for the 
software to detect the exact boundary of enhanced 
carotids. It is sometimes difficult to determine the 
true contour of the carotid even by manual correc-

tion of the ROI indicator because of partial-volume 
effects.

6.3.2 
Grading  Methods for Carotid Artery Stenosis

Several different methods of measuring the degree 
of stenosis from carotid angiograms have evolved, 
each with different defi nitions of what constitutes a 
carotid stenosis. It is thus possible for the same an-
giogram to be reported as showing differing degrees 

of stenosis according to the particular method of 
measurement used.

The stenosis can be graded using the European 
Carotid Surgery Trial (ECST), North America 
Symptomatic Carotid Endarterectomy Trial (NASCET), 
and Common Carotid (CC) methods (Fig. 6.5).

ECST method calculates stenosis using the ratio of 
the linear luminal diameter of the narrowest segment 
of the diseased portion of the artery to the original 
internal carotid lumen, made at the point of maximal 
stenosis (not necessarily the bulb), and is an estimate: 
ECST = (1–md/B)×100%.

NASCET stenosis is calculated from the ratio of 
the linear luminal diameter of the narrowest segment 
of the diseased portion of the artery to the diame-
ter of the artery beyond any poststenotic dilatation: 
NASCET = (1–md/C)×100%.
CC method calculates stenosis using the ratio of the 
linear luminal diameter of the narrowest segment of 

Fig. 6.5a,b. Scheme (a) and practical 
example on a thin maximum-intensity 
projection multidetector-row computed 
tomography angiography image (b) of 
the three different methods to calculate 
the degree of stenosis. md = minimal 
diameter; A = common carotid artery 
normal caliber; B = presumed carotid 
artery caliber at level of stenosis; C = 
normal internal carotid artery calibrea b
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the diseased portion of the artery to the common 
carotid lumen, 3–5 cm proximal to the carotid bifur-
cation. CC method for angiographic assessment of 
carotid stenoses: CC = (1–md/A)×100%.

Some studies have used the NASCET criteria for 
grading of stenoses and others the ECST criteria [2, 
34, 35]. Furthermore, additional methods for grad-
ing of stenoses have been proposed, and it has also 
been noted that there is interobserver variability in 
measuring the degree of stenosis. The most com-
monly used alternative is the CC method. This raises 
the question of which method is most reproducible. 
Even if all three methods demonstrated a high repro-
ducibility, several studies showed the best reproduc-
ibility in the following order: CC, ECST, and NASCET 
[36, 37]. The ECST and CC methods grade stenoses 
similarly; the NASCET method tends to underesti-
mate the degree of stenosis, classifies more stenoses 
in lower categories than the other methods, and has 
lower agreement with the ECST and CC methods. 
Significant discrepancies between the NASCET and 
the ECST angiographic methods are reported, such 
that a 50% stenosis by NASCET is equivalent to ap-
proximately 70% by ECST [38].

Both the NASCET and ECST methods have limi-
tations. With the NASCET method, one problem is 
deciding the appropriate segment of distal internal 
carotid artery (ICA) on which to base a measure-
ment. Inadequate contrast enhancement or the pres-
ence of overlying vessels may obscure the distal ICA. 
Furthermore, since the carotid bulb is larger than 
the distal ICA, minor degree of stenosis (<50% bulb 
diameter reduction) may result in a “negative ste-
nosis.” For ECST measurements, the problem lies in 
predicting the normal position of the carotid bulb; 
variations in anatomy or irregular stenoses can make 
this difficult even for the experienced observer. The 
principal difficulty, therefore, with both methods is 
establishing the diameter of the normal ICA.

The CC method demonstrated the best reproduc-
ibility in several studies and, when the methods are 
compared, almost identical results in different stud-
ies were obtained [19, 35, 39]. In one series a 70% 
NASCET stenosis corresponded to an 81% CC steno-
sis and a 78% ECST stenosis [39].

According to those results, the CC method appears 
to be the most preferable; it has the additional ad-
vantage that atheromatous changes are rare in the 
common carotid artery, and that the vessel is usu-
ally visualized on the images without overlap of the 
structures. Furthermore, in clinical routine it would 
be wise to base decisions on the other methods as 
well.

6.4 
Clinical Applications

Two major categories of diseases of the carotid arter-
ies are most often seen in clinical practice: atheroma-
tous disease and the nonatheromatous diseases. In 
the West, atherosclerotic disease is the major cause 
of clinically silent vascular disease.

6.4.1 
Atheromatous Disease

The most common area of atherosclerotic involve-
ment of the supra-aortic vessels is at the carotid 
bifurcation. The basic histological feature of ath-
erosclerosis is the deposition of fatty compounds in 
the intima. The atheromatous plaque (cells, fi brous 
connective tissue, and lipids) and the occasional 
complication associated with it (intraplaque hem-
orrhage and ulceration) are responsible for the de-
velopment of signifi cant stenoses of the vessel. In 
some cases, signifi cant luminal irregularities with-
out a hemodynamically signifi cant stenosis lead to 
platelet aggregation and embolic phenomena to the 
brain. The composition of dangerous plaques in the 
carotid arteries is different from plaques elsewhere. 
High-risk carotid plaques are heterogeneous, very fi -
brous, and not necessarily lipid-rich. Less common, 
although they may also be present, are atherosclerotic 
changes of the carotid origin and intracranial vessels. 
A complete evaluation of the carotid arteries there-
fore requires visualization of the entire supra-aortic 
branches from the aortic arch to the intracranial cir-
culation, assessment of vascular stenoses, and evalu-
ation of plaque morphology.

Few studies have evaluated the accuracy of mul-
tidetector-row spiral CT angiography in the evalu-
ation of carotid artery stenosis. On the contrary, in 
the mid-1990s, several studies compared single-slice 
spiral CT angiography with catheter angiography. 
Leclerc et al. found a very good correlation between 
catheter and CT angiography, with correct classifica-
tion of the degree of stenosis in 95% of the cases [25]. 
Cumming et al also found a high degree of correla-
tion with catheter angiography (r=0.928, p<0.001), 
with good morphological definition of carotid steno-
sis and demonstration of all occlusions and ulcerated 
plaques [24].

Randoux et al. performed a more complete study, 
evaluating several parameters, among which were 
the degree and length of stenosis, and the presence 
of plaque irregularities and ulcerations [40]. The 
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sensitivity and specificity of CT angiography for the 
demonstration of stenosis greater than 70% were, 
respectively, 100% and 100%, with a very good cor-
relation for what regards the length of the stenosis. 
CT angiography showed more plaque irregularities 
and ulcerations than catheter angiography, in consid-
eration of the limited number of views obtained with 
catheter angiography.

An important aspect of all CT angiography studies 
of the carotid arteries is the very high accuracy in the 
detection of pseudo-occlusions, with no problems in 
the visualization of slow residual flow (Fig. 6.6). Chen 
et al. recently demonstrated a 100% accuracy in diag-
nosing near versus total occlusions, classifying stump 
or retrograde flow of total occlusions and recogniz-
ing stenoses of near occlusions [41]. In addition CT 
angiography provided, in this study performed on 57 
carotid arteries, information on the underlying pa-
thology, such as dissection or thrombosis.

In our extensive experience with multidetector-
row CT angiography of the carotid arteries, we have 
found a very high correlation with DSA. The interob-
server (four observers with different experience in 
vascular imaging) agreement, in the evaluation of 109 
carotid arteries, was almost perfect in the evaluation 
of the degree and length of stenosis and the morphol-
ogy of the plaque. At consensus reading the sensitiv-
ity, specificity, and accuracy of MDCT angiography, 
as compared to DSA, for grades of stenosis greater 
than 70% were, respectively, 100%, 96%, and 94%, 
with a κ-value of 0.812 (almost perfect agreement). 
On DSA, 82 diseased segments (75.2%) were identi-
fied: 16 with mild disease, 12 with moderate (<50%) 
stenosis, 11 with moderate (>50%) stenosis, 30 with 
severe stenosis, and 9 occluded internal carotid arter-
ies. In 3 cases (3 moderate stenosis at DSA diagnosed 
as with severe stenosis at MDCT), the degree of ste-
nosis was overestimated by MDCT angiography by 1 
grade. In 1 patient the degree of stenosis (moderate 
stenosis at DSA diagnosed as with mild stenosis at 
MDCT angiography) was underestimated by 1 grade. 
Regarding the length of stenosis, there was a perfect 
correlation between MDCT angiography and DSA. 
The length of stenosis was underestimated of 1 grade 
in two cases at MDCT angiography, in which the ste-
nosis appeared to extend for less than 10 mm while 
turned out to be between 10 and 15 mm long at DSA. 
In 1 case the length of stenosis was overestimated by 
1 grade at MDCT angiography, in which the stenosis 
seemed to extend between 10 and 15 mm.

Tandem lesions can be easily demonstrated with 
MDCT angiography if a large volume is acquired; in 
fact they can be located in all supra-aortic vessels, 

from the aortic arch to the intracranial circulation, 
and may contribute to the symptoms. Their identi-
fication is also important, since it can modify treat-
ment choice. In our experience with 55 patients, all 
four tandem lesions were correctly demonstrated by 
MDCT angiography. In 2 cases a severe stenosis af-
fected the proximal right subclavian artery and in 
1 the left common carotid artery; in another case a 
moderate stenosis was found in the basilar artery 
(Fig. 6.7).

6.4.1.1 
Plaque Imaging

Plaque morphology and composition have been pro-
posed as important risk factors for thromboembolic 
events, giving rise to the concept of unstable plaque 
[12, 13, 42]. It is suggested that embolic phenomena 
are associated with thinning and subsequent ulcer-
ation of the fi brous cap on the surface of the athero-
sclerotic plaque, resulting in release into the parent 
vessel of necrotic lipoid debris from the plaque sub-
stance. Several studies have established a correlation 
between plaque ulceration and irregularity with clin-
ical presentation, outcome, and prognosis [12, 15, 16, 
43]. Recent analysis of the European Carotid Surgery 
Trial collaborative group data has shown that surface 
irregularity and ulceration seen on catheter angiog-
raphy are associated with more frequent symptoms 
[4]. Controversy exists regarding the importance of 
other pathological features; for instance there is no 
evidence to correlate intraplaque hemorrhage with 
symptoms [15]. Other authors have proposed a high 
plaque lipid content to correlate with clinical pre-
sentation, especially if located just beneath a thin 
fi brous cap [43].

In imaging the carotid arteries, it is therefore be-
coming increasingly important to identify factors 
other than the simple degree of stenosis. The wide-
spread use of spiral CT has led to its proposal as a 
method for plaque evaluation, and a small number 
of preliminary studies have been performed to de-
fine its role in this area [44]. Studies from Estes et al. 
[45] and Oliver et al. [46], although performed in a 
relatively small number of patients, have suggested a 
role for CT in differentiation of fibrous stroma from 
lipid-rich areas within plaques. Cinat et al. [21] have 
also proposed a role for CT in the identification of 
plaque ulceration. Walker et al. [47] showed a cor-
relation between lower attenuation values and the 
amount of intraplaque lipid, supporting the sugges-
tion that low-density plaques are more likely to be 
lipid-rich. Nevertheless the same authors observed a 
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a

d

b

c

e

Fig. 6.6a–e. Coronal thin maximum-intensity projection (MIP) mul-
tidetector-row computed tomography angiography (a) demonstrates 
normal common carotid arteries and right carotid bifurcation, with 
severe stenosis and pseudo-occlusion of the left internal carotid artery, 
as better demonstrated by curved multiplanar reformations (b,c). The 
findings are confirmed by selective digital subtraction angiography 
of the right (d) and left (e) carotid arteries. e Thin MIP reconstruc-
tion of the circle of Willis demonstrates patency of the intracranial 
circulation.
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spread of data that limits the reliability of individual 
Hounsfield unit (HU) readings as an indicator of 
plaque lipid or fibrous tissue. The relatively poor reli-
ability of HU measurements for the prediction of the 
amount of lipid or fibrous tissue within an individual 
plaque may be explained at least partly by the great 
heterogeneity observed on histological examination 
of individual plaques. The relatively homogeneous 
appearance of plaque on CT imaging does not ad-
equately represent the plaque heterogeneity evident 
on microscopic analysis. Regarding the visualiza-
tion of plaque ulceration, only studies with single-
slice spiral CT have been performed; the most recent 
study performed on plaque morphology provided a 
sensitivity of 60%, with a specificity of 74%, with a 
moderate positive predictive value for the detection 
of ulcerations, with a technical limitation related to a 
slice thickness of 1.5 mm, which inevitably reduces 
the sensitivity for small fissures or areas of denuded 
or broken fibrous cap visible on the fine sections ob-
tained with histopathological processing [47].

In our experience with 100 carotid arteries, evalu-
ated in comparison with MDCT angiography and 
catheter angiography, plaque morphology was cor-
rectly assessed in 90 of the 100 cases. MDCT angiog-
raphy identified wall irregularities in 9 cases in which 
DSA demonstrated regular vascular walls and lumen. 
In 1 case normal at MDCT angiography, DSA dem-
onstrated the presence of wall irregularities. The sen-
sitivity and specificity for plaque morphology were, 
respectively, 98 and 83%, with a positive predictive 
value of 84% and a negative predictive value of 98%. 
MDCT angiography correctly identified the presence 

of ulcers in 26 cases (Figs. 6.8, 6.9), while demon-
strating smooth plaques in 68 patients (Fig. 6.10). In 
5 cases which turned out to be normal at DSA, MDCT 
angiography incorrectly demonstrated the presence 
of a ulcer, while, in 1 case apparently normal at MDCT 
angiography, DSA showed a small ulcer. The sensitiv-
ity and specificity for presence of ulcers were, respec-
tively, 96 and 93%, with a positive predictive value of 
84% and a negative predictive value of 98%.

6.4.2 
Nonatheromatous Disease

Nonatheromatous disease of the carotid circulation 
is less frequent than atherosclerotic disease, but re-
mains an important cause of cerebrovascular disease. 
Nonatheromatous processes are always suspected in 
patients with the appropriate clinical history or in 
younger subjects with acute ischemic symptoms.

Carotid dissection is a particularly important cause 
of stroke in young patients [48–50]. Dissections result 
from hemorrhage into the wall of a vessel. Most com-
monly the vessel responds to the hemorrhage in two 
ways: the lumen is compromised, but the vessel wall 
diameter is enlarged. Dissection may be either trau-
matic or spontaneous, although in most of the cases 
even spontaneous dissection derives from unrecog-
nized, minor traumas. Carotid dissection can occur 
as a result of blunt or penetrating trauma, and pseu-
doaneurysms can complicate dissections. Dissection 
can cause transient ischemic attacks or strokes and/
or unilateral headache and Horner syndrome.

a b

Fig. 6.7a,b. Multidetector-row computed tomography angiography with thin MIP reconstruction (a) demonstrates a moderate 
stenosis of the basilar artery (arrow), as confirmed by selective digital subtraction angiography (b)
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Fig. 6.9. a Multidetector-row computed to-
mography angiography with thin MIP re-
construction shows a severe stenosis of the 
proximal internal carotid artery, due to a 
complex plaque also presenting an ulcer (ar-
row). b The ulcer is confirmed by transverse 
image (arrow). c All findings are confirmed by 
selective DSA.

a

c

b

Fig. 6.8. a Multidetector-row computed tomography angi-
ography with thin MIP reconstruction demonstrates the 
presence of a large ulcer of the proximal internal carotid 
artery. b The same finding (arrow) can be depicted on a 
transverse image (b). c Selective digital subtraction angi-
ography confirms the presence of the large ulcer.a b

c
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CT angiography may also be useful in the diagno-
sis of inflammatory disorders of the carotid arteries 
(Fig. 6.11). Abnormalities in arterial caliber, arterial 
occlusion, and irregularities of vessel margins are 
seen with these disorders. Typically vasculitis results 
in tapering of vessels over long segments; however, 
vasculitis can also cause focal stenoses and dilata-
tions that result in a beaded appearance.

Fibromuscular dysplasia is another cause of vas-
cular disease in younger patients, resulting from a 
vasculopathy of unknown cause that typically affects 
medium-sized arteries. Fibromuscular dysplasia is 
more common in women, and involvement of the 
carotid arteries is second only to the renal arteries 
[51]. In a minority of patients, there is involvement of 
the vertebral arteries (15%) or intracranial branches 
(10%). The appearance has been likened, as in the re-
nal arteries, to a string of beads. Fistulas, including 
carotid-cavernous fistulas, may develop as a compli-
cation of the disease.

Uncommon congenital anomalies, postoperative 
anastomotic strictures, and poststenting stenoses 
can be easily demonstrated with CT angiography 
[52]. Other nonspecific and uncommon vasculopa-
thies may also be diagnosed. Radiation-induced ar-
teritis may be seen in patients with history of radia-

tion therapy for neck primary cancers, in most of the 
cases 10 years or more after treatment, and results in 
long-segment stenoses of the distal common carotid 
arteries [53, 54].

Carotid body tumors (also known as chemodecto-
mas or paragangliomas of the carotid body) are rare le-
sions that arise from paraganglionic cells that migrate 
from the neural crest in the adventitia of the common 
carotid bifurcation. These cells are scattered through-
out the body, thus explaining their ubiquitous distribu-
tion. Lesions grow slowly, gradually encroaching and 

Fig. 6.10. a Multidetector-row computed tomography angi-
ography with thin MIP reconstruction demonstrates an ec-
centric, partially calcified plaque at the origin of the internal 
carotid artery determining a severe stenosis. b Selective DSA 
confirms the degree of stenosis without any potential to dem-
onstrate the calcifications or the content of the plaque.

a b

Fig. 6.11. a Coronal thin MIP multidetector-row computed 
tomography angiography shows occlusion of the proximal 
left common carotid artery with reconstitution immediately 
below its bifurcation. b Transverse image (arrow) confirms oc-
clusion and significant lumen reduction.

a

b
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encasing the carotid bifurcation, with a characteristic 
splaying of the internal and external carotid arteries. 
By histological criteria most cases can be classified as 
malignant, contradicting the benign clinical course 
of these neoplasms (less than 10% metastasize). A fa-
milial incidence, with an autosomal dominant role of 
transmission, has been reported (approximately 20% 
of the cases), and, in these patients, bilateral tumors 
are often present (26–33%). Both sexes, particularly in 
the fourth and fifth decades of life, can be affected.

An asymptomatic, slow-growing, lateral cervical 
pulsing mass, is the most common clinical presenta-
tion. Sometimes, patients complain about physical 
symptoms such as pain, dyspnea, dysphagia, nerve 
palsy, dizziness, and hearing loss. On physical exami-
nation the lesion has a laterolateral, but not vertical, 
mobility (the so-called Fontain’s sign). A bruit or a 
superficial thrill may be present, because of the rich 
vascular supply.

For many years, digital subtraction angiography 
has been the only method for the diagnosis of carotid 
body tumors. At present, other less invasive imaging 
modalities, including ultrasonography, CT, magnetic 
resonance, and scintigraphy, have been developed 
and can be used for the evaluation of carotid body 
tumors. Surgery is the most effective treatment, with 
complications rate related to the size and to the vas-
cular encirclement by the tumor.

CT angiography has several advantages compared 
with conventional angiography, including minimal 
invasiveness, cost, better patient compliance, and re-
duced ionizing radiation exposure for both patients 
and staff. At present, multidetector-row CT angiogra-
phy combined with VR algorithm provides complete 
assessment of the carotid arteries in both a two-di-
mensional and a three-dimensional fashion. Thus, 
this technique is extremely useful in the preopera-
tive evaluation of carotid body tumors. With the use 
of thin-slice collimation protocols, even very small 
(≤5 mm) lesions can be accurately depicted. CT ef-
fectively confirms the diagnosis, allowing excellent 
evaluation of tumor size, relationship with carotid 
arteries, and adjacent structures. Although conven-
tional angiography was considered the standard of 
reference in the diagnosis of carotid body tumors, its 
current use should be limited to those patients with 
indeterminate findings on other less invasive imaging 
modalities and aimed at providing access for preop-
erative embolization. Imaging studies are essential to 
differentiate carotid body tumors from other masses 
of the neck (lymphadenopathies, tumors, cysts, etc.) 
and, once the diagnosis is established, to precisely 
plan the surgical excision.

6.4.3 
CT Angiography in Treatment Planning

In the last decade there has been an increasing inter-
est in less invasive means (angioplasty and stenting) 
to treat carotid artery occlusive disease than end-
arterectomy. As a general rule, PTA  (Percutaneous 
Transluminal Angiplasty) with endovascular stents 
can be suggested for patients with smooth, relatively 
short (less than 15 mm) internal carotid artery ste-
nosis, small ulcerations, and slight irregularity of 
plaques. Surgery is suggested for patients with heav-
ily calcifi ed plaques with a horseshoe appearance, 
with irregular ulcerated plaques, longer stenoses, and 
with multiple stenotic lesions.

All the information needed for treatment plan-
ning can be easily achieved with CT angiography, 
as our experience and that of other authors have 
demonstrated; in particular the length of the steno-
sis together with the morphology of the plaque and 
of heavy circumferential calcifications appear to be 
particularly useful. In treatment planning, it is also 
crucial to distinguish occlusions from pseudo-occlu-
sions, which can be performed accurately with MDCT 
angiography and with less positive results with other 
noninvasive imaging modalities.

In treatment planning, MDCT angiography seems 
to provide superior information as compared to other 
imaging modalities; in fact CT seems to be unique in 
determining with good accuracy the anatomy and 
course of the vessels, the degree of the stenosis, and 
the morphology of the plaque, especially in terms of 
presence and entity of calcifications, irregularities, 
and ulcerations.

6.4.4 
Follow-Up after Therapy

In the past few years, the clinical trials performed to 
demonstrate the effi cacy of carotid endarterectomy 
have stressed the indications for treating carotid ar-
tery stenosis (Fig. 6.12). Along with surgical and an-
esthesiological improvements that have minimized 
the risks of carotid endarterectomy, the development 
of endovascular therapies and material for interven-
tional radiology, particularly metallic stents, has 
signifi cantly increased the potentials of minimally 
invasive treatment even for the carotid arteries [55]. 
Carotid artery stenting has now become a routine 
procedure in many institutions, with excellent re-
sults (Fig. 6.13) and minor complications. Problems 
related with stenting, although materials have sig-
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nifi cantly improved, are mainly related to restenosis 
for neointimal hyperplasia (Fig. 6.14). Metallic stents 
may cause artifacts and therefore examinations must 
be evaluated adequately, choosing the correct algo-
rithm of postprocessing. A recent study performed 
by Leclerc et al. demonstrated that VR, based on a 
selection of voxels of the image with adjustment of 

opacity for each selected material and change in the 
transparency allows assessment of residual arterial 
lumen through arterial wall calcifi cations. Based on 
this observation, VR algorithm was also applied to fol-
low up patients treated with carotid angioplasty and 
stenting, because the arterial lumen can be analyzed 
theoretically despite the high-attenuation values of 

Fig. 6.12a,b. Postendarterectomy restenosis with involvement of the distal com-
mon carotid artery and bifurcation, as shown by curved multiplanar reforma-
tion multidetector-row computed tomography angiography (a) and selective 
digital subtraction angiography (b).a

b

a

b

Fig. 6.13a,b. Patient with acute dissection treated with double stenting; stents 
patency assessed by a curved multiplanar reformation (MPR) reconstruction 
(a) and transverse MPR (b).
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the stent. The use of a high spatial-frequency convo-
lution algorithm and appropriate windows allowed 
the authors to differentiate the wall of the stent from 
the enhanced arterial lumen within the prosthesis in 
all patients. However, axial source images showed an 
apparent increase in the thickness of the stent wall 
and maximum intensity-projection reconstructions 
did not allow the visualization of the arterial lumen 
owing to the higher attenuation values of the stent 
compared with those of the enhanced arterial lumen. 
On the contrary, volume-rendered images showed ac-
curate delineation of the enhanced arterial lumen 
through the stent, despite the thickness of the stent 
wall, which appeared uniformly increased. By apply-
ing a VR algorithm, the authors classifi ed voxels ac-
cording to the probability that they contained a tissue 
type. The two selected materials (contrast material 
and stent) were retained by using trapezoid functions 
with specifi c adjustments of parameters. However, 

this method determines an overestimation of the 
thickness of the stent wall in all cases despite having 
separate trapezoids for the arterial lumen and the 
stent wall. This overestimation is probably related to 
a partial volume effect of voxels at the border of the 
stent, including portions of both the arterial lumen 
and the stent wall. This misclassifi cation of voxels 
depends on the position of the trapezoids and can 
be minimized by using thin slices, overlapping re-
construction, and a high-resolution matrix. Despite 
this limitation, the high-attenuation values related 
to the stent can be assessed in their transparency by 
applying a low-opacity value; this technique allowed 
accurate delineation of the arterial lumen through 
the stent. Volume-rendered images, according to the 
experience of Leclerc et al, provide 3D angiographic 
appearance with good analysis of the relationship 
between arterial lumen and stent and therefore might 
be useful to evaluate the carotid artery after angio-
plasty with stenting and especially to detect resteno-
sis in the long-term follow-up after treatment.

6.5 
Advantages and Limitations Versus Other 
Imaging Modalities

6.5.1 
Advantages

In the examination of the supra-aortic vessels, good 
image quality is essential. CT angiography enables 
excellent image quality in most of the cases, provided 
that the patient does not move or swallow during the 
few seconds of acquisition. A breath-hold acquisition 
is not necessary, although, especially if a 16-row-de-
tector scanner is used, the acquisition time is so short 
that any patient can hold their breath at least during 
acquisition up to the base of the skull [32, 56].

Another advantage of CT angiography is to allow 
observations of bony structures. Catheter angiogra-
phy can hint at a hypoplastic ICA, while CT angiog-
raphy can confirm the diagnosis by finding a hypo-
plastic carotid canal.

The transverse mode of acquisition represents an 
advantage; in fact the possibility to follow the flow di-
rection allows to discriminate even very slow residual 
flow from thrombosed vessels, which is crucial in de-
termination of treatment planning. As compared to 
other imaging modalities commonly utilized in the 
assessment of the carotid arteries, MDCT angiogra-
phy provides excellent results even in pseudo-occlu-

Fig. 6.14a–c. Patient with atherosclerotic stenosis treated with 
stenting. a Curved MPR multidetector-row computed tomog-
raphy angiography demonstrates a low density within the 
stent, indicating restenosis due to neointimal hyperplasia. b 
In-stent, low-density tissue can also be assessed by transverse 
MPR. c Restenosis is then confirmed by selective digital sub-
traction angiography.

a

b c
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sions, which are difficult to differentiate from occlu-
sions either with color-Doppler ultrasound (US) or 
flow-based and contrast-enhanced MR angiography 
[41].

The analysis of transverse images provides infor-
mation that is harder to achieve with other imaging 
modalities and even with catheter angiography. In fact 
the visualization of the vessel wall and composition 
of the plaque, although, as previously demonstrated, 
not highly specific in comparison with pathologi-
cal examination, provide an added value, especially 
useful when planning treatment and evaluating the 
possibility of performing an endovascular stenting. 
The presence of heavy calcifications may constitute 
a limitation in the assessment of the true degree of 
stenosis with color-Doppler US, and is not detected 
with MR angiography. Color-Doppler US may also 
present difficulties in the evaluation of the carotid 
bifurcation when it is located higher, as compared 
to bony structures, than normal. Furthermore, with 
color-Doppler US, it is in most of the cases impossible 
to exclude the presence of tandem lesions, involving 
either the origin of the supra-aortic vessels or the in-
tracranial circulation. Finally, as stressed by several 
authors, the technique is limited by a significant op-
erator-dependency [57].

MR angiography provides excellent results in 
vascular pathologies and has proved accurate in the 
evaluation of the supra-aortic vessels. Contrast-en-
hanced sequences overcome most of the limitations 
of flow-based sequences in terms of overestimation 
of the degree of stenosis and length of vascular in-
volvement, although even with these sequences there 
might be dephasing artifacts with a slight overesti-
mation of the stenosis [57]. In MR angiography, un-
less dedicated studies with high-resolution coils and 
sequences are performed, the visualization of the 
plaque and its morphology and composition is gen-
erally difficult, although the presence of ulcerations 
and irregularities can generally be well documented.

6.5.2 
Limitations

Two are the major limitations of MDCT angiography 
in the evaluation of patients with suspected carotid 
artery stenosis: the use of ionizing radiations and 
iodinated contrast agents. Regarding the radiation 
issue, it has been noted recently [58] that it is not 
that important in older individuals, who are the typi-
cal patients with cerebrovascular insuffi ciency, and 
that the radiation dose, as compared to that of DSA 

is signifi cantly lower [31]. Furthermore it might be 
possible, as has been shown in other areas, to reduce 
the radiation dose to the patient by optimizing the 
acquisition protocol [59]. For what concerns the use 
of iodinated contrast agents, it must be considered 
that several patients present with poor renal function 
and cannot tolerate an administration of a possibly 
nephrotoxic agent; nevertheless the nephrotoxicity 
of nonionic contrast agents has been signifi cantly re-
duced as compared to ionic contrast agents, and their 
administration can be considered safe and well toler-
ated, even in high-risk populations [60]. Furthermore 
the amount of iodinated contrast agent needed for 
CT angiography of the carotid arteries is signifi cantly 
lower with multidetector scanners than with single-
slice spiral CT, and the further increase in speed 
of new MDCTs will allow use of smaller amounts. 
Another disadvantage is that, in contrast to US, and 
catheter and MR angiography, CT angiography can-
not provide information about fl ow velocity.

It is difficult to determine which will be the role 
of MDCT angiography as compared to contrast-en-
hanced MRA. Although the latter presents several 
advantages, such as the use of nonionizing radiations 
and nonnephrotoxic contrast agent [61], it must be 
considered that MDCT has, at least at the moment 
(but rapid improvements are expected also in this 
area), superior spatial resolution as compared to 
MRA, and the diffusion of MDCT scanners is in-
creasing faster than that of high field-strength MR 
equipment with powerful gradients, and all software 
and hardware capabilities to perform optimal MRA 
of the entire supra-aortic vessels. Furthermore the 
ease with which the morphology and composition of 
the plaque are evaluated appears particularly useful 
now that more and more endovascular treatment is 
performed in these patients. MDCT angiography of 
the carotid arteries is very accurate and reproducible 
and has the potential to substitute in most cases for 
catheter-based DSA.
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7.1 
Introduction

The introduction of 16-channel multidetector-row 
computed tomography (MDCT) has made a tremen-
dous impact upon the diagnosis and treatment of 
diseases of the thoracic aorta. At the current spatial 
and temporal resolution offered by MDCT, there are 
very few indications for conventional diagnostic an-
giography. CT angiography (CTA) provides an accu-
rate analysis of the vessel lumen, as well as a unique 
window into the morphological analysis and patho-
physiology of vascular disease. This type of infor-
mation is critical to the surgeon or interventionalist 
in planning treatment strategies. CT also provides 
information beyond vessel-wall morphology and 
pathology, by demonstrating the normal anatomical 
relationship of mediastinal structures, as well as the 
extent of disease processes (such as hematoma or tu-
mor invasion) in relationship to the thoracic aorta.
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Volumetric CT data acquisition with single-detec-
tor-row spiral CT has been in practice for a number 
of years, but only recently has the implementation of 
MDCT had a revolutionary impact on the technique 
of CTA. The advantages of MDCT over single-chan-
nel CT include significantly faster image acquisition, 
allowing for greater axial coverage at a substantially 
improved z-axis resolution. These technological 
advances have led to near-complete suppression of 
respiratory and cardiac motion artifacts. With cur-
rent state-of-the-art, 16-channel MDCT units, we 
are routinely able to generate all images at submil-
limeter collimation. Essentially, isotropic imaging 
becomes the standard rather than the goal. Isotropic 
volumetric data sets refer to equal spatial resolution 
as viewed in the x-, y-, and z-dimensions. This sub-
sequently allows for improved quality in multiplanar 
reformations as well as three- (3D) and four-dimen-
sional (4D) imaging.

7.2 
Technique

Performing effective CTA of the thoracic aorta re-
quires a solid understanding of the pathophysiology 
of vascular disease and a basic understanding of the 
different approaches to treatment. It is critical to form 
a general assessment of the patient in relationship to 
their disease process. There is a fi ne art to the balance 
of user-dependent variables (collimation, pitch, table 
feed, radiation dose) and user-independent variables 
(heart rate, breath-hold capability, cardiac function, 
body habitus).

When evaluating user-dependent variables, one 
must consider the disease process at hand and vol-
ume of coverage required to document such pathol-
ogy. Being that vascular structures tend to be long 
and “systemic in nature,” it is advisable to obtain large 
volumes of coverage. It is best to begin the scan at the 
thoracic inlet, allowing for adequate coverage of the 
supra-aortic vessels. As many diseases of the thoracic 
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aorta extend into the abdomen, it is useful to image 
caudally through the iliac vessels and groin. This pro-
vides additional information for the interventional-
ist contemplating an endovascular procedure [1, 2]. 
There are certain exceptions where limiting scan 
coverage to only the thoracic aorta is recommended; 
these include follow-up scans where the anatomy 
of the abdomen and pelvis has already been docu-
mented. In addition, it is always advisable to limit 
the radiation dose whenever possible, particularly in 
children and young adults.

Determining adequate collimation is very impor-
tant in performing effective CTA. For imaging of most 
thoracic aortic pathology, 1- to 2-mm collimation 
with 50% overlap of the reconstructed images offers 
optimal spatial resolution and the ability to generate 
fine-detailed multiplanar reformations. Thicker col-
limation may be useful for faster scanning require-
ments, such as would occur in acute trauma or in an 
obese patient where the signal-to-noise ratio (SNR) 
is the limiting factor in image quality. Maintaining 
adequate SNR at a reasonable radiation exposure to 
the patient is the main limiting factor for thin-col-
limation acquisitions with MDCT. As collimation 
decreases, there is a substantial increase in patient 
dose that is required to maintain effective SNR [3]. 
Another practical limitation of acquiring thin-sec-
tion data sets involves the postprocessing of such 
large volumes of data and an effective medium to 
view these studies.

Pitch is defined as the ratio of the table feed per 
tube rotation divided by total slice collimation. A 
larger pitch allows for a faster acquisition and a 
shorter scan time. In CTA, the pitch selection will 
range between 1.2 and 1.8, depending on the volume 
of coverage desired within a specified scan time. 
Scanning at lower pitch values will produce an over-
lapping scan pattern with higher image quality, but 
at the expense of increased radiation exposure to the 
patient. Overlapping acquisitions are necessary for 
retrospective ECG-gated acquisitions, which will be 
addressed subsequently. Scanning at pitches greater 
than 2 leads to undersampling of the data and is not 
recommended.

The reconstruction interval is selected indepen-
dently of the slice collimation. Overlapping recon-
struction intervals will increase the number of im-
ages that must be interpreted, processed, and stored. 
However, it is quickly realized that with increasing 
reconstruction overlap there is more than a theoreti-
cal benefit in the quality of multiplanar and 3D re-
constructions. For practical purposes, a reconstruc-
tion interval of 50% of the section width will provide 

a more than adequate data set for the interpretation 
and postprocessing of CTA studies of the thoracic 
aorta. Larger reconstruction intervals (nonoverlap-
ping reconstruction) waste an important advantage 
of spiral CT, and small lesions may be missed due 
to partial volume effects [3]. Obviously, hard-copy 
interpretation of CTA studies with thin collimation 
and fine overlapping reconstruction intervals is not 
practical due to the tremendous number of images 
generated that are routinely between 600 and 1000 
images per study.

Optimizing techniques on the administration of 
contrast medium in CTA requires a separate chapter. 
Attention to contrast injection parameters becomes 
more critical when high-velocity, 16-channel MDCT 
scanners are used with lower volumes of contrast at 
faster table feeds. High flow rates are required (typi-
cally between 4 and 5 ml/s) via at least a 20-gauge cath-
eter, most conveniently placed in the right antecubital 
position. In patients with poor venous access, how-
ever, we have been able to obtain reasonable results 
with flow rates of 3 ml/s. It is preferable to achieve ac-
cess through the right antecubital approach, as it re-
duces the characteristic streaking artifacts from the 
left brachiocephalic vein that potentially limits visu-
alization of disease processes affecting the ascending 
and transverse aorta. With the very short scanning 
delays used in CTA, we routinely use extravasation 
detector kits, which substantially reduce the risk of 
subcutaneous infiltration.

There are many variables involved in determining 
the ideal scan delay. Most of these are easily manipu-
lated by the user. They include injection rate, contrast 
volume delivered, and the target region of interest. 
There are some patient-dependent factors that are not 
as easy to manipulate, such as heart rate, cardiac out-
put, and body habitus. These factors have traditionally 
been more difficult to control and have, in the past, 
required elaborate test bolus injection techniques. 
With the introduction of bolus-tracking techniques 
(standard on all commercially available scanners), 
we are no longer hampered by the variability of these 
patient-related factors. Bolus-tracking techniques 
use a monitoring scan (with a substantially reduced 
dose) at a predefined region of interest to initiate the 
diagnostic scan when the detection of the contrast 
bolus has occurred [3]. The user has control over 
such variables such as monitoring delay (the time at 
which the monitoring phase begins, typically 8–10 s) 
and the interscan delay (the time between scans dur-
ing the monitoring phase, typically 2–5 s). The actual 
scan will then be triggered by either the user on the 
basis of enhancement curves or automatically by the 
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scanner on the basis of a predetermined attenuation 
threshold within the vessel of interest. There is an 
additional contrast detection to scan delay that oc-
curs between the time contrast has been detected in 
the vessel at the predefined region of interest (for ex-
ample at the level of the aortic arch) and the time it 
takes for the scanner to reset into proper position to 
begin the actual scan (at the level of the thoracic in-
let). This contrast detection to scan time delay varies, 
and can range anywhere from 3–9 s. If for example 
there is a greater than 5-s delay, you must take this 
into account during the monitoring phase and set the 
enhancement curves or attenuation thresholds lower 
to account for such delays. An alternative approach 
is to define the location of the monitoring phase and 
scan initiation at the same level, therefore eliminating 
the inherent contrast detection to scan delay. This can 
potentially decrease the scan time by 5 s and result in 
a decrease in amount of contrast administered.

There is an important relationship between col-
limation, pitch, and the patient’s capacity for a 
reasonable breath-hold (reasonable being 45 s). 
Traditionally, with the use of single- and even 4-
channel MDCT, we have been forced to increase the 
collimation or increase the pitch in order to image 
the thoracic aorta within a reasonable breath-hold 
period. For example, with a 4-channel unit, we are 
limited to scanning the thoracic aorta with 2.5-mm 
collimation in order to complete the scan within a 
single breath-hold. However, with current 8- and 16-
channel MDCT units, most CTA studies of the tho-
rax with 1-mm collimation can be performed in less 
than 10 s. CTA of the thorax with ECG gating can be 
performed in approximately 30 s. In fact, in our prac-
tice, we frequently perform an ECG-gated chest CTA 
immediately followed by a CTA of the abdomen and 
pelvis, all within a reasonable breath-hold of approxi-
mately 45 s (Fig. 7.1).

Currently, at Stanford University, all CTA routine 
studies of the thoracic aorta are being effectively per-
formed on an 8- or 16-channel MDCT unit. If we plan 
to perform ECG gating as part of our protocol, then 
we will routinely use the faster 16-channel MDCT 
units. Our typical protocol of CTA of the thorax 
(which varies slightly depending on the vendor-spe-
cific scanner being used) includes 1.25-mm collima-
tion, gantry rotation time of 0.4–0.5 s (depending on 
scan time), table feed of 52–68 mm/s, pitch factor of 
1.3–1.7, typical milliampere-seconds of 350, and typi-
cal kVp of 120. Reconstruction intervals are typically 
50% of the slice collimation. The field of view is vari-
able depending on scan volume, with an image ma-
trix of 512×512 pixels. Contrast dose administration 

can vary anywhere from 80 to 160 ml of 350 mg/ml of 
iodinated contrast, depending on the scan time.

For example, a routine CTA limited to the thoracic 
aorta with an estimated scan time of 10 s on our cur-
rent 16-slice MDCT will require an estimated con-
trast dose of approximately 80 ml of 350 mg/ml of 
iodinated contrast, the goal being to administer an 
intravenous bolus of contrast medium throughout 
the duration of the scan. This amount of contrast is 
calculated based upon the scan time added to con-
trast detection to scan delay multiplied by the injec-
tion rate (usually 4 ml/s).

When performing an ECG-gated study of the tho-
racic aorta, there are a few variations to our standard 
protocol. The gated portion of the study will increase 
the length of the scan by approximately a factor of 3. 
Obviously, this will necessitate a longer breath-hold, 
as well as an increase in the contrast dose to cover 
the longer scan time. Considering a standard 8-chan-
nel MDCT that takes 20 s to cover the thorax, adding 
ECG gating would increase the total scan time to 60 s. 
A 60-s breath-hold is not realistic for most patient 
populations. However, with a 16-channel MDCT unit, 
a nongated CTA of the entire thorax can be performed 
within a 10-s breath-hold. With ECG-gating, this will 
increase the scan time to approximately 25–30 s, well 
within a reasonable breath-hold capacity for most 

Fig. 7.1 Type B aortic dissection. Gated chest computed to-
mography angiography performed on a General Electric 16-
channel detector and 3D reconstruction on ADV Windows 4.1. 
Curved planar reformation demonstrates a type B dissection 
that extends through a patent ductus arteriosus. Patient is also 
status post-AVR.
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patient populations. Therefore, all ECG-gated studies 
of the thoracic aorta are effectively performed on a 
16-channel MDCT unit.

We are increasingly being asked to perform an 
ECG-gated study of the thoracic aorta followed by a 
CTA study of the abdomen and pelvis, as many dis-
eases of the thoracic aorta extend into the aortoiliac 
vessels. Obviously, it is a challenge to perform a study 
with such a long scan time within a single breath-
hold. The previous generation of MDCT units (4 and 
8 channels) simply do not allow for large enough z-
axis coverage within a reasonable scan time with our 
current MDCT scan parameters. Allowing the patient 
to breath between the two studies would lead to un-
acceptable respiratory artifacts as well as necessitate 
the administration of an additional contrast bolus. 
When optimizing a protocol for such studies, there 
are many issues to consider. The most important be-
ing how one will acquire the entire data set within a 
single breath-hold. This includes not only the indi-
vidual scan lengths of the gated chest and abdomen/
pelvis components of the study, but also the amount 
of time it takes for the scanner to reset into proper 
position during the two scans. Our standard ECG-
gated thoracic aorta study on the 16-channel MDCT 
unit takes approximately 25–30 s. A CTA study of the 
abdomen and pelvis on the 16-channel MDCT unit 
takes approximately 10 s. The amount of time it takes 
for the scanner to reset between the individual scans 
varies between 5 and 10 s. Therefore, the total scan 
time of a gated chest followed by abdomen and pelvis 
CTA can take between 40 and 50 s. Depending upon 
the volume of coverage, certain parameters may need 
to be modified to reduce the scan length. A typical 
gantry rotation time for CTA studies is 0.6 s, but the 
newer generation of scanners will permit a rotation 
of 0.4–0.5 s, resulting in a faster scan. Keep in mind 
that faster gantry rotation times are not always ad-
visable, as there is an increased radiation dose re-
quired to maintain image noise at acceptable levels. 
Additionally, the pitch factor can be increased, which 
will result in a decreased scan time, but this results in 
a decrease in overlapping scan pattern, with subse-
quent loss in image quality. Finally, one may simply 
choose to reduce the total scan volume.

7.3 
ECG Triggering Techniques

There are multiple challenges to obtaining accurate 
CTA studies of the thoracic aorta. The two most for-

midable are respiratory artifacts and cardiac pulsa-
tion. Respiratory artifacts have been addressed pre-
viously. When imaging the thoracic aorta, cardiac 
pulsation usually only becomes a problem during 
short segments of systole. ECG-gated techniques have 
made tremendous strides in improving the motion 
artifacts caused by cardiac pulsation (Fig. 7.2). The 
ability to effectively suppress cardiac motion allows 
for improved visualization of not only the thoracic 
aorta, but also major branch vessels, including the 
coronary arteries and supra-aortic vessels. Some of 
the immediate implications include accurate analysis 
of the wall of the thoracic aorta and its subsequent 
disease processes. Additionally, ECG-gated tech-
niques improve evaluation of the proximal coronary 
arteries and the supra-aortic vessels, as well as their 
disease processes (Fig. 7.3).

ECG gating to appropriate segments of the dia-
stolic phase, coupled with fine collimation and ro-
tation gantry times less than 0.5 s can provide a 
temporal resolution approaching 125 ms, and thus 
effectively eliminate the effects of cardiac pulsation 
upon the thoracic aorta [4]. There are two fundamen-
tally different methods of cardiac gating, and the in-
tricacies of each technique are far beyond the scope 
of this chapter.

The first method is prospective cardiac gating. 
This method allows the user to preselect a gate dur-
ing the R-R interval that characteristically has the 
least motion artifacts, such as end-diastole. This usu-
ally coincides with anywhere between 40% and 80% 
of the R-R interval. Acquisition of data will only oc-
cur throughout the predefined window of the R-R 
interval.

Alternatively, the user may retrospectively select 
a gate during the R-R interval which optimally dis-
plays the data with the least pulsation artifacts. In this 
technique, continuous acquisition of data throughout 
all phases of the cardiac cycle is obtained, permitting 
phase selective reconstructions. This requires the use 
of very low pitch factors and overlapping scan data, 
with the understanding that radiation dose concerns 
are sacrificed for image quality. The user subse-
quently has the option to view all ten phases or only 
those phases that coincide with end-diastole. There 
are many advantages to retrospectively gating a CTA 
of the chest. The most obvious advantage is that the 
user has acquired all of the data throughout the R-
R interval and has the flexibility to view the phase 
of the cardiac cycle with the least cardiac pulsation 
artifacts [4]. Additional advantages are realized at 
the workstation, where the user can reconstruct data 
from all consecutive phases of the cardiac cycle to 
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demonstrate real-time imaging [5]. This allows for 
accurate evaluation of the mechanics of aortic wall 
and cardiac valvular motion [6]. The major disadvan-
tage to retrospective gating is the necessary increase 
in radiation dose.

7.4 
Four-Dimensional Cine Imaging

ECG-gated 4D real-time imaging affords us our fi rst 
opportunity at evaluating the mechanics of aortic 
wall and aortic valvular motion [7]. The four dimen-
sions refer to the three spatial axes resolved by the 
time axis. In essence, we have now moved from rou-
tine volumetric imaging to dynamic time-resolved 
volumetric imaging of the thoracic aorta and the aor-
tic valve. 4D imaging consists of reconstructing a 3D, 
retrospectively ECG-gated volumetric data set into a 
predetermined number of cardiac phases based upon 
a set trigger point in the R-R interval. Each data set 
corresponds to a specifi c phase of the cardiac cycle, 
and all phases are reconstructed at the same speed, 
corresponding to the original heart rate. 4D imag-
ing capabilities, currently only available on selected 
workstations, allow the user to interpret 3D volu-
metric sets based upon multiphase data. Applying 
this technology to imaging of the thoracic aorta has 
many important utilities. We currently use 4D im-
aging to evaluate for aortic valve motion as well as 
for competency of prosthetic aortic valves. With 4D 
imaging we have been able to visualize a real-time 
assessment of the motion of aortic dissection fl aps 
and their relationship to the coronary and supra-
aortic vessels. We have also been able to evaluate the 
hyperkinetic wall motion of the thoracic aorta com-
monly seen in Marfan’s patients at the level of the 
sinotubular junction.

Fig. 7.3 Patient with Marfan’s syndrome who underwent el-
ephant trunk procedure. Multidetector-row CT demonstrates 
residual type A dissection extending into brachiocephalic ar-
tery. Also, incidental note is made of tandem aneurysms of 
the left anterior descending coronary artery as well as focal 
outpouching of the left ventricular apex consistent with pseu-
doaneurysm formation s/p iatrogenic left ventricular cannula-
tion at time of aortic repair.

Fig. 7.2 Type A aortic dissection. Gated chest computed tomography angiography performed on a GE 16-channel detector, 
images reconstructed at 10% intervals throughout cardiac cycle. 3D reconstructions performed on a TeraRecon workstation. 
Patient is status post-right coronary artery saphenous venous bypass graft. At subsequent coronary angiography, there was a 
resultant type A dissection which extends into the right coronary artery bypass graft as well as caudally toward the aortic an-
nulus. Operative findings correlate with the radiographic report.
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The following sections illustrate clinical applica-
tions where MDCT provides unique imaging capa-
bilities and diagnostic benefits.

7.4.1 
Congenital Anomalies

Aortic arch and branch vessels, as well as the pul-
monary arteries, develop during the fi rst 4–8 weeks 
of gestation through a series of transformations in-
volving the embryological paired aortic arches, dorsal 
aortae, and 7th intersegmental arteries. This involves 
differential regression and then growth of persisting 
tissue. Anomalies result from failure of normal regres-
sion, regression of segments which should normally 
persist, or combinations thereof [8]. Traditionally, 
anomalies have been investigated with digital sub-
traction angiography. CTA, however, is an alterna-
tive noninvasive means to obtain the same structural 
information. With superior spatial resolution, faster 
scanning to allow acquisitions of the chest in a single 
breath-hold, and the ability for cardiac synchroniza-
tion with ECG-gating, MDCT has become an excel-
lent modality to detect and depict congenital thoracic 
aortic anomalies. Isotropic data sets provide robust 
3D displays, allowing integration from any projection 
of potentially complex structural morphology. Axial 
transverse source images in turn provide high defi ni-
tion of the aortic wall. Acquiring MDCT source im-
ages with decreased motion artifacts not only benefi ts 
assessment of vascular structures, but also aids in the 
assessment of nonvascular structures, which are cru-
cial interpretive elements for complete evaluation of 
congenital heart disorders and thoracic anomalies.

As thin-section high-resolution technique be-
comes the standard for routine thoracic aortic CTA, 
knowledge of the congenital aortic arch anomalies is 
important for the cardiovascular imager. In adults, 
findings may be incidental, but identification and cor-
rect interpretation is essential. In both children and 
adults, one will now be asked to exclude an anomaly 
as a cause for clinical symptoms (i.e., respiratory dif-
ficulty, hypertension). Once an anomaly is identified, 
search should be made for any associated congeni-
tal heart disease (CHD). The purpose of this section, 
therefore, is to offer an overview of common thoracic 
aortic anomalies, including left aortic arch with an 
aberrant right subclavian artery (RSCA); right aortic 
arch with either mirror-image branching or an aber-
rant left subclavian artery (LSCA); double arch; co-
arctation; and pseudocoarctation. The rare cervical 
aortic arch will also be discussed. Finally, although 

not considered an arch anomaly, patent ductus ar-
teriosus (PDA) will be discussed here, given its em-
bryological arch origin and also the occasional PDA 
finding on routine thoracic CTA.

7.4.1.1 
Aberrant Right Subclavian Artery

A left aortic arch with an aberrant RSCA is the most 
common aortic arch anomaly, occurring in 0.4–2.3% 
of the population [9]. The RSCA arises distal to the 
LSCA as the last branch off the arch. The aberrant 
vessel courses retroesophageal, obliquely and superi-
orly, left to right (Fig. 7.4). Three variations exist: with 
a left ligamentum arteriosus and left-sided descend-
ing aorta, with a right ligamentum arteriosus and 
left-sided descending aorta, and with a right ligamen-
tum arteriosus and right-sided descending aorta. All 
may be associated with origin dilatation, known as a 
diverticulum of Kommerall [10].

An aberrant RSCA usually is asymptomatic. Rarely, 
extrinsic tracheal and esophageal compression may 
occur from either (1) ectatic and aneurysmal caliber 
or (2) vascular ring formation with a right ligamen-
tum arteriosum. In these instances, symptoms in-
clude stridor, dyspnea, and dysphagia.

7.4.1.2 
Right Aortic Arch

This results from regression of the left aortic arch 
with persistence of the right arch, occurring in up to 
0.2% of the population [10, 11]. Regression, however, 
is not uniform, providing two types of right aortic 
arches: (1) without a retroesophageal segment, and 
(2) with a retroesophageal segment. The former has 
mirror-image vessel branching, typically with a right 
ligamentum arteriosum, and is a counterpart to a 
normal left aortic arch (Fig. 7.5). It is more common 
in the pediatric population, given the high associa-
tion with CHD (up to 98%). Most commonly, as-
sociated CHD includes truncus arteriosus, tetralogy 
of Fallot, ventricular septal defect with pulmonary 
atresia, double-outlet right ventricle, and transposi-
tion of the great arteries (TGA) [10, 11].

Right aortic arch with a retroesophageal segment 
has an aberrant LSCA and is the counterpart to the left 
aortic arch with aberrant RSCA. It is most commonly 
seen in adults, with only 12% having associated CHD 
(tetralogy of Fallot, septal defects, and coarctation) 
[11]. Those without CHD are usually asymptomatic. 
However, a vascular ring may form if there is a left 
ligamentum arteriosum [10].
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Fig. 7.5a–c. Right aortic arch with mirror-image branching. To evaluate postsurgical repair morphology in a 3-year-old boy with 
tetralogy of Fallot, 0.625-mm retrospectively gated images were acquired through the chest using 16-row multidetector-row CT 
. High-resolution volume-rendered images confirm a right aortic arch with mirror-image branching. The left brachiocephalic 
artery arises first, followed by the right common carotid and subclavian arteries. Note the uplifted cardiac apex, characteristic 
of tetralogy of Fallot.

a b c

Fig. 7.4a–c. Left aortic arch with aberrant right subclavian artery. A 2-
year-old boy underwent ECG-gated, 16-channel multidetector-row CT 
for evaluation of a suspected vascular ring. Images were acquired at 
1.25 mm nominal section thickness through the chest. a (left anterior 
oblique view) and b (left posterior oblique view) are volume-rendered 
images demonstrating the right subclavian arising as the fourth aortic 
arch vessel, coursing superior, left to right. The axial source image in c 
is at the right subclavian origin, at the region where it begins to course 
retroesophageal. No ring was present.

a b

c
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7.4.1.3 
Double Arch

A double aortic arch results from failure of right or 
left aortic arch involution, occurring in up to 0.3% 
of the population [12]. The arches arise from the 
aortic root and then join to form a single descending 
thoracic aorta, which most commonly is left sided 
(Fig. 7.6). The ligamentum arteriosum may connect 
to either arch.

In a double arch, the right arch is usually larger in 
size and superior in location than the left arch. The 
right arch passes posterior to the esophagus, while 
the left arch courses anterior to the trachea. In some 
instances, the anterior arch may have an atretic seg-
ment. Common carotid and subclavian arteries arise 
symmetrically from the respective arches, with the 

carotid arteries anterior and the subclavian arteries 
posterior in origin [10].

The double arch is the most common cause of a 
complete vascular ring, with both arches encircling 
the trachea and esophagus. Depending on the sever-
ity of constriction, stridor, dyspnea, recurrent pneu-
monia, and dysphagia may ensue. Associated CHD is 
rare [10, 12].

7.4.1.4 
Coarctation

Coarctation is defi ned by narrowing of the aorta in the 
region of the ductus or ligamentum arteriosum. It is 
subdivided into two types: preductal and postductal.

In the preductal type, also known as infantile 
form, constriction is proximal to the ductus and is 

a

b

c d

Fig. 7.6a–d. Double arch. Experiencing respiratory difficulties, a 6-year-old boy underwent retrospectively ECG-gated 16-chan-
nel multidetector-row CT with 1.25-mm nominal section thickness. a and b confirm a double arch with a complete ring. This 
results in tracheal narrowing, as demonstrated by the source images and also the virtual endobronchoscopy (c and d).
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associated with tubular hypoplasia of the aortic arch 
distal to the brachiocephalic artery. The ductus arte-
riosum often remains patent (PDA) and there is high 
CHD association. Bicuspid aortic valve, ventricular 
septal defect (VSD), hypoplastic left heart, and TGA 
are most common. The diffuse arch involvement 
commonly results in significant left ventricular (LV) 
afterload. This leads to neonatal LV dysfunction, LV 
dilatation, congestive heart failure, and dependence 
for LV decompression and systemic perfusion on 
both the VSD and PDA [10].

In the postductal type, localized constriction 
is present just distal to the ductus arteriosum. The 
ductus arteriosum often closes and CHD is less com-
mon. Presentation usually is in adults, but may be in 
neonates and older children. Clinical findings include 
claudication, hypertension, and differential extremity 
blood pressure. An aberrant RSCA artery will result 
in decreased right upper-extremity systolic blood 
pressure, relative to the left.

CTA findings reflect not only the aortic constric-
tion, but also the physiological response to the co-
arctation. A search should be made for a collateral 
network involving internal mammary, thyrocervical, 
scapular, intraspinal, and intercostal arteries that di-
rects blood from the high-pressure aorta above the 
constriction to the low-pressure aorta below the con-
striction. Attention should also be made toward iden-
tifying CHD, LV hypertrophy (response to afterload 
resistance), and inferior rib scalloping with sclerosis 
(response to enlarged, pulsatile intercostal arteries).

7.4.1.5 
Pseudocoarctation

Pseudocoarctation is defi ned as an asymptomatic 
localized buckling at the level of the ligamentum ar-
teriosum, resulting from thoracic aorta elongation 
and redundancy (Fig. 7.7) [13]. Unlike coarctation, 
in pseudocoarctation, there are no hemodynamic 

a

b

c

Fig. 7.7a–c. Pseudocoarctation. A 50-year-old man underwent a ret-
rospectively ECG-gated CTA through the chest at 1.25-mm nominal 
slice thickness to evaluate an ascending aortic aneurysm. Data was 
acquired on a 16-row multidetector-row CT . Incidentally identi-
fied was a focal pseudocoarctation. a The axial image shows focal 
aortic narrowing just distal to the left subclavian artery. b The left 
anterior oblique volume rendered image confirms minimal redun-
dancy. Internal mammary and intercostals arteries were normal in 
caliber without collaterals. Also incidentally identified was aberrant 
coronary anatomy. c shows the right coronary artery arising from 
the left coronary cusp with the left main coronary artery.
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changes. Upper- and lower-extremity blood pres-
sures are symmetrically normal, there is no collat-
eral network, and inferior ribs show no scalloping 
or sclerosis. Similar to coarctation, there is a slightly 
increased prevalence of CHD, including PDA, VSD, 
and bicuspid aortic valve [14].

7.4.1.6 
Cervical Arch

Cervical arch is a rare congenital anomaly, with the 
transverse aorta extending into the neck (Fig. 7.8). 
Haughton classifi ed cervical aortic arches into fi ve 
types (types A–E), based on aortic confi guration, 
brachiocephalic branching, and embryogenesis [15]. 
Association with aneurysm formation is not uncom-
mon, particularly in a type D. Proposed etiologies for 
this include embryological development, abnormal 
connective tissue, altered hemodynamics and aortic 
wall stress, and trauma [16]. Depending on the type 
and presence of an aneurysm, patients may present 
with a pain, dysphagia, and/or a pulsatile mass.

7.4.1.7 
Patent Ductus Arteriosum

A PDA may be easily overlooked. With situs solitus 
and a left aortic arch, the PDA communicates be-

tween the left pulmonary artery and inferior aspect 
of the distal transverse and proximal descending tho-
racic aorta, opposite the LSCA origin. If identifi ed, a 
search should be made for other congenital heart and 
aorta anomalies.

7.4.2 
Intervention

Indications for thoracic aorta surgical or endovascu-
lar repair include aneurysms, dissection, penetrating 
atherosclerotic ulcers, intramural hematoma, trau-
matic aortic injury, and coarctation. With the ability 
to assess vessel wall morphology, vascular calcifi ca-
tions, perivascular disease, and vessel relationships 
with adjacent bone and soft tissue, similar to its role 
in planning surgical and endovascular interventions, 
MDCT angiography is paramount in assessment of 
the thoracic aorta postintervention. With regard to 
image display, while MDCT 3D postprocessing (MPR, 
CPR, MIP, VR) provides invaluable understanding of 
the reconstructed anatomy, the greatest advance in 
postintervention CTA has been ECG gating with 4D 
real-time imaging. Cardiac motion artifact is reduced; 
native and reimplanted coronary arteries as well as 
bypass grafts can be evaluated; and valve structure 
and function can be qualitatively examined.

a b

Fig. 7.8a,b. Cervical arch. A 67-year-old man presented to the emergency department with chest pain. To evaluate for acute 
aortic syndrome, routine 16-channel multidetector-row CT angiography was performed at 1.25-mm nominal thickness with a 
gantry speed of 0.6 s per rotation and a pitch of 1.375. Although no dissection, penetrating atherosclerotic ulcer, or intramural 
hematoma was present, images identified atherosclerosis with a left cervical arch. Note the hypoplastic appearance of the cervi-
cal transverse arch with normal ordered arrangement of the supra-arch vessels.
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The primary interpretive goals of MDCT angiog-
raphy postintervention, whether by surgical or endo-
vascular means, include: identifying complications; 
confirming luminal patency (native aorta, graft, en-
dograft); confirming aneurysm exclusion (inclusion 
grafts or stent grafts); and providing disease surveil-
lance. Since patients with repaired dissection or an-
eurysm may have underlying connective tissue disor-
ders, the immediate postintervention study serves as a 
baseline for subsequent studies – these patients are at 
risk for future aneurysmal dilatation, dissection pro-
gression, and/or new dissection. Recognition of the 
normal postsurgical and postendovascular thoracic 
aorta facilitates the postintervention diagnoses.

7.4.2.1 
Surgical

Surgical options for the thoracic aorta include in-
terposition and inclusion grafts. The interposition 
technique, as applied to the ascending aorta and 
aortic arch, involves excision of the diseased seg-
ment and then graft replacement with an end-to-
end anastomosis (Fig. 7.9). The inclusion technique 
involves aortotomy, graft insertion, and wrapping the 
diseased aorta around the graft, resulting in a poten-
tial space, which affords graft protection.

When an ascending aorta aneurysm or dissec-
tion extends into the aortic root, additional steps 

a

b c

Fig. 7.9a–c. Status-post-ascending aorta interposition graft for type 
A dissection. Images shown are from a patient in the immediate 
postoperative period, following interposition graft replacement of 
the ascending aorta along with graft repair of the transverse aorta 
and creation of an elephant trunk distally. Operative treatment was 
performed for type A dissection with aneurysm formation. Axial 
and volume-rendered images from a retrospectively ECG-gated, 
high-resolution 16-channel acquisition identify patent grafts and 
reimplanted coronary and aortic arch vessels, with a focal contained 
dehiscence at the aortic arch cannulation site (arrow). Correlation 
between the axial image and the volume-rendered left anterior 
oblique projection (c) nicely facilitates appreciation of the elephant 
trunk position, as well as the relative relations between the true and 
false lumens.
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to graft replacement include either resuspension 
of the aortic valve or prosthetic valve replacement 
(Bentall composite graft procedure), both with 
coronary artery reimplantation. If the coronary ar-
teries cannot be reimplanted, vein bypass grafts are 
the option of choice. The grafts may be placed sepa-
rately or as a single conduit (Cabrol graft). When 
valve leaflets show normal morphology, valve-
spearing replacement is an option (Tirone David 
procedure). Ascending aortic graft anastomosis to 
the aortic arch can be made with an end-to-end or 
hemiarch approach. For aortic arch replacement, 
an island of native arch tissue, containing ostia for 
the supra-arch vessels, is anastomosed to the graft. 
Arch graft repair can be performed as a single-stage 
(end-to-end anastomosis) or a two-stage procedure 
(elephant trunk), depending on the underlying pa-
thology and extent of disease (Fig. 7.9). Following 
proximal and distal end-to-end anastomoses for de-
scending aorta replacement, intercostal arteries are 
often reimplanted. Similarly for thoracoabdominal 
grafts, visceral and renal vessels may need reim-
plantation, either as an island of native aorta and/or 
individually [17].

CT findings postoperatively include pericardial 
effusion, pleural effusions, mediastinal hematoma, 
atelectasis, consolidation, pneumothorax, pneumo-
mediastinum, and chest wall hematoma. Grafts are 
readily identified on the noncontrast images by their 
regular circular contour with slightly higher density 
ring. Noncontrast images should also be reviewed for 
the presence and location of surgical clips.

On the contrast-enhanced images, graft tran-
sitions to native aorta and surgical fenestrations 
should be recognized. Graft lumens, native vessels, 
and reimplanted arteries should be patent, without 
kinking, thrombus, or occlusion. In addition to graft 
and vessel luminal compromise, other complications 
to identify include anastomotic dehiscence with con-
trast extravasation and pseudoaneurysm formation, 
either from the graft or coronary artery suture lines. 
With inclusion grafts, there should be no perigraft 
flow. If there is anastomotic dehiscence or tempo-
rary transgraft leakage, the perigraft space will con-
tain contrast in addition to thrombus. Access sites 
for cardiopulmonary bypass (i.e., aorta, pulmonary 
veins, atrial appendages, left ventricle, femoral ar-
tery/vein) are assessed for any dehiscence or throm-
bus (Fig. 7.10). 4D real-time imaging is most com-
monly applied in our practice to assess aortic valves 
following aortic valve sparing surgery (Tirone David 
procedure). Valve leaflets are assessed for thickening 
and closure.

7.4.2.2 
Endovascular

Current approved devices for thoracic aortic stent-graft-
ing are Talent (Medtronic AVE, Sunrise, Fla.), Aneurx 
(Medtronic AVE, Sunrise, Fla.), and Excluder (Gore, 
Flagstaff, Ariz.) stent-graft systems. Imagers should be 
familiar with the individual appearances. For instance, 
the Talent device has uncovered superior struts, which 
afford fi xation above the left subclavian ostium.

Success of thoracic aorta endovascular repair re-
lies on device and patient selection. Noninvasive im-
aging, in turn, plays a major role in deciding whether 
patients meet inclusion criteria. Although both MRA 
and CTA are the principal modalities for this objec-
tive, and CTA employs iodinated contrast, CTA offers 
superior resolution for depicting wall morphology, 
provides reliable assessment of vascular calcifica-
tions, and allows for simultaneous 3-D display of vas-
cular and nonvascular structures.

Preendovascular CTA focuses on qualitative and 
quantitative assessment. The aortic pathology (i.e., 
aneurysm, dissection) is defined with reference to the 
supra-arch vessels. More importantly, the maximal 
thoracic aorta dimension, the proximal neck – distance 
from a reference vessel (i.e., left subclavian artery) to 
the beginning of the aortic pathology (i.e., aneurysm, 
entry tear for dissection) – and the planned distal land-
ing zone are all measured for maximal diameter and 
length. In addition, the proximal neck and distal land-
ing zone are evaluated for thrombus burden, angula-
tion, and aneurysm formation, all of which are factored 
into the selection process. Imaging should include the 
iliac to common femoral arteries as angulation, tortu-
osity, heavy calcification, and stenosis all impact suc-
cess negatively [11]. In these instances, a surgical retro-
peritoneal iliac or aorta conduit may be required.

Complications from stent-graft repair may occur 
early or late. As the technology and procedure are still 
young, patients require life-long surveillance. In our 
practice, unless patients have renal insufficiency, for 
routine thoracic aorta anatomical assessment, fol-
lowing endovascular repair, it is our choice to also 
employ CTA over MRA. Primary goals of imaging are 
to assess stent-graft position and patency while con-
firming aneurysm sac size stability or a decrease in 
size; excluding rupture and endoleaks; and excluding 
stent-graft migration, thrombus, kinking, and occlu-
sion (Fig. 7.11). Identification of an endoleak requires 
comparison with precontrast images. Delayed images 
are useful for detecting slow perigraft flow. Attempts 
should be made to characterize the endoleak: type I, 
incomplete proximal or distal seal with aortic wall; 

CATA_07-Dake.indd 98CATA_07-Dake.indd   98 19.10.2004 17:50:01 Uhr19.10.2004   17:50:01 Uhr



Thoracic Aorta 99

type II, retrograde flow via patent aortic branches; 
type III, stent graft modular/structural failure; type 
IV, graft porosity. Dimensions of the aorta, neck, and 
landing zone should be correlated with any demon-
strated stent-graft migration, kinking, or endoleak. 
Noncovered supra-arch, abdominal aorta and ac-
cessed iliofemoral vessels should be well opacified, 
without emboli or dissection. Another complication 
to exclude is a retroperitoneal hematoma [18].

7.5 
Conclusion

These applications of MDCT demonstrate the unique 
imaging capabilities currently available with this mo-
dality. With such powerful technology at our disposal, 
not only are we able to challenge, but in most cases, 
surpass the diagnostic acumen of conventional an-
giography.

a b

c d

Fig. 7.10a–d. Right atrial appendage thrombus with pulmonary embolism. After a patient underwent interposition graft replace-
ment for an ascending aortic aneurysm, postoperative imaging was performed with a retrospective ECG-gated 16-row acquisi-
tion. While the graft was patent (not shown), incidentally identified on axial (a,d), volume-rendered (b), and maximum-intensity 
projection images (c) was a right-sided atrial appendage thrombus, related to bypass cannulation (arrows) associated with right 
upper lobe pulmonary embolism (arrowheads).
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a

c

d e

b

Fig. 7.11a–e. Thoracic aortic aneurysm pre and posten-
dovascular repair. a A patient with transverse and de-
scending mycotic aortic aneurysms, who was not a 
surgical candidate, underwent endovascular repair. b 
Immediate poststent-graft CTA showed successful ex-
clusion of the descending aortic aneurysm, but a type I 
leak at the transverse aorta. In an attempt to minimize 
the physiological stress of complete thoracic aortic graft 
repair, it was elected to extend the stent graft into the 
ascending aorta, covering the left subclavian artery and 
anastomosing a Y-bypass graft from the ascending aorta 
to the brachiocephalic and left common carotid arteries. 
c-e Retrospectively ECG-gated 1.25-mm sections pro-
vided high-resolution postprocessed images, confirming 
patency of the stent graft and the surgical Y-graft, as well 
as the coronary arteries, along with now-successful ex-
clusion of the transverse aorta aneurysm.
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8 Multidetector-Row CT Angiography 
 of the Pulmonary Circulation
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Introduction

The introduction of multidetector-row CT (MDCT) 
into clinical radiology has decisively reemphasized 
and reinvigorated the cardinal role of CT as the pre-
mier imaging modality for imaging the pulmonary 
circulation. The specifi c requirements of diagnos-
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tic imaging in the high-resolution environment of 
the chest, with fast-moving organs and the need for 
image acquisition during apnea, are ideally met by 
MDCT technology. The scan speed of current-gen-
eration MDCT scanners translates into the ability to 
scan the entire chest within a few seconds. Despite 
submillimeter resolution, this results in motion-free 
images even in the sickest of patients. Use of thin 
slices was shown to signifi cantly improve the de-
tection of minute vascular pathology such as small, 
peripheral pulmonary emboli [21, 78]. For a compre-
hensive diagnosis of focal and diffuse lung disease, 
both contiguous images and high-resolution CT 
(HRCT) can be reconstructed from the same single 
acquisition, without scanning the patient twice [75]. 
ECG synchronization with MDCT is a valuable tool 
to improve image quality and diagnostic accuracy 
by reducing motion artifacts as potential sources of 
diagnostic error [72]. However, while MDCT pro-
vides innumerable opportunities, its unique char-
acteristics also pose hitherto unknown challenges 
to its users. The large-volume data sets generated 
by current and future generations of HRCT scan-
ners are a logistical problem that threatens to over-
burden the radiologist with diagnostic information. 
Also, although MDCT can be used in ways that result 
in a reduction of patient radiation dose, with many 
applications the patient dose is likely to increase if 
no adequate precautions are taken. Solutions, how-
ever, are on the horizon and are comprehensively 
discussed throughout this book. The discipline of 
radiology is quickly adapting to novel concepts of 
data visualization, embracing 2D and 3D display 
techniques. Effective means for reducing radiation 
dose are being implemented. Tools for facilitating 
the analysis of large-volume MDCT data sets for ac-
curate detection of pathology are continuously be-
ing refi ned. In the following we will discuss specifi c 
improvements, novel challenges, and sophisticated 
solutions, which the advent of ever-faster MDCT ac-
quisition techniques has brought about for imaging 
of the pulmonary circulation.
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8.1 
Multidetector-Row CT Angiography of 
Pulmonary Embolism

8.1.1 
Imaging Pulmonary Embolism: 
The Paradigm is Shifting

Although increasingly sophisticated clinical algo-
rithms for “bedside” exclusion of pulmonary embo-
lism (PE) are being developed, mainly based on a 
negative D-dimer test [6, 11, 42, 92], there is a high 
and seemingly increasing demand for imaging tests 
for suspected PE.

Invasive pulmonary angiography is still regarded 
by some as the “gold standard” technique, but in real-
ity is rarely ever used as such [8, 40, 60, 71]. The main 
reason for the latter appears to be the invasiveness of 
this procedure, although the incidence of complica-
tions with contemporary techniques is low [79, 98]. 
More importantly there is mounting evidence for 
the limitations of this technique for the unequivocal 
diagnosis of isolated peripheral pulmonary emboli: 
At two recent analyses, the interobserver agreement 
rates for detection of subsegmental emboli by selec-
tive pulmonary angiography ranged between only 
45% and 66% [10, 82]. Given such limitations, use of 
this test as an objective and readily reproducible tool 
for the verification of findings at competing imaging 
modalities as to the presence or absence of PE seems 
questionable, and the status of pulmonary angiogra-
phy as the standard of reference for diagnosis of PE 
is tarnished.

Use of nuclear medicine imaging, once the first 
study in the diagnostic algorithm of PE, appears to 
be declining [44, 70] due to the high percentage of in-
determinate studies (73% of all performed [59]) and 
poor interobserver correlation [4]. Revised criteria 
for the interpretation of ventilation-perfusion scans 
[80, 81] and novel technologies in nuclear medicine 
such as single photon-emission tomography (SPECT) 
[3, 56] can decrease the ratio of indeterminate scinti-
graphic studies, but cannot offset the limitations in-
herent to a mere functional imaging test [18].

Contrast-enhanced magnetic resonance (MR) 
angiography has been evaluated for the diagnosis 
of acute PE [30, 48, 55, 69]. However, the acquisition 
protocols that are currently available for MR pulmo-
nary angiography lack sufficient spatial resolution 
for reliable evaluation of peripheral pulmonary ar-
teries [30, 55]. More importantly, this modality has 

not seen widespread use in the acutely ill patient 
with suspected PE due to lack of general availability, 
relatively long examination times, and difficulties in 
patient monitoring.

This leaves us with CT, which, for most practi-
cal purposes, has become the first-line imaging test 
after lower-extremity ultrasound for the assess-
ment of patients with suspected PE in daily clinical 
routine. The most important advantage of CT over 
other imaging modalities is that both mediastinal 
and parenchymal structures are evaluated, and 
thrombus is directly visualized [31, 95] (Fig. 8.1). 
Studies have shown that up to two-thirds of patients 
initially suspected to have PE receive another diag-
nosis [35], some with potentially life-threatening 
diseases such as aortic dissection, pneumonia, lung 
cancer (Fig. 8.2), and pneumothorax [89]. Most of 
these differential diagnoses are amenable to CT vi-
sualization, so that in many cases a specific etiology 
for the patients’ symptoms or important additional 
diagnoses can be established [18]. The interobserver 
agreement for CT is better than for scintigraphy 
[90]. In a recent study, interobserver agreement for 
the diagnosis of PE was excellent for spiral CT an-
giography (κ=0.72) and only moderate for ventila-
tion–perfusion lung scanning (κ=0.22) [4]. CT also 
appears to be the most cost-effective modality in 
the diagnostic algorithm of PE compared with al-
gorithms that do not include CT but are based on 
other imaging modalities (ultrasound, scintigraphy, 
pulmonary angiography) [88]. Also, there is some 
indication that CT may not only be used for evalu-
ating thoracic anatomy in suspected PE, but also 
could to some degree allow deriving physiological 
parameters on lung perfusion at single-slice, elec-
tron-beam, and MDCT [28, 73, 93]. The main im-
pediment for the unanimous embrace of computed 
tomography as the modality of choice for the diag-
nosis of acute PE has been limitations of this mo-
dality for the accurate detection of small peripheral 
emboli. Early studies comparing single-slice CT 
with selective pulmonary angiography demon-
strated CT’s high accuracy for the detection of PE to 
the segmental arterial level [23, 63, 65, 85] but sug-
gested that subsegmental pulmonary emboli may be 
overlooked by CT scanning. The degree of accuracy 
that can be achieved for the visualization of subseg-
mental pulmonary arteries and for the detection of 
emboli in these vessels with single-slice, dual-slice, 
and electron-beam CT scanners was found to range 
between 61% and 79% [23, 61, 66, 74].
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Fig. 8.2 Incidentally found T1 peripheral adenocarcinoma (arrow, right panel) in the right upper lobe of a patient with central 
pulmonary embolism (arrows, left panels). Contrast-enhanced 4-slice MDCT study. Axial sections (left panels) and coronal mul-
tiplanar reformat (right panel). Direct visualization of emboli and relevant alternative or additional disease is the key advantage 
of CT over competing modalities for the diagnosis of PE

a b

Fig. 8.1a,b Seventy-two-year-old man with extensive, acute central pulmonary embolism with “saddle embolus” extending into 
both central pulmonary arteries. Contrast-enhanced 16-slice CT images. Colored volume-rendering technique seen from a 
frontal cranial (a) and coronal (b) perspective allows intuitive visualization of location and extent of embolism and facilitates 
communication with referring physicians
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8.1.2 
Advantages of Multidetector-Row CT for 
PE Imaging

In the last few years, CT has seen decisive dynamic 
developments, mainly brought about by the advent 
of MDCT technology [34, 47]. The current genera-
tion of 4-slice (Table 8.1), 8-slice, 10-slice, and 16-
slice (Table 8.2) CT scanners now allows for acquisi-
tion of the entire chest with 1-mm or submillimeter 
resolution within a short, single breath-hold of now 
less than 10 s in the case of 16-slice CT (Fig. 8.3). The 
ability to cover substantial anatomical volumes with 
high in-plane and through-plane spatial resolution 
has brought with it a number of decisive advantages. 
Short breath-hold times were shown to benefi t im-
aging of patients with suspected PE and underlying 
lung disease and should reduce the percentage of 
nondiagnostic CT pulmonary angiography inves-
tigations [63]. The near-isotropic nature of high-

resolution MDCT data lends itself to 2D and 3D 
visualization; this may in some instances improve 
PE diagnosis [64]. Potential pitfalls for PE diagnosis 
that have been cited relate to the incorrect inter-
pretation of hilar lymphatic tissue as intraluminal 
fi lling defects. However, even for less experienced 
observers, diagnostic errors such as this are easy 
to avoid if familiarity with this potential pitfall is 
ensured. In the very few cases with a residual in-
secure diagnosis, 3D visualization of MDCT data 
may be helpful in clarifying the relationship of hilar 
lymphatic tissue to the central pulmonary arter-
ies, aid diagnosis in such instances, and help avoid 
diagnostic pitfalls [67] (Fig. 8.4). 3D visualization 
is generally of greater importance for conveying 
information on localization and extent of embolic 
disease to referring clinicians in an intuitive and 
acceptable manner (Fig. 8.1).

Probably the most important advantage of high-
resolution MDCT pulmonary angiography is the 

Table 8.1 Four-slice MDCT pulmonary angiography protocols

Colli
mation 
(mm)

Table 
feed 
(mm/s)

Gantry 
Rotation (s)

Pitch kV mAs Contrast 
volume (ml)

Flow 
(ml/s)

Delay (s) Recon/
Increm. (mm)

Pulmonary 
arteries: high 
speed

4×2.5 30 0.5 6 120 120 80 4 18 or Bolus 
trigger

3/2
6/6 (lung)

Pulmonary 
arteries: high 
resolution

4×1 12 0.5 6 120 120 120 4 18
or Bolus 
trigger

1.25/1
6/6 (lung)

Veins in sus-
pected PE and 
DVT

4×5 mm 70 0.5 7 120 120 No additional 
contrast

- 150-s total 
delay

6/6

DVT deep venous thrombosis, PE pulmonary embolism

Table 8.2 Sixteen-slice MDCT pulmonary angiography protocols

Col-
limation 
(mm)

Table 
feed 
(mm/s)

Gantry rota-
tion (s)

Pitch kV mAs Contrast 
volume (ml)

Flow 
(ml/s)

Delay (s) Recon/
Increm. (mm)

Pulmonary 
arteries

16×0.75 30 0.5 20 
(1.25)

120 100 100 4 Bolus trig-
ger

1.0/0.7
5/5 (lung)

Pulmonary 
arteries: ECG 
gating

12×0.75 6.7 0.42 3.7 
(0.31)

120 500 120 4 Bolus trig-
ger

0.75/0.4
1.0/0.5

Veins in sus-
pected PE and 
DVT

16×1.5 72 0.5 24 
(1.5)

120 100 No additional 
contrast

- 150-s total 
delay

5/5
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Fig. 8.3 Normal pulmonary vessels in a 56-year-old man 
presenting with mild chest pain after a long-distance flight. 
Contrast-enhanced 16-slice CT examination covers the entire 
chest within a scan time of 10 s, allowing analysis of even the 
most peripheral pulmonary vessels in exquisite detail

improved diagnosis of small peripheral emboli. Still 
with single-slice CT, it could be shown that superior 
visualization of segmental and subsegmental pul-
monary arteries can be achieved with thinner slice 
widths (e.g., 2 mm versus 3 mm) [66]. However, with 
single-slice CT, the range, which can be covered with 
thin slice widths within one breath-hold, is rather 
limited [66, 73]. The high spatial resolution of 1-mm 
or submillimeter collimation data sets now allows 
evaluation of pulmonary vessels down to 6th-order 
branches [21] and significantly increases the detec-
tion rate of segmental and subsegmental pulmonary 
emboli [77] (Fig. 8.5). This increase in the rate of de-
tection is probably due to reduced volume averaging 
and the accurate analysis of progressively thinner 
vessels by use of thinner sections. Improved visual-
ization with high-resolution MDCT is most striking 
in peripheral arteries with an anatomical course par-
allel to the scan plane. Such vessels tend to be most 
affected by volume averaging if thicker slices are used 
[77] . The high spatial resolution along the scan axis 
of a thin-collimation, MDCT data set, however, allows 
an accurate evaluation of the full course of such ves-
sels. The interobserver correlation for confident de-
tection of subsegmental emboli with high-resolution 
MDCT by far exceeds the reproducibility of other 
imaging modalities, i.e., invasive pulmonary angiog-
raphy [77].

Fig. 8.4a,b. Contrast-enhanced CT pulmonary angiography 
in a patient with suspected acute pulmonary embolism. 
Lymphatic tissue in the mediastinum and in the pulmonary 
hilum (arrows) may be misinterpreted as embolic filling de-
fects in central pulmonary vessels by less experienced observ-
ers if only axial sections (a) are used for diagnosis. Coronal 
multiplanar reformats of a high-resolution 4-slice multide-
tector-row CT acquisition (b) allow better differentiation of 
lymphatic tissue, and vessels and may reduce sources of di-
agnostic error

a

b
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8.1.3 
The Quandary of the Isolated Subsegmental 
Embolus

While traditional technical limitations of CT for the 
diagnosis of pulmonary emboli appear successfully 
overcome with the advent of MDCT, we are now fac-
ing new challenges that are a direct product of our 
increased technical prowess. Small peripheral clots 
that might have gone unnoticed in the past are now 
frequently detected (Fig. 8.6).

While, based on a good quality MDCT scan, there 
may be no doubt in the mind of the interpreting ra-
diologists as to the presence of a small isolated clot, 
such findings will be increasingly difficult to prove 
in a correlative manner. Animal experiments that use 
artificial emboli as an independent gold standard in-
dicate that high-resolution, 4-slice MDCT is at least as 
accurate as invasive pulmonary angiography for the 
detection of small peripheral emboli [2]. However, it 
appears highly unlikely that pulmonary angiogra-
phy will be performed on a patient merely to prove 
the presence of an isolated embolus. Also, given the 
limited interobserver correlation of pulmonary angi-
ography, which was pointed out earlier [10, 82], it ap-
pears doubtful that this latter test, even if performed, 
would provide useful and adequate correlative proof 
for findings at high-resolution MDCT. Broad-based 
studies such as PIOPED II, which set out to establish 
the efficacy of MDCT in suspected PE, account for 
this latter fact by using a composite reference test 
based on ventilation/perfusion scanning, ultrasound 
of the lower extremities, pulmonary angiography, 
and contrast venography to establish the PE status of 
the patient [26].

Perhaps more importantly there is a growing sense 
of insecurity within the clinical community about how 

to manage patients in whom a diagnosis of isolated 
peripheral embolism has been established. It has been 
shown that 6% [59] to 30% [53] of patients with doc-
umented PE present with clots only in subsegmental 
and smaller arteries, but the clinical significance of 
small peripheral emboli in subsegmental pulmonary 
arteries in the absence of central emboli is uncertain. 
It is assumed that one important function of the lung 
is to prevent small emboli from entering the arterial 
circulation [31]. Such emboli are thought to form 
even in healthy individuals, although this notion has 
never been substantiated [86]. Controversy also ex-
ists about whether the treatment of small emboli, 
once detected, may result in a better clinical outcome 
for patients [24, 52, 65]. There is little disagreement 
though that the presence of peripheral emboli may be 
an indicator for current deep vein thrombosis, thus 
potentially heralding more severe embolic events 
[35, 53, 58]. A burden of small peripheral emboli may 
also have prognostic relevance in individuals with 
cardiopulmonary restrictions [24, 31, 53] and for the 
development of chronic pulmonary hypertension in 
patients with thromboembolic disease [53].

Perhaps the most practical and realistic scenario 
for studying the efficacy of CT for the evaluation of 
patients with suspected PE is assessing patient out-
come. There is a growing body of experience con-
cerning the negative predictive value of a negative 
CT study and patient outcome if anticoagulation is 
subsequently withheld [4, 19, 24, 25, 50, 54, 63, 84, 
87]. According to these studies, the negative predic-
tive value of a negative CT study is high, regardless 
of whether multidetector-row technology is used [63] 
or whether underlying lung disease is present [87]. 
The frequency of a subsequent clinical diagnosis of 
PE or deep venous thrombosis (DVT) after a nega-
tive CT pulmonary angiogram is low and lower than 

Fig. 8.5 Three-millimeter 
(left) and 2-mm (middle) ax-
ial reconstructions of a con-
trast-enhanced multislice CT 
data set suggest the presence 
of thrombus in a segmental 
artery supplying the poste-
rior segment of the left up-
per lobe of the lung (arrow). 
Only 1-mm reconstruction 
(right) of the data set allows 
following the entire course 
of the segmental artery and 
unanimous visualization 
of the filling defect within 
the posterior subsegmental 
branch
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d

Fig. 8.6a–d. Contrast-enhanced 16-slice CT examination with 
0.75-mm collimation in a patient with mild pleuritic chest 
pain. Isolated peripheral pulmonary embolus (arrows) in a 
subsegmental pulmonary artery in segment 9 of the left lung 
is visualized on three consecutive axial sections (a) and on 
coronal (b) and oblique-sagittal (c) multiplanar reformats. 
Volume-rendered display seen from posterior shows isolated 
peripheral filling defect (d) within otherwise normal pulmo-
nary vascular tree
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b

Fig. 8.7 Examples of deep venous thrombosis diagnosed by 
combined multidetector-row CT pulmonary angiography and 
venography. Thrombi are delineated as filling defects, seen in 
the left femoral (a) and popliteal (b) veins.

Fig. 8.8a,b. Extensive residual deep venous thrombosis in the 
inferior vena cava (arrow) of a young female patient with acute 
pulmonary embolism. Compromise of the right renal vein by 
thrombotic material causes venostasis in the right kidney with 
differing contrast media attenuation in the right as compared 
to the left kidney. Thrombosis in the abdominal venous system 
as noted in this case may be difficult to evaluate with sonog-
raphy due to extensive abdominal gas but is clearly visualized 
with CT venography.

that after a negative or low-probability V-Q scan [24]. 
Thus even single-slice CT is a reliable imaging tool 
for excluding clinically relevant PE, so that it appears 
that anticoagulation can be safely withheld when the 
CT scan is normal and of good diagnostic quality [24, 
84].

With MDCT technology, past limitations of CT for 
the diagnosis of PE should be effectively overcome 
and, for all practical purposes, CT has become es-
tablished as the first-line modality for imaging pa-
tients with suspected PE. CT has become an attractive 
means for a safe, highly accurate and cost-effective 
diagnosis of pulmonary embolism. The lack of a 
clinically available gold standard for the diagnosis 
of PE suggests that the medical community should 
replace theoretical and academic discussions on the 
relative value of different imaging modalities, with 
more realistic approaches based on patient outcome. 
Retrospective and prospective studies [4, 19, 24, 25, 
50, 54, 68, 84, 87] have demonstrated the high nega-
tive predictive value for a normal MDCT pulmonary 
angiography study. Once it is accepted by the medi-
cal community that a negative CT safely excludes the 
presence of pulmonary embolism, we believe use of 
CT for PE diagnosis will be unanimously embraced 
as the reference modality.

8.2 
Multidetector-Row CT for 
Imaging Deep Venous Thrombosis

Combined MDCT venography and pulmonary angi-
ography is a diagnostic test that screens for pulmo-
nary embolism and DVT using a single contrast-me-
dium infusion. This technique has been proposed as 
a cost-effective means for excluding lower-extremity 
venous thrombosis in patients undergoing CT pul-
monary angiography [45]. Key advantages comprise 
that no additional contrast media needs to be in-
jected to evaluate both the pulmonary vessels and 
the deep venous system. Meanwhile use of CT for 
this purpose seems to be clinically established [7, 
12, 20, 46, 97]. We use the volume-covering capabili-
ties, which have become available with MDCT, for a 
comprehensive diagnosis of PE and DVT in patients 
without known source of emboli (Figs. 8.7, 8.8, 8.9). 
In a patient with acute pulmonary embolism who is 
bound for the intensive care unit, a comprehensive di-
agnosis of the extent of thromboembolic disease, the 
source of emboli, and potential residual thrombosis 
can be diagnosed in a single session by using this ap-
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proach. CT may even be advantageous over Doppler 
sonography and conventional venography, since ex-
tensive residual thrombosis in the abdominal and 
pelvic venous system (Fig. 8.8) or in other anatomical 
regions not accessible by ultrasound (Fig. 8.9) may 
be better visualized by use of CT. In the vast major-
ity of patients who receive a combined thoracic and 
venous MDCT examination, the scan either confi rms 
the suspected diagnosis or reveals relevant alterna-
tive or additional disease.

the underlying cause (Fig. 8.10). Contrast-enhanced 
CT allows for direct visualization of chronic throm-
boembolic changes and helps to determine whether 
the disease is amenable to surgical thrombendarter-
ectomy (Figs. 8.10, 8.11). If neither structural lung 
changes nor signs of thromboembolism are found 
in the absence of other identifi able etiologies for PH, 
such as congenital heart disease or tumor embolism, 
a diagnosis of primary pulmonary hypertension is 
usually considered. Since the differential diagnosis 
of PH includes diseases with both focal and diffuse 
character, the entire pathology frequently cannot be 
appreciated with a single CT technique. Thick-col-
limation, single-slice CT may not suffi ce to assess 
interstitial changes. If only HRCT is performed, focal 
pathology such as thromboembolism is easily missed 
due to the high-frequency reconstruction algorithms 
and because scans are acquired at only every 10–
20 mm. If single-slice CT is used for evaluation of 
patients with suspected PH, it is therefore often nec-
essary to perform both a contrast-enhanced spiral ac-
quisition and HRCT for a comprehensive assessment 
of the underlying pathology. Now a single breath-
held, thin-collimation MDCT acquisition generates 
a set of raw-data that provides all options for image 
reconstruction, addressing multiple diagnostic prob-
lems by performing a single contrast-enhanced scan 
[75] (Figs. 8.10, 8.11, 8.12). In patients with suspected 
PH, we routinely perform a thin-slice reconstruction 
of the entire chest, which can detect pulmonary em-
boli with high accuracy. In addition, from the same 
set of raw data, 5-mm contiguous lung sections and 
HRCT sections at every 1 cm are routinely performed. 
Thus, from a single set of raw data, a comprehensive 
analysis of gross and diffuse lung changes and of 
thromboembolic disease becomes feasible.

8.4 
Multidetector-Row CT Imaging of 
Systemic Arterial Supply to the Lung

Disorders of the systemic arterial supply to the lung 
are a not-infrequent cause of massive hemoptysis 
[9]. Systemic arterialization of the lung parenchyma 
is most often congenital, in which case an aberrant 
systemic artery supplies the parenchyma involved in 
congenital pulmonary venolobar syndrome or bron-
chopulmonary sequestration [13] (Fig. 8.13). Often 
these congenital conditions go unnoticed until he-
moptysis occurs, leading to diagnostic workup and 
detection of the disorder.

Fig. 8.9 A case of thrombosis in the superior vena cava (ar-
row) is noted in this contrast-enhanced multidetector-row CT 
angiography of the thoracic vasculature. CT venography en-
ables enhanced possibilities of detecting thrombus in atypical 
locations.

8.3 
Multidetector-Row CT for 
Evaluating Pulmonary Hypertension

Pulmonary hypertension (PH) of the precapillary 
pulmonary circulation is a diagnostic challenge. The 
host of potential underlying disorders includes idio-
pathic disease, recurrent embolism, and structural 
lung changes among other more readily identifi able 
causes [17]. CT has traditionally been an important 
tool in the diagnostic algorithm of PH, allowing for 
an accurate assessment of both pathogenesis and 
extent of the disease. HRCT is the gold standard to 
evaluate a patient with suspected PH for structural 
lung changes that may cause increased pre- or post-
capillary pressure within the lung vessels. Mosaic at-
tenuation on HRCT, combined with distal pruning of 
pulmonary arteries, is a sign of impaired pulmonary 
perfusion due to recurrent peripheral embolism as 
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Fig. 8.10a–c. Contrast-enhanced multi-
detector-row CT angiography in a patient 
with pulmonary hypertension second-
ary to chronic thromboembolic disease. 
Thrombembolic wall thickening (arrow 
in a), dilatation of the right atrium and 
muscular hypertrophy of the left ventri-
cle (b) in response to increased pressure 
in the pulmonary circulation is seen on 
the axial images. From the same data set 
1-mm sections were reconstructed with 
a 10-mm reconstruction increment and 
a high-resolution kernel. High-resolu-
tion reconstructions display mosaic 
perfusion of the lung parenchyma due 
to recurrent peripheral embolism (c)

Bronchial arterial embolization, as a treatment for 
massive and recurrent hemoptysis, was first described 
in 1973 by Remy et al. and has since been established 
as a safe and effective procedure for treatment of this 
condition [49, 62]. The planning and successful per-
formance of this treatment depends on exact knowl-
edge of the pulmonary vascular anatomy and the lo-
cation of the hemorrhage. Computed tomography is 
readily available at most institutions, allowing for a 
fast diagnosis, even in patients with acute hemoptysis. 
Thin-section MDCT of the thorax is capable of pro-
viding high-resolution images and CT angiograms in 
a single session. This enables evaluation of structural 
changes of the lung parenchyma as well as of pulmo-
nary vessels [75], which makes this technology very 

suitable for comprehensive imaging of disorders of 
the systemic arterial supply of the lung.

Chronic inflammatory disease can result in ac-
quired systemic arterialization of the lungs, by 
causing anastomoses between pulmonary and sys-
temic arteries. Most often the anastomoses develop 
between bronchial and pulmonary arteries within 
the lung parenchyma, but inflammatory processes 
in the lung may also cause transpleural anastomo-
ses between pulmonary and systemic nonbronchial 
arteries. This can occur when an inflammatory pro-
cess causes pleural adhesion, resulting in neovascu-
larization from regional systemic arteries [51, 91]. 
Chronic vascular obstruction by inflammatory dis-
orders (e.g., Takayasu’s arteritis) or chronic throm-
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Fig. 8.11a,b. Patient with long-standing idiopathic pulmonary hypertension. Maximum-intensity projection (a) and volume 
rendering (b) of a contrast-enhanced 16-slice CT data-set, acquired in less than 10 s, demonstrates tortuous, cork-screw like 
pulmonary arteries with distal pruning as hallmarks of the disease

Fig. 8.12a–c. Sixteen-slice MDCT angiogram in a patient with 
long-standing thromboembolic disease. The pulmonary ar-
teries in the right lower lobe are most affected by recurrent 
thromboembolism and appear obliterated on coronal maxi-
mum intensity projections (a). Diminished lung perfusion in 
the affected lower lobes of the lung with maintained perfu-
sion in the upper lobes is demonstrated on coronal minimum 
intensity projections (b) with normal-sized pulmonary veins 
returning to the left atrium. Blood flow to the right lower lobe 
is maintained via the bronchial arteries, which are hypertro-
phied (arrow in a and c) and have formed collaterals bypassing 
occluded and obliterated pulmonary arteries
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boembolic changes of the pulmonary arteries can 
also cause anastomoses between the bronchial and 
pulmonary arterial systems, resulting in collater-
alization of the stenosed or obstructed pulmonary 
arterial bed by the systemic bronchial component 
of the dual pulmonary blood supply, with subse-
quent hypertrophy of the bronchial arteries [5, 38, 
96] (Fig. 8.12).

a

c

b

d

Fig. 8.13a–d. High-resolution, contrast-enhanced 16-slice MDCT shows aneurismal dilatation (large arrows) of a systemic feed-
ing artery, originating from the aorta cranial to the celiac trunk, supplying a bronchopulmonary sequestration. The feeding 
artery (small arrow in b) and the venous drainage (double arrow in b) are clearly displayed by high-resolution MDCT angiog-
raphy, facilitating therapeutic planning such as coil-embolization of the vascular anomaly

8.5 
Multidetector-Row CT Imaging of 
Malignancies of the Pulmonary Circulation

In the evaluation of thoracic malignancy, MDCT an-
giography of the pulmonary circulation has its pre-
mier role in the pre- and posttherapeutic evaluation 
of the vascular status of tumors of the chest. The 
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correct staging of malignancies of the lung and of the 
mediastinum, foremost of bronchogenic carcinoma, 
is a cardinal prerequisite for appropriate tumor 
management. MDCT imaging, with its high special 
resolution and its capability of scanning the entire 
thorax within a short breath-hold in the most dys-
pneic of patients, has established itself as the modal-
ity of choice for this indication. Contrast-enhanced 
MDCT pulmonary angiography of the pulmonary 
circulation enables determination of the exact loca-
tion and extent of tumor mass with respect to pulmo-
nary vessels, and tumor vascularity can be assessed 
(Figs. 8.14, 8.15, 8.16). Over the course of therapy of 
bronchogenic carcinoma, therapeutic effects can be 
accurately monitored by follow up volumetric MDCT 
scans. The major role of CT angiography is to de-
termine the anatomical relation of tumor mass and 
pulmonary vasculature before and during therapy, 
that way also providing crucial information about the 
risk of hemorrhage, which is an apparent threat when 
tumor mass is located in the immediate proximity of 
vessels or when invasion of vessels has already oc-

Fig. 8.14 Bronchogenic carcinoma. Contrast-enhanced 2D cor-
onal myocardial perfusion reserve image demonstrates a large 
aggressive mass which involves the mediastinum, particularly 
the left superior pulmonary vein

a

c

b

Fig. 8.15a–c Metastasis from an abdominal neuroendocrine 
tumor to the left hilum assessed with contrast-enhanced 
multidetector-row CT. Axial maximum-intensity projection 
(a) and volume-rendered displays seen from anterior (b) and 
oblique posterior (c) perspectives. The heterogeneously calci-
fied soft tissue mass is in immediate spatial relationship with 
the left main pulmonary artery. A focal polypoid lesion within 
the left upper lobe bronchus represents endobronchial exten-
sion of tumor (arrow in b)

CATA_08-Schoepf.indd 115CATA_08-Schoepf.indd   115 20.10.2004 8:44:11 Uhr20.10.2004   8:44:11 Uhr



116 U. J. Schoepf
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Fig. 8.16a,b. Invasive thymoma. Contrast-enhanced image (a) 
shows an intensely enhancing nodular mediastinal mass with 
adjacent atelectasis.  Color-enhanced, 3D volume-rendered 
image (b) elucidates the vascular supply of this tumor by ma-
lignant neovasculature arising from the left internal thoracic 
artery (arrows in b)

a

b

Fig. 8.17a,b. Contrast-enhanced multidetector-row CT scan in 
a 54-year-old male patient 5 days post right middle and lower 
lobectomies. Axial sections (a) and coronal multiplanar refor-
mats (b) show filling defects in the stump of the right pulmo-
nary artery, representing thrombus formation arising from the 
suture line in contrast to pulmonary embolism

curred [39]. Visualization of the pulmonary vessels 
also plays a crucial role for surgical planning, since 
the appropriate surgical approach is determined by 
the relation of the tumor to vital anatomy such as 
the main bronchi and the central pulmonary vessels 
(Figs. 8.14, 8.15, 8.16). This way, CT guides the deci-
sion of whether a more radical surgical approach be-
comes necessary, if tumor invasion of central struc-

tures is diagnosed. Centrally located tumors that do 
not invade or surround adjacent vessels are usually 
resected by a sleeve lobectomy and an end-to-end 
anastomosis of the main stem bronchus. If, however, 
tumor invasion of more centrally located pulmonary 
arteries is determined, angioplastic pulmonary artery 
reconstruction or pneumonectomy is indicated [78]. 
Postsurgical complications such as arterial strictures 
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to the distal trachea or right main bronchus, where it 
turns abruptly to the left, passing between the esopha-
gus and trachea to its destination in the left hilum. This 
anomalous artery has been called a sling (Fig. 8.19). 
MDCT is well suited for imaging this and other con-
genital abnormalities. The high acquisition speed and 
high spatial resolution reduce the need for sedation 
in pediatric patients and facilitate 3D visualization of 
complicated vascular anatomy for surgical planning 
even if very low radiation dose settings, adapted to 
pediatric patients, are used (Fig. 8.19).

and bronchoarterial fi stulas following pulmonary ar-
tery reconstruction, or clot (Fig. 8.17) in the pulmo-
nary artery stump after lobectomy can be readily 
identifi ed on follow-up CT angiograms.

Autochthonous malignancies of the pulmonary 
vasculature are rare neoplasms of the vessel wall, i.e., 
pulmonary artery sarcomas [57] (Fig. 8.18). The eti-
ology of these tumors is obscure. Histopathologically, 
most pulmonary artery sarcomas are leiomyosar-
comas or “undifferentiated spindle cell sarcomas.” 
Histopathological classification, however, does not 
seem to be useful clinically or prognostically. Most 
pulmonary artery sarcomas arise from the dorsal 
area of the pulmonary trunk, although the tumors 
also may arise from the right (Fig. 8.18) and left pul-
monary arteries, the pulmonary valve, and the right 
ventricular outflow tract. Because of its rarity and 
insidious growth characteristics, pulmonary artery 
sarcoma is often mistaken for pulmonary embolism, 
resulting in inappropriate therapy such as prolonged 
anticoagulation or thrombolysis. Symptoms and 
signs such as weight loss, fever, anemia, and digi-
tal clubbing may be subtle clues to diagnosis. Other 
characteristics, such as the absence of risk factors for 
DVT, high sedimentation rate, nodular parenchymal 
infiltrates on CT scans, and lack of response to anti-
coagulation should raise the suspicion of a process 
other than pulmonary embolism. CT angiography for 
a precise preoperative assessment is crucial for the 
appropriate exploration of the pulmonary artery to 
ensure complete resection and reconstruction.

8.6 
Multidetector-Row CT Imaging of Congenital 
Abnormalities of the Pulmonary Circulation

8.6.1 
Anomalous Origin of the Left Pulmonary Artery 
from the Right – “Pulmonary Artery Sling”

Anomalous origin of the left pulmonary artery is usu-
ally diagnosed in infancy because of the effect of the 
aberrant artery on the airway and often the associated 
tracheal or bronchial stenosis due to complete carti-
lage rings [43] (Fig. 8.19). This can result in obstruc-
tion, feeding problems, and respiratory tract infec-
tions. Occasionally, the abnormality may be detected 
as an incidental fi nding in an asymptomatic adult or 
in the adult with respiratory complaints. The aberrant 
left pulmonary artery originates from the right pulmo-
nary artery and travels across the midline posterior 

a

b

Fig. 8.18a,b. Multidetector-row CT angiography performed 
in a 52-year-old female patient with dyspnea. Axial sections 
obtained at the level of the main pulmonary artery (a) show 
an endoluminal filling defect in the right pulmonary artery 
which was initially felt to be consistent with chronic throm-
boembolic changes. Surgical exploration after failure of spe-
cific treatment established a diagnosis of pulmonary artery 
sarcoma. 3D volume rendering of the MDCT data set (b) may 
be better suited for appreciating the mass-like nature of the 
right pulmonary artery lesion
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8.6.2 
Pulmonary Arteriovenous Malformation

Pulmonary arteriovenous malformation can occur 
in isolation, be multiple, or be part of a systemic 
process where arteriovenous communications oc-
cur in the skin, mucous membranes, and other 
organs (hereditary hemorrhagic telangiectasia or 
Rendu-Osler-Weber disease [83]). CT has proved 
useful and highly sensitive for the detection of 
pulmonary arteriovenous malformation and is ac-
cepted as the method of choice for routine detection 
of this vascular abnormality. Apart from detection, 
CT angiography is also crucial for pretherapeutic 
evaluation of the angioarchitecture of pulmonary 
arteriovenous malformations, especially for assess-

Fig. 8.19a–c. Infant presenting with acute shortness of breath. 
Contrast-enhanced 16-slice MDCT. Axial maximum-intensity 
projection (a) demonstrates the left pulmonary artery tak-
ing an aberrant course posterior to the trachea (arrow in a), 
forming a pulmonary artery “sling“ compressing the trachea. 
3D volume-rendered displays of the airways (b) and of the 
thoracic vessels (c) demonstrate anomalous vessel course and 
subsequent compression of the trachea (arrow in b). In this 
pediatric case, full diagnostic image quality could be achieved 
with low-dose scanner settings of 80 kV and 70 mAs (CT data 
by courtesy of Dr. Roman Fischbach, University of Muenster)

a

c

b

ing the number and confi guration of feeding and 
draining vessels connected to the aneurysmal sac 
(Fig. 8.20). The therapy of choice consists of em-
bolization of the vascular nidus, and the number, 
course, and orientation of the feeding arteries are 
the most important factors that determine the tech-
nical diffi culty and success rate of this procedure. 
With single-slice CT it often became necessary to 
obtain a thick-collimation scan of the entire chest 
for detection of arteriovenous malformations and 
a high-resolution scan for dedicated evaluation of 
the angioarchitecture of detected lesions. With the 
introduction of MDCT technology, acquisition of 
a single contrast-enhanced scan suffi ces for both 
lesion detection and accurate characterization for 
therapeutic planning (Fig. 8.20).
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a b

Fig. 8.20a,b. Volume rendering (a) and maximum-intensity projection (b) of a left lower lobe pulmonary arteriovenous malfor-
mation evaluated with contrast-enhanced 16-slice multidetector-row CT angiography. The simple angioarchitecture of the arte-
riovenous malformation consists of a single feeding artery and a single draining vein, both connected to the aneurysmal sac

8.7 
Limitations of CT for Imaging of the 
Pulmonary Circulation

8.7.1 
Contrast Media Injection

Despite ever-advancing CT technology, there are still 
several factors that can render CT angiography of the 
pulmonary circulation inconclusive. The most com-
mon reasons for nondiagnostic CT studies comprise 
poor contrast opacifi cation of pulmonary vessels, 
patient motion, and increased image noise due to 
excessive patient obesity.

Especially, the advent of MDCT necessitates an 
extensive revision of contrast-material injection 
protocols. Faster scan acquisition times allow scan 
acquisition during maximal contrast opacification 
of pulmonary vessels [73] but pose an increased 
challenge for correct timing of the contrast bolus. 
Strategies that have the potential to improve the de-
livery of contrast media for high and consistent vas-
cular enhancement during CT pulmonary angiogra-
phy include use of a test bolus or automated bolus 
triggering techniques [41]. Saline chasing [32, 33] has 
been used for effective utilization of contrast media 
and reduction of streak artifacts arising from dense 
contrast material in the superior vena cava. Use of 
multiphasic injection protocols has proven beneficial 

for general CT angiography [1, 14] but has not been 
sufficiently evaluated for the pulmonary circulation.

8.7.2 
Artifacts and Diagnostic Pitfalls

Another limitation that in some instances results in 
suboptimal diagnostic quality of CT pulmonary angi-
ography is motion artifacts due to patient respiration 
or transmitted cardiac pulsation. The short breath-
hold times that became feasible with MDCT should 
facilitate investigation of dyspneic patients [68] and 
reduce occurrence of respiratory motion artifacts. 
Similarly, artifacts arising from transmitted cardiac 
pulsation appear amenable to decreased temporal 
resolution with fast CT acquisition techniques [73]. 
ECG synchronization of CT scan acquisition allows 
for effective reduction of cardiac pulsation artifacts 
that might interfere with the unambiguous evalu-
ation of cardiac structures, the thoracic aorta, and 
pulmonary structures [15, 72] (Fig. 8.21). However, 
the spatial resolution that could be achieved e.g., with 
retrospectively ECG gated technique using the previ-
ous generation of 4-slice MDCT scanners was limited 
by the relatively long scan duration inherent to data 
oversampling, [16]. Thus, high-resolution acquisition 
could only be achieved for relatively small volumes, 
e.g., the coronary arterial tree, but not for extended 
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coverage of the entire chest. The advent of 16-slice 
scanners now effectively eliminates these previous 
trade-offs. With 16-slice MDCT, it is now possible to 
cover the entire thorax with submillimeter resolu-
tion in a single breath-hold with retrospective ECG 
gating, effectively eliminating transmitted pulsation 
artifacts (Fig. 8.21; Tables 8.1, 8.2). This way, potential 
sources of diagnostic pitfalls arising from cardiac 
motion can be effectively avoided.

8.7.3 
Radiation Dose

Use of high-resolution multidetector-CT protocols 
was shown to improve visualization of pulmonary 
arteries [21] and the detection of small subsegmen-
tal emboli [76]. In suspected PE, establishing an un-
equivocal diagnosis as to the presence or absence 
of emboli or other disease based on a high-quality 
MDCT examination may reduce the overall radia-

tion burden of patients, since further workup with 
other tests that involve ionizing radiation may be less 
frequently required. However, if a 4-slice MDCT pro-
tocol with 4×1-mm collimation is chosen to replace 
a single-detector CT protocol based on a 1×5-mm 
collimation, the increase in radiation dose ranges be-
tween 30% [75] and 100% [47]. A similar increase in 
radiation dose, however, is not to be expected with 
the introduction of 16-slice multidetector-CT tech-
nology with submillimeter resolution capabilities. 
The addition of detector elements should improve 
tube output utilization compared with current 4-slice 
CT scanners and reduce the ratio of excess radia-
tion dose that does not contribute to actual image 
generation [15]. Also, sophisticated technical devices 
move into clinical practice that modulate and adapt 
tube output relative to the geometry and X-ray at-
tenuation of the scanned object, i.e., the patient [22, 
36, 37]. Substantial dose savings can thus be realized 
without compromising on diagnostic quality [27]. 
The most important factor, however, for ensuring 

Fig. 8.21 Contrast-enhanced, retrospectively ECG-gated 16-clice CT pulmonary angiography study in a patient with suspected 
PE. Volume-rendered visualization of paracardiac pulmonary vessels in the left lower lobe. Image reconstruction during sys-
tole (left panel) results in severe stair-stepping artifacts along the course of the pulmonary vessels (arrows in left panel) due 
to transmitted cardiac motion. Image reconstruction of the same data set during the diastolic phase of the cardiac cycle (right 
panel) significantly reduces cardiac pulsation artifacts and enables almost motion-free analysis of paracardiac pulmonary ves-
sels (arrows in right panel)
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responsible utilization of MDCT’s technical prowess 
is the increased radiation awareness that we currently 
observe among technologists and radiologists. It has 
been shown that diagnostic quality of chest CT is not 
compromised if tube output is adjusted to the body 
type of the individual patient [94]. Also, with MDCT 
radiologists are increasingly adapting to the concept 
of volume imaging and adjust their expectations with 
regard to the image quality in the individual axial 
slice that they require for establishing a diagnosis.

8.7.4 
Data Management

MDCT increases our diagnostic capabilities; how-
ever, the massive amount of data that is generated 
by this technique puts signifi cant strain on any im-
age-analysis and archiving system. A high-resolution, 
16-slice MDCT study in a patient with suspected 
pulmonary embolism routinely results in 500–600 
individual axial images. However, different from fo-
cal lung disease, which can be accurately diagnosed 
by use of maximum-intensity projection recon-
structions that benefi cially “condense” large-volume 
MDCT data sets [29], a diagnosis of pulmonary em-
bolism is usually most benefi cially established based 
on individual axial sections. Interpretation of such a 
study is only feasible by use of digital workstations 
that allow viewing in “scroll-through” or “cine” mode. 
Development of dedicated computer-aided detection 
algorithms [76] may be helpful in the future for the 
identifi cation of pulmonary emboli in large-volume 
MDCT data sets. Also, extensive storage capacities 
are essential for successful routine performance of 
MDCT in a busy clinical environment. Adapting this 
environment to the new demands which are gener-
ated by the introduction of ever-faster scanning tech-
niques is not a trivial task. New modalities for data 
transfer, data archiving, and image interpretation will 
have to be devised in order to make full use of the 
vast potential of MDCT imaging.
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9.1 
Introduction

Annually more than 1 million diagnostic cardiac 
catheter investigations are performed in the United 
States. Only approximately one-half of all investiga-
tions are followed by an interventional procedure. 
The other patients with symptoms are treated con-
servatively or by bypass graft surgery. In recent de-
cades coronary angiography has advanced to become 
a fast and safe investigation. Nevertheless, in particu-
lar patients are well aware of the minimal risk and 
the discomfort of the procedure. Therefore there is 
need for a noninvasive method to demonstrate the 
coronary arteries in a way that would allow the triage 
of patients referred to cardiac catheter.

Initially coronary CT angiography (CTA) per-
formed by electron-beam CT was considered to as-
sess the coronary arteries noninvasively [28]. For the 
point of temporal resolution with 100 ms exposure 
time, these CT scanners were ideally suited to image 
the coronary arteries. However, the spatial resolu-
tion and the image noise were considerably higher 
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in these than in any conventional CT scanners, be-
cause X-ray-gun power was limited to 130 kVp and 
630 mA. In addition the longer scan times necessitate 
the administration of atropine and high amount of 
contrast media [1].

9.2 
Multidetector-Row CT Acquisition Technique

The combination of fast gantry rotation, slow table 
movement, and multislice helical acquisition for the 
fi rst time allows conventional CT to image the coro-
nary arteries. With this approach a high number of 
X-ray-projection data are acquired. For the technique 
called “retrospective ECG gating,” the ECG is recorded 
simultaneously and the CT images are reconstructed 
from the slow-motion diastole phase of the heart.

For retrospective ECG gating with multidetector-
row CT (MDCT), the pitch factor (detector collima-
tion/table feed per gantry rotation) must not exceed 
0.3 to allow for scanning the heart at any heart rate 
higher than 40 beats/min.

Depending on the clinical question, there are dif-
ferent scan protocols in use for coronary calcium 
screening, coronary CTA, bypass graft CTA, and 
pulmonary CT venography. These protocols differ 
in respect of scan range, duration, slice collimation, 
X-ray tube current and voltage, contrast-media quan-
tity and flow. A summary of the different protocols 
for a 4- and 16-detector-row CT scanner is given in 
Table 9.1.

The exposure time in MDCT with retrospective 
ECG gating is considerably longer (~200 ms) and the 
radiation exposure is higher (~10 mSv) than in elec-
tron beam CT (~2 mSv). However, image quality is 
superior in MDCT compared with electron beam CT 
in respect of higher spatial resolution and lower im-
age noise [3].

In MDCT an attempt has been made to improve 
temporal resolution by multisector reconstruction. 
For this technique X-ray-projections of more than 
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one heartbeat are used to reconstruct an image. This 
technique requires absolutely consistent data from at 
least two consecutive heartbeats for successful image 
reconstruction. Unfortunately, the rhythm of the hu-
man heart may change rapidly, in particular under 
special conditions such as breath holding and the 
Valsalva maneuver. For this reason, this technique is 
of limited practical use under clinical conditions.

The redundant radiation occurring during the ra-
diation exposure in the systole can substantially be 
reduced by a technique called prospective ECG tube-
current modulation. On the basis of the ECG signal, 
the X-ray tube current is switched to its nominal 
value during the diastole phase and is reduced sig-
nificantly during the systole phase of the heart, re-
spectively. This technique is most effective in patients 
with low heart rates. If the heart rate is lower than 
60 beats/min, the radiation exposure will be reduced 
by approximately 50% [22]. The radiation exposure 
for coronary MDCT is then comparable with what is 
applied during a typical diagnostic coronary catheter 
procedure.

Image-retrospective ECG gating always begins 
with a careful analysis of the ECG trace recorded with 
the helical scan. The image reconstruction interval is 
best placed in between the T- and the P-wave of the 
ECG, corresponding to the mid-diastole interval. The 
point of time for the least coronary motion may be 
different for every coronary artery. Least-motion ar-
tifacts may result for reconstructing the right coro-
nary artery (RCA), left anterior descending coronary 
artery (LAD), and left circumflex coronary artery 
(LCx) at 50%, 55%, and 60% of the RR interval, re-
spectively. Individual adaptation of the point of time 

for reconstruction seems to further improve image 
quality. However, the lower the heart rate the easier 
it is to find the single best interval for all three major 
branches of the coronary artery tree [17]. With a 16-
detector-row CT, near-isotropic spatial resolution of 
~0.83 mm3 can be achieved. The patient room-time 
is in between 15 and 30 min and image reconstruc-
tion and postprocessing can be performed within ap-
proximately another 15 min.

In addition, retrospective ECG gating allows for 
reconstruction of images at any time within the 
cardiac cycle. Setting the images together that are 
reconstructed every 10% of the RR interval allows 
visualization of cardiac function. The functional CT 
data can be evaluated by software in a similar fashion 
to magnetic resonance (MR) images, and global as 
well as regional wall motion can be determined [14]. 
However, reconstruction of a functional data cur-
rently needs at least 20 min postprocessing time, and 
the currently available ~200 ms exposure time may 
be not sufficient to reliably assess the cardiac func-
tion in the systole phase of the cardiac cycle.

9.3 
Patient Preparation

Even in diastole and for morphological assessment of 
the coronary arteries, reasonably good image quality 
with ~200 ms exposure time can only be achieved in 
patients with low heart rates [17]. Therefore, patients 
should avoid caffeine or any drug such as atropine or 
nitroglycerin that increases the heart rate prior to a 

Table 9.1 Four- and sixteen-detector-row CT scan protocols for coronary screening, coronary CT angiography (CTA), bypass 
graft CTA, and pulmonary CT venography (CTV)

Coronary screening Coronary CTA Bypass graft CTV Pulmonary CTV

Collimation (mm) 4 × 2.5 16 × 0.75 4 × 1 16 × 0.75 4 × 2.5 16 × 0.75 4 × 1 16 × 0.75

Slice thickness (mm) 3 3 1.3 1 3 1 1.3 1

Increment (mm) 1.5 1.5 0.8 0.8 1.5 0.8 0.8 0.8

Effective mAs 100 100 400 500 400 500 200 200

kVp 120 120 120 120 120 120 120 120

Scan range (mm) 12 12 12 12 15 15 15 15

Scan time (s) 20 20 40 20 30 30 20 10

Scan delay (s) - - 0 6 3 3 0 6

Iodine concentration (mg/ml) - - 300 300 300 300 300 300

Contrast (ml) - - 140 90 120 120 80 70

Flow (ml/s) - - 3.3 3.3 4 4 4 4

Radiation exposure 1 mSv 1 mSv 4 mSv 5 mSv 5 mSv 6 mSv 2 mSv 2 mSv

Dual injection of contrast media with a saline chaser bolus is recommended
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cardiac CTA investigation. Instead, the use of beta-
blockers may become necessary for patient prepara-
tion aiming at a heart rate of 60 beats/min or less.

To consider a beta-blocker for patient preparation, 
contraindications (bronchial asthma, atrioventricu-
lar (AV) block, severe congestive heart failure, aortic 
stenosis, etc. [35]) have to be ruled out and informed 
consent must be obtained from the patient. Where the 
heart rate of a patient is significantly above 60 beats/
min, 50–200 mg of metoprolol tartrate can be admin-
istered orally 30–90 min prior to the investigation. 
Alternatively, 5–20 mg of metoprolol tartrate divided 
into four doses can be administered intravenously 
[35] immediately prior to scanning. Monitoring of 
vital functions, heart rate, and blood pressure is es-
sential during this approach. Indeed, the positive 
effect of beta-blocker on cardiac MDCT scanning if 
fourfold: The sedating effect of beta-blocker results 
in a better patient compliance and less movement 
during scanning. The patient is exposed to less radia-
tion, because with lower heart rate ECG tube-current 
modulation works more effectively. Cardiac motion 
artifacts are substantially reduced and, because of the 
lower cardiac output with beta-blocker, the contrast 
enhancement increases.

9.4 
Contrast Administration

A timely accurate and homogeneous vascular lumen 
enhancement is essential for full diagnostic capabil-
ity of coronary MDCT angiography studies. Higher 
contrast enhancement is superior to identify small 
vessels in MDCT. However, dense contrast material 
in the right atrial cavity may cause streak artifacts 
arising from the right atrium that may interfere with 
the RCA. In addition, high enhancement of the coro-
nary arteries may interfere with coronary calcifi ca-
tions and may therefore hinder the delineation of 
the residual lumen.

A peripheral iodine flow rate of 1–1.4 g/s will re-
sult in an enhancement of approximately 250-300 HU 
in the majority of patients [7] and still allows detec-
tion of coronary calcification (Fig. 9.1).

The final vessel enhancement will not only depend 
on the iodine flow rate but also on the cardiac output 
of the patient. In patients with low cardiac output, 
e.g., under beta-blocker medication, the contrast me-
dia will accumulate in the cardiac chambers and lead 
to a higher enhancement than in patients with high 

cardiac output, where the contrast agent will faster be 
diluted by nonenhanced blood.

The circulation time can be determined by a test 
bolus of 5 g iodine injected with a 1 g/s iodine flow 
rate and followed by a saline chaser bolus. A series of 
scans is acquired at the level of the ascending aorta 
every other second. The arrival time of the test bolus 
can be determined by taking the delay time between 
start of the contrast injection and peak enhancement 
of the ascending aorta into account.

In a 4-detector-row CT, scanning may start directly 
at the time of the predetermined peak enhancement 
of the test bolus. Scanning with a 16-detector-row CT 
requires an additional delay time to allow the con-
trast media to reach the left ventricular system and 
the coronary arteries. In our experience another 6 s 
should be added to the peak enhancement of the test 
bolus to allow for complete enhancement of the left 
ventricular system in a 16-detector-row CT. The con-
trast media has to be injected for the duration of the 
scan and the delay time and therefore has to be main-
tained for 40 s and 26 s in a 4- and 16-detector-row 
CT, respectively.

With the use of a dual injector with sequential 
peripheral venous injection of contrast media and 
saline, the bolus of contrast media with a high vis-
cosity will be kept compact [10], the total amount of 
contrast media may be reduced [19, 13], and a central 
venous enhancement profile can be achieved [16]. 
Reducing the amount and the use of iso-osmolar con-

Fig. 9.1. With an iodine flow rate of 1–1.4 g/s, an enhance-
ment in between 250 and 300 HU may be reached. With this 
enhancement coronary calcifications as well as noncalcified 
plaques can ideally be delineated.
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trast media may reduce the risk of contrast-induced 
nephropathy [4]. Changes of heart rate have less fre-
quently been observed during the injection of iso-
osmolar contrast agent [9]. In a 16-detector-row CT, 
the sequential injection of contrast media and saline 
allows for selective enhance the left ventricular cav-
ity (levocardiogram), with washout of dense contrast 
media in the right atrium (Fig. 9.2) helping to avoid 
artifacts.

9.5 
Postprocessing

Primary axial slices are best suited to rule out coro-
nary artery disease (CAD). However, the detection of 
coronary artery stenoses in axial CT images may be 
problematic, since every slice displays only a small 
fragment of the entire coronary artery. Multiplanar 
reformatting, volume rendering, virtual coronary 
endoscopy, and shaded surface display have been 
tested for reconstruction of CTA images to detect 
coronary artery stenosis. None of this postprocess-
ing proved to be superior to axial slices for this task 
[41]. Maximum-intensity projection (MIP) postpro-
cessing of CTA images were found to be helpful to 
follow the course of the coronary arteries and to cre-
ate angiographic-like projections that may allow for 
better detection of coronary artery stenoses.

Standardized thin-slab MIP reconstruction may 
be performed with 5-mm slab thickness and 2.5-mm 
increments in three different planes similar to stan-
dard cardiac catheter projections [23]. MIP along the 
inter- and atrioventricular groove creates images in 
similar planes as the right anterior oblique (RAO) 
and left anterior oblique (LAO) angiographic pro-
jections, respectively. The RAO projection is suited 
to demonstrate the course of the left anterior de-
scending coronary artery (Fig. 9.3), whereas the LAO 
projection best displays the course of the RCA and 
LCx (Fig. 9.4). In addition, similar to coronary angi-
ography, an oblique projection can be reconstructed 
following the long axis of the heart. This projection 
plane spreads the branches of the LAD and is there-
fore called the “spider view.” The spider view is de-
signed to demonstrate the proximal part of all three 
major coronary arteries (Fig. 9.5).

Fig. 9.2 In a 16-row-detector CT, complete and homogeneous 
enhancement of the left ventricle (levocardiogram) and the 
coronary arteries can be achieved by a dedicated contrast 
protocol. The contrast medium has passed the right ventricle 
and the flush with saline results in a washout of the contrast 
medium from the right ventricle.

Fig. 9.3 To display the course of the left anterior descending 
coronary artery, maximum-intensity projections may be per-
formed in right anterior oblique (RAO) projection.

Alternatively, the beginning of the CT scan can be 
triggered automatically by the arrival of the contrast 
bolus. A preliminary scan is taken at the level of the 
aortic root and a region of interest is placed into the 
ascending aorta. When contrast injection starts, re-
peated scanning at the same level is performed every 
second. If the density in the ascending aorta reaches 
100 HU, a countdown begins until the acquisition 
starts. Right at the start of the CT scan acquisition, 
the patient is instructed to hold their breath. An ad-
ditional delay time of 4 s and 10 s has to be added in 
a 4- and 16-detector-row CT, respectively, to allow for 
an adequate contrast enhancement.

The patients should be instructed to take a deep 
breath and to avoid the Valsalva maneuver. The Valsalva 
maneuver increases the intrathoracic pressure, pre-
venting the influx of contrast media through the su-
perior vena cava into the right atrium. Nonenhanced 
blood from the inferior vena cava entering the right 
atrium leads to an inhomogeneous enhancement of 
the cardiac volume during the CTA scan.
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Fig. 9.5 The so-
called spider 
(LAO oblique) 
displays the 
course of the left 
anterior coronary 
artery and the di-
agonal branches.

9.6 
Evaluation of Coronary CT

For the fi rst run, MIP images may help to identify 
coronary stenosis. Volume rendering has been found 
to be helpful to demonstrate the course in the case of 
coiling and kinking of the coronary arteries, i.e., in 
hypertensive heart disease, in a coronary fi stula, or 

in case of suspicion of any other coronary anomaly. 
However, every fi nding from postprocessed images 
has to be confi rmed in the original axial CT slices.

Image analysis begins with identification of the 
coronary artery segments in the axial CT slices 
(Fig. 9.6). Coronary segments can be numbered 
(Table 9.2) according to the model suggested by the 
American Heart Association [5].

d

a cb

e f

Fig. 9.6 Coronary artery segments are numbered from 1 to 16 according the classification scheme of the AHA.

Fig. 9.4 Left anterior oblique (LAO) projections are 
best suited to display the course of the right and cir-
cumflex coronary artery.
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The morphology of calcifications may give a first 
hint for the presence or absence of significant steno-
ses in the coronary arteries. From electron beam CT 
studies, Kajinami et al. reported that the positive pre-
dictive value for significant stenosis (≥75%) was 0.04 
and 0.17 in none, 0.18 and 0.59 in spotty (Fig. 9.7), 
0.32 and 0.87 in long, 0.40 and 0.84 in wide, and 0.56 
and 0.96 in diffuse (Fig. 9.8) coronary calcifications, 
respectively [24]. Therefore, only when small calci-
fications in the coronary artery wall are present is 
significant stenosis very unlikely. Where a calcified 
plaque obscures the lumen of the coronary vessel, a 

Table 9.2 Segment numbering according to the AHA scheme [5]

Segment Name Abbreviation Part Beginning End

1 Right coronary artery RCA Proximal Ostium RV

2 Right coronary artery RCA Middle RMD AM

3 Right coronary artery RCA Distal AM Crux cordis

4 Posterior descending coronary artery PDA Crux cordis Apex

5 Left main coronary artery LCA Ostium Bifurcation

6 Left anterior descending LAD Proximal Bifurcation D1

7 Left anterior descending LAD Middle D1 D2

8 Left anterior descending LAD Distal D2 Apex

9 First diagonal branch D1

10 Second diagonal branch D2

11 Left circumfl ex coronary artery LCx Proximal Bifurcation OM

12 Obtuse marginal branch OM

13 Left circumfl ex coronary artery LCx Distal OM PD

14 Posterolateral branch PL

15 Posterior descending branch PD

significant stenosis can neither be determined nor 
ruled out.

A lumen-narrowing scoring system according 
to Schmermund et al. [36] may be used to describe 
different grades of coronary artery stenosis in the 
proximal and middle coronary artery segment: A, 
angiographically normal segment (0% stenosis); B, 
nonobstructive disease (1-49% lumen-diameter ste-
nosis); C, significant (50-74%) stenosis; D, high-grade 
(75-99%) stenosis; E, total occlusion (100% stenosis). 
The patency of the distal coronary artery segments 
should be reported as well.

Fig. 9.7 The positive predictive value of spotty coronary cal-
cifications is in between 18% and 59%. Significant coronary 
stenoses are highly unlikely in the presence of spotty calci-
fications.

Fig. 9.8 The positive predictive value of diffuse coronary cal-
cifications is between 56% and 96%. In the case of extensive 
calcifications, coronary artery stenosis can neither be deter-
mined correctly nor be ruled out.
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9.7 
Clinical Application

Initial experiences revealed a number of limitations 
already known from coronary CTA studies per-
formed with the electron beam CT. Schmermund 
et al. [36] reported that small vessel diameter may 
lead to false-positive findings. They also reported 
that extensive calcifications might interfere with 
the detection of coronary artery stenoses, resulting 
in false negative results compared with selective 
coronary angiography. A reason for this observa-
tion may be that standard CT soft tissue recon-
struction kernels are leading to a “blooming” of 
dense material such as coronary stents or calci-
fications that obscure the vessel lumen and wall 
changes.

The real nature of CTA is more a cross-sectional 
display of the wall than the lumen. Because of the 
limited spatial resolution in CTA and the blooming 
of calcifications, the definite assessment of the degree 
of coronary artery stenoses remains still problematic. 
Therefore, coronary CTA will currently not be suited 
to determine the progression in patients with known 
CAD, typical angina, or obvious myocardial ischemia 
on exercise testing. These patients are better ap-
proached by cardiac catheter examination, with the 
option to perform percutaneous coronary interven-
tions in the same session [29].

It should be considered, when interpreting coro-
nary CTA, that details such as collateral vessels, 
contrast runoff, and direction of filling of coronary 
arteries are not visualized by CTA. Finally, the he-
modynamic relevance of coronary artery stenoses 
may not reliably be determined without wall-motion 
analysis or myocardium perfusion data under rest 
and exercise. Further limitations have been seen in 
patients with a body mass index above 30 [41] and 
absolute arrhythmia [15], leading to a degradation of 
image quality in CTA by severe image noise and car-
diac motion artifacts.

But more than only displaying the lumen of the 
coronary arteries, MDCT by it cross-sectional na-
ture is well suited to demonstrate changes of the 
coronary artery wall. Coronary calcifications can 
easily be assessed even without contrast media 
and represent an advanced stage of atherosclerosis. 
However, as different stages of coronary atheroscle-
rosis may be present simultaneously, calcifications 
may also be associated with more early stages of 
coronary atherosclerosis. Therefore, the entire ex-
tent of coronary atherosclerosis will be underes-
timated by assessing coronary calcifications alone 

[42]. With contrast enhancement calcified as well as 
noncalcified lesions can completely be assessed by 
MDCT simultaneously.

In patients with an acute coronary syndrome, we 
have observed noncalcified plaques with irregular 
border and nonhomogeneous but low (20–40 HU) 
CT density values [6]. Most likely these soft tissues in 
the coronary artery corresponds to an intracoronary 
thrombus formation (Fig. 9.9).

In asymptomatic patients and patients dying for 
other than cardiac reasons, frequently well-defined 
noncalcified lesions are found (Fig. 9.10). The density 
of these plaque may vary in between 50 and 90 HU 

Fig. 9.9 Irregular, inhomogeneous and low dense plaque in 
the left anterior descending coronary artery in a patient with 
acute coronary syndrome. The lesion most likely corresponds 
to a thrombus in the coronary artery.

Fig. 9.10 Homogeneous, well-defined noncalcified lesions 
most likely correspond to coronary atheromas and are found 
usually in asymptomatic patients.
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CT density and may correspond to lipid- or fibrous-
rich plaques, respectively [8].

Commonly, spotty calcified lesions may be found 
in MDCT angiography studies that may be associ-
ated with minor wall changes in conventional coro-
nary angiography only [24]. However, it is known 
that such calcified nodules may also be the source of 
unheralded plaque rupture and consecutive throm-
bosis (Fig. 9.11) and may lead to sudden coronary 
death in very rare cases [40]. In patients with chronic 
and stable angina, calcified and noncalcified plaques 
(Fig. 9.12) are commonly found next to each other 
[26].

Even in contrast-enhanced studies coronary cal-
cifications can easily be detected and quantified be-
cause the density of calcium (>350 HU) is beyond the 
density of contrast media in the coronary artery lu-
men (250–300 HU) [18]. However, because of partial 
volume effects it is much more difficult to quantify 
noncalcified plaques. The optimal quantification al-
gorithm for atherosclerosis determined by MDCT is 
still under development.

In patients with extensive coronary calcifications, 
noncalcified plaques are uncommon most likely be-
cause the previously described “blooming” artifact 
prevents their assessment. Therefore and because the 
coronary artery stenosis cannot be reliably assessed 
[24] contrast-enhanced MDCT is currently not rec-
ommended in patients presenting with extensive 
coronary calcifications (>100 mg calcium hydroxy-
apatite or Agatston score >500).

Assessing the myocardium in patients with 
known history of CAD subendocardial or trans-
mural myocardial infarction scars can frequently be 
identified as hypodense areas. Every region of the 
myocardium can be assigned to the territory of the 
coronary vessel supplying it. The LAD supplies the 
anterior left ventricular wall with the roof of the left 
ventricle, the apex, the superior part of the septum 
and the anterior papillary muscle. The posterior left 
ventricular wall and the posterior papillary muscle 
then are supplied by the LCx. The inferior left ven-
tricular wall and the inferior part of the septum fi-
nally is supplied by the RCA. Below the mitral valve 
all three territories can be identified in one axial 
slice (Fig. 9.13).

With later development of a subendocardial or 
transmural myocardial infarction may lead to a thin-
ning of the myocardial wall or myocardial aneurysm, 
respectively. Due to myocardial dysfunction or in 
atrial fibrillation, thrombus formation is likely to de-
velop in the cardiac chambers and can be detected 
by CTA (Fig. 9.14) better than by trans-thoracic ul-
trasound [27].

A late uptake of contrast media after first pass 
in the myocardium of patients after infarction has 
already been observed in CT similar to MRI about 
17 years ago [27]. It is rather likely that this kind 
of myocardial enhancement may correspond to in-
terstitial uptake of contrast media within necrotic 
myocytes, 6 weeks to 3 months after onset. The op-
timal point of time for scanning may be between 
10 and 40 min after first pass of the contrast media 
[21].

In addition, paracardial findings may frequently 
be observed in CTA studies and have to be reported. 

Fig. 9.11 Calcified nodule with consecutive thrombus forma-
tion in a patient with unstable angina.

Fig. 9.12 Calcified and noncalcified coronary artery plaques 
may be present in patients with chronic and stable angina.
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These findings may include lymph node enlarge-
ment, pulmonary nodules and tumors [20], or 
even, quite commonly, esophageal hernias. These 
incidental findings should trigger an additional re-
construction with a larger field of view ,or a more 
dedicated (CT) investigation should then be recom-
mended.

In patients with paroxysmal atrial fibrillation, 
ablation of ectopic foci is a common interventional 
procedure. As a possible complication of this inter-
vention, stenosis of the pulmonary vein has been re-
ported. The presence and morphology of these steno-
ses can easily be assessed by CT [32].

9.8 
Comparison with Alternative 
Investigation Methods

Coronary MDCT has been compared with cardiac 
catheter by a number of research groups [2, 25, 
30, 31, 34]. In summary, comparison with several 
cardiac catheter studies (Table 9.2) has shown that 
coronary MDCT angiography has mean sensitiv-
ity, specifi city, and positive and negative predic-
tive values for detecting signifi cant coronary artery 
stenoses of 87%, 89%, 77%, and 97%, respectively. 
However, the fi ndings of a signifi cant stenosis de-
tected by MDCT are neither specifi c for the site nor 
the degree of the stenosis as compared to cardiac 
catheter. All authors agree upon the high negative 
predictive value of MDCT to rule out CAD. The cur-
rent limitation is that MDCT has been tested so far 
in a heterogeneous group of patients with suspected 
CAD. Further studies are necessary to determine 
the accuracy of MDCT in a patient cohort with a 
low-to-moderate pretest probability (Table 9.3) of 
CAD [11].

Cardiac catheter seems to be unsuited to assess the 
entire extent of coronary atherosclerosis. Histological 
and intravascular ultrasound (IVUS) studies have 
shown that a high atherosclerotic plaque burden can 
be found even in the absence of high-grade coronary 
stenoses on conventional coronary angiography. 
From the clinical standpoint, the correlation between 
acute cardiac events and high-grade coronary artery 
stenoses is only poor. Recently it has been reported 
that 68% of the patients who received coronary an-
giography by incidence prior to their acute cardiac 
event did not show any significant coronary artery 
stenoses [43]. In early stages of CAD, the coronary 
arteries may undergo a process of positive remodel-
ing that compensates for the coronary wall thicken-
ing and keeps the inner lumen of the vessel rather 
unchanged [12]. The pathomechanism of this phe-
nomenon is still unknown, but the underlying type of 
CAD may be a fibrous cap atheroma with accumula-
tion of cholesterol. In case of inflammatory processes 
the fibrous cap of an atheroma may become thinned, 
putting the plaque on risk for rupture and consecu-
tive thrombosis [40].

The current gold standard to assess coronary 
atherosclerosis in vivo is intracoronary ultrasound. 
Schroeder et al. [37] reported that coronary lesions 
classified as soft, intermediate, and dense in intra-
coronary ultrasound correspond to coronary artery 
wall plaques with a density of 14±26 HU, 91±21 HU, 
and 419±194 HU in MDCT, respectively.

Fig. 9.14 Thrombus in the auricle of the left atrium in a patient 
with atrial fibrillation.

Fig. 9.13 Subendocardial myocardial infarction scar in the 
posterior wall, including the posterior papillary muscle. This 
area is supplied by the circumflex coronary artery.
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Table 9.4 Pretest likelihood of coronary artery disease in 
symptomatic patients according to age and sex [11].

Age 
(years)

Nonanginal 
chest pain (%)

Atypical 
angina (%)

Typical 
angina (%)

Men Women Men Women Men Women

30–39 4 2 34 12 76 26

40–49 13 3 51 22 87 55

50–59 20 7 65 31 93 73

60–69 27 14 72 51 94 86

Table 9.3 Comparison between multidetector-row CT angiography and cardiac catheter for detection signifi cant coronary 
artery stenosis

Author Channels Number of 
patients

Sensitivity 
(%)

Specifi city 
(%)

Positive predictive 
value (%)

Negative predictive 
value (%)

Not assessable 
(%)

Nieman [30] 4 35 83 90 81 97 30

Achenbach [2] 4 64 85 76 59 98 32

Knez [25] 4 44 78 98 85 96 6

Nieman [31] 16 58 95 86 80 97 0

Ropers [34] 16 77 92 93 79 97 12

Mean 87 89 77 97 18

Sum 278

In general, coronary intervention can hardly be 
followed by MDCT. Because of their disease, many 
of these patients have severe calcifications and com-
monly after angioplasty a coronary stent is implanted 
that appears like a dense calcification and hinders the 
detection of an in-stent stenosis. Recently, it has been 
reported in one case that measuring the contrast-
density curve behind the stent enables demonstra-
tion of the success of a reintervention [38].

For the morphological assessment of bypass graft 
patency with MDCT compared with cardiac catheter, 
Ropers et al. [33] reported a sensitivity and specificity 
of 97% and 98%. For the detection of bypass graft ste-
nosis, the sensitivity and specificity was significantly 
lower: 75% and 92%, respectively. Consecutive scan-
ning and administration of a small contrast bolus has 
already been shown to allow determination of a spiral 
CT flow index with a single-detector CT. This index 
agreed with angiographically determined coronary 
bypass flow in 85% of the grafts investigated [39].

9.9 
Conclusion

The newest generation of MDCT now allows for con-
sistently good image quality if regular sinus rhythm 

is present and the heart rate is in the range between 
40 and 60 beats/min. Extensive calcifi cations and 
coronary stents may hinder the detection of coro-
nary artery stenosis or restenosis. Coronary athero-
sclerosis can best be determined and followed by 
nonenhanced, low-dose MDCT scans. The predictive 
value of atherosclerotic lesions for cardiac events as 
detected by MDCT angiography is currently un-
known and requires further prospective cohort stud-
ies. Because of the high negative predictive value, the 
MDCT investigation may be justifi ed in symptomatic 
patients with low-to-moderate pretest probability of 
CAD. In these patients coronary macroangiopathy in 
the proximal and middle coronary artery segments 
can reliably be ruled out and unnecessary cardiac 
catheter procedures may be avoided. In patients 
with an acute coronary syndrome, MDCT can dem-
onstrate the site and extent of a coronary thrombus 
and may be used in the future to guide coronary 
interventions.
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10.1 
Introduction

Since its advent in 1998, multidetector-row CT 
(MDCT) has brought significant advantages with 
respect to single detector-row CT (SSCT): the si-
multaneous acquisition of more sections during a 
complete rotation of the gantry, together with its 
increased rotational speed (0.5 s and less), deter-
mined a decrease in the acquisition time, allowing 
the analysis of large anatomical volumes, with better 
spatial and temporal resolution of images (they are 
isotropic images, reconstructed, at each level, with 
the same spatial resolution of initial section in order 
to have an optimized 3D resolution), rationalizing 
the use of contrast medium. The low temperature 
made the use of the X-ray tube extremely success-
ful with a decrease in  operating costs. Among its 
many advantages we have to include also a shorter 

data reconstruction time (2 images per second ver-
sus 5–8 and more per second) and a better scanning 
interface with the workstation for transmission of 
data [6, 47–49].

For these many assets, MDCT gave its best results 
in other fields already accessible with SSCT angiog-
raphy (SSCTA; for example, the study of abdominal 
aorta diseases), widening the clinical information 
on CT angiography, whereas SSCTA showed techni-
cal limitations (suspected mesenteric ischemia, the 
evaluation of coronary arteries, and lower-extrem-
ity arteries [17, 38]).

MDCTA enabled a detailed analysis of the abdom-
inal aorta, made possible for the shorter acquisition 
time, and the study of the entire aortoiliac system 
during a single breath-hold. The high spatial resolu-
tion, together with fast acquisition and superior 3D 
reconstructions, allowed a better evaluation of the 
abdominal aorta and visceral branches during their 
flow, with an accurate definition and diagnosis of 
the steno-occlusive pathology.

MDCT angiography represents today the refer-
ence point in the study of the abdominal aorta, both 
in dilative or steno-occlusive pathologies and in the 
follow-up of the aortic stent-graft placement.

10.2 
Technical Requirements

CT angiography consists of a rapid volumetric ac-
quisition of images during a bolus injection of con-
trast medium, with scanning during the maximum 
arterial enhancement. The technical requirements 
for a CT angiography examination are based on: fast 
acquisition (allowing performance of the acquisi-
tion during a single breath-hold in order to reduce 
motion artifacts with an increased temporal resolu-
tion) of large volumes (aiming at including all vas-
cular structures being examined); optimal contrast 
and spatial resolution, either on the x- or z- axis (in 
order to evaluate small-caliber vessels, with a trans-
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versal flow with respect to the level of acquisition, 
and to obtain isotropic images that optimize the 3D 
resolution at all levels); adequate contrast-medium 
injection protocol; and excellent two- and three-di-
mensional reconstructions (that allow visualization 
of vascular structures in angiography-equivalent 
planes other than the axial).

10.3 
Contrast-Medium Injection

In CT angiography, contrast-medium administra-
tion must be performed at high flow rate (3–5 ml/s) 
to gain a better contrast resolution, reducing the 
partial volume enhancement in the evaluation of 
small horizontal vessels (renal arteries). On the 
other hand, high flow rates reduce both the injec-
tion time and the intravascular contrast medium 
plateau, with consequent injection of larger amounts 
of contrast medium to set off this effect (variable 
between 100 and 150 ml) [38].

In CT angiography, scanning should start when 
the examined structures have reached an ideal level 
of opacification and the duration of contrast-me-
dium administration should equal the acquisition 
time. Hence, it is necessary to optimize the opaci-
fication of vascular structures being examined, 
defining exactly the start delay [20, 48]. Keeping in 
mind these two factors, it is necessary to know, for 
each patient, the duration of the contrast-medium 
administration, which depends on intrinsic and ex-
trinsic factors (such as volume and concentration 
of contrast medium employed, flow rate, and site of 
injection).

It is possible to determine the circulation time 
with a test bolus [28, 56] or by using semiautomatic 
software (bolus-tracking software) [37, 53] which 
enables the practitioner to follow a real-time en-
hancement curve of a specific vascular structure 
during contrast-medium administration. The main 
advantage of such semiautomatic systems, with re-
spect to the test bolus, is represented by a single in-
jection of contrast media, with the reduction of its 
total amount and with the absence of or very little 
opacification of the excretory system, and venous 
and parenchymal structures during the following 
helical acquisition. In our institution bolus track-
ing is routinely used for the abovementioned advan-
tages.

A very important achievement in CT angiography 
is the optimal contrast-medium dynamic. Rubin and 

others demonstrated that, with faster  acquisition, 
hence with the introduction of faster scanners (mul-
tislice CT, MSCT), it is possible to reduce the amount 
of contrast medium injected, by about 20–40%, with 
obvious benefits mainly to patients with poor renal 
function. The amount of contrast medium injected, 
the injection flow rate, and the injection time are cor-
related to define the enhancement curve. The ideal 
enhancement curve in CT angiography should be 
denoted by a long, high, invariable plateau through 
which it is possible to reach a homogeneous enhance-
ment of all vascular structures being examined. The 
intravenous injection of contrast media not only de-
termines an initial arterial flow, but also a reflow. In 
fact, according to the pharmacokinetics of contrast 
media, the uniphasic injection at the constant flow 
determines a variable arterial enhancement, with a 
constant increase in vascular attenuation and a poor 
enhancement at the beginning and at the end of the 
acquisition [3, 4].

According to more recent studies, a more homo-
geneous curve can be obtained with a biphasic or 
multiphasic injection, with an initial small bolus of 
contrast medium injected at high flow rate followed 
by a larger volume at lower flow rate [5, 20, 21].

However, according to our experience, with an 
adequate start delay, a uniphasic injection of con-
trast medium at a relatively low flow rate also en-
ables an adequate enhancement of the abdominal 
aorta, the iliac axis, and the common femoral arter-
ies included in the acquisition volume. Most likely 
the use of biphasic injection protocol could be ap-
propriate in the evaluation study of larger volumes 
of acquisition.

In some institutions, immediately after the bolus 
injection of contrast media, a flush of about 40 ml of 
saline solution is injected at the same flow rate of the 
contrast medium, similar to what is routinely per-
formed in magnetic resonance angiography (MRA). 
This bolus of saline ensures the flow of contrast 
agent in the vascular system, increasing and length-
ening (5–8 s) the peak enhancement, with a conse-
quent reduction of the amount of injected contrast 
agent [39].

With the reduction of volume of contrast medium, 
achieved through the use of high-concentration 
(370 mg I/ml and more) contrast agents, the routine 
use of saline flush is mandatory. Highly concentrated 
contrast agents enable the reduction of volumes of 
contrast media injected, achieving superior quanti-
tative and qualitative results in terms of arterial en-
hancement, when compared with larger volumes of 
contrast media injected at lower flow rate [19].
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Our injection protocol consists of a single intrave-
nous bolus injection of 120 ml of nonionic contrast 
medium (300 mg I/ml), with a 20-gauge i.v. cannula 
into an antecubital vein of the arm, at a flow rate of 
3 ml/s.

10.4 
Technical Parameters of Acquisition

With the advent of MDCT, new technical and meth-
odological problems have had to be overcome, such 
as the optimization of the protocol of tests, the print-
ing operation, and the filing process of enormous 
quantities of images obtained with a single test (data 
explosion), as well as the need to employ new visual-
izing and reporting modalities (dedicated worksta-
tion) [48]. The acquisition protocol must be chosen 
according to the clinical condition of the patient.

10.4.1 
Dilatative and Steno-occlusive Diseases

In our experience, a precontrast acquisition must 
always be performed, aiming at:
• The visualization of parietal calcification of the 

abdominal aorta and of visceral, iliac, and femo-
ral vessels

• The analysis of the thrombus, to exclude the 
presence of an intraplaque hemorrhage (unstable 
thrombus)

• The selection of contrast-enhanced volume of 
acquisition and the placement of the region of 
interest (ROI). (in this case, bolus tracking soft-
ware is used).

The precontrast acquisition is performed with a 
low-resolution protocol, with a 2.5-mm collimation, 
a gantry rotation time of 0.5 s, a reconstruction in-
terval of 5 mm, an acquisition time of about 12 s, 
with a field of view (FOV) of approximately 240 mm, 
and a volume of interest from D12 to the symphysis 
pubis.

Postcontrast acquisition generally requires a 
high-resolution protocol, with a 1-mm collimation, 
a pitch of 6, a gantry rotation time of 0.5 s, a slice 
thickness of 1.25 mm, and a reconstruction interval 
of 1 mm.

The volume of interest extends from the celiac 
trunk to the common femoral artery, with an aver-
age acquisition time of 25 s.

In cases of suspected inflammatory aneurysm, 
it is necessary to complete the examination with 
delayed scans (start delay of 60 s) using the same 
technical parameters of the arterial phase, in order 
to evaluate the presence of arterial wall and to de-
termine the relationship of this inflammatory tissue 
with the other retroperitoneal structures.

10.4.2 
Aortic Endoprosthesis Follow-up

Our acquisition protocol in the study of patients 
treated with an aortic prosthesis includes an ini-
tial precontrast acquisition, a postcontrast arterial 
phase, and then a delayed acquisition, about 60 s 
after the initial injection, with the same technical 
parameter mentioned above. The delayed acquisi-
tion aims at the study of the endoprosthesis alone, 
to better exclude the presence of reperfusions of the 
aneurysmal sac (endoleak), which represents a se-
rious complication of the procedure, since it may 
contribute to the enlargement of the aneurysmal sac 
and a great chance for an aneurysmal rupture. CT 
angiography is the examination of choice for the 
follow-up of such patients and it provides a high 
sensitivity for the detection of endoleaks [26]. The 
precontrast acquisition identifies the volumetric ac-
quisition of the following arterial phase, and it also 
helps in the evaluation of postcontrast data sets in 
order to detect small leaks and differentiate these 
from parietal thrombocalcific appositions and/or 
metallic portions of prosthesis [34, 43]. In addition 
to this [44], in a recent comparative study of differ-
ent acquisition protocols (first protocol: precontrast 
scanning + arterial phase; second protocol: arterial 
phase + delayed phase; third protocol: precontrast 
+ arterial phase + delayed phase) showed that, in 
33 patients with endoleaks, (positive group) and 
40 patients with any leaks or aneurysmal sac en-
largement (negative group), only precontrast acqui-
sitions allowed exclusion of the presence of leaks 
in 20% of patients belonging to the negative group, 
for which the biphasic protocol (arterial phase + de-
layed phase) provided incomplete information. The 
delayed phase, on the other hand, is mandatory in 
the detection of low-flow leaks [24].
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10.5 
2D and 3D Reconstructions

Data sets acquired with correct contrast-medium 
administration may be processed to DCT images 
without increasing the X-ray exposure to the patient. 
Although transverse images remain the main refer-
ence point in the evaluation of a CT angiography 
study, the potential to reconstruct and visualize 3D 
images has many advantages. Data processing is dif-
ferent in each process, and the clinical importance 
of each is also different [30].

10.5.1 
Multiplanar Reformations

Multiplanar reformations (MPR) are 2D reconstruc-
tions with no depth, fast to acquire with software 
available on any CT scanner in which the volumet-
ric acquisition is reconstructed arbitrarily (coronal, 
sagittal, or oblique). The quality of these images 
depends on the spatial resolution along the z-axis, 
since a low spatial resolution means poor quality 
with stair-step artifacts. With the advent of MDCT 
and the use of isotropic images, the quality of these 
reconstructions became excellent without artifacts. 
A more complex application allows, furthermore, 
curved reconstructions in which the arteries are free 
from any superimposition (curved planar reforma-
tions, CPR ).

With this application it is possible to visualize, 
clearly and also lengthwise, the stenosis, the calcifi-
cation around the vessel, and it is possible to evalu-
ate the patency of intraluminal stent. The main limi-
tation of these reconstructions is represented by the 
impossibility of performing any measurement on 
curved multiplanar reformations.

10.5.2 
Maximum-Intensity Projection

The algorithm for maximum-intensity projection 
(MIP) reconstructions evaluates each voxel along 
a traced line, from a defined perspective, with vol-
umetric data acquired previously. The maximum 
value of each one of them is codified on a 2D image 
very similar to a traditional angiographic image, 
without depth and unable to separate vessels and 
superimpositions of structures. This reconstructed 
algorithm allows a good evaluation of calcifications, 
stents, and small-caliber vessels, but it requires an 

Fig. 10.1 Multiplanar reformation (MPR) image: patient with 
abdominal aortic aneurysm involving the ostium of renal 
arteries. MPR image allows representation of lumen and 
thrombus in planes other than the transverse.

editing process to remove structures superimposed 
to vessels and in particular bones. Manual editing 
needs a long processing time to obtain diagnostic 
reconstructions and, in some cases, it is impossible 
to completely eliminate bony structures superim-
posed on the vessels, thus making vessels difficult 
to evaluate. The availability of appropriate software 
to perform the automatic editing undoubtedly rep-
resents an advantage for time-saving in processing 
medical reports; however, the complex evaluation of 
dimensions, shape, intensity, location, and proxim-
ity relationships performed by the human eye are 
difficult to computerize. Therefore, the algorithms 
developed to date (2004) are not always good for 
all applications and often the editing process be-
comes semiautomatic, requiring the contribution 
of an expert operator [10, 18]. Further technologi-
cal improvements will overcome these limitations, 
shortening to a few seconds the total processing time 
of images.

10.5.3 
Volume-Rendering Techniques

In volume-rendering techniques (VRT), each voxel is 
evaluated according to its opacity and its brightness 
in order to establish a histogram of intensity. The 
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Fig. 10.2a,b Maximum-intensity projection (MIP) images: a 
patient with aortoiliac obstruction; b patient with infrarenal 
abdominal aortic aneurysm extending to the aortic bifurca-
tion. MIP images allow angiography-like images with good 
evaluation of calcifications and small-caliber vessels.

Fig. 10.3a,b Volume-rendered (VR) images: a patient with 
infrarenal abdominal aortic aneurysm involving the aortic 
bifurcation; b follow-up examination after endovascular 
treatment with a stent graft.

a

b

a

b
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related attenuation value of each voxel is recorded 
on the final image, using a gray scale, and this is 
the opacity or semitransparent representation of a 
volume, and not of a surface. These reconstructions 
allow representation and differentiation of superim-
posing skeletal and vascular structures without any 
editing process.

Their main advantages consist of the speed of ac-
quisition and a good visualization of vascular struc-
tures. Such a reconstructed algorithm, in order to 
have reasonably fast images, requires a very com-
plex workstation not available everywhere.

10.6 
Image Evaluation and Management

The combined evaluation of transverse and postpro-
cessed images (MPR, MIP, VRT) allows an overall 
evaluation of the vascular pathology with respect to 
the level of stenosis and wall anomalies (plaques or 
calcifications), the characteristics of the aneurysm, 
and presence of collateral vessels and incidental 
findings. The main limitations are represented by 
the great number of native images obtained with a 
single acquisition and the time required for post-
processing the data set. The evaluation of a CT an-
giography study must be performed on dedicated 
workstations on which it is possible to evaluate 
transverse images in cine-mode according to which 
the radiologist interactively chooses the reconstruc-
tion that better clears away any possible diagnostic 
doubt [45]. With digital subtraction angiography 
(DSA), the evaluation of vascular structures is done 
by standard projections, while, on the contrary, with 
CT angiography this limitation is overcome by a 
real-time visualization of the volume of acquisition; 
hence the vascular structures are evaluated from all 
points of view [42]. At the end of the review process, 
for iconographic purposes, only a few summarizing 
reconstructions will be printed.

10.7 
Clinical Evaluation of Aneurysmal Pathology

Abdominal aortic aneurysm is an irreversible path-
ological dilatation of the normal aortic lumen which 
involves one or more segments, with a diameter at 
least 1.5 × greater than the normal proximal aortic 
tract. The incidence of abdominal aortic aneurysms 

is estimated to be 20-40 cases every 100,000 persons 
each year; these aneurysms are also responsible for 
1.7% of deaths of persons between the age of 65 and 
74 years. The natural history of abdominal aortic 
aneurysms is represented by its progressive enlarge-
ment (4 mm each year) until its rupture, which may 
result in a very high incidence of death (80-90%) 
[9]. The bigger the aneurysmal sac, the greater the 
chances of its rupture, varying from 8%, in cases of a 
diameter smaller than 4 cm, to more than 45% if the 
aneurysm is bigger than 7 cm [7, 13]. Abdominal aor-
tic aneurysms may be classified according to their 
morphology (fusiform or saccular), their location 
(supra- or infrarenal), their dimensions, and their 
etiology (atherosclerotic, congenital, inflammatory, 
infectious or mycotic, luetic or degenerative).

CT angiography represents the standard of refer-
ence in the evaluation of aneurysmal pathology and 
in the selection of patients who may take advantage 
of an endovascular percutaneous stent graft, posi-
tioned percutaneously in the abdominal aorta. CT 
angiography is, indeed, able to provide information 
on the anatomy of the vessel, the type of the pathol-
ogy and it extension, and the presence of complica-
tions with the possibility to choose accordingly the 
appropriate therapy. It is, furthermore, a very fast 
test, widely available in the territory and easily re-
producible.

Recently, the development of endovascular tech-
niques introduced and developed a new and less 
invasive technique, providing extremely encourag-
ing results, as an alternative to traditional vascular 
surgical repair. Surgery has a mortality risk of 1.4-
6.5%, which may increase to 5.7-31% in patients with 
other concurrent pathologies [16, 29]. Endovascular 
treatment has a 2.7% intraoperative mortality risk 
and it reduces the risk of bleeding, the hospitaliza-
tion time, and the patient’s posttreatment recovery 
[59].

A successful endovascular treatment, without in-
tra- and posttreatment complications and with an-
eurysmal sac exclusion, is strictly related to an ac-
curate selection of patients, enrolling only cases in 
which the procedure can be easy and effective.

The guidelines for this technique are constantly 
developing, as a result of the increasing experience 
of the operators and the availability of new and more 
versatile models of endoprostheses, which are easier 
to use. The clinical criteria for the choice of patients 

consider a less invasive procedure, which may be 
applied in patients at high risk for open surgery or 
patients with “hostile abdomen” caused by previous 
repeated laparotomy.
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10.7.1 
Pretreatment Evaluation

In the evaluation of abdominal aortic aneurysms, 
CT angiography allows selection of patient candi-
dates for endovascular treatment and defining of the 
characteristics of the device suitable for a specific 
patient to optimize the procedure outcome.

In the evaluation of abdominal aortic aneurysms, 
it is necessary first of all to define:

• Nature (atherosclerotic or inflammatory)
• Location (whether it involves the renal artery 

origin)
• Size of the aneurysmal sac (essential in the follow-

up of patients who do not require any treatment 
and to monitor the endovascular treatment)

• Length (whether it involves the carrefour and the 
iliac arteries)

Furthermore, it is necessary to evaluate:

• The presence of a parietal thrombotic apposi-
tion

• The maximum thickness of the thrombus
• The CT characteristics of the thrombus (stable or 

unstable thrombus)

The transverse image in Fig. 10.5, for example, 
shows an abdominal aorta aneurysm with eccentric 
thrombus on the rear left side of the wall, where it 
is possible to see a hyperdense, half-moon-shaped 
component, which is the evidence of unstable 
thrombus. The aneurysm with unstable thrombus 
has greater incidence of rupture.

When choosing the endovascular treatment, 
some anatomical criteria always need to be taken 
into account in order to have a safe attachment of 

Fig. 10.4a,b Precontrast (a) and postcontrast (b) transverse 
images. Aneurysmal dilatation of the abdominal aorta with 
enhancing periaortic soft tissue, typical of an inflammatory 
aneurysm.

a

b

Fig. 10.5a,b Transverse images: aneurysm of the abdominal 
aorta with unstable thrombus.

b

a
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the prosthesis. The quality of the proximal neck of 
the abdominal aortic aneurysm (that is the distance 
from the caudal renal artery to the proximal bound-
ary of the aneurysm) is the limiting factor. A funda-
mental requirement, to ensure an adequate proxi-
mal attachment of the prosthesis, is a proximal neck 
with the following characteristics:

• Length of about 1.5 cm
• Straight or with an angle less than 55°
• Without any parietal thrombotic appositions 

and/or concentric calcifications
• A maximum diameter smaller than 32 mm [1]

The information on the proximal neck has to 
be acquired both from transverse images and re-
constructed images, through which it is possible to 
better evaluate its course, whether it is straight or 
angled (Fig. 10.6)

CT angiography must also provide anatomical 
information on the iliac arteries, which must not:

• Have a more than 90° tortuosity (Fig. 10.7)
• Have circumferential calcifications
• Have a vessel diameter smaller than 8 mm., to 

allow the passage of large-caliber endoprosthesis 
catheters [35, 40, 41]

a c

b d

Fig. 10.6a–d MPR (a, b, c) 
and VR (d) reconstructions. 
Infrarenal abdominal aortic 
aneurysm distally extend-
ing to the aortic bifurcation 
without involvement of 
iliac arteries. The proximal 
neck, slightly angulated 
(<55°) anterolaterally to the 
right, extends for more than 
15 mm.
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To choose an endovascular treatment, it is also 
necessary to consider:

• The presence, number and caliber of lumbar 
arteries which arise from the aneurysmal sac 

• The patency of the celiac trunk and mesenteric 
arteries (superior and inferior)

• Whether hypogastric arteries are involved in the 
aneurysmal sac or not

• The patency of hypogastric arteries, not only for 
their function in the rich grid of collateral circu-
lation with intestinal branches, but also as final 
branches of the muscular vasculature

• The presence of possible vascular anatomical 
variants (for example the presence of retroaortic 
left renal vein)

10.7.2 
Aortic Endoprosthesis Follow-up

A successful procedure depends on the reduction of 
aneurysmal sac, with total exclusion of the throm-
bus and thrombosis of the excluded lumen. CT is 
the standard of reference in the follow-up of aortic 
endoprosthesis, being effective and specific in the 
detection of the presence, in the follow-up, of aortic 
endoprosthesis and periprosthesis leaks, with a sen-
sitivity and specificity in detecting periprosthesis 

leaks of, respectively, 92% and 90%, as compared to 
63% and 77% of DSA [32].

CT angiography not only diagnoses the presence 
of endoleaks, but it also detects its location, etiology, 
and length, taking into account any possible inter-
related complications. The presence of leaks and the 
enlargement of the aneurysmal sac indicate an in-
complete exclusion of the aneurysm [43].

CT angiography in the follow-up of these patients 
must be performed, according to our protocol, 
1 month, 6 months, and 1 year after aortic endo-
prosthesis positioning. In the follow up after aortic 
endoprosthesis positioning, the following aspects 
must be evaluated:

• The patency and integrity of the prosthesis and 
the maximum axial diameter of the patency of 
aneurysmal sac. A prosthesis occlusion, caused 
by the presence of kinking, angulation, or 
thrombosis, are relatively rare events [8, 14, 34]. 
Figure 10.8 shows a case of complete occlusion of 
the left iliac branch in a patient with an aorto-
biiliac stent-graft. Small changes of the prosthe-
sis shape are acceptable, while serious twisting or 
kinking of branches may cause the failure of the 
procedure. With the reduction of the axial diam-
eter of the aneurysm, as the result of a successful 
procedure, we may also encounter a reduction of 
the length, with possible kinking formation [11, 

a b

Fig. 10.7a,b VR images: infrarenal 
abdominal aortic aneurysm ex-
tending to the aortic bifurcation. 
Iliac arteries tortuosity does not 
indicate positioning of an aortic 
stent graft.
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25, 58]. Kinking of the prosthesis could also be 
the consequence of its sinking at the proximal 
attachment site, with consequent caudal migra-
tion [27]. Angulation of the prosthesis may deter-
mine a stenosis, thrombosis, or detachment of an 
iliac branch with consequent reduction of either 
the inflow or outflow, with increased possibil-
ity of intrastent parietal thrombotic appositions, 
which can be manifest in about 3–19% of cases 
[8] and needs therefore to be monitored. These 
complications are better evaluated on 3D than on 
transverse images.

• The presence of endoleaks means the persistence 
of flow within the aneurysmal sac excluded from 
the endoprosthesis [25]. This is the most frequent 
complication occurring according to several with 
a frequency ranging between 2 and 45% [12, 22, 
23, 25, 32]. The presence of endoleaks means that 
the attempt to exclude the aneurysmal sac failed, 
but it does not necessarily imply that the proce-
dure itself failed. In fact, although the presence 
of endoleaks may cause the enlargement of the 
aneurysmal sac with possible caudal migration 
of the prosthesis or rupture of the aneurysm in 

a

c

b d

Fig. 10.8a,b VR (a), MPR (b, 
c), and MIP (d) images. Patient 
submitted to aortic stenting 
with occlusion of the right iliac 
branch.
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12–44% of patients [31], a spontaneous solution 
may also occur. Endoleaks are the most frequent 
cause of conversion to open surgery [55], which 
has a mortality rate of about 24% (6 times higher 
than the mortality rate of surgery as first treat-
ment). Endoleaks can be classified according to 
temporal criteria (primary or secondary) to their 
etiology (types I, II, III, IV, and V) or according 
to their location [12, 25].

A primary leak appears within 30 days of treat-
ment, documented or shown on the intraoperative 
angiographic examination performed at the end of 
the procedure or during the first CT angiography 
follow-up study. A primary leak is usually a result 
of incorrect positioning of the stent-graft, of pres-
ence of an angled short neck (less than 1.5 cm), or 
of thrombocalcific apposition, which prevents a safe 
fastening of the proximal portion of the prosthesis. 
Secondary leaks, which tend to come out approxi-
mately 1 month after positioning of the prosthesis, 
may be related to caudal migration, only partial ex-
clusion of the aneurysm in the distal tract, incom-
plete overlap of main body and iliac branch, and 
damaged prosthesis.

In contrast, according to their etiology, endoleaks 
are classified into:

• Type I, incomplete attachment of the proximal 
and the distal tract of the prosthesis, caused by 
technical or anatomical problems

• Type II, regressed flow in the aneurysmal sac 
caused by secondary arteries, such as the inferior 
mesenteric artery, lumbar arteries, and hypogas-
tric arteries

• Type III, caused by holes in the prosthesis or 
detachment of its various sections

• Type IV, porosity of the prosthesis
• Type V, or endotension, in case of impossibility to 

demonstrate residual flow, but with evidence of 
persistent pressure in the aneurysmal sac, dem-
onstrated by an increase in the diameter of the 
aneurysm [22]

We may also classify endoleaks as proximal, mid-
dle, and distal according to their site [1, 15, 25].

Proximal and distal endoleaks are related to an 
incomplete attachment of the prosthesis to the aor-
tic walls or to its migration [14], whereas middle 
endoleaks are related to prosthesis defects or to re-
gressed flow of vessels in the aneurysmal sac.

Transverse images in Fig. 10.9 of a follow-up study 
in a patient with an aorto-biiliac stent-graft show, 

in the arterial phase, reperfusion of the aneurysmal 
sac near the side walls extending caudally along the 
branches as far as their distal ends. This finding, 
also evident on reconstructed images, shows a type 
I distal leak, as an incomplete attachment of distal 
portions of the prosthesis, caused by dilatation of 
the common iliac arteries, as confirmed by angiog-
raphy.

In the transverse image of Fig. 10.10, on the other 
hand, the reperfusion of the aneurysmal sac is lo-
cated near the left anterolateral wall, close to the 
origin of the inferior mesenteric artery, as demon-
strated on the 3D reconstruction. This finding is 
also related to a leak with aneurysmal sac reperfu-
sion and regressed flow from the inferior mesenteric 
artery: type II leak.

In Fig. 10.11 it is also possible to see, either on ax-
ial or reconstructed images, reperfusion of the aneu-
rysmal sac in a patient with an aortic endoprosthesis 
entering from the left side of the main body. In this 
case the reperfusion is located near the anterior wall 
of the right iliac branch, with cranial limits placed at 
the main juncture point of the prosthesis. The loca-
tion of the leak, its relationship with the prosthetic 
branch, and the absence of secondary arteries that 
could justify it, suggest a type III leak, caused by de-
tachment of the prosthesis segments.

The prosthesis is positioned to evaluate and doc-
ument its possible caudal migration caused by:

• Incorrect positioning of the proximal portion 
(reduction of the radial strength of the prosthe-
sis and inadequate contact between the proximal 
neck and the proximal portion of the prosthesis, 
mainly if this appears to be too short, angled, or 
with excessive parietal thrombocalcific apposi-
tion) [33, 50, 51]

• Modification of the morphology of the aneurysm 
(for instance dilatation of proximal neck)

The caudal migration of the prosthesis deter-
mines a leak with an enlargement of the diameter of 
the aneurysmal sac and consequently an increased 
risk of rupture of the aneurysm. Figure 10.12 shows 
an example of caudal migration with damaged pros-
thesis, 6 months after positioning.

Other postprocedural complications may be clas-
sified as local or systemic. Among local vascular 
problems, it is worthwhile mentioning iliac dis-
section or artery rupture, caused by large-caliber 
catheters [50], pseudoaneurysm formation, espe-
cially nearby the entrance site [36], and also hema-
tomas, infections, and lymphocyst near the femoral 
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b

d
e f

g h

a

c

Fig. 10.9a–h Postcontrast transverse (a-
d), 3D (e, f), and catheter angiography (g, 
h) images: type I distal leak determined 
by incomplete distension of the distal 
portion of the stent graft. 

CATA 10-Bonomo.indd 148CATA 10-Bonomo.indd   148 20.10.2004 6:23:23 Uhr20.10.2004   6:23:23 Uhr



Abdominal Aorta 149

Fig. 10.10a,b Transverse (a) and 3D (b) images: type II leak 
determined by the inferior mesenteric artery.

a

b

incision. Systemic complications are not different 
from typical postvascular surgery complications: to 
cardiac and respiratory risks we need to add renal 
failure, caused by i.v. administration of iodinated 
contrast medium, renal embolization by the aortic 
thrombus, renal artery ostium obstruction by the 
covered portion of the stent, and mesenteric isch-
emia related to occlusion of the inferior mesenteric 
and/or hypogastric arteries in patients with steno-
occlusive disease of the celiac trunk and superior 
mesenteric artery [54].

10.8 
Clinical Evaluation in Steno-occlusive Disease

Steno-occlusive disease of the abdominal aorta and 
its visceral branches may be acute or chronic. Acute 
occlusion is usually caused by an embolism, acute 
thrombosis of a stenotic artery, or by aortic dis-
section. Atherosclerosis is by far the most common 
cause of chronic occlusion.

We may differentiate infrarenal aortic occlusion, 
which may reach the renal arteries, from distal aor-
toiliac steno-occlusive disease, which involves the 

aortic carrefour and the iliac arteries, and from 
the small-aorta syndrome, which is a focal athero-
sclerotic stenosis of the distal aorta often affecting, 
young smoking women and usually associated with 
inguinal occlusive disease.

The most important steno-occlusive disease 
of the aortoiliac compartment is the Leriche syn-
drome, defined as a chronic thrombosis of the 
aortic bifurcation on a parietal atherosclerotic 
segmental lesion. The discriminating characteris-
tics of this disease, with respect to other types of 
aortoiliac arteriosclerosis, is the absence of sig-
nificant lesions in the peripheral compartment. 
Leriche syndrome mainly affects men between the 
age of 45 and 60 years. The main collaterals de-
pend on the epigastric circulation formed by the 
internal mammary, intercostal and lumbar arter-
ies with the reconstitution of distal external iliac 
and common femoral arteries [1, 57].With respect 
to this disease, the major limitation of X-ray angi-
ography is that, although the catheter positioned 
distal in the abdominal aorta allows to visualize 
the level of occlusion and the possible patency of 
visceral branches, it is not possible to adequately 
evaluate distal arterial compartments because of 
the cranial origin of major collateral vessels (inter-
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a b

c d

fe

Fig. 10.11a–f Transverse (a-d) and reconstructed (e-f) images in patient submitted to bifurcated 
aortic stenting with release of the main body from the left side: type III leak determined by de-
tachment of stent modules.
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a b

c d

Fig. 10.12a–d Follow-up CT examination performed 1 month after stenting (a, b); follow-up 
examination performed at 6 months (c, d): distal migration of the stent.
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Fig 10.13a–c 3D images: patient with Leriche syndrome. CT 
angiography allows documentation of the occlusion of the 
infrarenal abdominal aorta with excellent visualization of 
collaterals and distal revascularization.

nal mammary artery and intercostal branches). On 
the other hand, even if the catheter is placed in the 
aortic arch, with opacification of upper collateral 
branches, it is necessary to inject a high quantity 
of contrast medium to have an adequate visualiza-
tion of distal compartments of the occluded artery. 
With MDCT the limitations of catheter angiogra-

phy may be easily overcome with a relatively small 
amount of contrast medium, as shown in Fig. 10.13, 
in which CT angiography, in a patient with Leriche 
syndrome, enables evaluation of the occlusion of 
the abdominal aorta, the patency of its visceral 
branches providing an optimal visualization of 
collateral and run-off vessels.

a b

c
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11.1 
Introduction

Dynamic computed tomography (CT) images with a 
helical CT have been used for detecting and charac-
terizing primary and metastatic hepatic neoplasms 
[1–3]. Several authors have demonstrated that the 
dynamic helical CT data with thin-section colli-
mation and three-dimensional (3D) displays could 
also accurately demonstrate the major visceral ar-
teries [4–7], such as the celiac axis and its branches, 
and the superior and inferior mesenteric arteries. 
Therefore, CT angiography is expected to prove 
extremely valuable for applications such as preop-
erative planning for hepatic resection, preoperative 
evaluation and planning for liver transplantation, 
pretreatment planning for patients considered for 
hepatic arterial infusion chemotherapy, and pre-
treatment evaluation of portal vein patency for a 

variety of reasons [6, 8–13]. CT angiography can 
also provide supplemental information in patients 
with cirrhosis, upper gastrointestinal tract bleeding 
due to varices, or primary extrahepatic neoplasms. 
However, as approximately 30 s has been needed to 
cover the entire liver and pancreas with thin-sec-
tion collimation with a single detector-row helical 
CT because of its limited speed of scanning [5, 7], 
it is hard to obtain the arterial or portal venous 
dominant phase images of large anatomical areas 
during peak arterial or portal venous enhancement, 
respectively. Multidetector-row helical CT (MDCT) 
can acquire multiple CT data sets with each rota-
tion of the X-ray tube [14] and can scan through 
large anatomical areas much faster than single-de-
tector-row helical CT scanners. This system, there-
fore, gives us the opportunity to acquire CT images 
of the upper abdominal area, including liver, with 
thinner-section collimation within the time period 
generally regarded as the hepatic arterial or portal 
venous dominant phase. These images are used to 
reconstruct 3D CT angiograms, which help in the 
evaluation of vascular anatomical information and 
vascular invasion of tumors.

In this article, techniques used for optimization 
of the scan protocols and postprocessing of CT an-
giography are addressed. The clinical advantages of 
CT angiography in evaluating liver disease are also 
discussed.

11.2 
Techniques of Contrast-Medium 
Administration

Dynamic-study images are useful to reconstruct 
CT angiograms of each hepatic vessels. However, to 
perform a good dynamic study, we have to employ 
optimal parameters such as injection rate, total vol-
ume of contrast medium, injection duration, scan 
time, concentration of contrast medium, and delay 
time of scan.
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Peak arterial enhancement is mainly affected by 
total amount of iodine injected during a unit time 
that is proved by a higher injection rate, higher 
concentration of contrast medium, injection dura-
tion [15–17]. Injection rate affects the maximum 
arterial enhancement and delay time of peak aortic 
enhancement after initiation of contrast medium. 
When we inject contrast medium faster, peak en-
hancement becomes higher and delay time of peak 
enhancement becomes shorter [15, 16]. When the 
same amount of contrast medium and the same in-
jection rate are employed, contrast medium with 
higher concentration can improve peak arterial en-
hancement of each region. With the same concen-
tration of contrast medium and the same injection 
rate, longer injection duration (larger amount of 
contrast medium) shows higher peak arterial en-
hancement [17].Injection duration is almost equal 
to the marked arterial enhanced period, so imaging 
time should be shorter than the injection duration 
[17]. MDCT can obtain the image faster, so when we 
obtain only arterial phase images, we may reduce 
the total volume of the contrast medium (injection 
rate times injection duration). However, because of 
variables such as patient size and cardiovascular 
status, CT images may show varying degrees of he-
patic arterial, portal venous, hepatic venous, and 
parenchymal enhancement. To compensate for the 
patient’s size, 2–2.5 ml of contrast medium should 
be administered per kilogram body weight [18]. In 
our institute, 2 ml/kg of 300 mg I/ml of contrast 
medium is injected intravenously by power injec-
tor at a rate of 4-5 ml/s, or 1.7 ml/kg of 350-370 mg 
I/ml of contrast medium at a rate of 4 ml/s through 
a 20-gauge plastic intravenous catheter placed in an 
antecubital vein. However, when a patient’s weight 
is low, total amount of contrast medium is also 
small and injection duration (total amount of con-
trast medium divided by injection rate) becomes 
short. The scan time of the arterial phase imaging 
of MDCT is about 20 s, therefore a minimum of 
100 ml of contrast medium should be used to keep 
the injection duration longer than scan time (injec-
tion duration is 20 or 25 s at the rate of 5 or 4 ml/s, 
respectively).

Many investigators have initiated arterial phase 
imaging with a scan delay of 20-30 s using an injec-
tion rate of 4 or 5 ml/s [3, 19]. However, the exact 
definition and optimal timing of the hepatic arte-
rial dominant phase remains somewhat uncertain 
and controversial, because it can be influenced by 
numerous variables such as the patient’s size and 
cardiovascular status.To determine the optimal 

delay time to start with, test-bolus injection tech-
niques or automatic bolus-tracking techniques 
can be employed [20]. The scanning time delay is 
determined using a test bolus (15 ml at 5 ml/s) of 
300 mg I/ml of nonionic contrast medium through 
a 20-gauge intravenous catheter placed in the ante-
cubital vein followed by a series of single-level CT 
scans at low dose (120 KVp, 10 mA). The scan loca-
tion is 20 cm below the dome of the liver, and the 
monitoring scans are acquired every 2 s from 10–
40 s. A cursor is placed over the abdominal aorta at 
this level, and the time interval to peak aortic en-
hancement is used to determine the scan delay for 
the early arterial phase images. The time to peak 
arterial enhancement from initiation of contrast 
medium is used as delay time of the early arterial 
phase. As a result of this test injection technique 
in our study [20], the scanning delays for the arte-
rial phases were quite variable. Therefore, we doubt 
that a standard scan delay would reliably result in 
optimal timing for arterial phase set of CT images. 
If a fully automatic bolus-tracking technique is 
available, it may be also useful to adjust the timing 
of arterial-phase CT scan of the liver. In our expe-
rience, the scan should be automatically started at 
least 7-10 s, including the time of voice for breath-
hold and table movement, etc., after triggering at 
a threshold of 100 HU relative enhancement of the 
abdominal aorta [21].

11.3 
Imaging Protocol of MDCT

Scan parameters are different in each grade of 
MDCT. When 8-channel or 4-channel MDCT units 
are used, the detector configuration is 8×1.25 or 
4×2.5 mm, in which eight or four interspaced he-
lical data sets are collected from eight 1.25-mm 
detector rows, respectively. A pitch of 10.8 or 6 
with the table speed set at 15 mm/rotation is em-
ployed. One rotation of the X-ray tube is 0.5 s. The 
axial images are reconstructed and displayed as 
40 slices with5-mm thickness slices for each phase 
set. Each phase helical CT data is retrospectively 
reconstructed for multiplanar reconstruction with 
a standard soft algorithm at 0.63-mm increments 
with a 0.63-mm thickness in 16-channel MDCT, 
0.63-mm increments with a 1.25-mm thickness 
in 8-channel MDCT or 1.25-mm increments with 
a 2.5-mm section thickness in 4-channel MDCT. 
Field of view is 30 cm.
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Scanning begins from the dome of the liver (lo-
cation determined by the scout digital radiograph) 
and proceeds in a caudal direction, covering a z-
axis distance of at least 20 cm at an optimal delay 
time after initiation of injection of contrast medium 
determined in the way mentioned previously. These 
CT images constitute the early arterial phase of the 
double arterial phase imaging. After an interscan 
delay of 5 s, for table movement, scanning resumes 
from the dome of the liver in a caudal direction. 
This constitutes the late arterial phase. The total 
acquisition time is about 20 s and is accomplished 
in a single breath-hold. Sixty to seventy seconds 
after the start of the injection of contrast medium, 
the portal venous phase is imaged with the same 
parameter when the contrast medium distributed 
to the bowel is collecting in the liver. As mentioned 
above, double arterial phase and portal venous 
phase images are obtained for liver imaging.

11.4 
Postprocessing Techniques of CT 
Angiography

These CT data are transferred to a computer work-
station that can reconstruct 3D CT angiograms. 
Computer workstations that allow direct interac-
tion with all the CT data for a particular study are 
used. The quality of 3D CT angiograms depends 
on the performance of the workstation. Radiologists 
reconstruct oblique, thick-slab maximum-intensity 
projection (target MIP) images with 2- to 3-cm-thick 
slab and volume-rendering images to obtain the CT 
arteriogram. Radiologists should take an active role 
in image analysis, because they can best choose the 
optimal plane and orientation for demonstrating the 
extent and presence of pathological conditions by 
using real-time rendering.

As mentioned previously, our preferred 3D ren-
dering techniques for CT angiography are volume 
rendering [22–24] and target MIP [25] (Fig. 11.1). CT 
angiography with volume rendering has a number of 
theoretical advantages over MIP and shaded surface 
display [24, 26, 27]. The volume-rendered images 
maintain the original anatomical spatial relation-
ships of the CT data set and have a 3D appearance, 
facilitating interpretation of vascular interrelation-
ships (Fig. 11.1a, d). Its specific advantages in vas-
cular imaging are more accurate visualization of 
vessel detail, stenosis, and presence and location 
of vascular anomalies. Because the MIP algorithm 

selects only the highest-intensity voxel, the final im-
ages fails to depict overlapping vessels (Fig. 11.1b). 
However, by making target MIP images, we can elim-
inate overlapping vessels [25] (Fig. 11.1c). Moreover, 
we also find that MIP rendering is valuable as an ad-
junct display, especially for depicting smaller ves-
sels within an enhancing organ such as the liver [25] 
(Fig. 11.1b, e).

Shaded surface renderings do not convey infor-
mation rendering the relative attenuations of voxels 
in the original data set. Accordingly, shaded surface 
renderings do not depict calcification distinct from 
vascular enhancement, while volume-rendered dis-
plays can be interactively optimized by adjusting 
the window width and window level to make this 
important distinction [26, 27].

11.5 
Visibility Using CT Angiography

When reviewing the two separate sets of hepatic 
arterial dominant phase (early and late arterial 
phase) and portal venous phase CT images of the 
liver in the MDCT protocol, we noted that the small 
branches of the hepatic arteries often could be vi-
sualized without portal venous enhancement dur-
ing the early arterial phase, and that the peripheral 
branches of the portal vein could be demonstrated 
by the contrast medium returning from the splenic 
vein during the late arterial phase without hepatic 
venous enhancement.

In a previous study [25], with an initial model of 
4-channel MDCT, CT angiography reconstructed 
from the early arterial phase (CT arteriography) 
with the MIP technique can show small branches of 
the hepatic arteries without portal venous enhance-
ment (Fig. 11.1a, c), and the peripheral branches of 
the portal vein could be demonstrated on CT an-
giograms reconstructed from the late arterial phase 
images without the hepatic venous enhancement 
(CT portography) (Fig. 11.1d, e). CT angiograms 
reconstructed from the portal venous phase (CT 
portography and hepatic venography) shows in-
tra- and extrahepatic portal vein enhanced by the 
contrast medium coming back from the superior 
and inferior mesenteric, and splenic vein, and the 
hepatic vein clearly visible (Fig. 11.1f). However, 
when a patient suffers from portal hypertension, 
portal and hepatic venous visualization may be ob-
scure.
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11.5.1 
Arterial Visualization

With the initial model of 4-channel MDCT, 100% 
of major arterial trunks (celiac, hepatic, superior 
mesenteric, left gastric) can be observed, and ap-
proximately 90% or more of the small branches of 
the hepatic arteries (right, middle, and left hepatic; 
cystic; right gastric; right and left inferior phrenic; 
and posterior superior,  anterior superior, and infe-
rior pancreaticoduodenal) are detected in the early 
arterial phase [25]. Recently, MDCT with 8- or 16-
channel data acquisition has become available, and it 
enable us to obtain much thinner thick-slice images 
with faster acquisition time. CT arteriograms from 
these CT data show small hepatic arterial branches 
more clearly [28] (Fig. 11.2).

11.5.2 
Portal Venous Visualization

The portal vein and its major tributaries (splenic and 
superior mesenteric veins, etc.) are seen in 100% of 
CT angiograms. Subsegmental or more peripheral 
branches of portal vein are seen in about 90% of CT 
angiograms during the late arterial phase and in about 
100% during the portal venous phase [25] (Fig. 11.1d, 
e). Subsegmental branches of the portal vein were 
more frequently demonstrated on the late arterial 
phase than on the portal venous phase because hepatic 
parenchymal enhancement obscures them.

11.5.3 
Hepatic Venous Visualization

The hepatic vein is clearly seen on CT portohepatic 
venograms (Fig. 11.1f). However, when a patient is 
suffering from portal hypertension, portal and he-
patic venous visualization may be obscure.

Fig. 11.1a–f Normal hepatic vessels. a The volume-rendered CT angiogram reconstructed from the early arterial phase im-
ages (CT arteriography) are useful for accurate visualization of arterial detail without overlapping vessels. b CT arteriogram 
with maximum-intensity projection technique (MIP) can show small branches of the hepatic arteries without portal venous 
enhancement. c Target-MIP CT arteriography can eliminate overlapping vessels. d The peripheral branches of the portal vein 
without the hepatic venous enhancement could be demonstrated on a volume-rendered CT angiogram reconstructed from 
the late arterial phase images (CT portography). e  A CT portogram with MIP rendering is valuable as an adjunct display, 
especially for depicting smaller vessels within an enhancing organ such as the liver. f CT angiogram reconstructed from the 
portal venous phase images (CT portohepatic venography) shows the portal vein enhanced by the contrast medium coming 
back from the superior, inferior mesenteric, and splenic vein, and the hepatic vein very clearly.

b

d

a c

e

b

f
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11.6 
Clinical Applications of Hepatic 
CT Angiography

Little attention has been paid for small branches 
of hepatic artery, such as middle hepatic artery, 
cystic artery, and right gastric artery, on CT scan. 
However, it is potentially important to evaluate 
these small arteries for preoperative evaluation of 
hepatic resection and liver transplantation includ-
ing potential recipients and living related donors, 
and for pre-interventional radiological treatment 
evaluation of hepatic arterial infusion chemother-
apy, transjugular intrahepatic portosystemic shunt 
placement or transcatheter arterial chemoemboliza-
tion, etc [8–13]. CT angiography can replace conven-
tional angiography.

11.6.1 
Planning Liver Resection for Hepatic Tumors

The imaging technique for CT angiography by us-
ing multidetector-row helical CT is also useful for 
detecting and assessing the extent of hepatic neo-
plasms. These images help in decision-making 
about resectability and in surgical planning for he-
patic resection. As mentioned previously, the double 
arterial and portal venous phase CT images and CT 

angiograms reconstructed from them allow the con-
struction of highly detailed and accurate hepatic ar-
terial, portal venous, and hepatic venous maps that 
are used as a guide for surgical planning (Fig. 11.1). 
These vascular maps provide better detail of pos-
sible tumoral vascular invasion by displaying the 
course of the vessels in optimal planes (Figs. 11.3, 
11.4). Portal vein or hepatic venous invasion due 
to tumor thrombus is recognized during CT por-
tography from the late arterial phase images or CT 
hepatic venography from the portal venous phase 
images. CT angiography with the volume-rendering 
technique and target MIP are useful to depict the 
relationship of the hepatic veins and intrahepatic 
portal veins to the segmental anatomical structure 
and to the tumor (Fig. 11.3). These images are criti-
cal for surgical planning

11.6.2 
Hepatic Arterial Infusion Chemotherapy

CT arteriography can provide important arterial 
anatomical information before performing hepatic 
arterial infusion chemotherapy or transcatheter 
chemoembolization. Some of vascular anatomy can 
easily be detected on CT angiograms, but not on con-
ventional angiograms. All arteries are enhanced si-
multaneously on intravenous enhanced CT images, 
while each artery is searched for to place a catheter 
using conventional angiography; for example, the 
inferior phrenic artery arising from the abdominal 
aorta or the renal artery cannot be demonstrated 
with celiac angiography (Figs. 11.2, 11.5). When we 
implant a catheter in the hepatic artery for continu-
ous arterial infusion chemotherapy, it is important 
to know the hepatic arterial anatomy before the in-
terventional procedure to implant the catheter in a 
appropriate position for perfusing anticancer drugs 
to the whole liver, including tumors (Fig. 11.5).

11.6.3 
Portal Hypertension Due to Cirrhosis

Dilatation of the main portal vein and the splenic and 
superior mesenteric vein can also be seen in some 
cirrhotic patients. The hepatic artery is frequently 
enlarged and tortuous in advanced cirrhosis and 
may demonstrate increased flow [29]. Portosystemic 
shunt vessels such as intrahepatic portal venous 
shunt (Fig. 11.6), patent paraumbilical veins, dilated 
coronary veins, gastroesophageal varices, short gas-

Fig. 11.2 A tumor thrombus of hepatocellular carcinoma. 
The CT arteriogram from MDCT with 16-channel data ac-
quisition data clearly shows small hepatic arterial branches. 
The common hepatic artery branching from the superior 
mesenteric artery and the right phrenic artery branching 
from the aorta (arrowheads) are seen. Thread-and-streak 
signs indicate the presence of tumor thrombus (arrow).
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Fig. 11.3a–d A patient with a large hepatocellular carcinoma. 
a Left: CT arteriography with target MIP. Right: Volume-ren-
dered image. Both images show the hepatic artery and subtle 
neovascularity in the right lobe of the liver (arrows). b Left: 
CT portography with target-MIP. Right: Volume-rendered 
image.  Both images show tumor invasion of the right an-
terior branch of the portal vein (arrows) and intratumoral 
vessels. c CT venography with target MIP is useful to depict 
the relationship of the hepatic veins to the segmental ana-
tomical structure and to the tumor. These images are critical 
for surgical planning.

a b

c

d
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Fig. 11.4a,b A patient with gall bladder cancer. a The early 
arterial phase image with drip infusion cholecystography 
shows suspected encasement bile duct and hepatic artery 
(arrows). b Left: CT arteriography with target-MIP, Right: 
Volume-rendered image. Right branch of intrahepatic bile 
duct (arrows) and right hepatic arterial encasement (arrow-
heads) are clearly revealed.

a

b

b

Fig. 11.5a,b A case with hepatic arterial infusion chemotherapy. a 
Volume-rendered CT arteriogram shows the entire hepatic trunk aris-
ing from superior mesenteric artery. The right gastric artery branching 
from the common hepatic artery is visible (arrow). b Left: Common he-
patic digital subtraction angiogram (DSA). Right: After implantation of 
catheter for arterial infusion chemotherapy with embolic coil fixation 
(arrow). DSA shows the same anatomical information about the artery 
as the CT angiogram

a
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a

Fig. 11.6a,b Arterioportal-venous fistula in a cirrhotic liver. a Target-MIP coronal CT arteriogram shows the hepatic artery 
filling nidus (arrow) and early portal venous enhancement (arrowhead). b Target-MIP coronal CT portogram shows early 
hepatic venous enhancement (arrow), indicating the presence of arterioportal-venous shunt.

b

tric varices, retroperitoneal and subcutaneous col-
lateral vessels, and spontaneous splenorenal shunts 
are also recognized in some cases.

CT portography reconstructed from late arte-
rial or CT portohepatic venography from the portal 
venous phase images can show the anatomical in-
formation of these varices very clearly (Figs. 11.6, 
11.7). CT portohepatic venography can provide the 
anatomical relationship between hepatic and portal 
veins, which is very useful for procedures of tran-
sjugular intrahepatic portosystemic shunt (TIPS). 
The patency of shunt is also assessed by CT porto-
hepatic venography noninvasively. In- and outflow 
vessels of gastric varices shown on CT portohepatic 
venograms is also helpful for interventional proce-
dures of balloon occluded retrograde transvenous 
obliteration (BRTO) (Fig. 11.6).

11.6.4 
Evaluation for Liver Transplantation

Dynamic MDCT with double arterial and portal 
venous phase imaging of the liver is a very impor-
tant modality in the evaluation of both recipient 
and living donors of liver transplantation [12, 30, 
31]. As mentioned previously, each phase CT image 
and CT angiogram reconstructed from these images 
can provide many kinds of information about the 
status of the liver parenchyma (i.e., fatty liver), vol-
ume of the liver, presence of intra- or extrahepatic 
disease (i.e., hepatocellular carcinoma or varices) 
(Figs. 11.2, 11.3, 11.4, 11.7), or anatomical variation 
(Figs. 11.2, 11.5) and patency of hepatic arterial, por-

tal venous and hepatic venous systems (Fig. 11.8a). 
They can provide a comprehensive preoperative 
liver transplant evaluation, supplying the informa-
tion necessary for both patient selection and surgi-
cal planning [12]. It was reported that this noninva-
sive imaging modality provides significant impact 
on surgical planning for hepatic transplantation, 
including celiac axis stenosis (Fig. 11.8a), diameter 
of inflow small arterial vessel, complete replace-
ment of hepatic arterial supply (Fig. 11.8a), portal 
vein thrombosis, and splenic artery aneurysm [6]. In 
a case of liver transplantation with parent-to-child 
liver donation, the adult typically donates the lateral 
segment of the left lobe. CT angiography of the adult 
liver is performed to define the vascular map and 
to measure liver volumes. On the other hand, in a 
case of adult-to-adult living-donor transplantation, 
the right lobe of the donor’s liver is usually used. In 
this case, anatomy of the portal venous system is 
most important. When a potential donor does not 
have common a portal trunk of anterior and poste-
rior branches of the right portal vein, transplanta-
tion of the right lobe is contraindicated (Fig. 11.9a). 
Anatomy of the middle hepatic artery and branches 
of the middle segment and of the middle hepatic 
and inferior right hepatic vein that drain the right 
anterior segment are also important, because a de-
cision has to be made whether to ligate or anasto-
mose these vessels at the time of transplantation 
(Fig. 11.9b, c).

After the liver has been transplanted, CT an-
giography can also be useful for evaluation of 
potential transplant complications in either the 
transplant donor or recipient. The technique is 
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b

Fig. 11.7a,b Cirrhosis of the liver with varices. a Coronal 
volume-rendered CT portohepatic venogram shows spleno-
megaly and markedly tortuous perisplenic collateral vessels, 
such as dilated coronary veins and short gastric varices (ar-
rows). b Left: percutaneous transhepatic portogram. Right: 
After occlusion of gastric varices. CT angiography is helpful 
for pre-evaluation of interventional procedures.

a

a

Fig. 11.8a,b A case with normal variation of hepatic artery. a Left: CT arte-
riogram with target MIP. Right: Volume-rendered image. The replaced right 
hepatic artery arising from the superior mesenteric artery and the replaced 
left hepatic artery arising from left gastric artery are clearly seen. b CT ar-
teriogram with target MIP shows the celiac axis stenosis (arrow).b
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Fig. 11.9 A prospective, living, related liver transplant donor. 
a Coronal target-MIP CT portogram shows that this poten-
tial donor does not have common trunk of anterior and pos-
terior branches of the right portal vein (arrow). b Axial (left) 
and coronal (right) target-MIP CT portohepatic venogram 
clearly shows the anatomy of branches of the middle hepatic 
vein (arrowheads) that drain the right anterior segment very 
clearly. c Coronal volume-rendered CT arteriogram reveals 
middle hepatic artery branching from the proximal portion 
of the right hepatic artery (arrow).

a

c

b
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used to successfully detect common and poten-
tially lethal vascular complications, including 
hepatic artery stenosis, hepatic artery thrombo-
sis, and portal vein stenosis [11] (Fig. 11.10).

11.7 
Conclusion

Dynamic MDCT images of liver with the early and 
late arterial phases and the portal venous phase 
that are useful for detection of liver tumor, i.e., 
hepatocellular carcinoma, can also provide CT 

angiography of hepatic artery, portal vein, and 
hepatic vein. CT angiography is very beneficial 
for preoperative or preinterventional radiologi-
cal assessment or follow-up evaluation of liver 
disease.
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12.1 
Introduction

Computed tomographic angiography (CTA) is a 
powerful imaging technique for evaluation of the 
vascular system. It now has the potential to be a 
diagnostic alternative to conventional angiography, 
since it is a minimally invasive, safe, relatively com-
fortable, and low-cost examination. Further reduc-
tion of dose exposure can be obtained using dedi-
cated low-dose acquisition protocols [15].

The development of multislice spiral CT (MSCT) 
technology is a significant advance in CTA [26, 27], 
particularly in the evaluation of splanchnic vessels 
[3, 4, 8, 20]. In fact, MSCT allows for acquisition 
times up to eight times faster than conventional 
single-slice spiral CT scanners; this feature enables 
larger anatomical coverage and diminishes misreg-
istration as well as respiratory motion artifacts [23, 
30]. Thin-slice collimation protocols can be rou-
tinely implemented with greatly enhanced spatial 
resolution along the longitudinal axis, which pro-
vides virtually isotropic 3D voxels; consequently, 
image quality is improved with better diagnostic 

capabilities [13, 14]. In addition, contrast-medium 
administration is optimized, with better vessel en-
hancement, due to more accurate timing and better 
separation between the arterial and venous phases.

However, in order to fully exploit the benefits 
derived from the use of multislice CT, it is of para-
mount importance not only to improve volumetric 
acquisition, but also image display. Three-dimen-
sional data sets are reconstructed and interactively 
evaluated on dedicated workstations using axial and 
two-dimensional (2D) multiplanar images, as well 
as more complex rendering techniques such as max-
imum intensity projections (MIP), surface-shaded 
displays (SSD), and volume rendering [6, 16, 19].

12.2 
Imaging Technique

The choice of an appropriate study technique to 
evaluate the splanchnic vasculature is mandatory 
in order to acquire three-dimensional (3D) data sets 
of high diagnostic quality. Scanning parameters and 
optimization of contrast-medium administration 
have to be considered [8, 21].

With regard to scanning parameters, slice colli-
mation, effective slice thickness, pitch, and image 
reconstruction are the major determinants of a good 
examination [29]. Parameters need to be optimized 
on different scanners (in Table 12.1, general guide-
lines are provided); however, in general, the thinner 
the collimation and the lower the pitch, the better the 
slice-sensitivity profile and the higher the longitudi-
nal spatial resolution and consequently the quality 
of reconstructed images. Image reconstruction is 
another important factor affecting the quality of 3D 
images. In principle, in order to obtain an optimal 
image quality, 20–40% slice overlap should be im-
plemented. However, since the use of a 1-mm-slice 
collimation protocol produces a considerable num-
ber of images (300–400 images per scan per patient), 
it is sometimes more useful, to reduce the workload 
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on the workstation, to limit the image reconstruc-
tion interval to 1 mm, with no image overlap.

Administration of contrast medium needs to be 
optimized with regard to timing, volume, and flow 
rate [29] (see Table 12.2). Due to the fact that each 
patient has a different circulatory time, there is a 
substantial risk of scanning the patient too early 
(with an insufficient amount of contrast material in 
the vessels) or too late (with opacification of venous 
vessels during the arterial phase) when a fixed de-
lay time is used (usually 25 or 30 s as start time for 
the arterial phase). Therefore, we usually utilize the 
test-bolus technique in which a minibolus (20 ml) of 
contrast material is injected and a series of single-
level CT scans at low dose are acquired every 2 s at 
the level of the hepatic hilum. The time of maximal 
opacification of the abdominal aorta is used as the 
start time for the arterial phase (usually between 18 
and 24 s). After the acquisition of the arterial phase, 
a portal venous phase is also acquired with a 60- to 
70-s delay time from the start of contrast-material 
infusion [1].

Another variable that impacts on contrast-mate-
rial administration is patient’s body weight. Indeed, 
if a fixed amount of contrast material is used, some 
patients will receive an insufficient dose of contrast 
material (with inadequate opacification of the ves-
sels), whereas others will receive an excessive dose of 
contrast material (which can be spared to reduce the 
cost of the CT examination). Therefore, to minimize 
the influence of differences in patient body weight, 
we usually administer 2 ml of contrast material/kg 

of patient body weight (e.g., 140 ml for a patient of 
70 kg).

A further variable that has to be considered for 
contrast-material administration is the flow rate. 
Although excellent vascular studies can be obtained 
with a contrast-material infusion of 3 ml/s, there is 
now evidence from the literature that the conspicu-
ity for the analysis of the vascular structures is in-
creased when using higher flow rates, up to 9.6 ml/s 
[17]. However, in our everyday clinical practice, we 
try to use a flow rate of 5 ml/s according to patient 
clinical conditions and availability of an adequate 
venous access.

Before the study, patients receive 500-800 ml of 
water as an oral contrast agent in order to produce 
negative contrast in the stomach and small bowel. 
The use of a positive oral contrast agent, although 
very common in the past, is a source of potential dif-
ficulties when 3D images need to be reconstructed; 
indeed, the high density of small-bowel lumen, sim-
ilar to contrast-enhanced vessels, limits the use of 
automatic thresholding as well as the possibility of 
viewing “through the bowel” with volume render-
ing.

12.3 
Image Analysis

Once acquired, images are downloaded to an off-
line dedicated workstation in order to generate 
3D reconstructions. 3D data sets can be examined 
using different reconstruction techniques, start-
ing with multiplanar reformations along three 
orthogonal axes and on oblique planes. 3D recon-
structions can be obtained by using either maxi-
mum-intensity projection (MIP) (Fig. 12.1), or sur-
face-rendering or volume-rendering algorithms [2, 
6, 7] (see Table 12.3).

Table 12.1 Scanning parameters

Field of examination From the diaphragm to the pelvis 
(35 –45 cm)

Acquisition Arterial phase: craniocaudal 
Venous phase: caudocranial

Kilovoltage 120 kVp

Milliampere 
seconds

120-165 mAs 
(depending on tube heat capacity)

Collimation 4-slice scanner: 4 x 1 – 1.25 (HR); 
4 x 2.5 (fast)
16-slice scanner: 16 x 0.625 - 0.75 
(HR)/16 x 1.5 (fast)

Pitch 1.5 (to be adjusted according to 
different scanners)

Reconstruction 
interval

0.8-1.0 mm (4-slice scanners)
0.4-0.8 mm (16-slice scanners)

Acquisition time 30-35 s (4-slice scanners) 
15-20 s (16-slice scanners)

Table 12.2 Contrast-medium injection

Injection volume 2 ml/kg of patient body weight

Flow rate 3.5- 5 ml/s

Acquisition delay Arterial phase: based on bolus test
Portal venous phase: around 60 s

Bolus test Sequential dynamic slices at the level 
of the
celiac trunk following injection of 
20 ml of 
contrast medium
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Volume rendering is the preferred reconstruc-
tion algorithm for better anatomical representation 
and evaluation of spatial relationships, as well as for 
faster and easier interaction with 3D data sets, al-
though the diagnosis comes from a combined evalu-
ation of source and reconstructed images.

With volume rendering, selective vessel rep-
resentation is obtained using different rendering 
curves (Fig. 12.2a,b) [2]. A panoramic overview 
of the entire main abdominal branches can be ob-

Fig. 12.1 Maximum-intensity projection (MIP). Oblique view 
of an abdominal aortic aneurysm with diffuse parietal cal-
cifications. MIP algorithm provides optimal evaluation of 
size and morphology of the aneurysm, but poor assessment 
of three-dimensional spatial relationships.

d

Fig. 12.2a,b Volume-rendering algorithm. a A well-defined 
3D image is generated by volume-rendering algorithm 
thanks to the use of virtual light source. The presence of 
light and shadows provides an optimal evaluation of spatial 
relationships among vessels. b Modulation of the opacity of 
different anatomical structures allows to see “through” or-
gans. In the present case, bones are rendered as semi-trans-
parent in order to provide anatomical bony references for 
the vascular surgeon.

a

b
Table 12.3 Imaging reconstruction technique

Multiplanar reformation Initial analysis of the data 
set (usually coronal and 
sagittal planes). Curvi-
linear planes: hepatic & 
splenic arteries

Maximum intensity 
projection (MIP)

Panoramic evaluation of 
the entire vascular district 
(better if bone is removed)

Shaded surface display (SSD) Usually not necessary

Perspective volume-rendering 
(pVR)

Surface representations of 
major vessels; Interactive 
multiplanar cut planes 
useful for smaller vessels
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tained using a preset opacity curve showing only 
the vascular surface. The evaluation of minor ves-
sels (i.e., second, third, and more distal orders 
of collateral branches) requires the analysis of 
3D data sets by using interactive multiplanar cut 
planes (“oblique trim”) and by modulating the 
opacity of the anatomical structures under evalu-
ation and window/level parameters in order to 
see vessels “through” abdominal organs. Image 
analysis requires direct operator interpretation at 
the workstation, where 2D axial and multiplanar 
reconstructions and 3D images are simultaneously 
available. A complete analysis of arterial and ve-
nous vessels is obtained within a mean interpreta-
tion time of 20 min.

12.4 
Normal Anatomy

12.4.1 
Arterial Vascular System

The superior mesenteric artery (SMA) usually 
arises from the abdominal aorta, at the level of 
L1, less than 1.5 cm below the origin of the celiac 
trunk. The SMA supplies blood to the duodenum 
(via the pancreaticoduodenal arcade), jejunum, il-
eum, right colon, and, usually, transverse colon 
(Fig. 12.3) [12, 18, 22]. The SMA mostly originates 
on the left side of the superior mesenteric vein 
(SMV) as it crosses over the third portion of the 
duodenum. As it enters the mesentery, the SMA 
is usually posterior to the SMV. This anatomical 
relationship has important implications, since the 
right colic artery and the ileocolic artery cross the 
SMV as a consequence. However, a recent study 
[31]et al. ] was able to demonstrate that in several 
cases (67%) the ileocolic artery and the right colic 
artery may pass on either side of the SMV. The sur-
geon must dissect the arteries with the SMV, being 
aware of both possibilities (Fig. 12.4).

Major collateral branches are: the inferior pan-
creaticoduodenal artery, which has an oblique 
course, anastomosing superiorly with the superior 
pancreaticoduodenal artery, a branch of the gas-
troduodenal artery; the right and middle colic ar-
teries, with the latter absent in up to 80% of normal 
individuals, supplying blood to the right colon; the 
jejunal branches, arising from the left side of the 
SMA above the level of the middle colic artery; and 
the ileal branches, arising from the left side of the 

Fig. 12.3 Normal anatomy of the superior mesenteric artery. 
1, SMA; 2, jejunal branches; 3, middle colic artery; 4, right 
colic artery; 5, ileocolic artery

SMA below the level of the middle colic artery and 
the terminal ileocolic artery, supplying blood to 
the distal ileum and cecum.

Aberrant arteries arising from the SMA are a 
relatively common finding and include hepatic 
artery, right hepatic artery, cystic artery, celiac 
trunk, splenic artery, gastroduodenal artery, right 
gastroepiploic artery, and left gastric artery [10] 
(Fig. 12.5).

The inferior mesenteric artery (IMA) arises 
from the aorta about 7 cm below the origin of the 
SMA. The IMA divides into the left colic artery, 
which has a straight superior course, supplying 
the transverse and descending colon; the sigmoid 
arteries, two to four vessels supplying the sigmoid 
colon; and the superior hemorrhoidal artery, a 
terminal branch that supplies the upper rectum 
(Fig. 12.6).

The high spatial resolution of multislice CTA al-
lows detailed evaluation of small distal vessels, in-
cluding the anastomotic arcades along the mesen-
teric and mesocolic sides of small and large bowel 
as well as the vasa recta (Fig. 12.7).
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Fig. 12.4 Anatomical relationship between superior mesen-
teric artery (SMA) and superior mesenteric vein (SMV). The 
SMA (A) is posterior to the SMV (V) and the right colic ar-
tery (rc) crosses the SMV anteriorly. The ileocolic artery (ic) 
passes posterior to the SMV. Ao, aorta; J, jejunal branches

Fig. 12.5a,b Anatomical variants represented by anoma-
lous origin (a) of the hepatic artery (arrows) from superior 
mesenteric artery and (b) right hepatic artery (arrow) from 
superior mesenteric artery. Superior mesenteric artery (1), 
celiac trunk (2), left gastric artery (3), splenic artery (4), and 
gastroduodenal artery (5), left hepatic artery (6)

Fig. 12.6 Normal anatomy of the inferior mesenteric artery (I) with 
collaterals: left colic artery (lc), which has a straight superior course, 
supplying the transverse and descending colon, and sigmoid arteries 
(SS), supplying the sigmoid colon.

b

b
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12.4.2 
Venous Vascular System

The SMV is usually a single trunk, formed by two 
branches (right and left), receiving blood from the 
middle and right colic veins, the ileocolic vein, the 
gastrocolic vein, and the jejunal and ileal branches 
(Fig. 12.8). Alternatively, a single trunk may not 
be present, and the two right and left mesenteric 
branches may join the splenic vein to form the portal 
vein [5, 25] (Fig. 12.9). The SMV lies to the right of 
the SMA as it crosses over the third portion of the 
duodenum. When the SMA and SMV enter the mes-
entery, the SMV usually lies anterior to the SMA.

The inferior mesenteric vein (IMV) receives blood 
from the left colic vein, the sigmoid veins, and the 
superior hemorrhoidal vein and it may drain into 
the splenic vein, at the splenoportal angle, or into 
the SMV (Fig. 12.10).

12.5 
Pathological Conditions

There are several clinical applications for MSCT 
angiography of the mesenteric vessels [4]. In par-

Fig. 12.7 Arterial vascular arcade (arrowheads) of the sig-
moid colon with vasa recta (small arrows) feeding the bowel 
wall.

Fig. 12.9 Anatomical variant of the superior mesenteric vein 
(V), which originates from three separate branches. 1, right 
colic vein; 2, ileocolic vein; 3, jejunal veins

ticular, this technique has been demonstrated to be 
valuable in cases of pancreatic cancer, mesenteric 
ischemia, and inflammatory bowel disease.

With regard to pancreatic cancer, MSCT angiog-
raphy plays an important role in the evaluation of the 
vessels adjacent to the tumor [10, 11, 24]. Infiltration 
of SMA is a known contraindication to pancreatic 

Fig. 12.8 The superior mesenteric vein (V) is usually formed 
by two branches receiving blood from the middle (1) and 
right (2) colic veins.
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surgery. It has been demonstrated that simultane-
ous evaluation of axial and multiplanar reformatted 
planes is useful for assessing vascular invasion, and 
in particular sagittal planes provide excellent eval-
uation of the posterior fat plane between the SMA 
and the abdominal aorta, especially useful to rule 
out vascular encasement. A more precise evaluation 
of the SMV and the portal vein is also extremely 
important, since a vessel infiltration of less than 
2 cm is considered a criterion for performing pan-
creatic surgery together with a vascular graft. Again 
multiplanar reformatted images, in this case along 

Fig. 12.11. a Sagittal oblique reformatted image showing 
encasement of the superior mesenteric vein by pancreatic 
adenocarcinoma (arrow). b In the same patient, on coronal 
reformatted view, a thrombus (arrowhead) in the splenic 
vein is depicted together with venous vascular encasement 
(arrow).

a

b

the coronal or coronal oblique planes, provide ex-
cellent evaluation of possible vascular infiltration 
(Fig. 12.11).

Small-bowel ischemia is another important appli-
cation of MSCT angiography of mesenteric vessels 
[9]. This disorder occurs when blood flow (arterial 
or venous) is reduced to the intestines. Mesenteric 
ischemia can be classified as acute or chronic, and 
it is usually related to SMA-narrowing or occlusion 
due to atherosclerotic plaque, thrombosis, or tu-
moral encasement; other common causes include 
SMV thrombosis or tumoral encasement; or hypo-

Fig. 12.10a,b Inferior mesenteric vein (I) draining into the splenic vein (a) and the splenoportal angle (b). P, portal vein; S, 
splenic vein; SM, superior mesenteric vein

a b
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perfusion due to atherosclerosis or low cardiac out-
put [6, 18]. At present, conventional angiography has 
been almost completely replaced by MSCT angiog-
raphy as imaging modality of choice for the diagno-
sis of mesenteric ischemia. MSCT angiography can 
not only often depict the cause of the ischemia, but 
can also detect ischemic changes in the small-bowel 
loops and mesentery (such as bowel wall thickening 
and edema, submucosal hemorrhage, increased or 
decreased enhancement of the bowel wall, mesen-
teric stranding or fluid, and pneumatosis). Axial CT 
images can easily depict narrowing or thrombosis 
of a major vessel (e.g., SMA or SMV), and 3D recon-
structions provide excellent display of collateral 
vessels, thus providing a road map for the surgical 
procedure (Fig. 12).

MSCT angiography of mesenteric vessels may 
also play a role in the assessment of inflamma-
tory disease of the small bowel [12]. Patients with 
inflammatory bowel disease have changes in mes-
enteric blood flow that can be detected at MSCT. In 
particular, patients with Crohn’s disease with ac-
tive bowel inflammation have increased blood flow, 
whereas patients with quiescent disease have no 
increased blood flow. Such hemodynamic changes 
can be identified at MSCT with excellent detail. 
Specifically, thickening and contrast enhancement 
of diseased small-bowel loops and engorgement of 
the vessels feeding the diseased loops can be well 
demonstrated.

Finally, MSCT angiography might provide diag-
nostic images in the assessment of vascular changes 
in the case of small-bowel tumors (i.e., carcinoid, 
lymphoma) and less frequent pathological condi-
tions (i.e., metastases, sclerosing mesenteritis, etc.) 
[4].

12.6 
Conclusions

With its greatly enhanced image resolution, MSCT 
angiography seems able to overcome the technical 
challenge of depicting small mesenteric vessels, pro-
viding a detailed anatomical view similar to that of 
conventional angiography but with the possibility 
of examination from innumerable viewing angles. 
Technical requirements include interactive evalua-
tion on a workstation using dedicated reconstruc-
tion algorithms, whereas volume-rendering, due 
to its ability to display the 3D spatial relationships 
among vessels and surrounding organs, represents 

the most suitable technique. Widespread applica-
tions for these techniques can be expected in the 
near future, with the greater availability of MSCT 
equipment, improvement in workstation design and 
performance, and specific education of radiologists 
in the use of 3D software. A cost-benefit analysis 
needs to be performed in order to better understand 
the impact of this new imaging modality on patient 
outcomes.
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13.1 
Introduction

Multidetector-row spiral CT (MDCT) represents an 
important clinical tool that is replacing, in many 
institutions, catheter-based angiography in the eval-
uation of renal vasculature [1]. For this purpose, 
MDCT provides a fast, accurate, and noninvasive 
imaging modality with diverse clinical indications, 
such as establishing a normal anatomy in transplant 
donors, delineating the anatomy before partial ne-
phrectomy, screening for stenosis in patients with 
hypertension, and assessing the status of the renal 
arteries in aortic disease.

Familiarity with proper MDCT protocols are cru-
cial for an accurate diagnosis. We will review the 
clinical and technical aspects of renal MDCT angi-
ography (MDCTA) in terms of image acquisition and 

the reconstruction parameters, contrast-medium 
application, three-dimensional (3D) visualization, 
and major clinical disorders.

Multiple vascular diseases affect the renal vas-
culature and, among these diseases, renal artery 
stenosis, which is the most common cause of renal 
hypertension, represents one of the most impor-
tant pathologies, and its detection is essential, be-
cause it is potentially treatable [2, 3], either surgi-
cally or by stenting. Therefore, the evaluation of 
the number and course of renal arteries and the 
presence and number of accessory arteries appears 
particularly useful in different situations, such as 
in the preoperative evaluation of patients with re-
nal tumors, in whom nephron-sparing surgery can 
be performed [4], in patient candidates for renal 
transplantation, in donors, and in the follow-up of 
recipients [5].

Digital subtraction angiography (DSA) has been 
considered the gold standard for the identification 
of renal arteries; nevertheless, this procedure may 
carry some complications which should also be con-
sidered for patients with secondary hypertension. A 
noninvasive screening imaging technique is there-
fore desirable.

Angiotensin-converting enzyme (ACE) inhibitor 
scintigraphy, Doppler ultrasonography (US), mag-
netic resonance angiography (MRA), and CT are 
used to achieve adequate screening in most patients 
as a noninvasive modality for renal vasculature dis-
ease. Unfortunately, at least before the introduction 
of MDCT, all these techniques presented some limi-
tations, such as renal scintigraphy, which, although 
it has been reported to be sensitive to detect renal 
hypertension, it accounts for some problems in the 
setting of bilateral renal artery stenosis and renal 
failure [6].

Doppler ultrasound is an important tool for the 
evaluation of renal artery stenosis, but it is very of-
ten limited by the habitus of the patient and operator 
dependency; therefore, this limits the possibility to 
evaluate the presence, number and stenosis of both 
main and accessory renal arteries [7].
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Magnetic resonance angiography turned out to 
be a valid technique also, because it has shown ex-
cellent results in the evaluation of different renal 
vascular pathologies. Because of the high cost of the 
examination and the limited spatial resolution that 
impairs the visualization of segmental branches, its 
use is restricted to high field-strength magnets and 
to high-resolution protocols, which are not available 
everywhere.

The introduction of single-slice spiral CT angi-
ography allowed the assessment of renal arterial 
disorders; the acquisition of volumetric scans with 
thin collimations in short times has enabled exami-
nation of the entire pathway of the main renal ar-
teries. However, the trade-off between scan volume 
and spatial resolution along the z-axis did not allow, 
in many cases, visualization of the origin of both 
main and accessory renal arteries; furthermore, the 
long acquisition time is often the cause of the opaci-
fication of the renal vein with superimposition of 
arteries. The limited spatial resolution impairs the 
quality of 3D reconstructions, which have become 
routine in the clinical evaluation of vascular dis-
eases for radiologists and clinicians.

The recent introduction of MDCT into clinical 
practice, with the simultaneous acquisition of mul-
tiple channels, has had a substantial effect on CT an-
giography, since it provides the acquisition of large 
volumes at high resolution with excellent visualiza-
tion of small branches, including distal collaterals of 
the main renal and accessory renal arteries. One of 
the most important promises of multiple-row detec-
tor technology is that of a true isotropic spatial reso-
lution. This capability is reasonably achieved with 
multiple sections of 1-mm thickness or less. Ideally, 
the true 3D radiograph would have cubic voxels of 

less than 1 mm acquired over large volumes with 
very short times, at least within a reasonable breath-
hold [8]. For MDCT an exact acquisition protocol 
must be explained because of the importance, clini-
cally and therapeutically, of depicting both main 
and accessory arteries.

13.2 
Scanning Protocol

Patients are positioned supine with their head first. 
After a 512-mm initial topogram, the acquisition 
volume is placed in such a way to comprise all ar-
terial structures from the thoracoabdominal aorta 
down to the aortic bifurcation.

The z-axis (longitudinal) resolution is critical 
for an adequate visualization of renovascular ab-
normalities and for further image postprocessing, 
due to the size and course of the renal arteries. The 
parameter selection is weighted in order to have an 
optimal spatial resolution. Acquisition parameters 
for various types of MDCT scanners are shown in 
Table 13.1.

13.3 
Contrast-Agent Administration

The recent improvement of CT scanners have sub-
stantially modified contrast-media administration 
parameters, such as the delay time, flow rate, vol-
ume, and concentration of the contrast-medium 
injected. Because of high blood flow and short cir-

Table 13.1

MDCT system rotation 
scanning time (s)

Scanning 
time (s)

Collimation 
(mm)

Slice 
thickness

Reconstruction 
interval

Feed 
rotation

Number 
of slices

4-channel MDCT 0.8 s 27 s 4×1
4×2.5a

1.25
3

0.8 9.3 312

0.5 s 21 s 4×1
4×2.5a

1.25
3

0.7 12 357

8-channel 0.5 s 7.5 8×1.25 1.25 0.8 33.5 312

16-channel 0.5 s 7 16×0.75 1 0.5 36 500

a A thicker collimation (but always with thinner reconstruction) may be utilized with 4-channel MDCT, 
both in patients with severe atherosclerotic disease, for whom it gives information on the aorta and its 
branches and on run off vessels, and in patients with severe respiratory disease, unable to hold their breath 
for a sufficient time
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culation time in the kidneys, the choice of the cor-
rect delay time is particularly important to avoid 
venous superimposition and provide optimal and 
homogeneous opacification of the arteries. Ideally, 
scanning occurs during maximal arterial enhance-
ment, before the veins or renal parenchyma pick up 
the contrast agent.

It is remarkable that, with 4-channel scanners, 
the injection duration is usually equal to the ac-
quisition time. With faster scanners, such as 8- and 
16-channel MDCT, it becomes even more critical to 
synchronize the arterial enhancement with CT data 
acquisition, because the time window is substan-
tially shorter. In MDCT systems with acquisition 
times shorter than 20 s, it is highly recommended 
to individualize the scan delay. This can either 
be done with a test bolus injection, to determine 
the contrast-medium transit time, or with an au-
tomated bolus-triggering technique which detects 
the arrival of the contrast material in the artery of 
interest and automatically initiates the MDCTA se-
ries.

The test-bolus technique consists of an injection 
of 16 ml of contrast material followed by several se-
rial transverse scans with 1-s interscan delay, in the 
region that corresponds to the starting point of the 
acquisition. Usually, to reduce the dose adsorbed by 
patients, we perform a series of scans with 8-s de-
lays and we stop the acquisition after four or five im-
ages after the complete filling of the vessel. By doing 
this, we usually notice, in the first or second scan, 
a complete absence of contrast material inside the 
aorta and consequently a filling and increase in the 
concentration inside the vessel. A region of interest 
(ROI) inside the vessel of interest should be used to 
determine the exact density value before starting 
the acquisition.

This technique is utilized with a multiple-row 
CT scanner and provides optimal results in terms 
of scan delay and adequate filling of renal arteries; 
nevertheless one of the possible limitations is due 
to the urographic filling of the caliceal structure 
just as the start delay is calculated. In our experi-
ence this filling does not prevent the visualization 
of both main and peripheral renal branches but, 
because of the high contrast density of caliceal and 
ureteral structures, the 3D visualization could be 
impaired.

Many CT scanners have an automated detection 
system for the maximum contrast density built into 
the software; a ROI is positioned into the target 
vessel on a nonenhanced image. Consequently, a 
predefined enhancement threshold value is estab-

lished. While injecting the contrast medium, a se-
ries of low-dose scans are performed and, when the 
predefined threshold value is reached, the sequence 
starts automatically after a trigger rate depending 
on the scanning model.

13.3.1 
Bolus Injection

In order to obtain a good renal arterial enhance-
ment, correct intravenous administration of the 
iodinated contrast agent is crucial. An 18-gauge in-
travenous cannula must be positioned, generally, in 
an antecubital vein to allow the injection. Because 
we believe that an optimal CT angiogram is acquired 
with the administration of an intravenous contrast-
medium bolus for a duration equivalent to the scan-
ning, a shorter scanning time obtained with MDCT 
allows the use of less contrast medium.

To reach this objective, many different physi-
ological and pharmacological principles have been 
analyzed to obtain higher and longer concentrations 
of contrast media during the entire acquisition. One 
common practical approach to a rational contrast-
medium administration is to adopt injection regi-
mens included in the acquisition time.

In our experience, to image the entire renal vas-
culature, the dose of contrast medium can vary from 
80 to 110 ml. A means to reduce the contrast volume, 
routinely used in our institution, is to flush the con-
trast agent administered with saline solution. This 
pushes up the contrast-medium column from the 
vein to the circulation, prolonging and compacting 
the column.

13.4 
3D Reconstruction and Image Evaluation

It is important that patients do not receive any posi-
tive oral contrast agent before the renal MDCTA, 
because this could severely compromise the 3D im-
age processing. If necessary, negative oral contrast 
agents such as tap water can be used before imag-
ing.

For the purpose of optimal 3D reconstruction 
imaging, thin-collimation acquisition and recon-
struction parameters (1 mm) allow excellent visu-
alization of the arterial anatomy and pathological 
involvement. The large volume of data acquired 
by using such protocols requires evaluation on a 
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dedicated workstation through 3D interaction be-
tween axial and 3D reconstruction techniques that 
simulate conventional angiograms. 3D techniques 
include maximum-intensity projection (MIP), thin 
MIP, multiplanar reformation (MPR), and volume 
rendering.

MIP represents one of the most common re-
construction algorithms commonly employed in 
examinations. In the MIP technique, each voxel is 
evaluated from the viewer’s eye through the data 
set, but only maximal voxel values are selected 
and displayed. The image produced lacks in-depth 
orientation, but a 3D effect can be produced with 
rotational viewing of multiple projections. MIP 
images are very useful to provide information re-
garding atherosclerotic plaques with the possibil-
ity of evaluating the presence of calcifications; on 
the other hand, sometimes calcium can obscure the 
visualization of the lumen in relation to the strong 
hyperdensity.

Since it eliminates the need for preliminary edit-
ing, a cumbersome step that in the past hampered 
the clinical utility of the other 3D reconstruction 
algorithms, volume rendering is an extremely user-
friendly technique. The user actively interacts with 
the image, editing and modifying the position, ori-
entation, opacity, and brightness of structures.

Our experiences with 3D evaluation proved that 
images should be evaluated on axial images and 
only after this reconstructed with different 3D al-
gorithms to better delineate the entire pathway of 
vessels. Multiplanar (MPR) and curved multipla-
nar (cMPR) reconstruction are extremely impor-
tant, because they allow the evaluation of the entire 
course of vessels along a unique plane and therefore 
enable performance of a multiplanar view of the 
entire structure of the abdomen, either vascular or 
parenchymal.

13.5 
Clinical Applications

13.5.1 
Normal Anatomy and Variants

Renal arteries in most individuals arise from the 
abdominal aorta, at the level of L1-L2. Both renal 
arteries usually course posterior, in relation to the 
posterior position of the kidneys. More than 30% 
of the population have accessory arteries, 15% of 
which are bilateral [9].

MDCT has been proved to be an accurate modal-
ity for the depiction of both main and accessory re-
nal arteries, even for arteries of small caliber (less 
than 2 mm), especially when thin collimations are 
used; particularly, thin-slice collimations allow de-
termination of the entire course of renal arteries 
both at the level of the origin (with, for instance, the 
possibility to differentiate an early bifurcation of the 
renal artery or the presence of two separate origins 
from the abdominal aorta) or at the level of the in-
traparenchymal branches.

Examples of some normal main renal arter-
ies, variants, and accessory vessels are shown in 
Figs. 13.1; 13.2, 13.3.

Fig. 13.1a,b Normal multidetector-row CT angiogram of 
a 50-year-old man with suspected renovascular hyperten-
sion. Acquisition parameters were 4×1-mm detector con-
figuration, 1.25-mm section thickness, 1-mm reconstruc-
tion interval. Example of normal main renal artery with 
maximum-intensity projection (a) and volume-rendered (b) 
reconstruction.

a

b
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13.5.2 
Renal Artery Stenosis

Although renal hypertension affects less than 5% of the 
general population, its detection appears particularly 
useful, since it is potentially treatable, either surgically 
or with stenting [10]. Catheter-based angiography has 
been considered, for many years, the gold standard in 
the evaluation of renal arterial stenosis. Nevertheless, 
because an important clinical tool not only determines 
patients with hemodynamically significant stenosis, 
but performs screening in patients suspected with a 
renal vascular hypertension, catheter-based angiogra-
phy cannot be considered as the primary technique for 
screening because of its invasiveness; for this reason a 
noninvasive imaging modality is desirable.

The grade of stenosis represents an important pa-
rameter that should be considered in the assessment 
of renal hypertension; in fact, stenoses greater in di-
ameter than 50% are hemodynamically significant 
and usually treatable (surgically or by stenting), 
whereas stenoses less than 50% can be treated with 
antihypertensive drugs.

As reported by previous studies, slices thinner 
than 2 mm are necessary for an optimal detection 
and grading of renal artery stenosis [11]. Therefore, 
particularly in the evaluation of renal arteries, the 
use of 3D reconstructions, possible only with thin-
ner slices, is helpful to visualize the entire course of 
the vessels. One-millimeter slice can be routinely 
performed with MDCT with perfect isotropy of the 
voxels and a conspicuous increase in the diagnostic 
performance of 3D reconstructions.

A recent meta-analysis has shown that CTA and 
MRA are the most accurate, noninvasive tech-
niques for the depiction of renal artery stenosis 
[12]. Although MRA has the advantages of using a 
nonionizing radiation and nonnephrotoxic contrast 
agents, its main limitation is related to lower spatial 
resolution compared with MDCTA. In fact MRA, in 
many cases, does not allow the visualization of in-
traparenchymal branches and especially the visual-
ization of accessory arteries where stenosis (even if 
in a limited number of cases) can also be responsible 
of clinical renal hypertension.

Another important advantage of MDCTA over 
MRA is related to the shorter examination time, es-
pecially when multiple sequences are acquired with 
an MRA examination, with consequently a better 
acceptance from patients.

Examples of MDCT angiography scans of renal 
artery plaques and stenosis are shown in Figs. 13.4, 
13.5, 13.6.

Fig. 13.2 Bilateral accessory arteries with a perfect depiction 
of the origin and distal intraparenchymal branches.

b

a

Fig. 13.3a,b Horseshoe kidney in a 59-year-old male. Three-
dimensional coronal reconstruction with volume rendering 
(a) and maximum-intensity projection (b) shows the horse-
shoe kidney with multiple renal arteries.
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a

b

Fig. 13.4a,b Eccentric stenosis of right and left renal arter-
ies. Oblique axial (a) and coronal (b) maximum-intensity 
projection show 75% stenosis of the proximal portion of the 
right renal artery and 50% stenosis of the proximal part of 
the left renal artery.

a

b

Fig. 13.5a,b Web stenosis of the main left renal artery in a pa-
tient with recent acceleration of hypertension. a Abdominal 
aortogram shows severe stenosis of the left renal artery. b 

Maximum-intensity projection confirms the digital sub-
traction angiography findings. Both examinations correctly 
depict the origins of the right main and accessory renal ar-
teries, separately.
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Fig. 13.6 Volume-rendering technique shows a severe steno-
sis of the left and right renal arteries in 74 patients with renal 
hypertension.

13.5.3 
Fibromuscular Dysplasia

Fibromuscular dysplasia is the second most com-
mon cause of renal artery stenosis and accounts for 
a significant number of patients with renovascular 
hypertension, the majority of whom are young or 
middle-aged women. The disease is bilateral in two-
thirds of patients [13]. Lesions typically develop in 

the mid or distal main renal artery, in contrast to 
the more proximal involvement of atherosclerotic 
disease.

MDCT angiography, because of its high spatial 
resolution, represents a reliable, noninvasive screen-
ing examination for the detection of fibromuscular 
dysplasia (Fig. 13.7). The CT findings include arte-
rial stenosis, a string-of-pearls appearance, and fo-
cal aneurysms. Aneurysms associated with medial 
fibrosis are usually fusiform.

Especially in the assessment of mid or distal ste-
nosis of the main renal arteries, MDCT appears more 
sensitive than other modalities such as MRA, which 
is impaired by a lower spatial resolution. Selective 
arteriography with pressure-gradient measurement 
remains necessary to assess the physiological sig-
nificance of medial fibroplasias and for the inter-
ventional procedure.

13.5.4 
Atherosclerotic Disease

CTA has been considered more accurate than DSA 
in the evaluation of aortic atherosclerosis, and for 
both dilatative or stenosing diseases; it can evaluate, 
for instance, mural thrombus in abdominal aneu-

Fig. 13.7 a Coronal multidetector-row CT angiogram shows 
irregularities of the distal third of the right main renal ar-
teries, an appearance suggestive of fibromuscular dysplasia. 
Axial curved multiplanar reformatted image (b) and selec-
tive curved coronal multiplanar reformation  (c) of the right 
renal artery show mild fibromuscular dysplasia.

a

b

c
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rysms more accurately than DSA. In a variable per-
centage of patients, renal arteries can be involved in 
the aneurismal disease of the aorta. In such a situ-
ation one of the main problems is related to dem-
onstrating the origin of renal arteries and the pres-
ence of supernumerary vessels, because the relation 
of renal arteries with the aneurysms is critical to 
optimize a surgical or an endovascular approach. 
MDCT enables an accurate depiction of the aneu-
rysm neck relative to aortic branch vessels, as well 
as the relationship between the proximal aspect of 
the aneurysm and renal artery branches.

Examples of MDCT angiography scans of aortic 
stenosis involving renal arteries plaques are shown 
in Fig. 13.8. The aspect that should be stressed is 
related to the utilization of multiple different re-
construction algorithms; in particular, in our ex-
perience, a rapid scrolling of axial images is always 
performed for an initial view and to measure the 
maximum diameter of the aneurysm.

In addition, the volume-rendering technique en-
ables the visualization of the relationship between 
the aortic aneurysm and renal arteries with a spatial 
and a 3D view. MIP enables demonstration of the 
presence of ostial calcification but does not allow 
the evaluation of thrombus; MPR and cMPR recon-
struction appear, in our experience, to be the best 
reconstruction algorithm able to visualize the aor-

tic aneurysm and its relationship with renal arteries, 
including the presence of calcifications and mural 
thrombus. The ability of MDCTA to identify renal 
artery stenosis in the presence of abdominal aortic 
aneurysms has been recently assessed by Willmann 
et al. through multidetector-row spiral CT with 3D 
rendering; the sensitivity and specificity for stenosis 
greater than 50% were very high for all readers [14].

One of the main problems that usually occurs in 
the presence of abdominal aortic aneurisms, and 
often in all arteriosclerotic patients, is the partial 
obscuration of lumen by calcium; in fact, very often, 
patients with aneurysms or arteriosclerotic diseases 
have heavy parietal aortic calcifications responsible 
for stenosis at the ostium of renal arteries. In our ex-
perience, to minimize this effect, a bone window set-
ting is used, both on axial and MIP images.

13.5.5 
Renal Artery Aneurysms

Aneurysms of the renal arteries are detected ap-
proximately in the 4th and 5th decades of life and 
represent often isolated cases discovered during ex-
aminations performed for other reasons. The most 
common causes of renal artery aneurisms are rep-
resented by atherosclerosis, followed by polyarteri-

a

b

c

Fig. 13.8a–c Eccentric stenosis of both right and left renal ar-
teries. Selective thin maximum-intensity projection (MIP) 
(a) shows 75% stenosis (arrow). Note that multiple calcifi-
cations are present at the origin of the vessels (b). Coronal 
selective MIP (c ) shows a partially calcified thrombus in-
volving the origin of both renal arteries and the prehilar 
branching of the left renal artery, with a severe stenosis.
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tis nodosa, fibromuscular dysplasia, and trauma 
[15].

In some cases aneurysms can become quite 
large and they often develop rim calcifications 
(Fig. 13.9).

MDCTA represents, at this moment, the gold stan-
dard in the evaluation of renal aneurysms, with the 
potential to define the vascular lumen, the periph-
eral thrombus, and parietal calcification. In this re-
spect, especially for what concerns polyarteritis no-
dosa and fibromuscular dysplasia, where the site of 
aneurysms are often located at the distal branches, 
MDCT allows better depiction of the presence and 
the site of aneurisms in relation to the high spatial 
resolution of the technique than MRA and US.

3D-reconstruction techniques therefore permit a 
better visualization of the entire length of the ves-
sel, the diameter, and the neck of aneurysms, which 

Fig. 13.9a,b Right renal artery aneurysm in a 59-year-old 
man. Coronal MIP (a) and volume-rendered (b) images 
show a partially calcified, 3-cm renal artery aneurysm.

a

may be helpful during interventional or even surgi-
cal procedures.

13.6 
Conclusion

Multidetector technology has allowed study of the 
vascular district with high-resolution protocols at 
the rate of very low acquisition times: the advantages 
are image quality, isotropy of the voxels that permit 
multiplanar and volume-rendering reconstructions, 
better administration of contrast agent, no superim-
position of venous system, and reduction of move-
ment artifacts.

This is a highly reliable technique to depict vas-
cular and parenchymal information and to detect 
renal artery stenosis, as well as various renal disor-
ders. New scanners will be soon available to reduce 
time-consuming, ionizing radiation and the amount 
of contrast-medium administered.
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14.1 
Introduction

Since its first clinical implementation in the early 
1990s, computed tomography angiography (CTA) 

has had a substantial impact on diagnostic vascular 
imaging. During this time, spiral CT has evolved 
technologically, with improvements in X-ray tubes’ 
capabilities, gantry rotation, and interpolation 
algorithm performances. The greatest advance, 
though, has been the introduction of multidetec-
tor-row computed tomography (MDCT). Currently 
capable of acquiring 16 channels of helical data 
simultaneously, MDCT scanners have substantially 
improved the quality and ease of performing angi-
ographic studies. As a result, CTA has become a ro-
bust method of diagnostic angiographic imaging, 
challenging digital subtraction angiography (DSA) 
in most vascular systems. As CTA for extremity 
vascular disease has become a common examina-
tion in many radiology departments, a discussion 
of MDCT angiography (MDCTA) technique is re-
quired. A clinical overview of extremity vascular 
disease is first presented, with the focus on periph-
eral atherosclerotic arterial disease (PAD). Next, 
the chapter addresses the MDCT principles, which 
optimize peripheral vascular imaging. A discus-
sion of contrast-medium (CM) administration 
strategies proceeds, with attention toward injec-
tion protocol and bolus timing. Finally, an outline 
of 3-dimensional (3D) visualization techniques is 
presented.

14.2 
Upper- and Lower-Extremity 
Vascular Disease

Indications for upper-extremity (UE) and lower-ex-
tremity (LE) vascular imaging include PAD, vas-
culitis, venous occlusive disease, vascular masses, 
trauma, and preoperative vascular mapping. PAD 
more commonly affects the LE, and therefore the 
other indications will be more frequently encoun-
tered for UE CTA referrals, in particular vasculitis. 
One additional indication for UE vascular imaging 
is assessment of failing hemodialysis access.
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14.2.1 
Infrarenal Aortic and Extremity Atherosclerotic 
Arterial Disease

14.2.1.1 
Clinical Overview

Twenty-seven million people in Europe and North 
America (16% of the population 55 years and older) 
have PAD, most involving the LE [1]. The secondary 
arterial narrowing or obstruction reduces blood 
flow to the affected limb during exercise or at rest. 
A spectrum of symptoms results, the severity of 
which depends on the extent of the involvement 
and the available collateral circulation. These 
symptoms may range from intermittent claudica-
tion to limb-threatening ischemia (i.e., rest pain, 
tissue loss). Patients may not recognize the symp-
toms and therefore patients frequently present with 
advanced disease. Even once patients present to a 
primary-care physician, PAD is often underdiag-
nosed. As referrals to a vascular surgeon are not 
required, since the CTA is noninvasive, MDCTA 
offers primary-care physicians the potential to 
noninvasively screen more patients before limbs 
are nonsalvageable.

14.2.1.2 
Evaluating PAD

For patients with PAD, treatment options include 
medical management or endovascular (angioplasty/
stent) and/or surgical revascularization. In claudi-
cant patients, treatment aims at improving flow to 
the buttocks, thigh, and/or calf muscles. For patients 
in danger of losing their limbs, treatment goals are 
similar; however, foremost is the aim to prevent de-
velopment of or progression of tissue loss and the 
need for extremity amputation. For patients sus-
pected of having PAD therefore, the principle goal 
of CTA is to evaluate the extent of disease and char-
acterize vessel morphology such that CTA can offer 
a means to address treatment planning. For patients 
with lesions amenable to intervention, CTA also pro-
vides a road map, in particular target vessels for po-
tential distal surgical anastomoses (Fig. 14.1). To en-
sure clinical decision-making needs are answered, 
clinical data is reviewed, beginning with a patient’s 
history and physical examination. If previously ob-
tained, inquiry is also made as to segmental blood 
pressure measurements (i.e., ankle-brachial index, 
ABI), ultrasound with Doppler flow, and/or plethys-
mography. Knowledge of the patient data will ensure 

a b

Fig. 14.1 a,b Multidetector-row 
computed tomography an-
giography was performed on 
a 70-year-old male with one 
block bilateral lower-extrem-
ity claudication and a right-
calf nonhealing ulcer, utilizing 
16×1.25 detector collimation. 
Maximum-intensity projection 
images demonstrate bilateral 
infrainguinal and infrapop-
liteal outflow disease. a On the 
right there is proximal super-
ficial femoral artery occlusion 
with distal reconstitution. b 
Hyperemia is noted at the site 
of the nonhealing ulcer.
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and also facilitate planning the examination proto-
col. Most importantly, this clinical background will 
afford that the study is interpreted in context to the 
patient as, regardless of the pathology, only symp-
tomatic lesions will warrant intervention.

Lesions can be distinguished by type (i.e., 
atheromatous vs thromboembolic); chronicity (i.e., 
acute vs chronic); severity [i.e., mild stenosis (<50% 
narrowing), moderate stenosis (50-75% stenosis), 
severe stenosis (75-99% narrowing), occlusion]; 
length (i.e., focal, short segment, long segment); 
vessel-wall location (i.e., circumferential vs eccen-
tric); and vascular territory distribution (i.e., inflow 
vs outflow). Regarding lesion type and chronicity, 
atheromatous lesions are treated by endovascular 
(i.e., angioplasty and/or stent) or surgical means 
(i.e., graft bypass). Patients may present in a suba-
cute to chronic state, with the degree of collateral 
vessels serving as a marker for distinction. Acute 
thromboembolic lesions are usually first amenable 
to pharmacological and/or mechanical thrombec-
tomy, followed by definitive endovascular or sur-
gical repair. No collateral vessels will be present 
in the acute setting, unless the event occurs in a 

previously diseased region. Regarding severity, it 
is important to keep in mind that such descriptions 
broadly categorize PAD, but in general lesions with 
more than 50% narrowing of a vessel are most of-
ten hemodynamically significant. Regarding lesion 
length and vessel wall location, traditionally, focal, 
noneccentric to short-segment (<10 cm) lesions are 
most amenable to successful endovascular repair in 
contrast to long-segment (>10 cm in length) and/or 
eccentric lesions. The latter type lesions tradition-
ally are reserved for surgical bypass. Regarding 
territory distribution, it is important to evaluate 
disease as aorto-iliac inflow, femoral-popliteal 
and tibioperoneal outflow, or combined pathology. 
Inflow and outflow pathology offer different strat-
egies. Endovascular therapy for inflow disease has 
greater long-term patency than infrainguinal and 
infrapoliteal outflow (Fig. 14.2). Although drug-
eluding stents offer promising initial endovascu-
lar results for outflow disease, at present surgical 
revascularization remains the current treatment 
recommendation. When combined inflow and out-
flow lesions are present, proximal in-flow lesions 
are treated first.

a b

Fig. 14.2a,b Computed tomographic angiography was carried out on a patient with bilateral proximal lower-extremity clau-
dication. Left anterior oblique maximum-intensity projection image (a) demonstrates tandem, hemodynamically significant 
inflow disease, confirmed on digital subtraction angiography (b).
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14.2.1.3 
Diagnostic Value of Lower-Extremity CTA for PAD

CTA should be considered as the first-line imag-
ing modality for diagnostic evaluation of suspected 
PAD [2]. It is an accurate and reliable examination, 
at reduced cost and time, compared with DSA. 
Furthermore it eliminates the inherent risks of DSA 
and is more convenient for patients. Most impor-
tantly, by imaging the entire blood pool without 
dependence on arterial flow, CTA provides a robust 
means to depict collateral networks on a single injec-
tion and acquisition. This is particularly the case for 
patients with aortic occlusion and/or severe disease 
involving inflow and/or outflow territories.

Regarding CTA accuracy, to evaluate the per-
formance of 4-channel MDCT (4-MDCT) angi-
ography in the assessment of the infrarenal aorta 
and lower-extremity arterial system, we studied 
50 patients with suspected peripheral arterial oc-
clusive disease [3]. Patients underwent both 4-
MDCTA and DSA. Arterial anatomy was divided 
into 23 anatomic segments (infrarenal aorta, right 
and left common iliac artery, internal iliac artery, 
external iliac artery, common femoral artery, su-
perficial femoral artery, deep femoral artery, pop-
liteal artery, anterior tibial artery, tibioperoneal 
trunk, posterior tibial artery, and peroneal artery). 
Findings were classified as normal, moderate dis-
ease (<50% stenosis), focal severe stenosis (>50% 
stenosis), diffuse disease (multiple severe sten-
oses), and occlusion. At consensus reading, the 
sensitivity, specificity, and accuracy of MDCTA 
as compared to DSA were, respectively, 96%, 93%, 
and 94%, with a κ-value of 0.812 (almost perfect 
agreement). The results of this study confirm that 
MDCTA is accurate for assessing PAD, independ-
ent of the grade of ischemia.

14.2.2 
Vasculitis

Extremity vasculitis targets both large and small 
vessels, with UE vascular territories most commonly 
affected. The arteritides include Takayasu arteritis, 
giant cell arteritis, and thromboangitis obliterans, 
while common small-vessel vasculitides include 
Systemic lupus erythema nodosa, scleroderma, 
and hematological disorders. Patients may present 
with a combination of claudication, rest ischemia, 
and/or Raynaud’s phenomenon, depending on the 
disease burden, level of involvement, and collateral 

flow [4]. Systemic symptoms are not uncommon. In 
our experience, CTA has been performed to assess 
proximal disease in patients clinically presenting 
with vasculitis symptoms (Fig. 14.3). However, if 
evaluation is to primarily assess distal outflow and 
digital anatomy, DSA rather than UE CTA, may be 
the study of choice, as this assessment may require 
intra-arterial vasodilators.

14.2.3 
Veno-occlusive Disease

Venous occlusive disease may result from in-situ sta-
sis (i.e., systemic diseases, hypercoaguable state), in-
strumentation (i.e., catheters), trauma, and extrinsic 
compression [5, 6]. Diagnosis can be made noninva-
sively by ultrasound. In some instances, venography 
may be required. CT venography is an alternative to 
conventional venography for evaluating suspected 
UE or LE venous thrombosis (Fig. 14.4). Similar to 
imaging for arterial disease, CT venography affords 
the opportunity to evaluate nonvascular structures, 
which may be the cause for venous thrombosis (i.e., 
Paget–Schroetter syndrome).

14.2.4 
Vascular Masses

Common vascular masses include aneurysms, he-
mangiomas, and arteriovenous malformations. 
Aneurysms may be atherosclerotic, poststenotic 
(i.e., thoracic outlet syndrome), posttraumatic 
(pseudoaneurysm), mycotic, or secondary to a 
connective tissue disorder (i.e., Ehlers-Danlos syn-
drome). Similar to DSA, extremity CTA for aneu-
rysms should always include distally to the digits for 
assessment of downstream embolization (Fig. 14.5). 
CTA for hemangiomas and arteriovenous malforma-
tions, however, can be limited in volume coverage.

14.2.5 
Trauma

Both acute and chronic vascular trauma can be 
evaluated with CTA. Acute trauma results from 
blunt (i.e., crush) or penetrating (i.e., gunshot 
wound) injury. Vascular sequelae include intimal 
tears with or without transection, pseudoaneu-
rysms, and occlusion (Fig. 14.6). Chronic trauma 
is secondary to repeated intimal and/or media in-
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Fig. 14.3a-c A 45-year-old woman with known scleroderma vasculitis in-
volving both hands presented with a new, subacute left second-digit ulcer. 
Upper-extremity computed tomographic angiography was requested to ex-
clude proximal pathology which may have been contributing to the changes. 
Acquired at 1.25 mm nominal section thickness on a 16-channel multidetec-
tor-row computed tomography  scanner, maximum-intensity projection (a) 
and volume-rendered images (b, c) of the inflow and proximal outflow ves-
sels show normal proximal vessels without a source for thromboembolism. 
Palmar and digital vessels were poorly opacified, related to the known vas-
culitis (not shown). Incidental note is made of normal variant radial artery 
off the brachial artery (arrow).

Fig. 14.4a,b A 76-year-old woman with acquired hemophilia presented with a swollen, erythematous right upper arm. Initial 
ultrasound was suboptimal, but suggested subclavian and peripheral right upper-arm venous thrombosis. As anticoagula-
tion was contraindicated, upper-extremity CT venography was performed. From the antecubital fossa through to the ca-
voatrial junction, 1.25-mm images were acquired  on a 16-row multidetector-row computed tomography scanner. A volume-
rendered image (a) confirms patency of peripheral and central veins, without thrombus. Axial images provided a correct 
alternative diagnosis, intramuscular hematoma (b).

b

c

a

a

b
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a

b

c

Fig. 14.5a-c A 62-year-old woman in the intensive care unit, with a history of atherosclerotic disease, developed a left arm 
pulsatile mass shortly after attempted placement of an arterial catheter. Emergency computed tomographic angiography 
was performed on a 16-channel multidetector-row computed tomography scanner. Scan coverage was from the shoulder 
through to the digits. Volume-rendered image in a identifies a brachial artery saccular pseudoaneurysm. Distal runoff to 
the hand shows proximal interosseous and radial second and third digital artery occlusions, indeterminate if reflective of 
downstream embolization, as the patient was asymptomatic (b, c).
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jury, often related to repetitive use with normal 
(i.e., hypothenar hammer syndrome) or abnormal 
bony/soft tissue structure (i.e., thoracic outlet syn-
drome). This results in intimal irregularity, steno-
sis, and thrombosis, and aneurysms may result. In 
both acute and chronic settings, a search should be 
made for distal embolization, collateral networks 
should be defined, and vascular injuries should be 
interpreted in the context of relevant musculoskel-
etal findings.

14.2.6 
Vascular Mapping: Tissue Reconstruction

Wounds may require reconstruction by transferring 
tissue with an intact vascular supply. Conventional 
flap repair involves local or distant tissue continu-
ity between the donor and recipient sites. Free flaps 
employ microsurgical techniques to transfer tissue 
from one region of the body to a distant recipient 
site. Preoperative knowledge of recipient and/or 

a

b

c

Fig. 14.6a–c A 39-year-old woman sustained 
right comminuted tibia-fibula fractures after 
being hit by a car (a). Sixteen-channel multide-
tector-row computed tomography images were 
acquired at 1.25 mm thickness. Volume-ren-
dered (b) and maximum-intensity projection 
(c) images demonstrate traumatic occlusion 
of all tibioperoneal vessels with two posterior 
tibial artery pseudoaneurysms (arrow).
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donor vessel patency and caliber, in addition to 
perivascular soft tissues (i.e., fibrosis), can facili-
tate surgical planning. CTA offers a noninvasive 
means to comprehensively obtain this information 
(Fig. 14.7).

14.2.7 
Hemodialysis Access

Surgically created arteriovenous fistulae (AVF) 
and polytetrafluoroethylene (PTFE) bridge grafts 
(AVG) are means for permanent hemodialysis ac-
cess. Functional AVF and AVG success begins with 
patient selection. While duplex ultrasonography 
and less often DSA are performed to assess con-
tinuous vessel patency and suitable caliber, CTA 
is an alternative for arterial and venous mapping. 
CTA also has a role in assessment of dysfunction-
ing AVF and AVG (i.e., low flow/venous pressures; 
elevated venous pressures/urea recirculation time; 
Fig. 14.8).

14.3 
MDCTA Technique: Extremity Vasculature

14.3.1 
Patient Preparation and Positioning

An 18- to 20-gauge IV catheter is placed into an an-
tecubital fossa, forearm, or dorsum hand superficial 
vein. For UE-CTA this should be in the contralateral 
extremity. Next, patients are positioned on the CT 
gantry table with the affected extremity(s) in the iso-
center of the scanner. For LE-CTA, patients are placed 
supine and feet first. Legs are stabilized with cushions 
and adhesive tape. To facilitate infrapopliteal post-
processing and distinction of tibioperoneal vessels 
from bone, feet can be secured with slight internal 
rotation. For UE-CTA, the symptomatic extremity is 
raised above the patient’s head. If needed, the pa-
tient is rotated slightly into an ipsilateral decubitus 
position. When the extremity cannot be adequately 
raised, imaging can be performed with the arm at the 
patient’s side. Tape is useful to secure forearm and 
hand position, as well as spreading the digits.

a b

Fig. 14.7a,b A 57-year-old woman, status post bilateral mastectomy, was under consideration for possible bilateral TRAM re-
construction. CTA was requested to evaluate patency and caliber of internal mammary and thoracodorsal arteries. 1.25 mm 
images were acquired on 16-channel multidetector-row computed tomography from the mid arms through the chest. Left 
internal mammary artery is shown on the posterior view to have normal caliber throughout its course (a). The left thora-
codorsal artery is patent, but diminutive (b). Note adjacent left axillary surgical clips.
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14.3.2 
Scan Coverage

Determining the scan coverage for both UE- and LE-
CTA will reflect the patient’s presentation and in-
dications for the examination. In general, coverage 
can either be targeted to the region of clinical inter-
est or include complete inflow and outflow anatomy. 
For LE-CTA, complete anatomical coverage should 
include from the supraceliac aorta proximally to the 
pedal arteries distally. The average distance for LE-
CTA varies between 1,200 and 1,400 mm, depending 
on the patient’s height. For UE-CTA, complete arte-
rial coverage includes from the aortic arch proxi-
mally, through to the digital vessels distally, while 
complete venous coverage includes from the digits 
through to the cavoatrial junction. Complete UE-
CTA varies between 800 and 1,000 mm, depending 
on arm length. Two clinical scenarios warrant mod-
ification of complete UE and LE coverage. When 
thromboembolism is a consideration, scan coverage 
should include the heart, to assess for a cardiogenic 
source. When vascular compression is a considera-
tion (i.e., thoracic outlet syndrome, popliteal entrap-
ment syndrome), symptomatic extremities are first 
scanned in the neutral position with limited thin-
section acquisition. Patients are then repositioned 
with a challenged maneuver and scanned with com-
plete arterial coverage.

14.3.3 
CTA Acquisition Parameters

Detector configuration and table speed determine 
the acquisition time. Acquisition duration in turn 
impacts CM-injection techniques. When a 4-MDCT 
scanner with a gantry rotation time of 0.5 s is used, 
the following protocol has been proved successful 
[3]: 4×2.5- mm collimation, with a 2.5-mm-section 
thickness and a table feed of 15 mm/gantry rotation 
(30 mm/s), resulting in scan times between 35 and 
45 s, depending on the patient length. Thin-section 
acquisition (~1.25 mm) improves 3D postprocessing 
and depiction of small vessels (i.e., pedal). When ac-
quiring with 4-MDCT, scan durations will approach 
60–70 s, resulting in more venous contamination.

Compared with 4-MDCT, 8-channel MDCT (8-
MDCT) affords greater temporal resolution, while 
16-channel MDCT (16-MDCT) affords both greater 
temporal and spatial resolution. When compared 
with 4-MDCT, for the same volume coverage, collima-
tion, gantry rotation, and nominal section thickness, 
scan times are twice as fast with 8-MDCT and 4 times 
faster with 16-MDCT. When progressing to the 16-
MDCT, thinner sections can be obtained (0.625 mm) 
with still twice the scan time of 4-MDCT. The thin-
ner acquisition (≤1.25 mm) provides high-resolution 
isotropic datasets, which improves image quality and 
3D postprocessing. Acquisition parameters for 4-, 8-, 
and 16-channel systems are given in Table 14.1.

a

b

Fig. 14.8a,b A 61-year-old woman with end-stage renal disease, 
dialysed via a right radio-cephalic arteriovenous fistula, was 
referred for a CTA to evaluate elevated pressures encountered 
during hemodialysis, associated with increased recirculation 
times. 1.25-mm-thick images were acquired on a 16-channel 
multidetector-row computed tomography scanner, from the 
digits through to the cavoatrial junction. A volume-rendered 
image (a) shows venous outflow occlusion with numerous 
venous collaterals between superficial and deep systems. 
Catheter angiography confirmed these findings (b). The pa-
tient subsequently underwent successful fistula revision.
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14.3.4 
Image Reconstruction

Standard-resolution CTA data sets can be obtained 
from 2.5- to 3- mm MDCT acquisitions, whereby 
overlapping images are reconstructed every 1- to 
1.5- mm increment. High-resolution isotropic 
data sets can be obtained from thin-collimation 
(≤1.25 mm) acquisitions, whereby overlapping im-
ages are reconstructed at 0.5- to 0.8- mm increments. 
Thinner reconstructions produce higher image 
quality for depicting small vessels (i.e., crural), but 
require greater processing speed and archival stor-
age to handle the larger amount of data (Table 14.2). 
Furthermore, the thin-section data sets are limited 
by increased image noise in the abdomen, requiring 
increased milliamperes.

14.4 
Contrast-Medium Delivery for Extremity CTA

Synchronizing CM injection with spiral acquisition 
is the limiting factor to achieve optimal vascular 
enhancement. As technology progresses to faster 
MDCT scanners, CM administration will become 
more challenging, requiring continuous modifica-
tions of CM protocols. Regardless of the MDCT, 
three issues have to be taken into consideration:
1.  The CM transit time from the IV injection site 

to the beginning of the scan volume varies for 
individual patients. For instance, in 95% of 
patients, the contrast arrival time between the 
injection site and the abdominal aorta ranges 
between 14 and 28 s. To account for this vari-
ability, scan delays should be individualized. 
This can be accomplished either using test-bolus 
or automated bolus-triggering techniques. Most 
vendors now have automated bolus triggering 
and, in our experience, we have found this to be 
most efficient and practical. For an abdominal 
aortogram with LE runoff CTA, bolus triggering 
is performed in the infrarenal abdominal aorta, 
while for an arch aortogram with UE runoff CTA, 
a level in the mid- to distal brachial artery is 
selected

2.  Because many patients have coexisting cardio-
vascular disease with reduced cardiac output, ini-
tial enhancement profiles may be shallow. Thus, 
for a LE runoff, if the CT acquisition is initiated 
shortly after bolus arrival, opacification may not 

Table 14.2. MDCT image reconstruction

 Standard  High 
 resolution resolution

Section thickness 2.5–3 mm 1–1.25 mm
Reconstruction  1–1.5 mm 0.5–0.8 mm
interval

Advantage Sufficient for Optimal resolution
 most indications for small vessels

Limitations z-axis blurring  Increase image 
 (crural arteries) noise (abdomen) 
  and large number  
  of images 

Table 14.1. Multidetector-row computed tomography (MDCT) acquisition parameters

Collimation TI TS Scanning z-axis Scanning Injection
(mm) (mm/360°) (mm/s) time (s) resolution protocol protocol

4-Channel MDCT
 4×2.5 15 30 35-45 (Slow) Standard A

8-Channel MDCT
 8×1.25 16.75 33.5 31-39 (Slow) Std/high-res. A
 8×2.5 33.5 67 16-20 (Fast) Standard B

16-Channel MDCT
 16×0.75 18 36 29-36 (Slow) Std./high-res. A
 16×0.63 17.5 35 30-37 (Slow) Std./high-res. A
 16×1.5 33 66 16-20 (Fast) Standard B
 16×1.25 35 70 15-19 (Fast) Standard B

Parameters shown for a scanning range of 105-130 cm. For injection protocols A and B see 
Tables 14.3 and 14.4
TI, table increment/360° gantry rotation; TS, table speed; Std./high-res., allows reconstruction 
of standard as well as high-resolution volumetric data sets
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yet have reached adequate enhancement levels. 
An increase in the initial injection flow rate (e.g., 
5-6 ml/s for the first 5 s of the injection), use of 
high-concentration contrast medium (≥350-
400 mg I/ml), or an increased scanning delay 
relative to the contrast arrival in the aorta (i.e., 
8 s) are options to eliminate this problem

3.  In a patient with PAD, flow-limiting arterial ste-
noses and occlusions may be present anywhere 
in the inflow and outflow territories. For exam-
ple, in a patient presenting with LE claudication, 
lesions may occur between the infrarenal aorta 
and the pedal arteries. This will result in variable 
contrast arrival time to the outflow vessels. In 
a study examining CM LE-CTA administration 
in a group of 20 patients with PAD, bolus tran-
sit times from the aorta to the popliteal arter-
ies ranged from 4 to 24 s (average 10 s). Clinical 
stage of disease (intermittent claudication vs 
limb threatening ischemia) was no predictor of 
aortopopliteal bolus transit time. Extrapolated 
for the entire peripheral arterial tree and across 
all individuals, an injection duration of 35 s was 
necessary to guarantee optimal opacification 
of the aorta down to the pedal branches in all 
(>97.5%) patients. With 4-channel MDCT, this is 
not a relevant problem, because acquisition times 
(and injection times) are usually longer than 35 s. 
With 8- and 16-MDCT, however, acquisitions may 
outrun the bolus, if the scanning protocol does 
not account for possible slow arterial filling.

14.4.1 
Practical Approach to Contrast-Medium 
Injection for Extremity CTA

Strategies for optimal CM delivery can be divided 
into two groups, according to the acquisition speed. 
For slow acquisitions (scan times ≥35 s), biphasic 
injections yield optimal arterial opacification [7]. 
For fast acquisitions, i.e., 8- and 16-MDCT, an in-
creased scanning delay relative to the CM transit 
time is optimal. The protocols for these strategies 
are provided in Tables 14.3 and 14.4.

14.5 
Visualization

In daily clinical practice, the large extremity-CTA 
data sets can limit workload efficiency. To manage 

this “data overload,” it is recommended that ex-
aminations are viewed on workstations through a 
combination of 3D and 2D real-time interaction and 
axial source images. Most information can be in-
terpreted from the real-time postprocessed images, 
through standard or advanced techniques, using 
appropriate window settings (Table 14.5). Findings 
and the extent of disease can be corroborated on the 

Table 14.3 Peripheral CTA contrast-medium (CM) delivery 
for scan-times >35 s

Suitable acquisition  4×2.5 mm  scan-times
protocols 8×1.25 mm ⎫ between 32 
 16×0.75 mm ⎬ and 50 s
 16×0.63 mm ⎭ (or more)

Biphasic Injection 6.0 ml/s for 6 s (36 ml)
 +3.3 ml/s for (scan-time – 10 s)

Scanning delay Determined from test-bolus or bolus 
 triggering

Example: for an acquisition time of 40 s:
 30 ml@6 ml/s+100 ml @ 3.3 ml/s
 The total CM volume is 130 ml, 
 the total injection time is 36 s

Flow rates and volumes refer to 300 mg I/ml CM. Injection 
rates are smaller for high-concentration 
CM:26 ml@5.0 ml/s + 
85 ml@2.8 ml/s for 350 mg I/ml agent.
22 ml@4.5 ml/s + 75 ml@2.5 ml/s for 400 mg I/ml agent

Table 14.4 Injection protocol B. Peripheral CTA CM delivery 
for scan-times ≤35s

Suitable acquisition  8×2.5 mm ⎫ scan times
protocols: 16×1.25 mm ⎬ in the range 
 16×1.5 mm ⎭ of 20s

Injection duration 35 s

Injection ratesa 5 ml/s  → 175 ml
 4.5 ml/s  → 160 ml
 4 ml/s  → 140 ml 

Scanning delay: determined by the tCMT plus an addi-
 tional trigger delay added to the time 
 of contrast arrival. The trigger delay 
 is chosen according to the scan time: 
 trigger delay (s) = 40 s – scan time (s)

Examples 30 s  → tCMT + 10 s
 25 s  → tCMT + 15 s
 20 s  → tCMT + 20 s
 15 s  → tCMT + 25 s

tCMT, CM transit time, as determined by a test-bolus or 
automated bolus triggering
aHigher-concentration CM and shorter scan times require 
 smaller injection rates and volumes
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Table 14.5 Image postprocessing

Volumetric (3D) overview Cross-sectional (2D) detail

Purpose Provides general overview of vessel tree, 
including collaterals

Allows detailed analysis of f low channel and 
vessel wall

  Techniques Maximum-intensity projection (MIP)
Volume rendering (VR)

Multiplanar reformations (MPR)
Curved planar reformations (CPR)

  Advantages Excellent spatial perception
Easy display of findings to referring 
physician

Allows accurate grading of stenoses/
occlusion, even in presence of calcifications 
and stents

  Limitations Portions of vessel tree may be obscured 
by bone
Vessel lumen is obscured in the presence of 
stents and calcified plaque

Limited spatial perception

transverse source images. Review of source images 
is also required for the assessment of vessel-wall 
pathology and nonvascular disease.

Standard postprocessing techniques include 
maximum intensity projection (MIP), thin MIP, vol-
ume rendering (VR), multiplanar (MPR), and curved 
planar (CPR) techniques. MIP and VR offer virtual 
3D angiographic images that can be manipulated in 
any plane. They provide a general overview of the 
normal and abnormal vascular anatomy and offer 
an easy means to display findings. Interpretation 
of both, however, can be limited by adjacent bone, 
calcified atherosclerotic plaque, and metallic stents. 
In these instances, MPR and CPR, in addition to the 
source images, should be reviewed. Although MPR 
and CPR are 2D longitudinal cross-sectional evalu-
ations, they provide detailed analysis of the flow 
channel along with the vessel wall, leading toward 
more accurate grading of stenoses and/or occlusions. 
Compared with MPR, CPR affords vessel display in a 
single path, eliminating angles and tortuosity, which 
can hinder MPR interpretation and display.

To increase CTA productivity and limit the time 
spent on generating postprocessed images, ad-
vanced CTA postprocessing techniques for extrem-
ity CTA have been developed, including algorithms 
for (semi-)automated bone removal and vessel 
tracking. These are available in many commercially 
available workstations. We have developed a re-
search software program that automatically traces 
the centerline of the entire peripheral arterial tree – 
from the aorta down to the crural and pedal arteries. 
The centerline tree is used to create a “composited” 
image of multiple CPR through the entire arterial 
tree in a single view. A set of 21 “multipath CPRs” 
created over a viewing range of 180° combines the 
advantages of detailed luminal display while main-
taining spatial perception.

14.6 
Conclusions

Advancement in MDCT technology and gantry rota-
tion both have substantially impacted CT angiography. 
Faster acquisitions with improved spatial resolution 
have broadened the role for CT imaging of the upper 
and lower extremity vascular systems. With funda-
mental knowledge of MDCT acquisition technique and 
CM injection protocols, high-quality, reliable data sets 
can be obtained, providing robust 2D and 3D images. 
Visualization techniques are fundamental to inter-
pretation and work efficiency. With advancements in 
automated algorithms, maneuvering through the large 
data sets will continue to improve. Such work will fa-
cilitate continued CTA acceptance, obviating the need 
for DSA in most diagnostic vascular algorithms.
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15.1 
Introduction

The anatomy of the venous system of the lower ex-
tremities is extremely complex and variable, espe-
cially in varicose and/or postthrombotic limbs [2]. 
There is a need for research into even more global 
and morphologically accurate techniques for exami-
nation of the vascular tree.

Traditional venography lost its title of gold stan-
dard for the morphofunctional examination of the 
venous tree of the lower limbs because, in the major-
ity of cases, Duplex ultrasonography (US) furnishes 
a more accurate imaging and more complete hemo-

dynamic evaluation with a less traumatic, expensive 
and time-consuming technique.

Recent advances in computer techniques have 
brought an innovative technique for investigation 
of venous disease based upon the use of spiral CT 
(veno-CT or VCT). Veno-CT furnishes an accurate 
three-dimensional (3D) representation of the whole 
venous system of the lower limb, demonstrating, in 
same cases, hemodynamic patterns which are not 
available from Duplex US.

15.2 
Principles of Spiral CT

The spiral or helical CT scan is the result of two 
different moves combined: Firstly, the rotation of an 
X-ray tube attached with detectors rotating around 
the patient’s bed; Secondly, a continuous linear 
translation of the same bed. This enables the ac-
quisition of volume data, with different results: 3D 
reconstructed images and slices.

15.2.1 
Methods

The three steps of the VCT investigation are data 
acquisition, reconstruction, and postprocessing.

After treatment, reconstructed images are trans-
mitted by intranet and can be seen on a PC by the 
angiologist (Fig. 15.1).

15.2.1.1 
Data Acquisition

A multislice and multidetector CT scan (Siemens 
Somatom sensation 16) is used, producing 400–600 
slices by series during 25–40 s. The protocol details 
are shown in Table 15.1, for 8- and 16-detector spiral 
CT.

The patient lies on his/her back (feet-first into 
the scanner), with no contact points with the table 
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except for the buttocks and heels: It is important 
to avoid any compression of the calf and posterior 
thigh during acquisition time. The patient has to 
keep perfectly still during this short time and is of-
ten asked to make a Valsalva maneuver.

Fig. 15.1 A reconstructed image after data transmission

Table 15.1 Multislice and multidetector spiral CT protocols

Protocols Acquisition Reconstruction Postprocessing Contrast injection

8-Detector 
CT:
400 slices 
in 30 s

120 kV
130 mAs
slice collimation: 
8×2.5 mm
field 512
rotation time 0.5-s feed/
rotation 15 mm FOV 
380 mm

Slice width 3 mm
Slice increment 2 mm 
filter B20
Matrix 512×512
Zoom factor 1.7

1994–1997
Surface-shading 
rendered 
(with manual 
segmentation)

Medrad MCT injector 
system

Uniphasic injec-
tion 20 ml of iodine 
contrast medium in 
180 ml of serum

Puncture of a vein 
of the dorsal foot or 
rarely the varices of 
the thigh

16-Detector
CT: 
600 slices 
in 25 s

120 kV
150 mAs
slice collimation: 
16×1.5 mm
field 512 
FOV 380 mm

Slice width 2 mm
slice increment 1.5 mm 
filter B30
matrix 512×512
zoom factor 1.7

1998-2002
Volume rendering
Fast & automatic 
with tissue 
transparency

15.2.1.2 
Data Reconstruction

Raw data are processed to perform a slice recon-
struction. We use a slice width of 2 mm with a slice 
increment of 1.5 mm, a filter B30, and a zoom factor 
of 1.7 (Table 15.1)

15.2.1.3 
Postprocessing of Data

To obtain 3D reconstruction of the venous system, 
the data are sent by intranet on a dedicated worksta-
tion for postprocessing using dedicated 3D recon-
struction software.

Surface-rendering technique. (Also called “surface-
shading rendering” – SSR). Huge progress has been 
made since 1994 in 3D image reconstruction. At the 
beginning, a manual segmentation of the image was 
necessary to obtain reconstructed 3D images by a 
SSR 3D model. A pixel extraction had to be done 
by the observer using appropriate windowing: the 
maximal minimal-density threshold was chosen 
manually in order to select the voxels correspond-
ing to an anatomical structure. Although performed 
on Sun or Silicon graphics workstations, this tech-
nique was time-consuming and used only some of 
the data. In turn, it is possible to achieve manual 
reconstruction of some other structure of interest 
as nerves (Fig. 15.2).

Volume-rendering techniques (VRT). Today, beautiful 
3D images of the venous system (Fig. 15.3) are quickly 
produced by reconstruction with VRT, with easy-to-
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use, built-in protocols. This saves time and takes full 
advantage of all the 3D information of the dataset. New 
3D dedicated software running on a PC with 1 gigabyte 
of RAM are now available for this purpose.

Main functions of VRT are: rotation, tilt, pan, zoom, 
and use of different transparencies of the tissues in 

real time. Automatic presets are available to directly 
visualize skin, muscles, or vessels. Quick and easy 
images are captured or animated. Output functions 
are useful to transmit resulting images to a PC.

The VRT software we use is Plug & View 3D 
(VOXAR Inc.; Tiani-Medgraph).

Fig. 15.2 Surface rendering 
with sciatic nerve reconstruc-
tion

Fig. 15.3 Volume rendering: 
different transparencies of 
the tissues
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15.2.1.4 
Contrast-Medium Injection

An injection of diluted contrast is to be preferred in 
order to enhance the contrast of the venous network, 
allowing display of it alone, without the surrounding 
tissues with the VRT software (by using automated 
preset protocols).This is also true for the perfora-
tors: their course and precise connection with the 
deep veins are to be checked before surgery. Lastly, it 
is mandatory to investigate the detailed morphology 
of the deep system.

15.2.1.5 
Venous Puncture

A dorsal foot vein puncture is performed in most 
cases. In particular cases, the cannulation of a varix 
of the leg or thigh could be necessary, to opacify a 
varicose network of the root of the limb, a pelvic 
varix, or a pelvic origin of the reflux, or to show an 
excluded varicose region.

15.2.1.6 
Injection Technique

We use an automated Medrad MCT injector sys-
tem. A uniphasic injection of 20 ml of iodine con-
trast medium is done in 180 ml of serum, at the 
rate of 2-3 ml/s. The duration of injection (usu-
ally 1 min) is synchronized with acquisition time, 
starting 30 s before and lasting until the end of 
acquisition.

Associated techniques can be used to enhance the 
contrast: a Valsalva maneuver is frequently asked 
of the patient. A tourniquet is put at the root of the 
thigh in case of investigation of the popliteal area. A 
balloon placed in the suprailiac area is inflated dur-
ing acquisition for better evaluation of the inguinal 
veins.

15.2.1.7 
Contrast-less 3D Venography

3D imaging of the venous tree can be obtained also 
without contrast-medium injection [3–5].

Technique. Parameters of acquisition: 125 kVp; 
120 mA; collimation 2; pitch 4; 1 reconstruction. 
Images were reformatted at the CT console and 
transferred in a DICOM format to a dedicated work-
station equipped with dedicated software such as 
Voxar (www.voxar.com).

Contrast-less veno-CT visualizes the external 
face of the veins, not their lumen. As a consequence, 
contrast injection is necessary when the goal of the 
examination is to evaluate the patency of a venous 
segment.

15.2.1.8 
Transmission of 3D Images to the Specialist

The slices and a selection of 3D reconstructed images 
can be saved on a CD, but the best way to achieve 
the data transmission between the radiologist and 
the angiologist is to export the movie files of a ro-
tating 3D model using different transparencies of 
the tissues: skin, muscle, vessels. (Fig. 15.3). These 
dynamic data are easily built and exported by the 
new VRT software.

One of the best ways is to use the QTVR software 
(Quicktime virtual reality) from Apple. It achieves 
a true interaction with a rotation of the 3D model 
according to the horizontal move of the mouse, and 
modifies tissue transparency according to the verti-
cal move of the mouse.

In that way, the surgeon can have all of the in-
formation about the veno-CT available on his laptop 
computer in the operating room, together with the 
data of paper cartography [5] and of the US skin-
mapping [6]. They can be used together as a road-
map for surgery.

By an exquisite depiction of the venous course, 
VCT may avoid the anatomical pitfalls of venous 
surgery. This makes possible a better surgical choice 
of technique, and a more accurate and limited skin 
approach. Accordingly, it improves the aesthetic 
result as well as the efficacy, reducing the varicose 
vein recurrence rate.

15.2.1.9 
Limits, Pitfalls, and Drawbacks

Technical problems. Venous puncture was rarely 
impossible (3-4% of the limbs). However, a VCT 
without injection is possible, providing detailed 
anatomical information, but restricted to the su-
perficial network [3].

Limits. The main drawback is that VCT provides no 
hemodynamic data, and it can only be performed in 
a prone position. It means that the Duplex US exami-
nation (in a standing position) is always necessary. 
It provides a complete map of the superficial venous 
network and perforators with anatomical and hemo-
dynamic data [7]. In addition, a preoperative skin-
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mapping is performed [8], to be use as a guideline 
by the surgeon during surgery.

Pitfalls. The possible lack of injection of some 
veins means a careful differentiation from a venous 
thrombosis has to be made. It may be due to com-
petent valves, venous congenital agenesis or hypo-
plasia, or compression point(s), usually calf, by the 
table. There is an exclusion area in case of huge 
and/or high-located varicose veins. The region is 
not filled by the foot injection: the solution is to 
make a direct puncture of the varix to obtain good 
visualization, so there is a case for pelvic varix vi-
sualization. A direct puncture of a perineal vein is 
the best way to get a fine injection of these com-
plex networks. (Fig. 15.4). The main reason is an 
improper bolus timing of contrast-material injec-
tion, usually a too-short injection time: the contrast 
material had no time to reach the anatomical region 
of interest. In order to avoid this problem, one can 
use a tourniquet and/or a Valsalva maneuver. This 
is particularly true for popliteal fossa investigation: 
here the tourniquet of the root of the limb increases 
the quality of contrast and avoids an examination 
failure. In case of difficulty, we have to keep in mind 
that 3D reconstructions are not fully reliable. These 
clever postprocessing routines create images that do 
not exist. Hence, to avoid a misunderstanding or a 
false diagnosis by the use of the 3D images, do not 
hesitate to go back to the original slices and also to 
compare with other investigations (US).

Drawbacks. X-ray exposure is the main criticism of 
CT venography. A pure venogram can be obtained 
by other “radiation-free” and less-invasive tech-
niques, but they provide a lower quality of images: 
MR venography without gadolinium injection using 
protocols that incorporate 2D time-of-flight acquisi-
tion. Recently, FRASER et al. [6] proposed a new MR 
venography technique called VESPA (venous en-
hanced subtracted peak arterial) with gadolinium 
injection, using spatial subtraction which elimi-
nates the need to cannulate a foot vein.

15.2.2 
Clinical Applications

15.2.2.1 
Preoperative Assessment of CVI on Varicose Patients

On the basis of the experience derived from a large 
series of investigations, VCT is usefully recom-
mended in about 15% of patients undergoing sur-
gery for varicose veins. [9]. It is particularly useful 
in the following cases:
• Postoperative recurrences, especially at the pop-

liteal fossa. (Fig. 15.5)
• High termination (Fig. 15.6) or dystrophic termi-

nation of the short saphenous vein (Fig. 15.7)
• Duplication of the saphenous popliteal junction 

(Fig. 15.8)
• Varicose veins of the long saphenous region fed 

by an ascending flux of the Giacomini vein via a 
saphenous popliteal reflux (Fig. 15.9)

• Large and complex varicose networks, to improve 
information furnished by clinical and US map-
ping (Fig. 15.10; skin mapping, 1; VCT skin level, 
2; and VCT muscle level, 3)

• Patients with large perforators of the thigh

In all these cases, the association with color-coded 
Duplex of the venous network is mandatory, because 
VCT does not provide hemodynamic data.

15.2.2.2 
Investigation of Pelvic Varix

The pelvic origin of varicose veins is not rare, and 
is responsible for specific symptoms. Color Duplex 
using a vaginal probe is useful to study hemody-
namics.

VCT investigates the reflux route and anatomical 
connections of the pelvic network: a possible cause of 
reflux is an incompetent lumbo-ovarian vein com-

Fig. 15.4 Puncture of the varix of the thigh to enhance con-
trast
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Fig. 15.5 Popliteal fossa 
cavernoma following 
short saphenous vein 
surgery

Fig. 15.6 High termination of the short saphe-
nous vein

Fig. 15.7 Dystrophic short saphenous vein and saphenous popliteal 
junction
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Fig. 15.8 Duplication of the 
saphenous popliteal junction

Fig. 15.9 Long saphenous vein varix fed by the 
Giacomini vein

Fig. 15.10 Improved information about complex network

CATA_15-Uhl.indd 205CATA_15-Uhl.indd   205 20.10.2004 9:07:39 Uhr20.10.2004   9:07:39 Uhr



206 J-F. Uhl and A. Caggiati

ing from the inferior vena cava, feeding the puden-
dal network by the inguinal canal. In such a case, 
interventional radiology using a coil associated to 
foam with sclerotic agent is the best choice to treat 
the origin of the reflux, associated with removal of 
the varix of the limb by phlebectomies.

15.2.2.3 
Investigation of a Varix of the Sheath of the 
Sciatic Nerve

According to neurovenous embryogenesis, varicosis 
of the sciatic nerve follows the route of the nerves: 
sciatic nerve at the thigh level, fibular nerve at the 
knee level, and lateral saphenous nerve below knee 
level [7]. VCT usually shows the deep route at the 
thigh along the sciatic nerve: on the 3D reconstruc-
tions as well as on the slices, the dystrophic venous 
network infiltrates the sheath of the nerve. It is as-
sociated here with a stasis in the muscular arcades of 
the semimembranosus muscle (Fig. 15.12; network, 
1; femoral vein, 2; dilatation of the semimembrano-
sus arcades, 3).

15.3 
Conclusion

The aim of spiral VCT (veno-CT) is to provide a pre-
cise 3D anatomical depiction of the venous network. 
A multislice and multidetector spiral CT acquisition 
of the lower limb with contrast injection produces 
about 400 to 600 slices in 30 s. Dedicated volume-
rendering software compute interactive 3D images 
of the venous system.

Always associated with color-coded Duplex, 
which provides hemodynamic data, VCT is a pow-
erful new tool to investigate patients with varicose 
veins, particularly in the case of a recurrences or 

for complex networks of the popliteal fossa; it truly 
provides a 3D roadmap for surgical planning. This 
role seems to be extremely important in selected 
cases, such as in the presence of pelvic venous con-
gestion with reflux transmitted to the veins of the 
leg. Beside the patient’s assessment, the VCT make 
us enter into the virtual reality world. Hence, it is a 
tool of the highest potential for a better understand-
ing of venous disease, to learn venous anatomy, and 
for research.
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