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Preface 

The acquisition of knowledge often follows the application of new methodology. 
The history of clinical cardiology could be viewed as the result of new methods, 
confirming or negating previously developed hypotheses. New methods, in turn, 
have their roots in basic biological and technical science. 

For example, the historical innovation by Einthoven in 1895 resulted from basic 
anatomical work (Purkinje, 1845; His, 1893), electrophysiological studies (Waller 
1889; Matteuci and Du Bois-Reymond, 1843), and advances in registration technol­
ogy (Marey, 1876). The past 100 years have seen an integration of additional diag­
nostic techniques (infarct recognition, identification of HIS-bundle structures and 
bypass tracts, ischemia monitoring by continuous ST-segment registration) which 
have led to improved medical and operative therapy. Today we are witness to the 
growth of interventional cardiology, which plays an increasingly important role in 
patient management. 

The focus of this volume is on percutaneous techniques which are currently in use 
in interventional cardiology and, in addition, on future developments such as the 
application of laser energy and ablative techniques. 

G. Riecker 

v 



Introduction 

This book reports on a symposium held at the University Hospital of Munich -
Klinikum GroBhadern in July, 1988 which focussed on the current state of balloon 
angioplasty, as well as on the many new techniques and approaches which are 
quickly becoming an integral part of interventional cardiology and angiology. 

In the field of balloon angioplasty, which is well established and has become a 
routine procedure within cardiology, work is centered on the optimization of the 
technique with minor, but very effective improvements in materials and catheter 
design. Important advances are also being made in the fields of computerized imag­
ing and stenosis quantification. We have chosen to focus on the "ischemic state" of 
angioplasty, a somewhat untapped scientific model, and present work on the bio­
chemical markers of ischemia and potential myocardial salvage afforded by the 
technique. 

Balloon valvuloplasty has recently received much enthusiastic attention as a percu­
taneous therapeutic modality, perhaps because of the surprisingly effective use of 
balloon angioplasty for the treatment of coronary heart disease. We have therefore 
critically examined the indications for balloon valvuloplasty and attempted a synthe­
sis with the field of cardiothoracic surgery. 

A special focus has naturally been given to the vast array of new interventional 
techniques for vessel reconstruction, some of which have perhaps all too quickly 
urged their way into clinical application. Stenting, mechanical approaches such as 
atherectomy and rotational devices, as well as high-energy techniques such as laser 
and high frequency, were examined in detail. In addition, some of these techniques 
offer new approaches to the study of the atherosclerotic process and that of resteno­
sis, by providing percutaneously removed plaque material. We have thus also pre­
sented results of initial evaluation of such material with histology and cell culture. 

Supportive diagnostic methods, such as angioscopy and vascular Doppler imaging 
may come to play an increasingly important role in interventional cardiology and 
angiology, and these approaches have also been discussed. 

Finally, the field of arrhythmia control has seen new advances with the interven­
tional approach both to diagnostic as well as to therapeutic issues, with percutaneous 
mapping and catheter ablation gaining increasing application. 

Special thanks must be given to the distinguished chairmen who integrated these 
highly specialized fields of interventional cardiology and angiology and helped us 
gain a perspective on their role in modern cardiology. 

B. Hofling 
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Current and future techniques in interventional 
cardiology and angiology 
B. Hofling, A. v. Polnitz 

Department of Medicine I, Klinikum GroBhadern, University of Munich, Munich, 
FRG 

Building on basic balloon angioplasty, the past 10 years have seen remarkable 
progress in the field of instrumental techniques. Most branches of medicine, and in 
particular that of cardiovascular disease, have been affected by these new techniques. 
These new therapeutic concepts can be grouped together under the heading "Inter­
ventional Cardiology and Angiology". The most important established and a variety 
of still experimental techniques are summarized in Table 1. 

The reason for the development of so many new techniques lies in an effort to be 
less invasive than open-heart surgery and more effective than medical therapy. This 
can be achieved for example with the use of balloon dilatation instead of bypass 
operation, percutaneous valvuloplasty to postpone valve replacement in critically ill 
patients, or catheter ablation to avoid more invasive surgical therapy of medically 
intractable arrhythmias. 

In addition, new methods are also needed to counteract problems with established 
procedures. For example, occlusion of bypassed segments is a common occurence 
shortly after bypass surgery. The loss of graft patency continues over time, occurring 

Table 1. Interventional cardiology and angiology 
- established and newly developed methods. 

Revascularization 
Balloon angioplasty 
Atherectomy 
Mechanical ablation of plaque 
Microembolization 
Aspiration 
High energy 
-laser 
- radio-frequency 
- sonographic 
- spark erosion 
Assisting devices 
- perfusion catheters 
- stents 
- angioscopy 
- counterpulsation 
- cardiopulmonary support 

Other Indications 
- valvuloplasty 
- catheter ablation 
- shunt occlusion 



in 10-20% of grafts in the first year and 1-3 % every subsequent year (1). Internal 
mammary grafting, with a significantly better patency rate (2) is one solution, but 
one could also view PTCA as another, since balloon dilatation can be more recon­
structive than bypass surgery. However, balloon dilatation has its own well known 
limitations such as tight and long stenoses, total occlusions or tortuous vessels. New 
catheter systems can help to overcome these limitations, and several companies now 
produce highly flexible, low profile systems which have excellent trackability (e.g. 
micro-Hartzler) and allow easy passage of stenoses, which were not passable with the 
systems available just a few years ago. Other low-profile catheters have excellent 
pushability (Medtronic Omniflex) and new modes of exchangability have been cre­
ated, as with the monorail catheters, or by use of a long or extension wire technique. 

Naturally, difficulties such as acute occlusion and restenosis remain problematic 
for the field of balloon angioplasty and are most probably related to intimal trauma 
during dilation or residual plaque material within the vessel. Therefore, new catheter 
techniques which focus on this problem are being developed, which use mechanical 
or high energy to remove or ablate plaque material. 

Mechanical angioplasty 

The Kaltenbach-Vallbracht group has developed a low-speed rotational angioplasty 
device (3) which has been used successfully in the periphery and testing in the 
coronary system is now underway. There are also rotary ablaters which use burr tips 
with diamond blades to ablate the plaque tissue; evaluation of effluate has shown 
that more than 90 % of ablated particles were smaller than 8 microns (4). An inter­
esting and promising device was developed by Kensey et al. (5), in which the tip of 
the catheter has an integrated rotating cam with a fine lateral jet spray which keeps 
the rotating cam centered and cools the vessel as it is heated by the mechanical 
action. In addition, the circular jet spray may contribute to lumen dilation and 
smoothening of its inner surface. In a series of dog experiments, recanalization of 
diseased human arterial imponates in the carotid position could be so treated with­
out embolization. 

Rotational atherectomy 

There are currently three devices under investigation with similar working principles. 
The Ultramed device (Fig. 1) consists of two small knives in the catheter tip, which 
can be moved over-the-wire, and cut segments of plaque which can then be aspirated 
and collected by vacuum and submitted for investigation (personal communica­
tion). 

The Medtronic catheter consists of two cutting elements which rotate and move 
independently and also incorportates an over-the-wire system. The plaque material 
is trapped within the spirals of the catheter and can also be removed and studied. 

The Simpson (6) atherectomy catheter (Fig. 2) utilizes a rotary cutting edge 
(600-2000 rpm) incorporated within a metal housing at its tip. A window in the 
housing is positioned alongside the stenosis and fixed by use of a low pressure 
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Fig. I. Prototype model of the Ultramed atherectomy deivce, with two knives incorporated within 
the catheter tip 

Fig. 2. The Simpson peripheral atherectomy catheter, whose rotary cutting edge is advanced by 
operator control and powered by a hand-held motor 

(1 - 2 atm) balloon; thin slices of plaque are excised as the cutter is advanced and 
deposited within the housing; these can then be later removed (Fig. 3) and further 
investigated (histology, cell culture, immunohistological study). Initial work in the 
periphery has proved promising (7, 8) and the technique is currently undergoing 
study in the coronaries (9). 

Our own group has performed peripheral atherectomy on a total of 40 patients 
with 72 stenoses or occlusions of the iliac (n = 5), superficial femoral (n = 62) and 
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Fig.3. Specimens of plaque material removed by atherectomy of a superficial femoral artery 
stenosis 
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Fig. 4. Angiographic results in 72 lesions treated with the percutaneous Simpson athereclomy 
catheter pre- and postatherectomy and in 43 stenoses at 6 month control study 
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popliteal (n = 5) arteries. There was initial technical success in 91 % of attempted 
lesions. The mean stenosis was reduced from 87.2± 13.9% to 16.6± 15.5%; at 6 mo. 
follow-up, angiographic evaluation of 43 lesions showed a 35.7 ± 30.9 % residual 
stenosis (Fig. 4), with angiographic re-stenosis found in only 5 % of eccentric lesions, 
27 % of concentric lesions and 42 % of total occlusions. 

High energy angioplasty 

Recanalization of occlusions is achieved by ablating plaque material with high 
energy such as laser, high frequency (10), spark erosion (11), or ultrasound (12). 
Whereas much experimental work remains to be done, several groups have used laser 
energy to recanalize stenosed and occluded peripheral arteries (13,14, 15) and work 
in the coronaries is beginning (16); additional balloon angioplasty is necessary in 
most of these cases. Certainly a major limitation of laser angioplasty is the poor 
predictability of the amount of energy required. There are two possible laser action 
modes, vaporization which is a high energy mechanism and fragmentation which 
requires low energy. Furthermore, vaporization is highly dependent on the nature of 
plaque tissue (variation in several orders of magnitude) and since this cannot yet be 
predicted, laser energy requirement is necessarily not predictable. 

In-depth details of laser energy application, as well as evaluation of the other 
interventional procedures outlined in Table 1 such as balloon valvuloplasty and 
catheter ablation, which are often not presented conjointly with angioplasty tech­
niques, and of adjunctive procedures such as stent implantation and angioscopy will 
be addressed in detail by other authors in this book. 
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Long wire technique for coronary angioplasty 
the Frankfurt experience 
C. Vallbracht, G. Kober, M. Kaltenbach 

Center of Internal Medicine, Department of Cardiology, University Hospital, 
Frankfurt, FRG 

In October 1977, four weeks after the first successful transluminal coronary angio­
plasty by Griintzig (2) the second procedure was performed in Frankfurt using the 
original double lumen balloon catheter. In 1982, we began to use the steerable 
technique with a short guide wire as described by Simpson (7) which remarkably 
facilitated coronary angioplasty and led to an extension of its indication. In Decem­
ber 1983, Kaltenbach introduced the long wire technique (5) which has become 
routine in Frankfurt and some other European centers. 

Technique 

A special 3 meter long, 0.012 inch teflon coated guide wire, equipped with a ball 
shaped tip of 0.45mm diameter is introduced within the guiding catheter and the 
stenosis is first crossed without a balloon catheter (Fig. 1). To control and steer the 
wire, we developed a small plastic torquer which can be fixed to the wire from the 
side. The distal part of the long wire remains coiled up in a tube and does not hinder 
the procedure in any way. In particular, the torquability of the wire is unimpeeded. 

After the guide wire has been positioned in the peripheral vessel segment a balloon 
catheter can be advanced over the wire (Fig. 2); continuous pressure monitoring 

((~}~;:~) 3m GlIlde Wore 

9' Torquer 

. Rotating HemostJtic Valve 

Fig. 1. Long wire technique: the steno­
sis is first crossed only with a 0.01 2 inch 
guide wire without a balloon catheter 
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A B 

Fig. 2. When the guide wire has passed 
the stenosis, a balloon catheter can be 
advanced over the wire 

from the guiding catheter and the balloon catheter is possible. After dilatation, the 
balloon catheter is withdrawn while the long wire remains in the distal part of the 
coronary artery and a control angiogram is performed. If the result is satisfactory, 
the long wire is withdrawn and a last injection of contrast medium follows (Figs. 
3a- e). 

Using a Y-connector the guiding catheter is perfused with a combination of 2.000 
units of heparin and 100.000 units of urokinase per h during the entire process of 
crossing and dilatation. 
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C D 

E 
Fig. 3. (A) Stenosis in a big marginal branch. (8) The long wire has passed the stenosis, the control 
angiogram clearly shows the position of the wire. (C) A balloon catheter was introduced and inflated 
(D) Control angiogram after withdrawal of the balloon with the long wire remaining in place. (E) 
Final result after withdrawal of the wire 

Special advantages 

1) The guide wire is introduced without the balloon catheter allowing for excellent 
steerability and a very sensitive handling. Even the smallest resistance is directly 
transmitted and this guarantees the possibility of an immediate reaction. There­
fore , precision and safety is considerably improved. 

2) The long wire technique allows the balloon catheter to be exchanged without 
recrossing and repeat traumatization of the stenosis. Balloon catheters of differ­
ent sizes and of different manufacturers can be used. Using the 0.012 inch guide 
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wire is simple to carry out in the following settings: firstly , the changeover from 
a smaller to a larger balloon catheter in the case of an insufficient result, and 
secondly, the changeover from a larger to a smaller balloon in the case of a very 
tight stenosis. Even a 2.0 mm super low-profile balloon catheter can be used, 
which is not possible with an add-on system of guide wires (extension wire). 

3) In case of a total occlusion during angioplasty it is again possible to advance a 
balloon catheter over the wire into place. If under these circumstances repeat 
dilatations are not successful, a 4.5 French perfusion catheter can be advanced 
over the wire. The correct positioning distal to the occlusion can be documented 
by injection of contrast medium into the perfusion catheter. 

Using an 8.5 or 9F guiding catheter, coronary perfusion (done by hand with the 
help of a conventional 5 ml syringe) can be started with arterial blood from the 
guiding catheter (up to 40 ml/min) and continued with blood from the patients 
femoral artery (up to 100 ml/min). It is possible to carryon perfusion until the 
distal and proximal bypass anastomoses are completed during emergency bypass 
operation (Fig. 4). 

4) The localization of a stenosis in the bifurcation area of a large side branch, as for 
instance, in a stenosis involving the LAD and a large diagonal branch carries the 
danger of an occlusion of the second vessel. The risk of occlusion seems to be 
particulary high if the second branch also shows a proximal high-grade stenosis 
(6). Using only one brachial or femoral9-F guiding catheter it is possible to cross 
both stenoses, one after the other, with 3-meter wires, and to dilate the stenoses 
sequentially (7). 

5) In contrast to the monorail technique (1) pressure measurement through the 
balloon catheter, including intracoronary gradients and coronary capillary pres­
sure, is preserved. 

VOf TeA Noch a,pon Op 

V, 
r Verschlu:B Perfusion 

noch60MC 

Fig.4. Dissection after dilatation of a stenosis in the LAD with subsequent occlusion. Coronary 
perfusion over two hours could prevent a myocardial infarction 
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Results 

Since its introduction in December 1983, the long-wire technique has been applied 
in Frankfurt in more than 1,500 patients. The acute success rate with respect to the 
stenoses was comparable to other techniques (90 %); the rate of severe complications 
with the need for emergency bypass operation was significantly reduced to less than 
1 % in 1987. Exchange of balloon catheters was needed in 13 % of patients; either 
from a larger to a smaller balloon in case of very tight stenosis (5 %) or from a 
smaller to a larger balloon catheter in case of an insufficient acute result (8 %). In our 
experience the need for the double long-wire technique in case of a branching steno­
sis is a relatively rare event; in 20 patients with stenoses within a bifurcation of a large 
side branch two long wires were used. In two patients sequential dilatation because 
of occlusion of one vessel was necessary; in the majority of patients a dilatation over 
the second wire was not required. Total occlusions during angioplasty occurred in 
4.5 % of the patients. With the long wire in place all occlusions could be recrossed 
and dilated with the same or a larger balloon catheter. In five patients repeat dilata­
tion remained unsuccessful and a perfusion catheter was introduced. 

Discussion 

The long wire technique of Kaltenbach (5) has been shown to facilitate coronary 
angioplasty and to improve precision and safety of the procedure. Steerability of the 
wire and contrast display is unimpeeded because the guide wire is introduced without 
the balloon catheter. Any resistance to the tip is directly transmitted and therefore, 
immediate reaction is possible. In contrast to the monorail-technique (1) balloon 
catheters, not only of different sizes, but different manufacturers can be exchanged 
without recrossing the stenosis. Even a 2.0 mm super low-profile balloon catheter 
can be introduced over the 0.012 inch guide wire, which is not possible using an add 
on system of guide wires (extension wire system). 

The occurrence of dissection with subsequent total occlusion during coronary 
angioplasty cannot be predicted. Therefore the possibility to recross the occlusion, 
either with a balloon or a perfusion catheter to restore blood flow is of considerable 
importance and may lead to a dramatic improvement (3). Coronary perfusion can 
be continued until surgical revascularization is completed. In contrast to the "kissing 
balloon" technique of Griintzig which requires two guiding catheters, the double 
long wire technique can be performed with two long wires introduced through the 
same 9-F brachial or femoral guiding catheter (8). In our experience the need for a 
sequential dilatation because of an occlusion of the second vessel is a relatively rare 
event, so the second wire remains on "standby". 

Heparin-urokinase perfusion and teflon coating of the guide wires is effective in 
reducing thrombus formation and fibrin coating of the guide wires (4). Their general 
use may be justified but further studies are required. 
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Advances in x-ray equipment - digital subtraction 
angiography with on-line quantification 
Th. v. Arnim, M. Hengge, J. Prasil, B. Hofling 

Department of Medicine I, University of Munich, Klinikum GroBhadern, 
Munich, FRG 

Quantification of coronary artery stenosis 

In coronary artery disease the severity of a given luminal obstruction is dependent 
on the amount of reduction of the luminal area by fixed calcified stenosis and the 
degree of constriction of a normal segment of the vascular wall. Thus there are 
short-term and long-term variations in the degree of coronary stenosis (1,6,14,16). 
Attempts have been made to quantify the anatomic and functional severity of coro­
nary stenosis: apart from angiographic assessment (5, 9,10,15), assessment of flow 
with Doppler catheters, thallium imaging, PET scanning and intravascular ultra­
sound have been tried. The most widely used way of quantification is quantitative 
angiography, but it must be born in mind that angiography shows only the lumen 
opacified by contrast medium, while characteristics of the vessel wall can hardly, if 
ever, be discerned (12, 18). 

Quantification of the progression of coronary atherosclerosis over a longer term 
in studies aimed at influencing the atheromatous process is obviously of great impor­
tance (2, 3, 4, 11, 17). Algorithms have been developed to objectively quantify the 
luminal narrowing by automatic edge detection in digitized magnified images taken 
from coronary angiography films (9, 10, 12, 15). This geometric quantification has 
problems with interpretation and reproducibility in eccentric stenoses, which are by 
no means rare. Therefore, a densitometric approach, which measures the degree of 
attenuation of the x-ray caused by the amount of contrast material within the vessel, 
is more independent of the geometry of the coronary obstruction (7, 12). If angio­
graphic quantification of coronary artery diameters is to be used in practical clinical 
decision making in the angiographic laboratory, then a fast method of measurement 
is necessary (12). While methods which are dependent on digitization of film images 
have shown good reliability and reproducibility, the time lag for development of 
films and later quantification is obviously too great for implementation in acute 
clinical decision making. An on-line quantification of angiographic images, which is 
digitized directly during the angiographic procedure would therefore be advanta­
geous (13). To overcome the problems of geometric diameter measurement and 
calculation of lumen area, the combination with a densitometric method would 
obviously enhance the reliability and usefulness of such measurements (8). 

We describe here our first experience with new angiographic equipment (Digi­
ton 3, Siemens AG, Erlangen, FRG) which allows digital image acquisition simulta­
neously with the usual angiographic films during coronary arteriography and further 
allows digital subtraction of these images followed by on-line geometric and den­
sitometric quantification. 
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Experiences with Digitron 3 

The practical approach of image acquisition and stenosis quantification is depicted 
in the series of examples in Fig. 1. The first step is to select an image of the angio­
graphic series which is free of subtraction artifact and motion artifact and shows the 
stenosis with a minimum of geometric distortion and overlay. This can be done very 
easily and quickly in the angiographic laboratory on a videoscreen. In the next step 
of the program, a digitizing tablet is used and a normal reference part of the vessel 
defined, followed by defining a center line of the vessel with a digitizing pen. When 
this center line is drawn through the stenosis, the active part of the observer is 
completed and the computer program takes over. Starting from the reference point, 
the vessel wall is defined by an automatic edge-detection algorithm. The computer 
then defines the stenosis as the most narrowed part and compares the diameters with 
the diameter at the reference point. All these automatic calculations proceed very 
quickly. The result is immediately displayed on the video screen ; it shows the outline 
of the vessel with the stenosis, the stenotic diameter and calculated area with geomet­
ric calculation. Simultaneously, the densitometric measurement which was obtained 
from densitometric information available for each pixel of the digitized image, is 
displayed . Thus a quick on-line quantification of the stenosis is possible and within 
the same procedure geometric and densitometric measurements are obtained. Obvi­
ously, with the comparison of images before and after PTCA as in our example, the 
angiographic success of an intervention can immediately be quantified. 

Fig. 1 a. Coronary angiogram of a right coronary artery taken with digital subtraction angiography. 
A high grade eccentric stenosis in the mid right coronary artery can be seen. 
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Fig. 1 b. In the first step of the evaluation, the digitized image is magnified by a zoom. Note the more 
coarsely grained image 

Fig. 1 c. After black and white have been reversed in the image, the process of quantification is 
started by defining a reference line and then defining a line within the vessel lumen on a digitizing 
tablet as a connection of several points. Each dot on the line is one quick press on the digitizing pen. 
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Fig. 1 d. After the digitizing pen has reached the post-stenotic normal portion of the vessel, the 
automatic quantification by the computer is immediately started and within less than 3 s the 
geometric and densitometric quantification is displayed on the screen. One can see where the 
reference line is and where the computer has defined the most severe stenosis 

Fig. I e. The geometric and densitometric evaluation of the stenosis by the computer can be dis­
played in graphic form as the geometric diameter and densitometric area curves. The curves can be 
seen on the right of the picture and with use of the computer it is possible to reposition the marker 
lines for the reference part of the vessel and for the stenosis 



Fig. 2 a. Digital subtraction image of the same vessel as in Fig. 1 after two balloon dilatations 
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Fig. 2 b. Quantification of the stenosis after the balloon dilatation. This evaluation was done during 
the procedure and with still a relevant degree of stenosis persisting, further balloon dilatations were 
performed in this patient 



The advantages of the Digitron system are obvious: the speed of the on-line 
quantification allows the examination of coronary stenosis during such procedures 
as PTCA. This may help in clinical decision making in some cases where the degree 
of success of a balloon dilatation is questionable. Another advantage besides the 
speed of the system is the easy application of the computer program. With a clearly 
outlined computer manual, personnel not specially trained in digital imaging or 
computer work can easily learn stenosis quantification. This evaluation is largely 
user independent and performed by automatic computer detection of the vascular 
outline and the stenosis. The third advantage of the system is the combination of a 
geometric and a densitometric measurement, which shows the angiographer the true 
complexity of the stenosis quantification. In our experience, geometric and densito­
metric measurements often show differing results, obviously due to the irregular 
geometry of coronary stenoses. With this approach, the Digitron system offers an 
honest picture of the possibilities of fast stenosis quantification, but also of the 
problems inherent in the great degree of physiological variability. 

Some disadvantages of the present technology should also be mentioned, i.e., with 
a matrix of 512 x 512 pixels, an image of a complete coronary artery, as is normally 
taken during coronary angiography, gives too large a pixel size for fine measure­
ments. With our greatest magnification from the image intensifier, we have calculat­
ed a pixel size of 0.2 mm. With narrow stenoses going down to diameters of 0.5 mm, 
a variation of ± 1 pixel at each side of the lumen would cause large percentage 
variations. Particularly in the case of pharmacologic intervention, where small di­
ameter variations can be observed and may be of true physiological significance, a 
much smaller pixel size would be desirable for quantification. This can thus far only 
be achieved with later digitization of only a small portion of the filmed image. Thus, 
for fine measurements of coronary artery quantifications a direct digital imaging 
of a 512 x 512 matrix is probably too rough. In addition to this basic problem 
which comes from the direct digitization of the image and might be taken into 
account in exchange for the speed of an on-line system, we have had problems with 
calibration for metric analysis and reproducibility of the measurements. These ob­
servations have caused review and restructuring of the computer programs applied 
in this system. 
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Myocardial release of lactate, hypoxanthine, 
and urate during and following percutaneous 
transluminal coronary angioplasty. 
Potential mechanism for the generation 
of free radicals 
P.W. Serruys, T. Huizer, J. Bonnier*, R. Troquay*, H. Suryapranata, o. Leborgne, 
J. de Jong 

Catheterization and Cardiochemical Laboratories, Thorax Center, Erasmus 
University, Rotterdam, The Netherlands 
* Department of Cardiology, Catharina Hospital, Eindhoven, The Netherlands 

Until recently the assessment of alteration in myocardial metabolism in man early 
after an abrupt occlusion of a major coronary artery has not been feasible. PTCA 
however, now provides a unique opportunity to study the time course of these 
metabolic changes during the transient interruption of coronary flow by the balloon 
occlusion sequence in patients with single-vessel disease and without angiographical­
ly demonstrable collateral circulation (1, 2). The need to detect any persisting meta­
bolic or mechanical dysfunction becomes of even greater concern as the number of 
dilated vessels and the duration of balloon inflation tend to increase, thereby enhanc­
ing both the extent and the severity of ischemia. The risk exists that the damage 
induced by the intervention may exceed its benefit. 

During and after ischemia, there is in the heart, as well as in other muscles, 
excessive ATP breakdown. This degradation of ATP causes an efflux of breakdown 
products, which are able to pass through the cell membrane into the blood before 
significant amounts of enzymes appear. The purine derivatives adenosine, inosine, 
hypoxanthine, xanthine, and urate are therefore thought to be early markers for 
ischemia (3, 4). 

Recently high pressure liquid chromatography (HPLC) came into use for the 
determination of nucleosides and purine bases in whole blood (5, 6), facilitating the 
determination of purine derivatives, in particular hypoxanthine and urate. This new 
technical development prompted us to investigate the myocardial release of hypo­
xanthine and urate immediately after angioplasty. We studied the arterial-venous 
difference in urate, the endproduct of the reaction catalyzed by xanthine oxidoreduc­
tase, since the oxidase configuration of cardiac xanthine oxidoreductase has been 
implicated in the formation of oxyradicals which could damage the endothelium. 
This enzyme has been found in the heart of various species, however, its presence in 
human heart is still debated. 
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Patients and methods 

All patients met the following criteria: a brief history of angina pectoris (less than 
one year), an isolated obstructive lesion in one coronary vessel (the left anterior 
descending) and an accessible stenosis of less than 1 cm in length. All patients were 
candidates for coronary artery bypass graft surgery because of disabling angina, but 
were selected for angioplasty rather than surgery because of their anatomy. 

In the first group 15 patients were studied: 12 men, three women, aged from 38 to 
74 years. Of these, four were in NYHA class II, 9 in class III, and 2 in class IV. In 
all, the ejection fraction was greater than 59 % and none of them had wall motion 
abnormalities on their diagnostic resting left ventriculograms. Four transluminal 
dilatations were performed with a total duration of occlusion of 192 ± 40 s 
(mean ± SD). All patients in the study were successfully reperfused with four dilata­
tions. The second study group of consisted 13 patients (Catharina Hospital, Eind­
hoven, The Netherlands). Urate was measured in arterial and coronary sinus blood 
plasma before, during, and after angioplasty. 

PTCA technique 

PTCA was performed according to the technique previously described. The inflation 
pressure ranged from 2-12 atmospheres, while the individual duration of occlusion 
ranged from 40 to 60 s. Coronary angiography with non ionic contrast medium 
(metrizamide) was performed before and at the end of the PTCA procedure. 

Premedication consisted of aspirin and all patients selectively received 3 mg of 
isosorbide dinitrate into the left main coronary artery during control coronary 
arteriography, but the coronary flow measurements we report were not carried out 
within the period of the drug effect on the coronary circulation. Beta-blockers were 
not discontinued. During the procedure, heparin and low molecular weight dextran 
were administered intravenously. 

Lactate, hypoxanthine and urate determination 

Blood samples were obtained from the great cardiac vein and the left coronary artery 
at six consecutive measurement periods: before the PTCA procedure, 5 -1 0 s after 
each transluminal occlusion, 5 min (group I) and 15 min (group II) after termina­
tion of the PTCA procedure. Five min were allowed between each dilatation for 
recovery. 

Blood (1.5 ml) for lactate measurements was rapidly deproteinized with an equal 
volume of cold 8 % perchloric acid and centrifuged. After centrifugation, the super­
natant fluids were stored at - 20°C. Lactate in the supernatant was analyzed enzy­
matically according to Apstein et al. (7) with the AutoAnalyzer (Technicon, Tarry­
town, New York, USA). Standard curves were made with lithium lactate in 4% 
perchloric acid. 

An isocratic high pressure liquid chromatographic system was used for the estima­
tion of purine nucleosides and oxypurines in blood (6) (Fig. 1). Use was made ofa 
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Fig. 1. Isocratic high pressure liquid chromatographic separation of nucleosides and purine bases 
from a patient before and after a single transluminal occlusion . hyp = hypoxanthine ; 
AU = absorption units 

reversed-phase column. Since nucleotides derived from erythrocytes affected the 
separation, these compounds had to be removed . We used the method of Chatterjee 
et al. (8), with some minor differences. For whole blood urate levels, 2 ml samples 
were mixed immediately after sampling with ice-cold perchloric acid to obtain the 
deproteinized extract. Extracts were brought to pH 5 with KOH and stored at 
- 20 °C until urate quantification, according to a uricase method (enzyme provided 
by Sigma, St. Louis, Missouri, USA). In some samples urate was also quantified by 
HPLC. Samples were neutralized with 6 M KOHj2M 2K 2C03 . Nucleotides (from 
the erythrocytes) were removed from the extract by adsorption on an AL20 3 col­
umn. Five ml 10 mH Tris-HCL was used to elute 1.5 ml sample through a column, 
containing 0.6 g AL 20 3 . Eluate was stored at - 15 °C until analysis. HPLC determi­
nation of urate took place on a uBondapak c 1S column (Millipore-Waters, Milford, 
Massachusetts, USA). A 100-ul sample was eluted with 1 % K 2HP04 - 1 % CH30H, 
pH 4.7, at a flow rate of 1.0 mljmin. The column was guarded by a Perisorb RP-18 
pre-column (Merck, Darmstadt, FRG). The Waters-HPLC equipment consisted of: 
WISP 710B cooled autosampler, Model 6000 A pump, Model 490 multi wavelength 
detector, and Model 840 computer. Peaks were identified by retention times, internal 
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standards, and enzyme shifts. The optimal wavelength for urate detection proved to 
be 290 nm since absorption is maximal and disturbance by other materials is mini­
mal. Sample preparation and assay were derived from earlier work (6,10). To prepare 
plasma, blood was mixed in a heparinized tube with an equal volume of ice cold 154 
nM NaCl, containing 40 !-lm dipyridamole (Boehringer, Ingelheim, FRG) and 20 !-lm 
EHNA (Wellcome, London, United Kingdom). These drugs were used to inhibit 
adenosine uptake and breakdown (11,12). Patient plasma samples were prepared 
and kept at - 80°C. Deproteinization took place with an equal volume of 80 % 
HCL04 ; the supernatant fraction was neutralized with 2 M KOH/ t M K 2C03 . 

HPLC-determination of urate in deproteinized, neutralized plasma took place on 
uBondapark C 1S column. A 100-ul sample was eluted with a mixture of CH30H 
(100 ml) and KH 2P04 (10 gil, 1000 ml), pH 5-7, at a flow rate of 0.6 ml/min. The 
column was guarded by a LC-18 guard-column (Superlco, Inc., Bellefonte, Pennsyl­
vania, USA). Detection of urate was done at 254 and 290 nm, other conditions as 
described above. In 13 arterial and venous plasma samples of group 2, we also 
assayed for urate spectrophotometrically (9). The correlation coefficient between the 
two assay methods was 0.96. Statistical analysis was carried out with Student's t-test 
for paired variates, or where appropriate, with two-way analysis of variance, consid­
ering p < 0.05 as a significant difference. 

Flow and resistance measurements 

Great cardiac vein blood flow was measured by the continuous thermodilution 
method before and after the PTCA procedure, as well as during each transluminal 
occlusion. In the beginning of the investigation the location of the external thermis­
tor in the great cardiac vein was verified by injection of 3 ml contrast material. Each 
recording of blood flow during coronary angioplasty began before balloon inflation 
and was interrupted at the moment of balloon deflation. Coronary vascular resis­
tance (CVR) was calculated using the mean arterial pressure (MAP) and blood flow 
in the great cardiac vein (13): 

CVR = MAP/FLOW (mmHg/ml/min) 

Statistical analysis 

Results are expressed as mean ± standard error of the mean. Comparison between 
pre-PTCA, post-PTCA and occlusion conditions were evaluated using analysis of 
variance for repeated measurements. When overall significance was found, multiple 
comparisons were significantly different at the 0.05 level. 

Results 

Coronary hemodynamic measurements 

The results of the coronary hemodynamic observations are summarized in Fig. 2 and 
Table 1. During the initial dilatation the mean duration of balloon inflation was 
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Fig. 2. Changes in great cardiac vein flow and resistance during four transiuminai occlusions. 
GCV = great cardiac vein; pre = pre angiopiasty; post = post angiopiasty 

44 ± 4 s. During the subsequent dilatations the duration of inflation was slightly 
increased to 49 ± 6 s. Occlusion pressure did not change throughout these occlusion 
times of 40 to 60 s and there was a high degree of reproducibility of the occlusion 
pressure during these successive occlusions (Table 1). The mean blood flow in the 
great cardiac vein before the first inflation was 72 ± 4 ml/min, falling to 47 ± 10 ml/ 
min (p < 0.003) during the fourth inflation and rising slightly to 93 ± 8 ml/min 
(p < 0.03) after completion of the PTCA procedure (Table 1). Great cardiac vein 
coronary vascular resistance was 1.42 ± 0.18 mmHG/ml/min before balloon infla­
tion, 2.3 ± 0.6 by the end of the fourth inflation (p < 0.005) and 1.02 ± 0.11 after 
completion of the PTCA procedure (Table 1). 

Lactate, hypoxanthine and urate metabolism 

The arteriovenous lactate measurements of the first study group, n = 15 are listed in 
Table 1 and shown in Fig. 3. The control measurements showed a difference of 
+ 0.18 mM, which decreased to -1.1 and - 0.91 mM after the first and the second 
dilatations, respectively. After the third dilatation, the lactate difference was 
-0.60 mM, which was not significantly different from the values recorded after the 
first and the second dilatation. As a first approximation, the amount of lactate lost 
from the ischemic tissue during the four consecutive occlusions seems to be more or 
less constant and at least did not increase with time. During the four consecutive 
transluminal occlusions, an average rise in the great cardiac vein hypoxanthine from 
3.0 ± 0.6 to 5.6 ± 1.1 11M (p < 0.01) was observed, which fell off after completion of 
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Fig. 3. Changes in arterial and venous concentration of hypoxanthine and lactate during translumi­
nal occlusion. GCY = great cardiac vein; pre = pre angioplasty; post = post angioplasty 

Table 2. Arterial and coronary venous urate levels before, 
immediately after four dilatations and during recovery 

Angioplasty arterial venous p 
step (nmol/ml) (nmol/ml) 

Before 251 ±18 259±21 ns 
Dilatation 1 248± 19 248±22 ns 
Dilatation 2 250±21 249±21 ns 
Dilatation 3 243± 19 256±21 < 0.01 
Dilatation 4 232±21 254±23 < 0.02 
Recovery 237±20 244±21 < 0.05 

Mean values are given±SEM (n = 13) 

the PTCA procedure. The arterial levels of these compounds remained constant 
during transluminal occlusion. The myocardial arterial - GCV difference of hypo­
xanthine changed from 0.3 ± 0.3 J.lM before angioplasty at rest to - 2.4 ± 1.2 J.lM 
(p < 0.01) during sequential transluminal occlusions. Even if not statistically signif­
icant, a trend for hypoxanthine release to be reduced during occlusions three and 
four compared to occlusion one or two was observed. Significant production of 
hypoxanthine, calculated either as arterialvenous difference or extraction, only took 
place after the first two transluminal occlusions, while hypoxanthine release was 
absent five min after completion of the PTCA procedure. 
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Fig.4. Urate production by the hearts of 13 patients with single left anterior descending coronary 
artery stenosis, before coronary angioplasty (pre), after each balloon denation (dilation 1 to 4) and 
after 15 min of recovery (post). Mean coronary venous - arterial values are given with 1 S EM. 
Significant urate production was found immediately after the last two dilatations, and during 
recovery 

In the second study group (n = 13), we assayed the arterial and venous urate 
concentrations in plasma. In this study group, the arterio-venous difference was 
relatively small and we were unable to demonstrate urate production before coro­
nary angioplasty (Table 2). After a third and fourth angioplasty attempt, urate 
production by the heart was significant (Fig. 4; p < 0.01 and p < 0.02 resp.). Even 
after 15 min of recovery, urate production remained significantly increased 
(p < 0.05; Table 2). 

Discussion 

Ischemia can be defined as a situation, where coronary blood flow cannot meet the 
tissue demand (14). As a consequence of the ensuing 02 deficiency, the balance 
between ATP production and usage is disturbed (15). ATP (and creatine phosphate) 
levels fall (3, 16), creatine, ADP, phosphate and hydrogen levels increase (17 - 19), 
glycolysis rate is enhanced (18, 19) and lactate levels rise . Shortly thereafter potassi­
um, hydrogen and lactate are released into the coronary venous blood. ATP is 
converted to ADP and AMP, which is broken down to adenosisne, inosine, hypo­
xanthine, xanthine and urate (Fig. 5). 

In the second study group, urate production became obvious after the third and 
fourth trans luminal occlusion. Presumably, this is due to cardiac ATP breakdown, 
with a concomitant rise in hypoxanthine as a result of myocardial ischemia due to 
coronary occlusion by balloon inflation. Hypoxanthine serves as a substrate for 
xanthine oxidoreductase and our data suggest that the ischemic myocardium pro­
duces urate. Xanthine oxidoreductase activity is detectable in the heart of a number 
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Fig. 6. Critical steps leading to the generation of superoxide from hypoxanthine in the ischemic 
heart. The degradation of adenine nucleotides in the ischemic heart. The degradation of adenine 
nucleotides in the ischemic myocyte leads to the accumulation of hypoxanthine which is degraded 
to uric acid in a reaction mediated by xanthine oxidase (X - 0). In the process, superoxide (0 2 - ) 

is produced which may induce damage in the ischemic myocyte. The xanthine activity is elevated 
in the capillary endothelium and increases as a consequence of the ischemia induced conversion of 
xanthine dehydrogenase (X - D) to xanthine oxidase. (With permission of the authors Hears DJ et 
al. in: Acta Physiol Scand 1986. Suppl 548: 65 - 78) 
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of species (20). In the heart of some species, e.g. rabbit (21) and pig (22), it seems to 
be absent. Literature data on xanthine oxidase in human heart are conflicting. The 
reports vary from high (23-25) to (very) low (12-14, 26-29) levels. In autopsy 
material some data indicate high xanthine oxidase activity (23). Using histochemical 
techniques, Jarasch and coworkers found high activity in human heart endothelium 
(24). Wajner and Harkness recently reported considerable xanthine oxidoreductase 
activity in biopsies from human heart (11). Our data indicate that such an enzyme 
could be active in the human heart in vivo and the data suggest that the ischemic 
myocardium produces urate. 

In the last few years, oxygen free radicals have been implicated in atherogenesis 
(30). One potential source is xanthine oxidase, the oxyradical-producing form of 
xanthine oxidoreductase. This enzyme converts the high-energy phosphate metabo­
lite (hypo)xanthine to urate. During ischemia the native form of the enzyme, xan­
thine reductase, is converted to xanthine oxidase (31) (Fig. 6). During reperfusion 
oxygen is available for the production of superoxide and hydroxyl radicals (32, 33), 
which are both strongly suspected to cause tissue damage (32, 34- 36). We present 
evidence that the heart of a number of cardiac patients during and following angio­
plasty produces significant amounts of urate. Thus xanthine oxidoreductase may be 
active in the human heart in vivo. 
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Adenosine production during balloon-induced 
ischemia 
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It is well established that myocardial metabolites playa significant role in the local 
adjustment of coronary blood flow (5, 19). Beside others (7, 19), vasoactive 
adenosine has been described to be a major factor involved in the metabolic control 
of coronary flow. Experimental studies have demonstrated that inadequate supply 
of oxygen to the heart, e.g. during ischemia, leads to enhanced formation of 
adenosine which in turn increases coronary flow to meet the enhanced oxygen 
requirement (6, 11, 22). According to these results adenosine is proposed to be 
involved in a feed-back controlled system in which the ratio between supply and 
demand of oxygen is the major trigger mechanism for enhanced production of 
adenosine by the heart (1, 5,25). 

More recently, the coronary endothelium has been characterized to be a potential 
sink for myocardial adenosine. For instance, endothelial cells can rapidly incorpo­
rate adenosine, either applied from the luminal (vascular) or the abluminal site (16). 
In addition, the endothelium contains all enzymes necessary for the degradation of 
nucleosides (16, 18). Thus, adenosine, once taken up into the coronary endothelium, 
is rapidly transformed to vasoinactive metabolites due to enzymatic degradation. 

In 1976, Griintzig (12) first described the method of percutaneous transluminal 
coronary angioplasty (PTCA), which has been clinically proven to be an alternative 
tool for the therapy of coronary artery stenosis (8, 14). This technique offers an 
excellent tool to investigate the mechanisms involved in the regulation of coronary 
blood flow under conditions of regional myocardial ischemia. Therefore, using 
PTCA, the present study was undertaken to characterize the role of adenosine for 
metabolic flow regulation in the human heart. Concerning the activity of the en­
dothelium in adenosine metabolism, the particular interest of the present study was 
focused to determine whether endogenously formed adenosine is produced in suffi­
cient amount to attain intravascular and interstitial concentrations that can be 
responsible for the changes in coronary blood flow. 

Patients and methods 

18 male patients (mean age 56 ± 8 years) with 90% proximal stenoses of the left 
coronary artery underwent PTCA during angina-free intervals. The balloon catheter 
was placed in the technique first described by Griintzig (12). In addition, a coronary 
sinus catheter was advanced via the subclavian vein, the position of which was 
verified by fluoroscopy and control of blood gases. 
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During PTCA, left coronary arteries were consecutively occluded for 30, 60, and 
90 s (± 5 s each). The balloon pressure ranged from 6 to 10 bars. Arterial and 
coronary sinus blood samples were taken before PTCA, during balloon inflation, 
and in short term intervals during reperfusion. Lactate and nucleoside concentra­
tions were deteremined in each patient in a randomized sequence. While lactate was 
enzymatically determined (4), adenosine and hypoxanthine were separated using 
high performance liquid chromatography (HPLC) (Waters Assoc. , Milford, Massa­
chusetts, USA). In brief, during the first separation the fractions of adenosine and 
hypoxanthine were collected and enzymatically transformed to inosine using either 
the adenosine deaminase (E.C.: 3.5.4.4) or the nucleoside phosphorylase (E.C. : 
2.4.2.1), respectively. Thereafter the fractions were evaporated to dryness, re-chro­
matographed, and quantitated at 254 nm (LC spectrophotometer, Lambda Max 
Model 481 , Waters Assoc.) . To prevent nucleoside uptake by red blood cells, blood 
was collected in syringes containing ice-cold dipyridamole solution (5 x 10 - 5 M: 
vol: vol = 1: 1). Including all analytical steps recovery of plasma adenosine was 
86.8 ± 3.1 % (SD; n=7). 

In a second group of patients (n = 4) coronary sinus adenosine was measured 
under resting conditions and following intravenous infusion of dipyridamole (45 
mg). Simultaneously, coronary blood flow was determined using the thermodilution 
technique. 

Results 

Figures 1 and 2 show the changes in the concentration and the extraction of coronary 
sinus lactate when the balloon is inflated for 30, 60, and 90s, respectively. Under 
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Fig. l. Coronary sinus concentrations of lactate under control (C). during coronary occlusion (0). 
and during reperfusion in patients (n = 18) with proximal stenosis of left coronary artery undergoing 
PTCA. * = P < 0.05 (significantly different from respective occlusion); n.s. = not significantly 
different from respective control 
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Fig. 2. Changes in lactate extraction after 30, 60 and 90 s lasting coronary occlusions in patients 
undergoing PTCA. Lactate extraction is calculated as (La-Lcs)jLa (a: arterial; cs: coronary sinus) 

control conditions (C) lactate is in the range of 0.5 mmol/l and extracted by the heart. 
Only minor increases in lactate can be observed during coronary occlusion (0) 
(1.2-fold after 30 s vs l.4-fold following 90 s). However, during reperfusion, coro­
nary sinus lactate is transiently increased, exhibiting the largest changes at 30 s of 
reperfusion. As indicated by the tremendous changes in lactate extraction under 
these conditions, anerobic glycolysis is greatly stimulated during regional ischemia, 
and lactate washed out from cardiac tissue into the vascular space along an intra- to 
extracellular concentration gradient. 

Fig. 3 summarizes the changes of coronary sinus adenosine before PTCA (C), 
during balloon inflation (0), and during reperfusion. Under resting conditions aortic 
and coronary sinus adenosine are 109 and 176 nMol, respectively. These numbers 
indicate that adenosine is continuously produced and released by the human heart 
under resting conditions. During PTCA adenosine exhibits a similar transient pat­
tern in the time course of its concentration changes peaking at 30 s of reperfusion. 
However, there are major differences in comparison to lactate. During coronary 
occlusion the changes in adenosine are significantly different from the respective 
control values (p < 0.05) and directly proportional to the duration of regional 
myocardial ischemia (1.5-fold after 30 s vs 2.5-fold after 60 s). In addition, the 
differences between both metabolites are also evident during reperfusion, when the 
production of adenosine is 2.4- and 3.9-fold increased following 30 and 90 s of 
balloon inflation. Thus, in contrast to lactate, the formation of adenosine closely 
parallels the degree of cardiac ischemia. Similar changes were obtained in the case 
of hypoxanthine as for adenosine (data not shown). The influence of calcium channel 
blockers on cardiac metabolite production is shown in Fig. 4. During coronary 
occlusion (60 s) the adenosine is increased by +90% in the absence ofnifedipine. In 
comparison, lactate is enhanced by only 25 % under these conditions. Following 
intracoronary infusion of nifedipine (0.2 mg), the adenosine concentration is drasti­
cally lowered, while coronary sinus lactate concentration remains almost unaffected. 
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Fig. 5. Relationship between coronary sinus adenosine concentration and coronary blood flow 
under conditions of intravenous infusion of dipyridamole (45 mg) (closed points). The changes in 
coronary sinus adenosine under control conditions (closed symbols) and during reperfusion (open 
symbols) are included for comparison (values are taken from Fig. 3). On the basis of this compar­
ison, the measured concentrations of adenosine can account for a 2-4 fold increase in coronary 
blood flow. 

In a separate group of patients (n = 4) coronary blood flow was enhanced by 
intravenous infusion of dipyridamole (45 mg). Dipyridamole was chosen, because 
this substance has been demonstrated to specifically act via enhanced adenosine 
production by the heart (3). With dipyridamole present, coronary blood flow was 
three- to four-fold increased, which was associated with a proportional increase in 
coronary sinus adenosine (see Fig. 5, closed points). The close relationship between 
coronary flow and adenosine can be described by the equation CBF = 0.63 x (ADO) 
+ 117.8 (r = 0.66). When the adenosine antagonist theophylline (170 mg) was addi­
tionally infused, the dipyridamole-induced increase in flow was almost fully reversed 
(data not shown). The adenosine concentrations before PTCA (closed symbols: 
rhomb = 30 s, rectangle = 60 s, triangle = 90 s) and the respective concentrations 
during reperfusion (resp. open symbols) are included in this graph for comparison. 

Discussion 

The results of the present study demonstrate that brief periods of coronary occlusion 
are associated with significant changes in the production of adenosine and lactate. 
Although both metabolites exhibit an almost identical pattern in the concentration 
changes following balloon deflation, only adenosine is significantly and proportion­
ally altered, when coronary arteries are occluded for 30, 60, and 90 s. Thus, these 
results point to substantial differences in the sensitivity of adenosine and lactate 
indicating the impairment of tissue oxygenation. While lactate concentrations dur-

37 



ing balloon inflation are not different from the respective control values, the 
adenosine concentrations are directly proportional to the duration of coronary 
occlusion (p < 0.05). Similar changes in the metabolic response can also be obtained 
during reperfusion. Because of dilution with blood from non-ischemic regions, and 
because ofreuptake of released adenosine by erythrocytes (17, 21, 27) and endothe­
lial cells (2,16,18), it is most likely that the actual changes in the local concentrations 
are by far underestimated, when adenosine is determined in coronary sinus blood. 

Thus, this study demonstrates that the production of adenosine by the human 
heart is closely coupled to the ratio between oxygen supply and oxygen demand. 
Conditions like inadequate supply of oxygen to the cardiac tissue, as induced during 
PTCA, result in reduced ATP synthesis in mitochondria in the presence of a steady 
ATP use (6, 26). Any disturbance of this so-called energy charge leads to accumula­
tion of ADP, which will shift the adenylate kinase equilibrium, and the ensuing 
increased production of AMP will lead to enhanced formation of adenosine via the 
5'-nucleotidase reaction. The present data are likely to indicate that the ratio of ATP 
production vs ATP utilization is more sensitive to disturbances in tissue oxygenation 
than the rate of anerobic glycolysis. Thus, adenosine is a more sensitive indicator of 
adequate tissue oxygenation than lactate. This even more, because the formation and 
removal of lactate are significantly influenced by conditions, that all can be present 
during PTCA, like blood fatty acids, acidosis and hypoglycemia (29). 

From the viewpoint of control theory, adenosine production is imbedded in a 
close-loop system, in which tissue p02 is assumed to be the regulated variable. 
Assuming that the adenosine production is closely linked to the supply-to-demand 
ratio of oxygen, any improvement of this ratio should result in a reduction of the 
adenosine formation. In the present study, nifedipine was used to prove the predic­
tion of a close relationship between tissue oxygenation and metabolite production. 

As shown in Fig. 4, coronary sinus adenosine was significantly lower when 
nifedipine was present during PTCA. Thus, the adenosine data strongly support 
previous findings in which nifedipine was demonstrated to improve the ischemic 
tolerance of the heart as indicated by a prolongation of the balloon inflation time 
and a later appearance of ST-segment changes (9). 

Two mechanisms are likely to be responsible for the beneficial effect of calcium 
antagonists. First, these substances are known to relax vascular smooth muscle. 
Because all patients included exhibited a chronic proximal coronary lesion of 
> 90 %, one can suppose that this lesion severity is associated with a considerable 
development of collateral vessels (20). Rentrop et al. have demonstrated that a lesion 
exhibiting a diametric narrowing of > 70 % may represent a threshold value for the 
development of collaterals in human hearts which are demonstrable by angiography 
during occlusion. Assuming calcium channel blockers improve tissue oxygenation by 
increasing the collateral flow (28), they are likely to reduce the area at risk of cardiac 
tissue during acute coronary occlusion. Secondly, calcium antagonists exert a direct 
protective influence on myocardial cells due to the inhibitory influence on calcium 
entry into the ischemic tissue (10). As a result these substances significantly reduce 
the appearance ofreperfusion arrhythmias as observed under experimental (28) and 
clinical conditions (9). Karsch et al. (13) have shown that the end-diastolic pressure 
and the irregularity in wall motion were significantly reduced in the presence of 
calcium antagonists. Therefore one can conclude that calcium channel blockers 
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improve tissue oxygenation by both the increase of oxygen delivery and the reduc­
tion of oxygen demand, consequently leading to a reduced production of adenosine 
by the heart. 

A major concern regarding metabolic flow regulation is directed to the question 
of whether endogenously formed adenosine is produced in sufficient amounts to 
reach an intravascular and interstitial concentration, which could explain the ob­
tained changes in coronary blood flow. Simon et al. (24) reported a two- to three-fold 
increase in coronary blood flow following a 30 s balloon inflation period. When 
dipyridamole was intravenously applied in patients under resting conditions, the 
concentrations of coronary sinus adenosine were altered in close proportion to the 
changes in coronary blood flow. These clinical data support experimental results 
demonstrating that the dipyridamole-induced changes in blood flow are mediated by 
adenosine (3,15). This explanation is even more likely, because the adenosine antag­
onist theophylline could almost completely abolish the flow increase following infu­
sion of dipyridamole. Assuming the regression line represents the adenosine-mediat­
ed changes in coronary blood flow (see Fig. 5), it is obvious that the concentrations 
of coronary sinus adenosine obtained during regional ischemia (open symbols) are 
sufficient to account for a two to fourfold increase in coronary blood flow. 

In summary, the present study demonstrates that adenosine is produced by the 
human heart in close proportion to the extent of regional myocardial ischemia. 
Under these conditions the concentrations reached in coronary sinus blood are 
sufficient to account for a great portion of the coronary vasodilation during reper­
fusion. Because of substantial uptake and inactivation by red blood cells and cells 
lining the vascular wall one has to consider that the actual concentrations at the site 
of the smooth muscle cells are by far underestimated, when adenosine is determined 
in coronary sinus blood. In addition, adenosine seems to be a more sensitive param­
eter to signal adequate tissue oxygenation than lactate. The results in the presence 
of nifedipine support the proposed hypothesis that the production of adenosine 
closely corresponds to the impairment of tissue oxygenation. With respect to the 
metabolic results of this study calcium channel blockers might be highly recom­
mended in patients undergoing PTCA, because these substances most likely increase 
patient safety and allow a prolongation of balloon inflation time. 
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dysfunction? 
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Introduction 

Patients with coronary artery disease frequently show left ventricular dysfunction at 
rest. It is an important challenge for the clinician to identify those patients with left 
ventricular asynergy that is potentially reversible with successful revascularization, 
and distinguish them from those with irreversibly damaged myocardium that has 
been replaced by scar tissue. 

In 1935, Tennant and Wiggers (1) analyzed the effects of brief periods ofmyocar­
dial ischemia on cardiac contraction. They showed that within 60 s of coronary 
artery occlusion the active systolic shortening changed to passive systolic lengthen­
ing. After a brief period of myocardial ischemia, restoration of coronary blood flow 
led to rapid and complete recovery of normal contraction. 

Based on these and many subsequent experimental and clinical observations (2) it 
has been believed for many years that, depending on the duration and severity of 
myocardial ischemia, there may be two distinct outcomes: 

1) With total coronary occlusion for longer than approximately 20 min in the 
absence of substantial collateral flow, the subendocardial myocardium becomes 
irreversibly damaged, resulting in necrosis and failure of return of function de­
spite reperfusion. 

2) With briefer periods of myocardial ischemia, depression of myocardial function 
is transient and restoration of myocardial blood flow results in normalization of 
left ventricular contraction. 

During the past decade this concept has been challenged. Two pathophysiologic 
conditions have been identified in which major discrepancies occur between myocar­
dial function and the manifestation of ischemia. These conditions are called myocar­
dial stunning and myocardial hibernation. 

Myocardial stunning 

Myocardial stunning means prolonged postischemic left ventricular dysfunction 
without myocardial necrosis (3). Several experimental studies have shown that the 
rate of improvement of contractile function is inversely proportional to the duration 
of coronary occlusion. In the dog, after a period of total occlusion shorter than 
20 min, the function of a previously ischemic myocardium may remain depressed for 
several days. 
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Table 1. Assessment of myocardial viability 

I. Inotropic contractile reserve 
A. Postextrasystolic potentiation 
B. Infusion of a sympathomimetic amine 
C. Nitroglycerin 

II. Perfusion-metabolism mismatch 
A. N 13 Ammonia 
B. Fluorine 18 deoxyglucose 

III. Clinical predictors 
A. Absence of Q-waves 
B. Presence of collaterals 

Ellis et al. (4) studied the time course of contractile function in the central ischemic 
zone and the peripheral ischemic zone in dogs after permanent or 90 min of coronary 
occlusion followed by reperfusion. In the central ischemic zone, active thickening did 
not occur until 72 h of reperfusion and remained depressed at 14 days. In animals 
with permanent occlusion, no systolic thickening was observed at two weeks. In the 
peripheral ischemic zone, recovery of systolic wall thickening occurred earlier at six 
h and recovery at two weeks appeared nearly complete. 

Myocardial stunning may also occur with ischemia in the absence of total coro­
nary occlusion. Ischemia maintained for several hours by subtotal coronary occlu­
sion can also cause left ventricular dysfunction that persists for days after release of 
the occlusion and restoration of myocardial blood flow (5). 

Myocardial hibernation 

Myocardial hibernation refers to a condition of permanently impaired LV function 
as a result of a chronic reduction of myocardial perfusion (6). In this situation 
myocardial blood flow is still sufficient to maintain the viability of tissue. Whereas 
stunned myocardium results from a discrete episode of ischemia, hibernating myo­
cardium results from weeks or months of chronic ischemia. It is possible that the 
impairment of contractile function serves as a protective mechanism in that it re­
duces the oxygen demands of the hypoperfused myocardium. 

Inotropic contractile reserve 

Viability of myocardial tissue in an area of reduced contractility can be assessed by 
postextrasystolic potentiation during left ventriculography. Popio et al. (7) analyzed 
ejection fraction and regional wall motion in 31 patients before and after aortocoro­
nary bypass surgery. Of seven patients whose ejection fraction improved postopera­
tively, six had shown postextrasystolic potentiation compared with only 10 of 24 
patients without such improvement. Regional wall motion analysis also showed a 
significant association between postextrasystolic potentiation and postoperative im­
provement in wall motion. Of 26 zones judged to have an increased vascular supply 
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after operation, 11 showed increased motion postoperatively. All 11 zones had 
shown postextrasystolic potentiation, compared with only five of 15 zones with 
increased vascular supply but without increased postoperative wall motion. 

Nesto et al. (8) showed that an increase in ejection fraction after a positive inotrop­
ic intervention such as epinephrine infusion is a valuable predictor of short- and 
long-term results after revascularization in patients with depressed left ventricular 
function. An increase in ejection fraction of 10 %, and more after stimulation, 
correlated well with a postoperative improvement in ejection fraction and a better 
five- year survival. 

Perfusion-metabolism mismatch 

Thallium 201 perfusion scanning can be useful in detecting reversible left ventricular 
asynergy in individual patients. The finding of a reversible, exercise-induced perfu­
sion defect in an area of myocardium that exhibits impaired wall motion suggests 
that the myocardial dysfunction might be related to impaired perfusion rather than 
myocardial necrosis (9). 

Recently, it has been shown that reversibility of cardiac wall motion abnormalities 
can be predicted by positron emission tomography. N13-ammonia is an indicator of 
myocardial blood flow and fluorine-18-deoxyglucose (FDG) is an indicator of ex­
ogenous glucose uptake which reflects myocardial metabolic viability (10). Extrac­
tion of glucose is increased in ischemic myocardium primarily due to anerobic 
metabolism. 

Whereas myocardial infarction is characterized by a reduction in both N13-am­
monia and FDG activities, ischemic segments show a discordant increase in FDG 
activities relative to N13-ammonia. According to these criteria Tillisch et al. (11) 
were able to predict reversibility of abnormal contraction in 35 of 41 LV segments 
in 17 patients who underwent aorto-coronary bypass surgery. This represents an 
85 % predictive accuracy. 

Fudo et al. (12) reported two types of mismatch between myocardial blood flow 
and glucose metabolism in patients with anterior myocardial infarction. The periph­
eral type showed increased uptake of FDG in the border zone between normal and 
infarcted myocardium, especially in the exercise-induced areas. The diffuse type 
showed increased uptake of FDG in the infarcted region characterized by hypo per­
fusion both at rest and during exercise. This was due to probably ischemic, but 
metabolically active myocardium. It is likely that myocardial function will benefit 
from reperfusion interventions. 

Presence of collaterals and absence of Q-waves 

In order to identify a subset of patients with reversible left ventricular dysfunction 
by application of easily obtainable clinical data, we studied seven patients with 
chronic LAD occlusion and anterior wall asynergy before and up to seven months 
after recanalization by angioplasty. In all patients, the LAD was perfused in a 
retrograde fashion by well-developed collaterals originating from the right coronary 
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Fig. I. Coronary angiogram showing proxi­
mal LAD occlusion (top). After successful 
recanalization by angioplasty. the LAD is 
patent without evidence of restenosis on fol­
low up 4 months later (bottom) 

2/88 

Fig. 2. Left ventricular end systolic and enddiastolic contours prior to angioplasty (left) and on 
follow up (right). Top : same patient as in figure 1. A second selected case is shown on the bottom 
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Fig. 3. Ejection fraction (EF) and segmental wall motion (SWM) before angioplasty and on follow 
up. Percent of systolic shortening in two anterior segments are shown for each patient 

artery. None of the patients had a Q-wave infarction and the R-waves were main­
tained in the precordial leads. All patients suffered from persistent angina. Regional 
wall motion analysis revealed anterior akinesis in two patients and hypokinesis in 
five patients. 

Figure 1 shows the coronary angiogram of an index case before and after recanal­
ization. Figure 2 shows the end-systolic and end-diastolic contours of the left ventri­
cle prior to angioplasty and on follow up in the same patient; contraction had 
completely normalized in the previously akinetic anterior segments. 

In all seven patients the global ejection fraction increased after angioplasty (from 
55 ± 6 to 71 ± 7%, p < 0.01). The same was true for segmental wall motion as 
assessed by the chord method (13). Percent of shortening increased from 22 ± 13 to 
52±8% (p < 0.01, Fig. 3). 

In conclusion, the absence of Q-waves and the presence of well-developed collat­
erals in an asynergistic area seem to be valuable predictors of reversibility of abnor­
mal contraction after successful recanalization of chronic occlusions. This is in 
agreement with previous reports. Banka et al. (14) found that the presence of coro­
nary collaterals and absence of pathologic Q-waves in the corresponding left ventric­
ular zones were associated with a higher incidence of residual contractile ability of 
asynergistic segments. 
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changes during intraoperative balloon valvuloplasty 
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Introduction 

In 1985, a new therapeutic approach to patients with calcified aortic stenosis was 
proposed - percutaneous transluminal aortic valvuloplasty (PTA V) (10). Dilatation 
of stenosed and calcified aortic valves, however, is not a new idea stemming from 
interventional cardiologists as a result of the success of balloon dilatation of coro­
nary artery stenoses (7), but has been used since the beginning of heart surgery (11). 
The only detectable difference between both approaches is the instruments used for 
this maneuver; surgical dilatation of the aortic valve has incorporated the bare finger 
approach of Swann et. al (19), as well as widely varying instruments including the 
tripronged steel implement (1, 11). In 1956, the failure of this intervention on the 
early postoperative course of these patients led to a generally accepted discontinua­
tion of its use for the routine treatment of calcific aortic stenosis (2). 

Although these unsatisfactory results both on short- and long-term follow-up led 
to the opinion that dilatation of the stenotic aortic valve is not possible, PTAV 
affords the non-operative reduction of the gradient across a stenotic valve in patients 
otherwise unsuitable for open heart surgery, i.e., patients with very high risk, pa­
tients older than 80 years or with a second, severe systemic disease (16). Because of 
the inherent clinical importance and the obvious lack of large intraoperative study 
on the efficacy of this method under visual control, we performed PTAV in the 
operating room in a large series of patients in order to assess the morphological 
changes and the improvement of valve area in acquired calcific aortic stenosis. 

Material and method 

PTAV was performed in 25 consecutive patients undergoing aortic valve replacement 
for acquired calcific aortic stenosis. Mean age was 58.9 years, ranging from 43 to 69 
years; there were 17 men and eight women. The mean peak aortic pressure gradient 
was 88.28 mm Hg (range 62 to 138 mm Hg). Mean valve opening area pre-operative­
ly was 0.6 ± 0.3 cm2 using the modified Gorlin equation for calcuation of valve area. 
Thirteen patients had an additional grade I and II aortic regurgitation as diagnosed 
during left heart catheterization by angiographic criteria according to the New York 
Heart Association. Seven patients underwent additional aorto-coronary bypass 
grafting due to severe concomittant coronary artery disease. Calculation of the 
aortic valve diameter to assess the appropriate balloon size for PTAV was performed 
from the angiogram in the 30 RAO and 60 LAO projection and corrected for 
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magnification. Additionally, the size of the annulus was measured echocardiograph­
ically preoperatively in 18 of these patients. 

After sternotomy, the aortic valve was exposed using the transverse aortotomy. 
The annulus was stabilized using three to four sutures. Pre-intervention, the mor­
phological criteria such as the status of the commissures, extent of calcification and 
subjectively determined leaflet mobility were recorded. For photographic documen­
tation, a camera with a fixed focus was placed at a certain distance and multiple color 
photographs of the valve were taken. The angle between valve orifice and camera 
was fixed between 85° and 95° to avoid angulation problems. In 20 patients a 
Mansfield Balloon (3 cm long) was used, seven balloons with a 21 mm diameter, six 
with a 23 mm diameter and seven with a 25 mm diameter (Mansfield Balloons, 
Meditech, Inc. Watertown, Washington, USA). In the other five patients, a Trefoil 
balloon (Schneider, Zurich, Switzerland) was used, in four patients a 3 x 12 balloon 
and in one patient a 3 x 15 balloon. The balloons were extended in all patients to the 
maximal diameter using pressures between 3.5 and 5 atm. Dilatation time was at 
least 15 s at maximum inflation. After dilatation, the morphologic changes and 
leaflet mobility were subjectively recorded and rephotographed under identical con­
ditions. Extreme care was used in detection of calcific debris, mid leaflet tears. and 
valve ring disruption after dilatation. 

In an attempt to quantify the balloon-induced changes of the aortic valve area, the 
pre- and postprocedural photographs were magnified and the static valve orifice area 
(Fmin) and the total valve area were determined by planimetry. Besides the determi­
nation of the static orifice size, the actual change was calculated and also expressed 
as percent change of the total valve area. 

Results 

The individual changes of the static orifice area are depicted in Fig. 1 and summa­
rized in Table 1. A considerable increase ofF min. was achieved in three patients with 
an increase of more than two cm2 from pre- to post-PTAV. All three patients had a 
tricuspid valve. Although extensive leaflet calcification was present, the commissures 
were fused but not bridged by calcium deposits or ridges. In all three patients, the 
orifice was in the center of the valve. PTAV resulted in nearly complete separation 
of the commissures as demonstrated in Fig. 2. The inflation of the balloon separated 
the commissures and forced the leaflet into an open position. After dilatation incom­
plete reapproximation could be observed; the increase of the orifice area, however, 
proved that the additional fraction of calcium deposits on the leaflets is an important 
second mechanism for successful PTAV in patients with calcific aortic stenosis. 

In six patients an increase of the static orifice area between one to less than two 
cm2 was observed. Four of these patients had a tricuspid and two a bicuspid calcific 
valve with fused commissures. In comparison with the patients in whom an increase 
of Fmin of more than two cm2 was found, in these patients not only sclerotic 
changes and masses of calcium deposits on the mural surface of the leaflet were 
found but also considerable calcification of the fused commisures was present. 
Although the commissures were covered by calcium nodules, they could be identified 
by gross examination. Balloon dilatation resulted in partial separation of the com-
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Fig. 1. Quantitative changes pre to post PTAY in cm2 in all 25 patients. 

Table 1. Changes in the static orilk area (Fmin) in 
25 patients undergoing intraoperative balloon 
valvuloplasty. The majority of patients (n = 16) 
had an increase in the static orific area of less than 
1 cm 2 

PTY aortic valve 

Results 
- increase t1Fmin >2cm2 3 

>1- < 2 cm2 6 
< 1 cm 2 : 16 

- with t1Fmin < 1 cm2 > 0.5 cm 2 9 
< 0.5 cm 2 7 

missures only. In three of these patients the fused commisural ridge broke nearly 
complete, but reapproximation of the leaflets occured readily after deflation of the 
balloon. The increase in leaflet mobility was modest, probably due to the extensive 
calcification of the leaflets and the commissures. In the majority of patients, the 
increase of the static orifice area Fmin was minimal with less than 1 cm2 . In eight of 
these patients just a fishmouth-like, small central oval orifice was open, in the other 
eight patients the orifice was eccentric. The commissures were represented by calci­
fied ridges. In these patients, balloon dilatation did spread the calcified leaflets but 
did not result in a splitting of the commisural ridges (Fig. 3). After deflation reap­
proximation occured almost immediately. Leaflet mobility was only moderately 
increased probably because no major dent in the calcified masses of the mural 
aspects of the leaflets was found on gross examination. In two of these patients 
liberation of calcific debris was observed. Midleaflet tears or valve ring disruption 
did not occur in any patient. 

51 



a 

b 

Fig. 2. a) Tricuspid calcific valve with two fused commissures before and b) after valvuloplas­
ty. Improvement of static valve area was more than 2 cm 2 . No obvious reapproximation occurred. 
Due to fractures of the calcific masses on the leaflets, mobility was considered increased 
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b 

Fig. 3. a) Bicuspid "fish mouth" -like calcific aortic valve before and b) after balloon valvuloplas­
ty . The orifice area is moderately enlarged and leaflet mobility (suture) is also moderately increased. 
Additionally, a calcific ridge between the commissures of the left sinus can be observed. 
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Discussion 

The initial short term results of balloon valvuloplasty in patients with aortic stenoses 
proposed by Cribier et al. (5) and Mc Kay (14) proposed the method as an alternative 
to aortic valve replacement. Although the technique of valve dilatation in young 
patients with congenital aortic stenosis has been used by cardiovascular surgeons 
with considerable success and the impact of transluminal valvuloplasty in these 
patients is tremendous (12, 15); the anatomical and morphological situation in 
patients with acquired and calcific stenosis is obviously quite different. Studies on 
intraoperative and postmortem balloon valvuloplasty in acquired calcific aortic 
stenosis are surprisingly rare considering the clinical widespread use of this method 
as a routine procedure even in patients with low operative risk (16, 21). In 1987, 
Safian et al. (18) published the results of balloon valvuloplasty on 33 postmortem 
specimen and six intraoperative dilatations in calcific aortic stenosis. In all patients 
valve orifice dimensions and leaflet mobility increased. Balloon dilatation resulted in 
separation of fused commissures in correspondence with our results and leaflet 
mobility was accordingly increased due to fractures of nodular calcifications of the 
leaflet surface. Reapproximation after deflation of the balloon was not observed 
which might be due to the effect of long periods of formalin fixation on the post­
mortem specimens. Reapproximation after deflation of the balloon occured in the 
majority of our patients. The extent of reapproximation was primarily dependent on 
the success of separation of the commissures and at least in our series not on the 
incidence of fractures of the calcific masses on the leaflet. This is substantiated by a 
recent report of Robicsek et al. (17) who found reapproximation in all 30 patients 
after intraoperative balloon valvuloplasty in patients with aortic stenoses. In com­
parison to the results of Robicsek who in his series in 19 patients found no change 
in orifice area using quantitative methods most of our patients demonstrated an 
effect on orifice area after PTV. This difference is probably due to the different 
methods in determination of the static valve area before and after dilatation, which 
is limited by certain restrictions. 

On one hand determination of the orifice area even under magnification as used 
in our study is difficult in patients with a fishmouth-like oval orifice and extensive 
calcification since identification of the correct borders may be complicated by addi­
tional subvalvular calcification which was present in the majority of patients with 
extensive calcification (6,13). The second major drawback is the calculation of static 
orifice area and the more or less subjective measurement of leaflet mobility used as 
a measurement for the normally pulsating flow across the valve. The biologic rele­
vance of the observed effects remains open to question and especially in patients with 
an increase of orifice area more than two cm2 , a significant regurgitation might 
occur. Besides the methodological problems of the quantitative and qualitative 
parameters on orifice area and leaflet mobility the findings of our study and the 
report of Robicsek et al. suggest that the effect of balloon valvuloplasty in patients 
with acquired calcific aortic stenosis is limited. Although orifice area and leaflet 
mobility could be considerably increased in one third of the patients, morphology 
remained nearly unchanged in the other two third of the population. It is well-known 
that arteriosclerotic valvular disease produces stiff and calcified leaflets which are 
further immobilized by calcific masses and may even lead to obliteration of the 
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commissures (2). Such severely calcified and distorted valves are most unsuitable for 
dilatation. In patients, however, in whom a tricuspid valve has fused but not calcified 
commissures although the leaflets are calcified, balloon valvuloplasty may result in 
a considerable improvement even for a longer postinterventional period. In such 
M6nckeberg-type stenosis the commissures can be separated resulting in a consider­
able increase of orifice area and improvement of leaflet mobility. In view of the very 
small anatomical changes achieved in two thirds of our patients and in the study of 
Robicsek et al. indication for balloon valvuloplasty in calcific aortic stenosis has to 
be revisited. Although the clinical and hemodynamic improvement in most patients 
is remarkable, the very small change in orifice area predicts a high recurrance rate 
during the early postinterventional period in the majority of these patients. In view 
of our results we can not agree with the statement ofIsner et al. (9) that valvuloplasty 
is indicated in all patients with documented stenosis and no more than I + aortic 
regurgitation. The method which is clearly an alternative treatment in patients who 
are truely inoperable should not be misused for adventures which had been shown 
to be unacceptable some thirty years ago. In patients older than 70 years the mortal­
ity of aortic valve replacement is 12.1 % to 14.3% (3, 8, 19, 20). Percutaneous 
transluminal balloon valvuloplasty may be indicated in patients with class IV heart 
failure as an intermediate short-term method to improve the clinical status and 
recompensate the patient by an increase of global left ventricular function even with 
small changes in orifice area. 

Conclusion 

Balloon valvuloplasty resulted in a considerable increase of orifice area in one third 
of all patients with calcific aortic stenosis. In the majority (two thirds) of patients the 
change in orifice area as well as in leaflet mobility was minimal. Thus, application 
of PTV should be limited to patients who are in class IV heart failure and in whom 
the surgeon cannot perform aortic valve replacement with an acceptable chance of 
operative survival. 
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What can we learn from classical operative 
techniques for valvular balloon dilatation? 
B. Reichart, 1. Odell, U. v. Oppell, H. Reichenspurner, S. Vosloo, 
P.1. Commerford *, A. Horak*, M. de Moor** 

Departments of Cardiothoracic Surgery, Cardiology* and Paediatrics**, Groote 
Schuur and Red Cross War Memorial Children's Hospital, University of Cape 
Town, Medical School, South Africa 

In light of the rapidly increasing use of percutaneous transluminal coronary angio­
plasty, valvular balloon dilatation has recently been recommended in paediatric and 
adult cases as an alternative to various classical operative techniques (1,2). Interven­
tional cardiology seems to avoid traumatic surgery, and valvular balloon dilatation 
might have a lower mortality and morbidity rate, and repeat dilatations are thought 
to be easier to perform. In Table 1, an attempt is made to compare these postulated 
benefits with those of "classic" cardiac surgical techniques which, in general, provide 
well established and documented results. 

The following review of our own short- and long-term results should be under­
stood as an attempt to critically summarize the outcome in surgical patients with 
mitral stenosis, and left and right ventricular outflow tract obstruction. The ultimate 
aim should be a list of indications for the two, as we see them, complimentary ap­
proaches: interventional cardiology and cardiac surgery. 

Historical background 

Surgeons started valvular dilatation as early as 1923, when Cutler (3) described 
dilatation of a stenotic mitral valve by means of a transventricular inserted instru­
ment. In 1925, Souttar (4) introduced his finger through the left appendage and 
digitally enlarged the mitral orifice. Primbram (5) dilatated the mitral valve, in 1928. 

Probably because of the largely unsuccessful outcome and the attitude of many 
surgeons at the time that good exposure was necessary to do an operation, further 
developments stagnated for approximately 20 years. Surgical dilatation of the mitral 
valve was revived in the late 1940s and early 1950s by Bailey and Harken who both 

Table 1. Comparison of postulated advantages of inter ventiona I cardiological techniques with those 
of cardiac surgery. 

Postulated advantages 

Of interventional cardiology 
- avoidance of surgery 
- lower mortality 
- repeat procedures relatively easy 

Of cardiac surgery 
- "Straight forward" results 
- open heart procedures allow final decision-making 
- non-lethal complication rate lower 
- long-term (10-20 yrs) results available 

57 



standardized their "finger fracture" techniques (6,7); Dubost (8) devised a transatri­
ally inserted instrument, which was soon thereafter replaced by a more convenient 
transventricular one, described by Logan et al. (9) - an instrument which is still in 
use after a modification by Tubbs (10). 

In the late 1940s and early 1950s Sellors (11) and Brock (12) had independently 
pioneered "blind" surgical treatment of the pulmonary valve ; the latter applied his 
techniques also to the aortic position (13) . 

All these surgical interventions were of course so called " closed-heart" proce­
dures, with the heart exposed via a thoracotomy but allowing no direct view of the 
diseased valves. This was changed for the first time in 1956, by applying the method 
of hypothermia (14, 15) ; the "open-heart" era had begun . These procedures were 
made easier, when a clinically reliable extracorporeal circulation system became 
available (16, 17). It soon, however, became clear that some of the stenotic valvular 
diseases were not amenable to repair procedures. The results were especially disap­
pointing after maneuvers with heavily calcified and malformed aortic valves. Re­
moval and replacement with a prosthesis became the treatment of choice soon 
thereafter - as was the case in patients with irreparable stenotic mitral valves (18). 

1988 - Possibilities of cardiac surgery for stenotic valvular lesions and ventricular 
outflow tract obstructions 

Percutaneous balloon dilatation is attempted for right and left ventricular outflow 
tract obstruction and in patients with mitral stenosis. In contradistinction, cardiac 
surgery offers a variety of techniques individually tailored to the specific pathologi­
cal lesions present. 

Closed heart ("blind") surgery 

It is the closed heart ("blind") surgery that is actually challenged by percutaneous 
interventional procedures. 
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Fig. I. Schematic drawing of closed mitral 
valvotomy (abbreviations: rv = right ventri­
cle; Iv = left ventricle ; laa = Icft atrial ap­
pendage ; figures 1, 4a to c with permi ssion of 
M. Antunes, Coimbra , Portugal) 



Fig. 2. Three different sizes of Hegar dilators as used for closed aortic and pulmonary valvular 
dilatation 

Fig. 3. The Brock knife, as used in cases of valvular and 
infundibular right ventricular outflow tract obstruction 

For classical mitral commissurotomy using the transventricular dilator, the chest 
is entered via a small left-sided antero-lateral incision. The pericardium is opened 
anterior to the phrenic nerve. The right index finger of the surgeon is inserted 
through the left atrial appendage and the mitral valve assessed digitally to determine 
the mobility of the leaflets and the presence or absence of reflux . The dilator is then 
gently inserted into the left ventricular cavity and across the orifice of the stenosed 
mitral valve, guided by the right index finger and opened (Fig. 1). A screw allows for 
a controlled dilatation of 3 to 4 cm. 

Closed aortic valvotomies may be achieved by increasing sizes of straight Hegar 
dilators, pushed through the stenosed area (Fig. 2) (19). The blunt tipped metal 
dilators are inserted through a stab wound in the left ventricular apex. The technique 
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is applied during the neonatal and infant period and concomitant lesions such as 
coarctation may be repaired or a patent ductus ligated during the same operation. 

Classic pulmonary valvotomy - rarely performed now - is achieved by inserting 
Hegar dilators or the slightly curved Broc knife (Fig. 3) via a stab incision made in 
the right ventricular wall. Klinner described a smaller instrument similar to a Tubbs 
dilator with which he dilated bicuspid pulmonary valves in patients with tetralogy of 
Fallot and hypoplastic pulmonary vessels (20, 21). 

Open heart surgery without the help of extracorporeal circulation 

These procedures are done at normothermia and with inflow occlusion. In valvular 
pulmonary stenosis, the chest is opened via a median sternotomy and a longitudinal 
incision of the pericardium is made. The surgeon excludes the anterior aspect of the 
main pulmonary artery from the circulation by partially applying an occlusion 
clamp. A longitudinal incision of 3 to 4 cm is made in the excluded portion of the 
artery. Superior and inferior venae cavae are then occluded with snares. The heart 
is allowed to beat empty, the occlusion clamp is removed, and the pulmonary valve 
visualized through the opened main pulmonary artery. The fused pulmonary com­
missures are then incised precisely (22). 

The same technique may be applied in neonates presenting with severe aortic 
stenosis (23). 

Open heart surgery with the help of extracorporeal circulation 

Heart lung machines allow the surgeon to perform more extensive and therefore 
more time consuming valvular repair work. After thorough inspection of the pathol­
ogy, he may decide to replace an irreparable looking valve with one of the common 
mechanical or biological prostheses. In the pulmonary position, antibiotic preserved 
homografts are recommended; similar techniques may be used for aortic replace­
ment (24-26). 

For open mitral commissurotomy (and techniques as introduced by Carpentier 
(27)) the chest is opened via a median sternotomy. After heparinization, the patient 
is attached to the extracorporeal circulation and after cross-clamping the aorta, 
cardioplegic solution is given. The left atrium is entered from the right side (and not 
via the left-sided appendage where clots usually are located). Open mitral valve 
techniques include sharp commissurotomy (Fig. 4a), freeing of fused chordae, inci­
sion of papillary muscles (Fig. 4b), removal of abundant fibrotic, calcific tissue at the 
coaptation area (Fig. 4c) and transection of short, rigid secondary chordae in order 
to further mobilize the mitral leaflets. Pathologic lesions which cause mitral incom­
petence may also be repaired, again according to the techniques of Carpentier (27). 

Left-ventricular outflow tract obstruction may be caused not only by stenosed 
aortic valves, but also by sub- or supra-valvular lesions. Sub-aortic stenosis may be 
due to a discrete membrane which can be easily resected, a narrow fibrotic left­
ventricular outflow tract tunnel, making complex Konno-Koncz enlargement neces-
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Fig. 4 a, b, c. Techniques of open mitral commissurotomy: 
(a) Commissurotomy with the help of a scalpel (abbrevia­
tions: aI, pI = anterior, posterior leaflet; an = annulus of the 
mitral valve). (b) Splitting of papillary muscle (PM). (c) Re­
moval of abundant fibrous tissue (ft) on top of the posterior 
mitral leaflet 

Fig. 5. Schematic drawing of an "ideal" valvular pulmonary 
stenosis (a) suitable for balloon dilatation. [n comparison, 
dysplastic pulmonary valves (b) may be unsuitable for dilata­
tion 
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sary (28,29), or a hypertrophic obstructive cardiomyopathy, correctable by myecto­
my according to Morrow (30). 

Supra-aortic lesions necessitate patch enlargement. 
In similar fashion, right ventricular outflow tract obstructions may be complex, 

and significant right ventricular pressure relief may only be achieved after additional 
infundibular muscle resection or insertion of a large pericardial outflow tract patch. 
A dysplastic pulmonary valve usually requires excision since commissurotomy alone 
does not relieve the pressure gradient (Fig. 5). 

Surgery in patients with pure mitral stenosis at Groote Schuur and Red Cross 
Children's Hospital 

From September 1984 until June 1988, a total of 151 patients with mitral stenosis 
were treated; there were 42 closed valvotomies (27.8 %),40 open commissurotomies 
(plus additional techniques; 26.5 %) and 69 valve replacements (45.7 %). Patients 
were considered suitable for closed interventions whenever physical examination and 
echocardiography demonstrated fully mobile leaflets, without signs of regurgitation 
and calcification and there was no history of thromboembolism. Open commissuro­
tomy was recommended when decreased mobility of the leaftlets, calcification, mi­
tral incompetence, or a history of embolization was present. The short term results 
are presented in Table 2. None of the patients died after either a closed procedure or 
mitral valve replacement, but one died after open repair (2.5 %). Valvuloplasty failed 
three times after closed valvotomy and twice after open commissurotomy. Mitral 
valve replacement was then necessary immediately, after two days, at three (twice) 
and at six post-operative months, respectively. 

Results are available from another group of 654 patients who underwent closed 
valvotomy over a 12-year period (31). There were 20 operation related deaths giving 
an operative mortality of 2.9 %. Four patients required early re-operation (within a 
month of the initial procedure) because of excessive mitral regurgitation produced 
at the time of the closed valvotomy. Approximately one fourth of the patients were 
clinically considered to have pulmonary hypertension; 9 % were in NYHA class II, 
86 % in class III, and 5 % in class IV. The overall cumulative survival at six years 
was 90 % and 78 % at 12 years. Initial and long-term results were poor in patients 
with NYHA Class IV while pulmonary hypertension had no influence on outcome. 

Table 2. Short-term results of 151 patients with pure mitral stenosis who received their operation 
between September 1984 and June 1988. 

Procedure 

number 
age (mean, range, years) 
30-day mortality 
repeat valvular f~tilure 

Closed 

42 
25.3 (12-42) 
0°;;) 
3* (=7%) 

* immediate, after 2 days, 6 months 
** both at 3 months 

Open 
valvotomy 

40 
31.9 (7-68) 
1 (=2.5%) 
2** (=5'Yo) 

Mitral valve 
replacement 

69 
38.3 (4 months 68) 
0% *** 

*** add. interventions and lesions: Revascularization 4 x, subacute bacterial endocarditis 2 x 
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Fig.6. Long-term results of 654 pa­
tients who received closed mitral valvo­
tomy: Upper curve indicates cumula­
tive survival, lower curve freedom from 
reoperation 

Fig. 7. Patient survival and freedom from 
reoperation of 39 women who had alto­
gether 41 closed valvotomies during their 
pregnancies 

Importantly, clinical assessment of mobility and suitability for valvotomy was an 
independent predictor for successful outcome. 

In another study (32) 39 women who underwent 41 closed mitral valvotomies 
during pregnancy were reviewed. There were no deaths and thirty-six (87.8 %) babies 
were delivered successfully. Two late deaths occurred, one as a result of pneumonia 
and meningitis, the other because of heart failure (Fig. 7). Nine women needed futher 
surgical procedures for restenosis 5 to 17 (mean 10.2) years postoperatively ; repeat 
closed valvotomy was necessary in three patients (two during subsequent pregnan­
cies), open commissurotomy once and valve replacement on five occasions. All 
patients survived repeat procedures. 

The safety of mitral replacement after previous repair procedure is confirmed by 
results accumulated during the interval September 1984 until June 1988; 48 patients 
required repeat operation after a mean of 15.7 years ; one patient (2%) died. The 
previous repairs included two open and 46 closed valvotomies; four patients had two 
closed interventions. 
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Surgery in patients with left ventricular outflow tract obstruction 

During the interval September 1984 until June 1988, 86 patients underwent surgery 
for left-ventricular outflow tract obstruction (Table 3). In one-fifth, reconstruction 
of complex congenital malformations was attempted (surgery included three Konno­
Koncz procedures and six myectomies). In this young age group (mean 12.7 years; 
range two months to 24 years) a high 30-day mortality of 17.7% was observed. 

In 80 % valvular replacement was necessary because of severe calcific aortic steno­
sis. Twenty-one patients had additional revascularization, nine an aortic root en­
largement; subacute bacterial endocarditis was present in six cases. In one patient, 
an aberrant right-sided Kent bundle was transected, in another a ventricular septal 
defect closed. In this older age group (mean 40, range 4-82 years) the 30-day mortal­
ity was 5.8 %. 

Surgery in patients with right ventricular outflow tract obstruction 

The period of observation was the same as previously described. Pulmonary commis­
surotomy alone was sufficient in only 8 of 24 patients (33.5 'Yo); infundibular hyper-

Table 3. Thirty-day mortality of 86 patients with left-ven­
tricular outflow tract obstruction who received their inter­
ventions between September 1984 and] une 1988. 

Reconstructive surgery of LVO 

- subvalvular stenosis 
- valvular stenosis 
- supravalvular stenosis 

2/12 } 
0/1 
1/4 

3/17 (= 17.7%) 

Aortic valve replacement * 4/69( = 5.8 0;',) 

Grand total 86 

* add. interventions and lesions: Revascularization 21 x, 
root-enlargement 9 x , subacute bacterial endocarditis 6 x ; 
WPW, VSD 1 each 

Table 4. Surgery for isolated right-ventricular outflow tract 
obstruction between September 1984 and June 1988. The 
mean age of the patients at the time of the operation was 9.3 
years (range 1 month to 36 years). There was no operative 
mortality. 

Pulm. valvotomy alone 
Pulm. valvot. + outflow tract patch 
Excision of dysplastic pulm. valve 
+ outflow tract patch 
Outflow tract patch alone 

Grand total 

add. procedures: 
ASD, PFO closure 
PDA closure 
Wooler plasty 

64 

(14/24 = 58%) 
12 
1 
1 

8(= 33.5'Yo) 
7 (= 29%) 

7 (= 29%) 
2(= 8.5%) 

24 (= 100%) 
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Fig. 8. Decrease of the right-ventricular systolic 
pressure of patients who had correction of right­
ventricular outflow tract obstructions at Groote 
Schuur and Red Cross Children's hospital (mean 
value in bold) 

trophy necessitated muscular resection in all other 16 cases; a dysplastic pulmonary 
valve was removed seven times. In more than half of the patients (58 %), additional 
procedures were done, closure of an atrial septal defect, a patent ductus, and in one 
patient a Wooler annuloplasty (Table 4). There were no deaths and the decrease of 
the systolic right ventricular pressure is shown in Fig. 8. 

Conclusion 

Surgery for mitral stenosis 

Most of the European and North American cardio-surgical groups prefer open 
repairs for their patients with mitral stenosis, since these techniques produce better 
overall results - specifically a lesser degree of restenosis or incompetence (33, 34). 
Gross et al. (35) report a reoperation rate of only 6% within a 10-year period; 
Carpentier (27) notes a 90 % freedom from further intervention after eight years. 

This concept is attractive. Intuitively one would expect better results with open 
mitral valve repair since a variety of interventions are possible, including splitting 
papillary muscles, removing abundant sclerotic or calcific valvular tissue, and cut­
ting off rigid secondary chordae. A point often overlooked is that the visualized 
valve may look worse than anticipated and valve replacement rather than repair is 
undertaken. It is often not possible to determine from the literature how frequently 
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this occurs and what proportion of patients referred for open valvotomy end up with 
valve replacement. Surgeons may argue that replacement is desirable, but in some 
circumstances, particularly in South Africa, replacing the valve often replaces one 
disease with another. Fine intraoperative judgment and understanding of existing 
socio-economic circumstances are needed. 

In disagreement therefore, and especially in the context of a South African patient 
population, we still believe that closed mitral valvotomies have a definite place in 
1988, foremost in patients with pliable, non-calcific pure mitral stenosis. Closed 
maneuvers are safe, quick, effective and last but not least, cost-effective interven­
tions. In the near future, however, percutaneous balloon dilatation will eventually be 
the preferred procedure, with probably similar results. It is, however, important to 
us that clear indications (the same as for closed mitral valvotomy) be adhered to, 
thus learning from the lessons of the past. 

This statement confirms the basic conclusions of the "closed mitral valvotomy 
pioneer" Harken, whose series started in 1949: Consistent, beneficial long-term 
results up to 20 years were only found in a younger age group (less than 40 years at 
surgery) without signs of mitral incompetence and calcification (36). 

According to our own experience, a 10-year survival rate of 80 % can be expected 
with a freedom from mitral valve reintervention of 50 'y<'. The latter figure appears 
disappointingly low; acute rheumatic fever, however, is an ongoing risk in the South 
African patient population and recurrence of the disease is common, thus affecting 
otherwise good operative results. In a recent study by Molajo et al. from England 
(37),91 % and 80 % of patients required no further operation at four and eight year 
intervals, respectively - a long-term result considerably better than our own (four 
and eight year freedom from operation of 86 % and 65 'Yo, respectively). 

Surgery for left-ventricular outflow tract obstruction 

Aortic valve replacement is necessary in the majority of adult cases with calcific 
aortic stenosis - 80 % of our patients. Percutaneous balloon dilatation, which recent­
ly is receiving much attention, yields short-term success in only 50 % of cases (see 
contribution of Erdmann et al. in this book). In a recent article, Robicsek and 
co-workers are even less optimistic (38). They investigated the validity of balloon 
valvuloplasty carried out in the operative theater under direct vision, prior to aortic 
valve replacement. By visual inspection, as well as measurements, dilatation proce­
dures rendered a minimal or moderate enlargement of the valvular orifice in only 11 
of 30 treated patients; in the remainder, no difference was found. 

It can thus be concluded, that percutaneous balloon dilatation of aortic stenosis 
should only be offered to the very sick or elderly patients, in order to try to decrease 
valvular gradient. In a few cases, aortic valve replacement is then unnecessary; in 
most it is postponed (39, 40). 

In a younger age group, congenital malformations at sub-, supra- or valvular 
levels may cause severe left-ventricular outflow tract obstructions. Sometimes only 
complex repairs carrying a considerable operative mortality can be offered. In a few 
cases of subvalvular membrane and supravalvular stenosis, an attempt at percuta­
neous balloon dilatation may be justified. 
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P. valvular stenosis 

infundibular hypertrophy 

a 

infundibular stenosis dominant 

b 

Fig. 10. The decision making tree (see text) 

Fig. 9. Schematic drawing of the develop­
ment of a "suicide ventricle· ' ; the relief of 
the pulmonary valvular stenosis alone 
leads to increased constriction of the right­
ventricular infundibulum. The right-ven­
tricular pressure remains unchanged un­
less the infundibular stenosis is relieved by 
resection and concomitant patch insertion 

67 



Surgery for right ventricular outflow tract obstruction 

Patients with pulmonary valvular stenosis are ideal candidates for balloon dilata­
tion. One should however keep in mind that isolated pulmonary stenosis may be 
complicated by additional infundibular muscular hypertrophy. Simple pulmonary 
commissurotomy could then create a so called "suicidal ventricular condition" - the 
relief of valvular narrowing aggravates the infundibular constriction, maintaining 
the high right-ventricular pressures (Fig. 9). This finding was encountered in 4 of our 
24 cases (17 %) with right ventricular outflow tract obstruction in which simple 
commissurotomy was first attempted. Additional infundibulectomy in combination 
with an ample outflow tract patch resulted in a definite pressure decrease. Rao et ai., 
however, have shown recently that following balloon valvuloplasty infundibular 
stenosis may decrease over six months when treated with beta-blockers (41). 

Dysplastic pulmonary valves are probably best treated by resection. 

Treatment of mitral stenosis, left and right ventricular outlow tract obstructions - the 
decision making 

In patients with mitral stenosis but uncalcified, fully mobile leaflets, percutaneous 
balloon dilatation is advised. Presently, closed mitral valvotomy seems to be only 
indicated when access problems exist or during pregnancy. In cases with slightly 
calcified, but still mobile leaflets, sometimes complicated by mitral incompetence, an 
open procedure is advised, leaving then the option for either repair or replacement 
- the latter being also the choice for severely calcified lesions. 

Valve replacement is mostly necessary in calcified aortic lesions. Balloon dilatation 
could be tried in the young or the elderly or very sick patients - in the latter, aortic 
valve replacement would mostly follow after an interval of "cooling off". 

Surgical repair of complex congenital left ventricular outflow tract obstruction is 
preferred. 

Dilatation of the pulmonary valve is ideal; additional lesions such as dysplastic 
pulmonary valves or infundibular obstructions must however be watched, since they 
are well proven to be amenable to surgery, and the results of balloon dilatation are 
still at an early stage. 
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Introduction 

Aortic valve replacement in symptomatic aortic valvular stenosis is the treatment of 
choice. However, there are many absolute or relative contraindications to open heart 
surgery: pulmonary congestion with pneumonia, fever and leukocytosis, respiratory 
insufficiency, cardiogenic shock, other serious diseases with organ failure, advanced 
age along with poor physical condition, bleeding disorders, etc. Recently, several 
groups have published encouraging results in patients with calcific aortic stenosis 
undergoing balloon valvuloplasty rather than aortic valve replacement surgery 
(1-13). Marked immediate improvement in hemodynamics and symptoms was not­
ed almost universally. In view of the operative and peri operative risks involved in 
elderly patients undergoing surgery (14-16), an alternative treatment should be 
seriously considered. We therefore report our experience with balloon valvuloplasty 
of aortic stenosis in 110 consecutive patients. The purpose of this communication is 
to assess the immediate results and some follow up data in order to judge the efficacy 
of this relatively new method in interventional cardiology. 

Methods 

Between September 1986, and July 1988, we performed aortic valvuloplasty in 110 
patients with valvular aortic stenosis. Two patients were excluded in whom we were 
unable to place the balloon catheter. The characteristics of the 110 patients are 
summarized in Table 1. 

Indications for balloon valvuloplasty 

Generally, balloon valvuloplasty was offered to patients considered as poor candi­
dates for cardiac surgery (age over 75, pulmonary disease, other serious and limiting 
diseases, left ventricular ejection fraction < 35 %). Twelve patients presented in 
cardiogenic shock and were treated as emergency candidates. Fourteen patients who 
would have been eligible for aortic valve replacement surgery and so advised by us, 
refused surgery and were treated by valvuloplasty. Among the first 20 patients, we 
recommended balloon valvuloplasty in six patients although they were good candi­
dates for open heart surgery. Twenty-two patients were > 80 years old and were 
primarily considered for balloon valvuloplasty. An aortic insufficiency of grade 1 + 
or 2 + was not considered a contraindication to valvuloplasty. 

71 



Table 1. Baseline characteristics of 110 pa­
tients who underwent aortic valvuloplasty 

Characteristic 

Age (years) 
(range) 

male: female 
calcific: non calcific 

Symptoms: 
a. heart failure IV NYHA 
b. syncope 
c. angina pectoris 
d. emergency procedure 

follow up (months) 
(range) 

Value 

70 ± 12 
25-88 
49:61 

107:3 

66 
21 
11 
12 

10 ± 6 
1-23 

Aortic valvuloplasty procedure 

All patients (except emergency candidates) gave informed written consent for the 
procedure after an explanation of the potential risks and complications. Balloon 
valvuloplasty was performed in all cases by the retrograde approach via the femoral 
artery. Since the ninth patient, a 16.5 F introducer sheath (11) was used. Monofoil 
or trefoil catheters (Mansfield Scientific or Schneider Medintag) 20-23 mm 
(3 x 12 mm) were used as a rule. In a few cases other balloons were used if the 
procedure failed with the above mentioned balloons. After measuring cardiac output 
and transvalvular gradients, valvuloplasty was performed by applying 2.5 -9 bar for 
10-30 s. This procedure was repeated up to 11 times until the calculated aortic valve 
area increased by at least 50 %. In case of complications, the procedure was stopped 
immediately. At the end of the procedure, cardiac output, transvalvular gradient and 
pulmonary artery pressures were measured and an aortogram was performed. The 
catheters were then removed and groin compression applied for 1-3 h until no 
further bleeding was detected. 

Follow-up 

Follow-up data for a mean (± SD) of 10 ± 6 months (range 1-23) were available for 
all patients discharged from the hospital. Invasive reinvestigations were performed 
in 35 patients; in 12, because of restenosis, repeat valvuloplasty was performed. 
Restenosis was considered to have occurred if the aortic valve area had decreased by 
more than 50 % of the initial increase. Doppler echocardiography was performed in 
all nine patients presenting in 1988, with regular follow-up every three months. 

Numerical data are presented as mean ± one standard deviation. 

Results 

Hemodynamic measurements 

Balloon valvuloplasty was performed in 110 patients. One patient in cardiogenic 
shock died during the procedure (after the second dilatation). In the remaining 
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Table 2. Hemodynamic data in 109 patients surviving aortic valvuloplasty 

before dilatation after 

1. peak systolic pressure gradient (mm Hg) 
2. AVA (cm2) 

3. cardiac output (l/min.) 
4. LVEDP (mm Hg) 
5. mean pulmonary artery pressure (mm Hg) 

90 ± 31 
0.40 ± 0.12 
4.32 ± 1.10 

23 ± 11 
28 ± 14 

Table 3. Complications in 110 patients undergoing aortic 
valvuloplasty 

1. death during dilatation 1 
2. in-hospital deaths 5 
3. emergency operation 3 

aortic insufficiency 1 
cardiac tamponade 2 

4. surgical repair of a. fern. 14 
5. cerebral complications 3 
6. asystole 2 
7. AV-block IUO 1 
8. aortic regurgitation of minor importance 22 
9. left bundle branch block 4 

10. ventricular fibrillation 3 

39 ± 22 
0.76 ± 0.29 
4.25 ± 0.97 

21 ± 9 
25 ± 13 

109 patients, peak systolic pressure gradients were reduced from 90 ± 31 to 
39 ± 22 mmHg, the aortic valve areas increased from 0.4 ± 0.12 to 0.76 ± 0.29 cm2 , 

the cardiac output stayed constant (before dilatation 4.32 ± 1.10, after 4.25 ± 0.97 
l/min), LVEDP was 23 ± 11 mmHg and stayed constant immediately after valvulo­
plasty at 21 ± 9 mm Hg, mean pulmonary artery pressure was 28 ± 14 before and 
25 ± 13 after the procedure (Table 2). 

Complications 

One 82 year old patient who presented in cardiogenic shock and was therefore 
treated by emergency valvuloplasty died during the procedure. Five additional pa­
tients (mean age 82 years) died during the hospital stay (one with acute aortic 
regurgitation, one with ventricular arrhythmia on the third day after dilatation, one 
with uremia one week after dilatation, and one with pneumonia 10 days after an 
unsuccessful procedure). Three patients required acute cardiac surgery (one with 
acute aortic regurgitation and two because of ventricular perforation and acute 
cardiac tamponade). All three patients survived aortic valve replacement. In 14 
patients the femoral artery required surgical repair; in two, this complication con­
tributed significantly to the in-hospital deaths because of prolonged mechanical 
ventilation after general anesthesia. The other complications were reversible: cere­
bral ischemia or embolization in three, asystole, III degree AV-Block, left bundle 
branch block and ventricular fibrillation (Table 3). In 22 patients, as compared with 
prevalvuloplasty aortography, aortic insufficiency had newly appeared or slightly 
increased without apparent hemodynamic importance. 

73 



C, 
:I: 

E 
.§ 

-c: 
G> 

100 

~ 80 
C, 

~ 60 
:::I ., ., 
~ 40 

.2 
"0 
iii 
>­., 

20 

Valvuloplasty in 109 Patients - Results 

(n= 109) 

o~--~----~----------~--~----------~--~ 
before v. after v. after after 2. v. 

6 months 

after 

12 months 

Fig. 1. Immediate and late results in 109 patients undergoing balloon valvuloplasty of aortic steno­
sis. This figure shows the invasively measured peak systolic gradients after valvuloplasty, after a 
mean of six months follow up and after the second valvuloplasty in those patients with restenosis 
and symptoms 

Follow-up 

Ninety patients were discharged from the hospital and were followed for 10 ± 6 
months (range 1-23 months). 14 patients underwent cardiac surgery during hospital 
stay, six died. Four patients died during the follow-up because of various medical 
reasons (carcinoma, stroke, heart failure, pneumonia). Thirty-five patients could be 
reinvestigated invasively after 6 ± 4 months. In 23 more or less asymptomatic pa­
tients, the peak systolic gradient had increased only slightly to 46 ± 27 mm Hg 
(Fig. 1). In 12 patients either because of symptoms or because of the restenosis, a 
second successful valvuloplasty was performed (systolic gradient was lowered from 
69 ± 19 mm Hg to 38 ± 18). In three patients, a second invasive reinvestigation 
revealed a restenosis in one asymptomatic patient (pressure gradient of 86 mm Hg). 
He was then successfully treated by aortic valve replacement. 

Eleven patients underwent aortic valve replacement surgery at 9 ± 3 months after 
valvuloplasty. Two of these had been considered unacceptable risks before valvulo­
plasty. None of these patients died perioperatively. 

Six patients could be followed by Doppler-echocardiography. A significant 
restenosis of the aortic valve area was noted in all of them within four to six months 
(systolic pressure gradient 26 ± 6 to 78 ± 25 mm Hg). These patients have not been 
restudied invasively because they are still relatively asymptomatic. 

Concomitant coronary heart disease 

Significant coronary artery stenosis (> 70 % or left main stem > 50 %) was detected 
in 14 of 82 patients in whom the coronaries were studied: two with left main stem 
disease; six with three-vessel disease; two with two-vessel disease and six with one-
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vessel disease. In these patients, dilatation time did not exceed 10 s; in the 85-year-old 
with left main stem 70 % stenosis, only one dilatation of the valve was performed, 
reducing the pressure gradient from 72 to 43 mm Hg, not optimal but an acceptable 
result. None of these patients experienced an infarction or unstable angina. Because 
of this finding, routine coronary angiography is no longer performed. 

Discussion 

The prognosis of medically treated patients with symptomatic aortic stenosis is very 
poor. Once heart failure is the leading problem, one year survival rates are below 
50% (17, 18). Therefore, rapid removal of severe outflow obstruction to relieve the 
left ventricle of the intolerable afterload is necessary in this situation. Of course, 
surgical aortic valve replacement is the therapy of choice. However, there are some 
problems with the surgical approach: 

1) patients with decompensated aortic stenosis (heart failure NYHA IV) are often 
in a poor condition with LVEF < 40% and have pneumonia; 

2) elderly patients often have additional serious diseases (e.g., coronary heart dis­
ease, pulmonary or renal insufficiency, etc.); 

3) peri operative mortality in advanced age may be between 16% and 31 % (15, 16). 

Because of this, balloon valvuloplasty has some advantages: 

1) it can be performed rapidly, even under emergency conditions by a team experi­
enced in left heart catheterization; 

2) it immediately relieves outflow obstruction in most patients; 
3) complications are tolerable in view of the age group treated (22 of our 110 

patients were octogenarians) and in view of the severity of the disease (see Table 
1). Nevertheless, ongoing experience and newer, smaller diameter catheters will 
help to decrease the complication rate; 

4) short-term results are good (most of our patients could be discharged from the 
hospital as free or almost free of symptoms after a mean of 9 ± 8 days, range 
1-37 (n = 90). 

However, the main limitation of balloon valvuloplasty as therapy for aortic steno­
sis is restenosis (13). As also found by other groups, restenosis occurred in about 
50% of our patients within six months. Apparently, the calcification of the aortic 
valve in some elderly patients is a progressive disease (19), which cannot be stopped 
by dilatation of the valvular apparatus. Valvuloplasty is severely limited by the 
occurrence of restenosis. As yet, we do not know the reasons for this. As the success­
ful dilatation of the stenosed aortic valve may result from microfractures within the 
leaflets (9), the restenosis might be caused by reconsolidation of the calcific orifice. 
This hypothetical explanation needs further investigation. The characteristics of the 
patients without restenosis after six months were not significantly different from 
those with restenosis. Only 10 of our patients had aortic valve areas above 1 cm- after 
dilatation. Restenosis among these patients was as frequent as among the others. 
Repeated dilatation is possible and was successfully performed 12 times. Our impres­
sion was that the second dilatation is easier and more rapidly performed. The results 
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Table 4. Indication for balloon valvuloplasty of aortic stenosis 

1. decompensated condition (cardiogenic shock) 
2. before urgent non cardiac surgery 
3. in patients with unacceptable risks for surgery (pneumonia, other serious disease) 
4. in the very old patient 
5. ifit cannot be decided, whether the poor condition of the patient (cachexia) can be improved by 

aortic valve replacement. 

are similar as compared with the initial procedure (Fig. 1). However, restenosis may 
nevertheless recur. 

The technique for balloon valvuloplasty is not difficult. Independent of the type 
of balloon used, most groups report similar results in respect to aortic valve area, 
decrease of pressure gradient, cardiac output, restenosis rate, etc. (1-13). 

Thus, we think that balloon valvuloplasty is a palliative procedure (Table 4) suited 
for patients with limited life expectancy or unacceptable peri operative risks. Howev­
er, our positive experience with patients in cardiogenic shock indicates that primary 
balloon valvuloplasty in this condition is the therapy of choice - followed by cardiac 
surgery days or weeks later. Furthermore, the preoperative discovery of severe aortic 
valvular stenosis in a patient undergoing urgent non-cardiac surgery was the indica­
tion for balloon valvuloplasty four times. All patients survived abdominal surgery 
after previous successful dilatation of the aortic stenosis. 

Rarely patients are seen in a cachectic, moribund condition with a low ejection 
fraction, low cardiac output and also a low systolic pressure gradient. In this situa­
tion, the decision for aortic valve replacement surgery is not easy because of the high 
perioperative and late mortality (15, 16). In these patients, a good recovery after 
balloon valvuloplasty helps in the decision process for cardiac surgery. 

In conclusion, we feel that balloon valvuloplasty in patients with severe aortic 
stenosis, although a palliative treatment, has its place in interventional cardiology 
because the resulting decrease in afterload affords immediate hemodynamic im­
provement and palliation of symptoms in the great majority of patients. Restenosis 
occurs but can be treated by repeat valvuloplasty or - if possible - by cardiac surgery. 
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Balloon aortic valvuloplasty in adults: 
report of 78 consecutive patients 
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Since the first reports of percutaneous balloon valvuloplasty in calcific aortic steno­
sis in 1986 (5, 11), this method has attracted rapid worldwide interest because of the 
rather large number of elderly patients with symptomatic aortic stenosis. Until 
recently, septuagenarians or even octogenarians recieved medical therapy, despite 
the well known poor prognosis in the spontaneous course of this disease (12, 17). 
Several groups began to evaluate the feasibility of this technique and its results in 
terms of hemodynamic and symptomatic improvement as well as possible improved 
prognosis (2,6, 13). To date more than 2 000 BAV procedures have been performed, 
mainly in France and the United States. Early studies suggest that marked immedi­
ate symptomatic and hemodynamic improvement can be achieved, while the resteno­
sis rate seems to be relatively high in short term follow-up (7). 

Methods 

Between November 1986, and June 1988, 78 patients, (33 men and 45 women), with 
a mean age of 73.5 ± 10 years (25 to 88) underwent one or two retrograde valvulo­
plasty attempts at our institution (Table 1). All but two patients were in the NYHA 
functional class III or IV, 15 of the 49 patients with class III symptoms had at least 
one episode ofleft ventricular failure. Increased or high surgical risk was considered 

Table 1. Study population 

Bailon aortic valvuloplasty (BAY) Bremen 6/88 
Total number of patients n = 78, 33 men, 45 women 
Mean age 73,5 ± 10 years (25-88) 

Age distribution < 70 n = 16 (20 %) 
70-79 n=40 (52%) 

;:::80 n = 22 (28%) 

Table 2. Estimation of surgical risk of valve replacement 

Valve replacement estimated risk 

age 

;::: 80 (22) 
75-79 (20) 

<75 (36) 

contraind. high 

6 9 
1 8 
4 8 

increased 

7 
11 
11 

good candidate 

13 
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in 65 of the patients due to age over 75 and/or concomitant non-cardiac diseases as 
well as severely depressed left ventricular function (Table 2). The diagnosis of aortic 
stenosis was assessed in all patients by clinical and two-dimensional echo/Doppler 
examination, in a few cases, a previous diagnostic heart catheterization was avail­
able. 

In most cases, the BAV was performed in combination with the diagnostic proce­
dure. Except for a single brachial approach, all other dilatations were performed via 
the retrograde femoral artery route. The technical details were previously described 
(16). In our early experience we used cylindrical single balloons of 15, 18, 19, and 
20 mm (Mansfield or Schneider) or the triangular 3 x 12 mm Trefoil balloon 
(Schneider); later we tried to use the 23 mm balloon (Mansfield) as the final size. 
When available, we used balloons with proximal pressure measurement and pigtail 
end as well as a double-size shape, which allowed a complete dilatation procedure 
with one balloon, simultaneous gradient measurement and final aortography with 
no need for a second arterial puncture. Cardiac output was routinely measured by 
thermodilution three or four times before and after dilatation, and in a few cases by 
the Fick method. Aortic valve area was estimated during the procedure by the 
Kakki-formula (10) and later corrected by the accepted Gorlin equation (9). Coro­
nary angiography was performed in those patients who had predominantly angina 
pectoris symptoms. 

Repeat catheterization was offered to nearly all patients except the very frail, 
initially after an interval of three months and since July 1987, at six months. Resteno­
sis was defined as loss of more than 50% of the initial valve area improvement. 
Follow-up two-dimensional echo/Doppler evaluations were also performed and a 
questionaire was sent to the entire group regarding evolution in symptoms. 

Results 

Seventy-nine procedures were successfully completed; 69 were a first dilatation and 
lOa second. Ten attempts had to be prematurely terminated because of either com­
plications, patient's intolerance, or technical difficulties in carrying out the proce­
dure (Table 3). During first BAV, peak aortic gradient decreased from 79.6 ± 29 to 

Table 3. First, second and incomplete bal­
Ion valvuloplasty procedures 

Balloon aortic valvuloplasty (BAY) 

Total number of procedures 
First valvuloplasty 
second valvuloplasty 
incompleted BAY 

Causes of interruption: 
3 complication 
2 iliac tortuosities 
1 failure to cross the valve 
2 patient tolerance 
2 failure to place the balloon 
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Peak gradient and valve area before and after BAV 

n- 69 

mmHg liP cm2 AVA 

T 
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Distribution of valve area before and after BAV 

n- 69 

volve oreo : m SO.5O!ill SO.70 [ls O.99 0 2 1.00 cm2 

SO.70 39.1% SO.99 5 .8% S0.9939.2% 2 1.0021.7% 

S O.50 55.1% S 0.70 33.3% SO.5O 5.8% 

before BAV afferBAV 
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Fig. 1. Peak gradient and 
valve area before and after 
BAY 

Fig. 2. The distribution of 
valve area before and after 
valvuloplasty 
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Learning curve 

cm2 AVA before BAV atterBAV 

0.9 

0.8 

0.7 

O.S 

0.5 

0.4 

0.3 

02 

0.1 

po1ien, , ·26 pooon' 21·69 pooontl·26 polienl21·69 

BremenS / 88 

Improvement in valve area with experience 

patient 1 -26 patient 27 - 69 

::: 'S\ 19.2% 

,, 25% ,, 25% 
,,50% ,,50'Y0 
,,75'4 S75% 

<100'Y0 4 <100'Y0 
~100'Y0 3 ~ l OO'Yo 

totat 26 10101 43 

Bremen S/88 

82 

Fig. 3. Learning curve for 
aortic valvuloplasty. With 
increasing experience, the 
valve area post procedure 
a lso increased 

Fig. 4. Improvement in 
valve area with experi­
ence ; for the last year, the 
valve a rea could be im­
proved by more than 75 'Yo 
in one-half of the cases 



Change in valve area with different balloons 

cm 2 AVA bolloonsize : [320 / n-47 !m23 / n - ll iii 3 x 12 / n- 9 
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Fig. 5. Change in valve area as related to balloon size used 

Table 4. In-hospital mortality after BAV 

Early mortality n = 4 (5,1 %) 

age sex funct. cl. concom. disease cause of death delay 

Procedure-related 71 w IV marasmus, malignoma sepsis with DlC 72h 

76 w IV renal /pancreas failure low output BAV 

non-related 68 m IV pneumonia (aspiration) persistent 9d 
low output 

84 m IV renal /liver failure persistent 5d 
low output 

Bremen 6/88 

32.2 ± 15 mm Hg, AVA increased from 0.49 ± 0.16 to 0.82 ± 0.25 cm 2 (Fig. 1). The 
distribution of valve area before and after valvuloplasty is depicted in Fig. 2. With 
increasing experience, valve area improvement tended to become better. For the last 
year the average dilatation result has been 0.86 cmz and in one half of the cases the 
initial valve area could be improved by more than 75 % (Figs. 3, 4). The final valve 
area depended largely on the balloon size used. A post-dilatation valve area of mean 
1.0 cm 2 was obtained with the use of the cylindrical 23 mm balloon as the final size, 
the balloon related differences are shown in Fig. 5. 
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Hemodynamic control 

n = 23, meon deloy 4.0 months 

cm2 AVA cm2 AVA 

1.0 1.0 

0.9 0.9 

0.8 0.8 
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0.3 0.3 

0.2 O.51±0.17 0.78±0.17 O.77±0.19 0.2 O.53±O.lS 01lO±0.19 O.58±0.13 

0.1 no restenosis 0.1 restenosis· 
n-15 n=8 

belore BAV control belore BAV control 

BremenS/88 
... 

• loss 01 >50% althe Imllal valve area Improvement 

Fig. 6. Invasive follow-up in 23 patients at a mean of 4 months show eight cases (35 %) of restenosis 

Table 5. Clinical follow up after 6 and 12 months 

Clinical follow up n = 78 

Free of symptoms or 
markedly improved 
Valve replacement (total) 
Death (total) 

6 months 
26/50 (52%) 
20/78 (26%) 
13/78 (17%) 

12 months 
7/31 (22 %) 

Clinically, 66 patients were in the NYHA class I or II after BAV, eight patients 
remained in class III and four patients in class IV, The complications of the 89 BAV 
attempts include two cases of death, five vascular lesions requiring surgical repair, 
one reversible stroke, two severe regurgitations, and one dissection of the aortic root. 
Two additional in-hospital deaths occurred, which were not related to the the dilata­
tion procedure (Table 4). 

The follow-up data obtained by invasive measurement of 23 patients show eight 
cases (35%) of restenosis after four months (Fig. 6). Clinically 14 (60%) of these 
patients were in functional class I or II at that time. Six months after dilatation, 52 % 
of the patients were markedly improved, one year after BAV 22 % remained in a 
stable condition with no or only mild symptoms (Table 5). There were nine late 
deaths among the discharged patients between one to 11 (mean 6.6) months after 
BAV, listed in Table 6. Two of them died after aortic valve replacement. 
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Table 6. Late mortality. COLD dcnotes chronic obstructive lung disease. CHD coronary heart 
disease, AVR aortic valve replacement 

Late mortality n = 9 (11,5 %) 

Age sex estimated surgical risk valve area cause of death delay 
high increased good after BAV (months) 

(cm2) 

84 m + 0,49 pneumonia 11 
59 w + COLD, tumor 0,54 sudden death 4 
82 w + poor state 0,61 sudden death 2 
70 w + hypertens./diabetes 0,89 stroke 7 
75 m + severe CHD, EF 38 % 1,33 sudden death 1 
73 w + poor state, CI 1,6 l/minxm 2 0,53 stroke 5 
80 m + 0,67 ? 10 
67 w + COLD 0,61 pneumonia/emergent 10 

AVR 
88 m + 1,16 pneumonia/ AVR 4 

(early restenosis) 

Total number of patients n = 78 Bremcn 6/88 

Discussion 

Very soon after the first reports of successful aortic valvuloplasty, a controversial 
discussion - still continuing - developed regarding its value (14). The subject of this 
debate mainly concerns the possible immediate result, the restenosis rate, as well as 
early and late mortality compared with the available surgical data (2, 6). First of all 
it should be emphasized that three years ago, the majority of our patients would 
never have been recommended for heart catheterization due to the assumed risk of 
any intervention. Therefore, to date truly comparable surgical series do not exist. 

Although recent reports indicate a considerable decrease in mortality of valve 
replacement in the elderly, the risk remains strongly dependent on patient selection 
(8). Octogenarians are considered to have a surgical mortality of 30 % (8), patients 
with low ejection fraction, low output, class IV symptoms, cachexia or need of 
emergency operation are also at high risk (4,8). On the other hand, the prognosis in 
the spontaneous course of the disease is very poor with a one- and two-year respec­
tive mortality of 43 % and 73 % (12, 17). Summarizing our data, significant clinical 
improvement after BAV was observed in 84% of the patients. Hemodynamically, the 
postdilatation valve area remained below 0.70 cm 2 in 40 % of the cases, indicating 
a persistent severe aortic stenosis, whereas 1.0 cm2 or more could be achieved in 20 % 
of the patients. The hemodynamic results vary considerably between the different 
groups (1, 13, 15). Recent large series demonstrate that an average valve area of 
0.90-1.1 cm 2 is possible (6,15). 

Our results show that often balloons of more than 20 mm diameter are needed, 
which confirms the experience of others (6, 13). However, two serious regurgitations 
occurred with obviously oversized balloons, requiring valve replacement. Therefore 
a careful and gradual increase of the balloon diameter is advised. The early mortality 
of four patients was clearly correlated to very ill patients in a very advanced state. 
None of them was a surgical candidate. The restenosis rate in our series was 35 % 
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after four months, as found on repeat invasive measurement in a group overrepre­
sented by symptomatic patients. After six months, the clinical restenosis rate was 
48 % and a majority of the others may have hemodynamic restenosis as well. Similar 
to the immediate results, the data of the available reports are quite different concern­
ing time and rate of restenosis (1,6, 7, 15). In series with minor improvement of valve 
area the dilatation effect may only last some weeks (1, 6). Safian et al. demon­
strated that 50 % of the patients can clinically improve for more than one year (15). 
Therefore similar to Cribier, we suggest that better immediate results may lead to 
later restenosis, even if in a given patient the outcome is not predictable (6). This 
question needs further long-term evaluation. Nevertheless, even a one- to two-year 
improvement qualifies BAY as a palliative treatment for special subgroups of pa­
tients with aortic stenosis. For good surgical candidates it is no alternative to 
surgery, except perhaps in children and young adults with congenital aortic stenosis 
and less degenerated valves, whose long-term follow-up seems to be much better 
(18). There is considerable late mortality after BAY. In part, this reflects the general 
poor prognosis of the very elderly and frail patients with multiorgan impairment 
(15). In some cases, BAY has been used as a bridge to surgery (3). If patients refuse 
surgery or have a continued high surgical risk, BAY may be repeated. 

In conclusion, BAY should not be seen in competition with surgery. If the assumed 
surgical risk is high, BAY should be offered. In situations requiring a delay of surgery 
either due to urgent noncardiac surgical interventions or severely decompensated left 
ventricular function, BAY can bridge the time until valve replacement will be safer. 
Despite its limitations, therefore, aortic valvuloplasty is a useful new complementary 
tool, but it is far from solving all problems in the treatment of aortic stenosis in the 
elderly or surgical high risk patient. 
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Experience with mitral valvuloplasty 
U. Babic, P. Pejcic, M. Vucinic, Z. Djurisic, S. Grujicic 

Cardiovascular Center Dragisa Misovic, Beograd, Yugoslavia 

A meaningful experience in non-surgical mitral valvuloplasty has been accumulated 
over the past five years. The pioneer of this non-surgical, interventional cardiologic 
procedure was Inoue (1). After Inoue's report, Lock (3), Al Zaibag (4), Vahanian (8) 
and many other authors reported their modifications of the transvenous mitral 
balloon valvuloplasty (9-14). The reported results are very encouraging. At our 
institution the first mitral balloon valvuloplasty was performed in February 1985, 
using the percutaneous transarterial approach (2). 

Since balloon mitral valvuloplasty is absolutely analagous to surgical closed com­
missurotomy, the indications, contraindications, complications, and expected results 
should be similar. However, it must not be forgotten that surgeons have over 
40 years experience in this field, during which time much has been learned about 
patient selection, risk factors, and clinical outcome. A good relationship between the 
interventional cardiologist and the well-experienced surgeon is thus useful for both 
the cardiologist and the patient. 

Indications for transarterial mitral valvuloplasty at our instituion are: symp­
tomatic mitral stenosis (MS) without left atrial thrombi or heavy calcifications of the 
mitral apparatus; the absence of ilio-femoral arterial disease; asymptomatic mitral 
stenosis in women who desire a pregnancy in the near future. 

Indications for transvenous mitral valvuloplasty at our institution are: symp­
tomatic MS in a patient with ilio-femoral arterial disease or in a patient with an 
implanted biological prosthesis in the mitral position. 

Contraindications to mitral balloon valvuloplasty at our institution are: left atrial 
thrombus echocardiographic visualized; heavily calcified MS; recent embolic event; 
no informed consent. 

Technique 

Our trans arterial technique has been described (2, 5, 6). One or two long guidewires 
(3.5 meter) are introduced from the right femoral vein trans-septally through the left 
atrium, left ventricle, and into the aortic root where they are caught and exteriorized 
through the femoral arteries. Over these guidewires, the dilatation balloon catheter 
is introduced transarterially across the mitral valve and inflated. In the majority of 
our patients the double balloon technique is used. 
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Patient population 

Of the 183 patients treated, the majority were females aged 30 - 40 years with long­
standing atrial fibrillation . All except five were symptomatic. These were planning 
pregnancies, and therefore were accepted for dilation although they were not symp­
tomatic. 

Results 

At the beginning of our experience the procedure took almost 2 h , while in the last 
100 patients, the average time needed for accomplishment of the double balloon 

a 

b 

Fig. 1. (a, b) Two balloons of 5.5 cm in length (18 and 20 mm) placed transarterially across thc mitra l 
valve and semi-inllated with " waisting" (a) and fully inllated (b). PL = pacemaker lead 
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Table 1. Complications of mitral balloon valvuloplasty in 
183 patients 

Stroke 
Coronary embolism 
Mitral regurgitation 
Vascular 
Death ** 

4 (1 death *) 
1 (1 death *) 
5 (2-IVO, 2-111", 1-n 
5 
2 

2.1 % 
0.5% 
2.7% 
2.7% 
1.1 % 

mitral valvuloplasty is 40-45 min. The single balloon procedure requires 10-15 min 
less. The 5.5 cm balloons can be more easily stabilized during inflation than the 3 cm 
balloons. Each dilation that showed an indentation ("waisting") of the balloon 
proved to be successful (Figs. 1 a and 1 b). In some younger patients with very pliable 
mitral valves, the "waisting" could not be visualized by flouroscopy, but only by 
cineangiography. 

The mitral valve area could be enlarged on the average by 100%. The enlargement 
was more prominent in patients with a pliable mitral valve. The mitral pressure 
gradient could be improved significantly but not abolished (19 to 8 mm Hg). Clinical 
improvement was best registered during the follow-up period but many patients 
noticed a clinical relief as soon as one day after the procedure. For follow-up, 
cardiothoracic ratio, echocardiography (two-dimensional mitral valve area and left 
atrial diameter) and Swan-Ganz right heart catheterization on an out-patient basis 
were employed. These parameters showed long-term persistence of the hemodynam­
ic improvement. The restenosis rate was relatively low (about 4 %) over more than 
three years. Surprisingly, patients with residual stenosis did not show a higher 
restenosis rate in the follow-up period. 

Complications 

The complications are summarized in Table 1. The most serious is stroke. Although 
two-dimensional echo can easily visualize a large, well organized thrombus of the left 
atrium, it is not sensitive enough to exclude all thrombi, especially those located in 
the auricula. The transesophageal echocardiographic technique is certainly more 
sensitive, but is poorly tolerated by many patients. In some high-risk patients, we 
used an emboli protection device. This is a selfopening six-wire construction that is 
introduced transarterially through an 8-French long sheath into the aortic root 
where it is opened. The heparinized nylon net assumes an umbrella-like position and 
provides a barrier to the possible embolic particles (Fig. 2 a, b, c). The device can be 
used only during the transvenous procedure. We used it in patients with Ionescou­
Shiley mitral bioprostheses and in patients with a history of recent embolic events. 

Mitral regurgitation occurred in 2.7 % of patients and required elective surgery. A 
trace of mitral insufficiency was present in about 25 % of dilated patients. Two 
patients died due to embolic events. Local arterial problems could be managed 
promptly without any residual morbidity. 
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a 

.! 

b c 

Fig. 2. (a, b, c) Transvenously placed balloon across the bioprosthetic ([onescou-Shiley) stenotic 
mitral valve while the emboli-protector-device (EPD) is placed into the aortic root. AO = aorta ; 
Be = balloon catheter; ISh = introducer long sheath; LA = left atrium ; LV = left ventricle. (al 
cineangiographic (b) schematic image (c) drawing of the emboli-protecting device. 1 = introducer 
sheath ; 2 = self-opening wires; 3 = nylon net; 4 and 5 = body of the device 

Discussion 

There is an unamity of reports that the mitral valve can effectively be dilated with 
balloons (1 - 14). The two main approaches to the mitral valve are transvenous and 
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Table 2. Frequency of ASD creation during the transvenous 
mitral balloon valvuloplasty 

Autor ASD/Pts 0/0 QP/QS 

Diver DJ. (7) 5/14 36 
Vahanian A (8) 3/62 5 1.5 
Cunningham MJ (9) 10/43 23 1.4 
Ruiz EC (10) 4/41 10 
Alzaibag MA (11) 3/30 10 
Cunninghamm MJ (12) 14/60 23 1.5 
Vahanian A (13) 10/81 12 
Come PC (14) 12/37 32 1.6 
TOTAL 61 /368 16 1.5 

ASD = atrial septal defect; QP/QS = pulmonary to sys-
temic flow ratio ; PTs = patients 

Fig. 3. A large thrombus (THR) is seen inside the left atrium (LA). LV = left ventricle; RA = right 
atrium. Note the bulging of the septum towards the RA 

transarterial. The transvenous route has three or four modifications, all claimed to 
be superior and advantageous. The crucial question is, can the interatrial septum be 
perforated with two large balloons without creation of a hole that could be hemody­
namically significant and thus affect results? 

This question has not yet been answered. Individual reports based on intraopera­
tive observations in patients previously dilated do not provide convincing proof to 
disprove the presence of an atrial septal defect. The incidence of this complication 
after transvenous mitral valvuloplasty is 16 % (Table 2). According to our own 
studies on cadaver hearts, each transvenous mitral valvuloplasty that uses two bal­
loons through the same septal hole produces a hemodynamically significant defect 
(6). The interatrial septum in patients with mitral stenosis bulges towards the right 
atrium, sometimes like an aneurysm (Fig. 3) and each "slit" in it could have high 
flow capacity. The transarterial technique is free of this complication. The creation 
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of mitral regurgitation should be equal in incidence in both the transvenous and 
trans arterial technique. The best prevention of thromboembolism is good patient 
selection. However, bearing the surgical experience in mind, which itself is not free 
of embolic complications, it is not realistic to expect that balloon mitral valvotomy 
will not have embolic complications. The mortality rate can probably be expected to 
be lower than after closed surgical commissurotomy, but it will not be possible to 
totally eliminate it. 
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Assessment of left ventricular function during 
aortic balloon valvuloplasty by transesophageal 
echocardiography 
K. J. Henrichs I, R. Erbel l , A. Cribier 2, T. Pop I, S. Sack 1, B. Letac 2, J. Meyer I 

I II. Medical Clinic, University of Mainz, FRG 
2 Department of Cardiology, University of Rouen, France 

Introduction 

Several reports have documented the feasability and utility of balloon aortic valvu­
loplasty as a palliative treatment for high-surgical-risk patients with critical aortic 
valve stenosis (1-3). 

Evaluation of left ventricular function after the procedure demonstrated either 
improvement or no change of left ventricular functional variables in the majority of 
cases. However, in a minority of cases, worsening of left ventricular function was 
observed after the procedure in comparison with the pre-valvuloplasty condition. 
Some patients developed left ventricular pump failure, indicating that the procedure 
may be harmful in some patients (4). 

Accordingly, the purpose of the present study was to assess the acute effects of 
balloon dilatation of the aortic valve on left ventricular performance by the use of 
transesophageal echocardiography in a group of adult patients with critical aortic 
stenosis. 

Methods 

Study population 

The study group was comprised of20 patients (seven males, 13 females) with a mean 
age of74 years (range: 55-92 years). All patients were symptomatic with a history 
of syncope, angina, or dyspnea on exertion, or congestive heart failure. All patients 
had previously undergone echo cardiography and hemodynamic examination where 
critical aortic stenosis could be documented. None of the patients had significant 
coronary artery disease at coronary angiography prior to the valvuloplasty proce­
dure. Eight patients were offered valve replacement but refused such a procedure. 
Seven patients who were offered a choice of either valvuloplasty or surgical valve 
replacement preferred the valvuloplasty procedure. All patients gave informed con­
sent for balloon aortic valvuloplasty after being informed of the risks and potential 
complications of the procedure. 

Aortic valvuloplasty procedure 

All patients underwent left heart catheterization from a percutaneous femoral ap­
proach. Right heart catheterization was performed from either the left or right 
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femoral vein with a Swan-Ganz-balloon-tipped catheter. The left ventricular cavity 
was approached by either a pigtail catheter (USCI) or Sones catheter with a straight­
tipped guidewire to cross the aortic valve. In 10 patients an additional left ventricular 
cavity catheter was placed via a trans septal approach. 

Hemodynamic calculation of aortic valve area was performed according to the 
Gorlin formula (5). Echocardiographic evaluation of aortic valve area was per­
formed by using the continuity equation (6). 

In those patients with an aortic regurgitation greater than II + at preceding 
evaluation, valvuloplasty was not attempted. The valvuloplasty procedure was be­
gun by exchanging the left chamber catheter with a 300-cm guidewire, where an 
additional curve had been placed at the distal tip to minimize the chance of subse­
quent left ventricular perforation. 

Balloon dilatation was performed by advancing a 15-mm valvuloplasty balloon 
catheter (Mansfield, BSIC, Hilden, FRG) over the guidewire and positioning the 
balloon into the plane of the aortic valve. BaIlon inflations were performed by hand 
injection of a saline-contrast medium mixture. The duration of balloon inflation 
varied between 10 and 30 s. Repeated inflations were performed using larger balloon 
catheters (up to 23 mm) depending on repeated evaluations of the aortic valve area. 

Finally, a pigtail catheter was exchanged over the guidewire into the left ventricle 
and left ventricular angiography, then hemodynamic evaluation and aortic root 
angiography were performed. 

Transesophageal echocardiography 

Transesophageal echo cardiographic studies were performed using a Toshiba 
SSH-65A phased array sector scanner and a fiber-echo scope (ESB-37SR, Toshiba, 
Delft, Netherlands) with a 3.75 MHz transducer. 

Each patient's history was evaluated to exclude any esophageal disease which was 
considered a contraindication for the procedure. Before insertion of the probe local 
anesthetic spray (Lidocain, Astra Chemicals) was applied to the pharyngeal region 
and 0.3 mg buprenorphine (Temgesic, Boehringer Mannheim) were administered 
intravenously. The echo scope was advanced blindly. For the esophageal studies, 
additionally, informed consent of the patients was obtained. After advancing the 
scope at a length of 35-40 cm from patient's incisors into the stomach and at 
anteflexion of the distal portion of the scope, cross-sectional images of the left 
ventricle (short axis views) at the midpapillary muscle level were obtained; care was 
taken that the ventricular cavity appeared in a circular rather than an elliptical 
shape. After drawing back the scope with the tip at a distance of 25 to 30 cm from 
patient's incisors the left ventricle could be imaged in the long-axis view and the 
transducer was focused on the mitral valve. Doppler flow patterns across the mitral 
valve were obtained. During each balloon inflation the echoscope was kept in either 
position for continous monitoring. Periods of interest (preinflation, inflation period, 
postinflation) were recorded on videotape for later detailed analysis. 

ECG and left ventricular pressure, as well as aortic pressure were continuously 
recorded during the procedure. 
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Quantitative assessment of left ventricular function 

Epicardial and endocardial borders were traced, and by the aid of a graphics tablet 
and a semiautomatic computer system (Kontron 200, Munich, FRG) enddiastolic 
and endsystolic areas of the short-axis view of the left ventricle were calculated. 
Enddiastole was defined at the peak of the R wave in the electrocardiogram which 
was recorded simultaneously. Endsystole was defined as the smallest ventricular 
silhouette. From these variables left ventricular area ejection fraction and endocar­
dial circumferential shortening could be calculated. Short-axis views of the left 
ventricle at the midpapillary muscle level were considered representative of left 
ventricular volume, because previous papers confirm that minor axis shortening is 
closely correlated to stroke volume (7, 8). 

Additionally, in those patients where left ventricular pressure was continuously 
monitored, left ventricular meridional wall stress as a quantitative index of myocar­
dial afterload could be calculated (9). 

Turbulent regurgitant jets across the mitral valve were traced and the regurgitant 
jet area was used as a semiquantitative measure of mitral regurgitation. 

Left ventricular short-axis dimensions and mitral regurgitation were evaluated 
throughout the cardiac cycle before, during, and after balloon insufflation. 

Documentation 

Enddiastolic and end systolic left ventricular area, as well as area-ejection-fraction 
are shown as obtained before and during balloon inflation and 90-120 s after 
deflation of the valvuloplasty balloon. Individual values and means ± standard 
error are presented. 

Results 

As shown in Table 1, the mean peak-to-peak pressure gradient across the aortic valve 
was found at 86 ± 6 mmHg and mean aortic valve area was 0.59 ± 0.03 cmz in our 
patient group. After the procedure, aortic valve area was found at 1.02 ± 0.09 cmz 
with a mean peak-to-peak gradient of 44 ± 5 mmHg. Enddiastolic left ventricular 
cavity area considerably increased during balloon inflation but returned to nearly 
preinflation levels within 2 min after balloon deflation, as shown in Fig. 1; accord­
ingly, left ventricular area-ejection-fraction decreased during the balloon inflation 
period, but left ventricular function returned to nearly pre-inflation levels after 
balloon deflation (Fig. 2). 

Recovery of left ventricular function was not impaired with each subsequent 
balloon inflation. 

Table 1. Aortic valve gradient and area before and after valvuloplasty 

Gradient mm Hg (SEM) 
Valve Area (cm 2 ) 

Before valvuloplasty 

86 (6) 
0.59 (0.03) 

After valvuloplasty 

44 (5) 
1.02 (0.09) 

97 



ENDDIASTOLIC AREA 

16 cm 2 ..... 1. DILATATION 

._. 2. DILATATION 

I " 3. DILATATION 12 

/1 ................. 1 
1/1t:~----:~:~ ...... I y. .. .... {--_::.:;!!-

8 

4 

o 
before during 30" 90"after 

4 

0 

- 4 

- 8 

-12 

-16 

-20 

- 24 

Balloon - Inflation 

RELATIVE CHANGE OF AEF 

before during 30" 90"after 

% Balloon - Inflot ion 

\, f····f~:"'" 
,.... ..... ,J , ~, /~' " 
\ \...... ....... " 
\\t······l· .......... "" , - • I , ..... ,. " 

, -, I , l 
, I 
, I 
, I 
, I 
, I 

\ l 
',' ... " 1. DILATATION 

-- 2. DILATATION 

." 3. DILATATION 

Fig. 1. Enddiastolic left ventricular cavity 
area as obtained in the short-axis view 
shows an increase during balloon inflation 
at the valvuloplasty or the aortic valve; 
after balloon deflation left ventricular end­
diastolic cavity area gradually returned to 
near baseline levels 

Fig. 2. Left ventricular arca-ejection­
fraction decreased as a result of in­
creased afterload and returned to prc­
inflation levels within 2 min aftcr 
balloon deflation during aortic valvu­
loplasty 

Evaluation of color Doppler flow across the mitral valve showed an increase of 
mitral regurgitation during balloon inflation in the majority of cases with return to 
preinflation levels within 2 min after balloon deflation (Fig. 3) . In one patient. con­
siderable decrease of mitral regurgitation was found after valvuloplasty when com­
pared with prevalvuloplasty values. 
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Fig. 3. Mitral regurgitation, as assessed by 
color Doppler imaging, increased during aor­
tic valvuloplasty as a result of increased after­
load, but returned to baseline levels after bal­
loon deflation 

Percutaneous aortic valvuloplasty appears as a feasible, but yet palliative treatment 
in a selected group of patients with critical aortic stenosis because of limited imme­
diate and long-term efficacy (10), but in addition, because a variety of procedure­
related complications, such as pump failure have been observed (1 - 4). 

Pump failure could be related to ischemic events because of compromised coro­
nary perfusion due to reduced perfusion pressure during prolonged balloon infla­
tion; but also left ventricular perforation has been observed during aortic valvulo­
plasty. 

Transesophageal echocardiography has proven to be a valuable method for con­
tinuous and on-line observation of regional and global left ventricular function 
during cardiological interventions. Complications such as ventricular perforation 
with subsequent pericardial effusion or tamponade can be readily detected by this 
approach. Furthermore, transesophageal echocardiography allows direct visualiza­
tion of the valvuloplasty balloon which can be used for the optimal transvalvular 
balloon placement (11) ; imaging of aortic valve leaflets and planimetry of the aortic 
valve area appears to be useful for immediate evaluation of the valvuloplasty effect 
obviating the need for repetitive angiography. 

Our data show that in all cases balloon inflation results in abrupt and considerable 
increase of left ventricular afterload with increase of enddiastolic and endsystolic left 
ventricular volumes. Reduction of contraction was marked during the balloon infla­
tion period. Increase in left ventricular afterload implements an increase of left 
ventricular wall stress, this - together with a reduction in coronary perfusion pres­
sure - could result in ischemic alterations during prolonged periods of balloon 
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inflation. In our series with balloon inflation time not beyond 30 s, ischemic alter­
ation of left ventricular pumping was not observed. Left ventricular contraction 
variables returned to preinflation levels within 2 min after balloon deflation. Inter­
estingly, with an increase ofleft ventricular afterload during balloon int1ation mitral 
regurgitation was shown to be considerably increased, but returned to preint1ation 
levels in most cases with the reduction of left ventricular afterload after balloon 
deflation. 
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3. New techniques for 
revascularization 



Percutaneous transluminal atherectomy 
of the peripheral and coronary arteries 

J. B. Simpson 

Department of Cardiology, Sequoia Hospital, Redwood City, California, USA 

Introduction 

Since the first coronary angioplasty was performed in 1977 by Gruentzig, angioplas­
ty has gained wide acceptance as a treatment for coronary artery disease. Angioplas­
ty is a less invasive and less costly alternative to bypass surgery and has a lower 
morbidity. Over the last decade improvements in the equipment have allowed for 
expanded indications for angioplasty, thereby increasing the number of patients able 
to be treated with this procedure. Angioplasty, however, has been plagued with a 
recurrence rate of approximately 30%, as well as acute occlusions resulting from 
dissections. In addition, eccentric lesions do not respond well to angioplasty and 
hard, fibrous or calcified lesions often fail to dilate. Atherectomy is one of several 
new techniques currently being developed to address these shortcomings. 

Catheter design 

The atherectomy catheter is designed to remove atheromatous obstructions from 
peripheral as well as coronary arteries. The distal end of the catheter is composed of 
a hollow metal cylinder (housing), with a longitudinal opening (window) on one side 
and a balloon on the other side. Distal to the housing is a flexible collection chamber. 
A fixed spring tip, which helps negotiate the catheter through the vessel, is attached 
to the distal end of the catheter. Inside the housing is a cylindrical cutting blade 
which is attached to a cable. The cable runs through one of the two lumens of the 
catheter and is attached to a handheld battery-operated motor at the proximal end 
of the catheter. 

Technique 

Following angiography to confirm the location of the lesion, the atherectomy 
catheter is introduced percutaneously and the distal end of the catheter placed across 
the stenosis (Fig. 1). Once positioned across the lesion, the balloon is inflated to 
20-40 psi, which is enough pressure to hold the housing firmly against the atheroma, 
but is not high enough to create much angioplasty effect, thus minimizing the 
creation of dissections. The motor is then turned on and the cutter, spinning at 
approximately 2000 rpm, is slowly advanced forward, shaving off any obstructing 
atheroma hanging into the window opening. The strip of shaved atheroma is pushed 
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Fig. 1. Diagram of the atherectomy procedure A) the lesion before atherectomy B) the atherectomy 
catheter across the stenosis C) the atherectomy catheter during the first cutter advancement D) 
completion of the first cutter advancement with the atheroma shaving pushed into the collection 
chamber E) the collection chamber full after multiple cutter advancements F) the artery after 
atherectomy 

forward into the distal collection chamber, the balloon is deflated and the cutter 
torqued so the window is facing another area of atheroma. This sequence is repeated 
until the lesion is reduced to less than 30 %. Upon removal of the catheter from the 
artery, the specimens are retrieved from the collection chamber, fixed in 10% 
buffered formalin and sent to our pathologist for histopathologic examination . 

Peripheral atherectomy 

Since August 1985, we have performed 160 peripheral atherectomy procedures on 
over 200 lesions, retrieving at least 1 600 specimens. The majority of the stenoses 
(82 %) were in the superficial femoral artery. Fig. 2 shows the pre- and post- an­
giograms of an atherectomy of an SFA lesion, as well as the specimens removed from 
the stenosis. The remaining lesions treated were in the iliac, popliteal, anterior tibial 
or posterior tibial artery. The primary success rate was 92 %. The mean degree of 
stenosis pre atherectomy was 79 % and was reduced to 24 % postatherectomy . For 
those lesions treated with a complete atherectomy, defined as a reduction of the 
lesion to a less than 30% residual stenosis, the restenosis rate was 16%. Of the 160 
procedures performed, three complications occurred. There was one probable distal 
embolization resulting in calf pain that resolved spontaneously within 48 h. One 
localized thrombus occurred which resolved following intra-arterial infusion of 
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Fig. 2. A) pre-atherectomy angiogram of an SFA 8) post-atherectomy angiogram of the same artery 
C) multiple specimens obtained from the same artery 
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streptokinase. Thirdly, there was one acute occlusion within 24 h of the procedure 
and the patient was sent to bypass surgery. There were four dissections noted angio­
graphically, but none were occlusive. No perforations occurred. 

Coronary atherectomy 

More recently, we have expanded the use of atherectomy into the coronary circula­
tion. Coronary atherectomy catheters range in size from 4.7F through 8F and are 
used over a movable 0.014- inch guide wire. An 11 F guiding catheter is used to 
introduce the catheter (Fig. 3). To date, we have performed 64 coronary atherec­
tomies on 58 patients. The majority of patients (91 %) were male and 39 (67%) had 
Class II or III NYHA angina (Table 1). Sixty-seven lesions have been attempted, 
retrieving tissue from 51 (76%) of them. Of those 51 lesions, (75%) were treated 
definitively with atherectomy, not requiring any additional therapy. Of the 38 lesions 
treated with definitive atherectomy, 31 (82 %) were restenosis lesions from a previous 
PTCA. 

Table 2 shows the vessel location of the definitively treated lesions. Seventeen 
(45 %) were in the LAD, eight (21 %) were in the RCA, eight (21 %) were in a bypass 
graft, two (5 %) were left main stenoses, and one was a lesion at the site of a stent 
in a bypass graft. Pre- and post-angiography of an atherectomy of an RCA are 
shown in Fig. 4. Below the angiograms are the specimens removed . 

Fig. 3. The coronary atherectomy system including an infla tion /defla tion device. a 0 .014 guidc wird 
an a 7F coronary atherectomy device advanced through an 11 F guiding catheter 
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Table 1. Characteristics and clinical classification of 
58 patients treated with the coronary atherectomy 
catheter 

Total Patients 
Age (years) 

Mean Age 
Range 

Sex 
Male 
Female 

NYHA Angina Classification 
Class I 
Class II 
Class III 
Class IV 

No. % 

58 

58 
18-71 

53 
5 

8 
23 
16 
11 

100 

91 
9 

14 
40 
27 
19 

Table 2. Lesion distribution of 38 coronary lesions 
treated definitively by atherectomy 

Vessel No. % 

LAD 17 45 
RCA 8 21 
Bypass Graft 8 21 
LCX 2 5 
Left Main 2 5 
Stent in Bypass Graft 1 3 

Total lesions 38 100 

Table 3. Comparison of early and recent results with coronary 
atherectomy 

Procedure 

1-32 
33-64 

No. of 
Patients 

32 
32 

Patients with 
Tissue Retrieved 

20(63%) 
28 (88%) 

Definitive 
Atherectomy 

11 (55%) 
24 (86%) 

During the early stages of the investigation, while the equipment and technique 
were both evolving, the success rate was considerably lower than the more recent 
atherectomies. This is shown in Table 3 by comparison of the first 32 procedures 
with the last 32 procedures. The percentage of patients from which tissue was 
retrieved went from 63 % in the early group to 88 % in the more recent group. 
Definitive treatment increased from 55 % in the early group to 86 % in the later 
group. 

Of the 64 procedures, we have had four complications, including one worsened 
run-off followed successfully with PTCA, one thrombotic occlusion treated success-
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Fig. 4. A) pre-atherectomy angiogram of a proximal RCA stenosis B) angiogram of the RCA 
post-atherectomy C) specimens removed from the RCA lesion 

fully with PTCA, one air embolization which resolved on its own without sequelae, 
and one dissection which occluded within 12 h and the patient was sent to bypass 
surgery. There have been no perforations, myocardial infarctions, or deaths. 

Histopathology was performed on all tissue specimens removed from both the 
peripheral as well as coronary arteries. After the specimens were fixed in formalin, 
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they were embedded in paraffin blocks, cut into 4-micron thick sections and stained 
with various solutions. Overall, tissue from original lesions which had not been 
previously treated with any prior intervention, were composed of typical atheroma­
tous plaque, consisting primarily of densely collagenous and often lipid-laden tissue. 
Some had surface thrombus or microcalcification. Specimens removed from resteno­
sis lesions however, often consisted of two separate and distinct layers. One layer was 
the original atheroma, while the other more recent layer consisted of smooth muscle 
cell proliferation. Often the restenosis tissue had cracks in the atheroma caused from 
the angioplasty, with hemorhage filling in the splits. 

In conclusion, atherectomy is a safe and predictable method for treating patients 
with peripheral or coronary artery disease. The luminal borders are smoother and 
more well-defined than with angioplasty, and the fewer number of dissections creat­
ed should lower the thrombogenicity and acute occlusion rate. In addition, atheroma 
is removed rather than just displaced, which may reduce the recurrence rate. Al­
though it is too early to predict what the restenosis rate in the coronary arteries will 
be, the restenosis rate in the peripheral arteries appears to be about onethird that of 
angioplasty. Because the tissue is actually removed, it provides us with a unique 
opportunity to study the atheromatous deposits which will hopefully aid in our 
understanding of atherosclerosis in general, and restenosis specifically. 
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Histological findings from "atherectomy" . speCImens 

Department of Medicine II, Klinikum GroBhadern and Institute of Pathology2, 

Ludwig Maximilians-University, Munich, FRG 

Introduction 

The Simpson atherectomy catheter (10) allows the excision of obstructive material 
from peripheral vessels (4). For the first time this method enables the histological 
evaluation of percutaneously removed plaques and perhaps the study of primary 
lesions and their restenoses will give further insight into this rapidly progressing 
atherosclerotic model. 

Methods 

We examined the excised specimens from 52 primary stenoses (iliac n = 5, superficial 
femoral artery n = 44, popliteal n = 3) of 24 patients (mean age 64.4 ± 8.8 years, 21 
male, 3 female). Angiographically the lesions were reduced from 84.4 ± 14.4 % to 
16.5 ± 12.5 %. In addition, 7 restenoses from 5 patients (all taking salicylates) occur­
ring at a mean of 5.4 ± 2.5 months were reatherec tomized and histologically evalu­
ated. 

Histological preparation and fixation process 

The atherectomy specimens were initially fixed in 6 % formaldehyde followed by 
dehydration in solutions of increasing alcohol concentrations, and then by imbedd­
ment in paraffin. Four to seven micron thick layers could thus be sliced via microto­
me. After removal from paraffin and rehydration, the preparations were treated with 
Haemotoxylin-Eosin (HE) and Elastic-van Gieson stains (EvG). With HE staining, 
basophilic cytoplasm, nucleii and calcifications appear blue while eosinophilic cyto­
plasm collagenous connective tissue and elastic fibers stain red. Elastic membranes 
stain light pink. EvG stain nucleii and elastic fibers black, collagenous connective 
tissue red, and cytoplasm, muscular fibres and fibrin yellow. 

Results 

Macroscopic appearance 

A mean of 5.9 ± 4.5 desobliterates (max. 20 min. 1) were "atherectomized" from the 
stenoses. Altogether a total of 305 specimens with a mean length of 4.9 ± 2.4 mm 
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(max. 13 mm) and width of 1.3 ± 0.5 mm (max. 2 mm) were examined. Macroscop­
ically they appeared to be mainly soft, white, and glistening tissue specimens, some­
times with yellow streaks. In addition, several were of a more calcified nature and 
significantly, apparent thrombi were often present. 

Histologicalfindings in primary stenoses 

A total of 305 specimens from 52 stenoses (=100%) were examined. Intima was 
present in all stenoses, the internal elastic lamina in 42.3 % whereas media could be 
found in 55 .8 % of lesions. In addition, 75 % of stenoses showed overlying thrombi 
(Fig. 1). It is striking that endothelium was found in only 3.8 %; this could be 
attributed to disruption of the cell wall due to the atherectomy itself or to the 
histological preparation process. It is important to note that neither the external 

Fig. 1. Thrombotic material with beginning organization overlying a fibrous thickened intima. On 
the left calcified mass is to be seen (HE, 10 x) 

Table 1. Pathologic changes in 52 primary stenoses 

Thickened fibrotic intima 100.0% 
Foam cells, intlammartory 
infiltrates, cholesterol clefts 34.6 % 
Calcification 15.4 % 

Thrombi 75.0% 
fresh (only fibrin) 
organized 
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Fig. 2. Histological findings in restenoses compared with their primary lesions 

elastic lamina nor the adventitia could be detected in any specimen. The pathological 
changes found in the primary lesions are described in Table 1. All intimal sections 
showed irregular fibrosis and thickening, and atherosclerotic plaque material such as 
foam cells, severe sclerosis, neocapiHarization or calcification were found in up to 
34.6 % of stenoses. Fresh or organized thrombi with cellular infiltration were found 
overlying 75 % of lesions and the classical atheromatous bed with cholesterol clefts 
could be detected in 5.8 %. 

Histological findings in restenoses 

The histology of the pathological findings within the intima of the restenoses as 
compared to their primary lesions is shown in Fig. 2. The restenoses (Fig. 3) showed 
more cellular proliferation, foam cells, and inflammatory infiltration. In addition, 
the media was reached in all restenotic lesions, and 6 of the 7 had overlying organized 
thrombi. 

Discussion 

In the transverse sections of an atherosclerotically altered arterial wall (5, 6, 12) the 
intima shows initial edema and thickening, then fatty infiltration with smooth mus­
cle cell invasion and foam cell development, followed by fibrosis with neo- capil­
larization and rupture of the internal elastic lamina. An atheromatous bed with 
cholesterol clefts and reactive inflammatory infiltrates is also classically described 
(7, 8) and lies deep within the fibrous thickened intima. Ulceration of this atheroma 
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Fig, 3, Specimen of rcstenosis with irregular cell proliferation, spotty calcification and capillariza­
tion (HE, 10 x) 

to the luminal surface induces a thrombotic reaction and probable progression of the 
stenosis. 

Our histological evaluation of removed atherectomy specimens showed a predom­
inance of fibrous intimal thickening, although atherosclerotic plaque material was 
also obtained, and the classic atheromatous bed was only rarely present. A possible 
interpretation could be that it is the thickened, fibrotic intima and thrombus overly­
ing the actual plaque which accounts for the hemodynamically relevant stenosis and 
it is this material which is mainly removed by atherectomy. Alternatively, it might 
be due to the excision of abundant fibrotic material adjacent to, or from the wall 
opposite to , the true plaque. Plaque ulceration is difficult to detect on atherectomy 
specimens due to the disruption of the material secondary to the procedure itself thus 
making it often not possible to define the luminal surface. 

Importantly the media was reached in 55.8 % of stenoses, while the external elastic 
lamina and the adventitia were never found. This verifies the safety of the atherecto­
my procedure itself. Evaluation of 7 restenoses compared with their primary lesions 
showed a slight shift in their morphologic components with more frequently detect­
able foam cells as well as cellular proliferation and inflammatory infiltrates typical 
of granulation tissue. In addition, organized thrombus was found in the majority 
(6/7) of restenoses. 

At the present time salicylates and calcium antagonists are most often used post­
intervention. The histological findings after atherectomy may help to further guide 
the prophylaxis of restenosis . 
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Cell culture of human atheromatous 
plaque material 
P. C. Dartsch I, G. Bauriedel 2 , B. HCifling 2 , E. Betz l 

1 Institute of Physiology I, University of Tlibingen, and 2 Department of Medicine I, 
University of Munich, FRG 

Atherosclerosis is an arterial disease that is known to be the main cause of death in 
Western Europe and in the United States. Consequently, different animal models 
and experimental designs have been developed to study the progress of this disease. 
Migration and proliferation of arterial smooth muscle cells from the media into the 
subendothelial space in response to injury or exposure to potential pathogenic fac­
tors are characteristic features in the pathogenesis of atherosclerosis (1-5). Mor­
phology, function and metabolic alteration of endothelial and smooth muscle cells 
from atherosclerotic arteries of man and of animals have been widely investigated 
(6, 7). Atheromas contain cells with increased amounts of rough endoplasmatic 
reticulum and mitochondria, polynuclear and hypertrophied cells (8 -12). This in­
vestigation describes the isolation of cells from human atheromatous plaque materi­
al, their growth in cell culture and characteristic features of these cells. 

Materials and methods 

In patients with severe arterial occlusive disease, atherosclerotic plaque material was 
obtained from iliac, femoral, and popliteal arteries with a Simpson atherectomy 
device (13). The selective capture of material from stenosing tissue of femoral and 
popliteal arteries was guided by angioscopy (14). Ninety-nine protruding atherecto­
my specimens from 12 patients were cultivated in an explant technique (15,16) or cut 
into small pieces and disaggregated fractionally as follows: for isolation of endothe­
lial cells, specimens were incubated for 20-40 min at 37°C in dispase grade II 
(2.4 U/ml, Boehringer Mannheim) containing 1 mg/ml collagenase Worthington 
CLS III (229 U/mg, Biochrom). The free floating cells were centrifuged after addi­
tion of 20% human serum and seeded into cell culture dishes. For isolation of 
smooth muscle cells, samples were again incubated for another 180 min at 37°C 
in the following enzyme mixture: 10 ml of HEPES-buffered culture medium (Ham 
F 12) containing 18 mg collagenase Worthington, 2 mg elastase from porcine pan­
creas (Boehringer Mannheim) and 10 mg of trypsin inhibitor from soybean (Serva), 
pH 7.2. After addition of human serum, isolated cells were centrifuged and plated. 
Since trypsin damages cells and prevents attachment, its activity had to be blocked. 

Cultures were incubated in a moist atmosphere of37 °C gassed with 7% CO 2 , For 
cell culturing, a mixture of Way mouth's MB 752/1 medium and Ham F 12 (1 :1, v/v) 
supplemented with 10%-15% pooled and heat-inactivated human serum of healthy 
donors and standard amounts of penicillin and streptomycin (Gibco BRL) were 
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2 
Fig. l. Scanning electron micrographs of crystalline structures in human atheromatous plaque 
material selectively removed by the Simpson atherectomy catheter. Note spherical (arrow) and 
amorphous (double arrow) deposits of calcium phosphate (hydroxyl and carbonate apatite). Sca le 
bars - 10 J.lm . 

Fig. 2. Sodium chloride crystals in different modifications as sometimes observed at edges of 
atherectomy specimen. Scale bar - 1 Jlm (a) and 0.5 J.lm (b). 

used. All culture dishes were coated with collagen type I from lathyritic rat skin 
(Boehringer Mannheim). 

For immunological identification and characterization of the cytoskeleton, cells 
were grown on round glass coverslips. Attached and completely spread cells were 
fixed in methanol (6 min at - 20 QC). Indirect immunofluorescence microscopy with 
specific antibodies against factor VIII-related antigen (von Willebrand factor ; Ortho 
Diagnostic Systems), smooth muscle ex-actin (Biomakor) , ex- and ~-tubulin (Amer­
sham Buchler), vimentin (monoclonal antibodies were a gift of Dr. M. Osborn, 
Gottingen) and desmin (Biomakor) was carried out as previously described (17). 
FITC- or TRITCconjugated goat anti-mouse IgG and goat anti-rabbit IgG (sec­
ondary antibodies) were purchased from Dianova and Miles Scientific. Fluorescent 
staining of nuclei and DNA, respectively, was performed with Hoechst stain 33 258 
(Farbwerke Hoechst) or with DAPI (4', 6-Diaminidino-2-phenylindole· 2 HCL; Ser­
va). 

Cells were examined and photographed with an inverted microscope Nikon Di­
aphot TMD (phase contrast) or with a Nikon Optiphot microscope equipped for 
epifluorescence with appropriate filters sets for green, blue and UV illumination 
using a Nikon Planapo 40/1.0 or a Nikon P!anapo 60/1.4 oil lens. Phase micrographs 
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Fig. 3. Schematic presentation of techniques used for isolation of cells from human atheromatous 
plaque material 

were recorded on Kodak Technical Pan 2415 film at 100 ASA rating and epifluores­
cence micrographs on Kodak Tri-X Pan film at 1 600 ASA rating. Cell proliferation 
and cell size was measured with a cell counter CASY 1 (Scharfe Systems, Kirchen­
tellinsfurt, FRO). 

For scanning electron microscopic examination, atheromatous plaque material 
was fixed for 3 h in 3.5 % formaldehyde, washed with distilled water and air dried. 
Samples were sputtered with gold palladium (thickness: 20 nm) and crystalline 
structures were examined by use of a Stereoscan 250 scanning electron microscope 
(Cambridge Instruments). Element analysis was carried out with an EDAX 9100 
X-ray analysis system. 

Results and discussion 

Within 4-8 days after adhesion, the first cells grew out of the explants. After 10 days, 
a compact cell layer around the explants had developed. The vast majority of cells 
exhibited numerous vacuoles around the nuclei and granules on cell surface. At the 
level of light microscopy, cells exhibited a very pronounced actin filament network, 
i.e., abundant stress fibers within the cytoplasm. Enzymatically obtained cells were 
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Fig. 4. (a) A representative sample of atheroma­
tous plaque material obtained by pcrcutaneous 
atherectomy. Note the typical chipping tracks. 
Phase contrast microscopy. Scale bar - 100 J.lm. 
(b) Needle-like cholesterol crystals after a three­
hour-enzymatic disintegration of plaque matc­
rial with collagenase/elastase. Phase contrast 
microscopy. Scale bar - 100 J.lm. (c) Rhomboid 
crystals as sometimes observed in primary cul­
tures after enzymatic disintegration of plaque 
material. Phase contrast microscopy. Scale 
bar - 100 J.lm 

attached and spread within 48 h after isolation and seeding, at which time culture 
medium was exchanged to remove red blood ceIIs. CeII clusters did not attach to 
culture dishes. Sometimes, insoluble rhomboid crystals were present. Isolated and 
cultured ceIIs from human atheromatous plaques were not infected with mycoplas­
mas as checked by a cytochemical technique for DNA demonstration (18). 

Most ceIIs (mono- or polynucleated) were elongated and resembled fibroblasts, 
but polygonally shaped cells, probably endothelial cells, were also detectable. This 
observation of two morphologically different cell types in culture is confirmed by the 
results of Haust (10) who examined fatty dots and streaks from the aorta of 12 
patients post mortem. He observed two types of binuclear cells and described them 
as elongated slender cells and as ovoid, probably mesenchymal cells. 

In indirect immunofluorescence microscopy, however, the vast majority of isolat­
ed and cultured cells of atheromatous plaques exhibited an intense positive reaction 
with antibodies against smooth muscle (X-actin which was shown to be specific for 
smooth muscle cells only (19, 20). This observation is confirmed by previous elec-
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Fig. 5. Cells from atheromatous plaque material in primary cultures and subcultures. (a) and (b) 
Outgrowth of cells from adherent explants after 14 days in culture. Phase contrast microscopy. Scale 
bar - 500 Ilm (a) and 300 Ilm (b). (c) Undigested cell cluster after enzymatic desintegration with 
collagenase/elastase. Cell clusters did not attach to petri dish. Phase contrast microscopy. Scale bar 
- 100 Ilm. (d) Completely spread cells 48 hours after enzymatic digestion and seeding exhibiting 
abundant "stress fibers" within the cytoplasm . Phase contrast microscopy. Scale bar - 100 Ilm. (e) 
Elongated cell from atheromatous plaque in first subculture. Staining with 0.02 % coomassie and 
5 % giemsa solution. Bright field microscopy. Scale bar - 50 Ilm. 



Fig. 6. Indirect immunofluorescence microscopy of cells from atheromatous plaques. (a) and (b) 
Positive reaction with antibodies against smooth muscle ex-actin. Note the three-dimensional net­
work in (a) and the ruffling membrane with microspikes in (b). Epifluorescencc microscopy. Scale 
bar - 50 J.!m (a) and 10 J.!m (b). (c) Double fluorescence with antibodies against factor VIII-related 
antigen and DAP! for counterstaining of cell nuclei. Cells do not react with antibodies against von 
Willebrand protein, but nuclei are stained intensely. A dividing cell in prophase (arrow) exhibits the 
elongated chromosomes. Epifluorescence microscopy. Scale bar - 20 J.!m. (d) Vimentin filaments of 
a fibroblast-like plaque smooth muscle cell. Epifluoreseence microscopy. Scale bar - 50 J.!m. (c) and 
(f) Three-dimensional microtubule network of plaque smooth muscle cells. Epifluoreseence micros­
copy. Scale bars - 50 J.!m 

trophoretic results of Gabbiani et al. on human atheromatous plaques (21). Addi­
tionally, Gabbiani could also demonstrate a predominance of the ~-actin isoform. A 
positive reaction with antibodies against factor VIII-related antigen, a typical mark­
er for endothelial cells (22 - 26) was not observed. These data from cell culture 
indicated that the main portion of isolated and cultivated cells of plaques were 
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Fig. 7. Cell size blots of smooth muscle cells from atheromatous plaques. (a) Cell size distribution 
directly after enzymatic disintegration with collagenase/elastase and centrifugation showing a large 
debris peak at 7-9!lm and a portion of cells with diameters up to 30 !lm. (b) Cell size blot after 30 
days in culture exhibiting the debris peak at 7 -9 !lm and an appearing cell population at about 
28 !lm. (c) Cell size distribution after 35 days in culture. The cell population with a diameter of 
26-30!lm becomes more pronounced. (d) Cell size blot after 40 days in culture. The cell population 
appearing after 30 to 35 days in culture is much more pronounced and can be divided in at least 
two subpopulations with different diameters of about 20 !lm and 28 !lm 
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smooth muscle cells. This is in agreement with light and electron microscopic studies 
on intimal thickenings (3, 27). The three-dimensional microtubule network of the 
plaque cells and the organization of vimentin filaments, a representative of the 
intermediate sized filaments or 10 nm filaments, was observed to be unaltered. A 
positive reaction of cells with anti-desmin was not detected. 

Measurement of cell size after enzymatic digestion, but prior to cell seeding, 
showed a clear maximum at diameters of 7 - 9 !lm and a small portion of cells with 
larger diameters up to 30 !lm. The maximum at 7-9 !lm was caused by cellular 
debris, whereas larger diameters represented isolated cells of different size and prob­
ably cell clusters. Cell size measurements after 5 days in culture, i.e., after the first 
medium exchange to remove red blood cells and non-adherent cell clusters, again 
showed the same cell size distribution as prior to plating. Thus, the signals up to 
30 !lm in cell size blots were not caused by cell clusters but by single cells indicating 
a homogenous cell population in human atheromatous plaques with a large scale in 
cellular diameters. This cell population - as far as cell size is concerned - was stable 
for about 30 days. Then, an increased proliferative activity of cells with diameters of 
about 28 !lm appeared and was clearly distinct after 40 days in culture, showing at 
least two definite subpopulations with different cell diameters. Proliferation of 
plaque cells was always accompanied by an increase of cell debris. Further experi­
ments have to be carried out to characterize subpopulations. 

Studies of cell proliferation showed that the smooth muscle cells of plaques exhib­
ited a very low growth rate of about 0.1 population doublings per day. Cells of first 
subculture did not divide any more and remained quiescent. For comparison, by use 
of the same culture conditions, smooth muscle cells routinely cultivated from saphe­
nous veins of adult humans (tissue obtained during bypass surgery) showed a growth 
rate of 0.3 to 0.4 population doublings per day (unpublished results). It has been 
shown and/or suggested that smooth muscle cells of plaques exhibit an increased 
proliferative activity (28 - 33). This significantly reduced proliferation of human 
plaque smooth muscle cells in culture remains unclear, but may be due to irreversible 
injury caused by mechanical traumatization during atherectomy. The use of a con­
trast reagent (Ultravist-370, Schering AG, diluted with 0.9% saline 1 :1, v/v) for 
angiographic control during plaque removal did not show a pronounced acute 
cytotoxicity in cell cultures which could explain decreased proliferation. 

Isolated and cultured smooth muscle cells of atherectomized tissue were very 
sensitive against environmental changes. Careful trypsinization for subculturing 
cells resulted in a high percentage of dead cells. Addition of a mitogenic mixture 
isolated from bovine brain according to the method of Savoly et al. (34) to plaque 
smooth muscle cells resulted in a rounding and growth arrest of cells. In contrast, the 
addition of this mitogenic mixture to smooth muscle cells obtained from saphenous 
veins caused a significant increase in cell proliferation (unpublished results). A few 
recent studies of the growth characteristics of cells from human lesions have shown 
similar results, i.e., cells from human lesions exhibited a low proliferation rate and 
failed to respond to mitogens (35) or became quiescent in second passage (36). Ross 
et al. (35) have suggested that decreased proliferative activity of lesion smooth 
muscle cells is a manifestation of the cells having undergone a greater number of cell 
doublings in vivo than smooth muscle cells from the media and thus have become 
senescent (37). 
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Fig. 8. Cytotoxic effect of the contrast reagent (UI­
travist-370) as used for angiographic control during 
plaque removement. An acute cytotoxic effect after 
an eight-hour-incubation at 37 DC was not observed. 
To determine a late cytotoxic effect appearing after 
further incubation, Uhravist-370 was removed after 
eight hours and replaced by culture medium. After 
two days of incubation in culture medium, cell num­
bers were measured. Under these conditions, en­
dothelial cells were more sensitive than smooth mus­
cle cells. The absolute Ultravist-370 concentrations 
occuring under in-vivo-conditions of angiography is 
pointed out. 0-0 Ultrasvist undiluted; 0-0 UI­
travistjO.9% saline (1: 1); .-. UhravistjO.9% sa­
line (1: 1) + 2 IUjml heparin; .-. cell number af­
ter a continuous incubation with Ultravist jO.9% 
saline (1 :1) for 2 days at 37 DC 

Scanning electron microscopic studies demonstrated that a minority of atheroma­
tous plaque material removed by the Simpson atherectomy catheter showed areas of 
amorphous and spherical calcium phosphate deposits (hydroxyl and carbonate ap­
atite). Sometimes, at edges of the specimens sodium chloride crystals in different 
modificatons were detectable, those possibly being artifacts caused by the one-to 
two-day delay for transportation of plaque material using HEPES-buffered culture 
medium with antibiotics. 

The results presented here show that isolation and cultivation of cells from selec­
tively removed atheromatous plaque material by the Simpson atherectomy catheter 
is possible. Cultivation of the cells may represent a suitable in vitro model to inves­
tigate growth characteristics and cytoskeletal and metabolic alterations of smooth 
muscle cells in human atherosclerotic plaques. 
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Low-speed rotational angioplasty - clinical results 
in 53 patients with chronic occlusions 
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FRG 

Today the limits of non-operative dilatation of atherosclerotic arteries (4) are very 
tight stenoses, which cannot be passed with a guide wire or balloon catheter, and 
importantly, total occlusions. Occlusions of peripheral vessels of more than 10 em 
in length (16) and subacute coronary occlusions (8, 9,11) can be reopened success­
fully only in about 50% -60 % of cases. The chance of recanalization decreases with 
the duration of occlusion and the amount of calcification. The new technique called 
low speed rotational angioplasty (6, 14, 15) uses a very flexible, blunt, rotating 
catheter. 

Experimental investigations in postmortem human arteries (14) could demon­
strate that even old and calcified occlusions in which conventional techniques had 
failed, could be reopened with a speed of only 200 rpm. No perforations occurred 
and histologic and angioscopic examinations showed a relatively smooth surface of 
the created channel, which could be dilated further with conventional balloon 
catheters or special rotating elastic elements. 

Because of these encouraging results we started our clinical investigations in 
December 1986 (15), and the results in our first 53 patients will be described. 

Patients 

Between December 1986, and June 1988, 53 patients (41 men and 12 woman, ages 
35 to 84 years; mean age 68.6 years) were treated with the new technique. In 41 
patients, the superficial femoral artery, in 11 patients the popliteal artery, and in one 
patient the iliac artery was completely occluded. Twenty-one patients were treated 
in the University Hospital, Frankfurt and 32 patients in the Aggertalklinik in Engels­
kirchen. Patients were divided into three groups: 

Group 1: 11 patients with rotational angioplasty as the primary intervention and a 
length of occlusion of less than 10 em (mean 5.3 em); 
Group 2: 24 patients with rotational angioplasty as the primary intervention and a 
length of occlusion of more than 10 cm (mean 14.5 em, longest occlusion 30 em); 
Group 3: 18 patients after failure of conventional techniques. 

Functional and angiographic findings 

Forty-eight patients were in Fontaine stage II with a walking distance before claudi­
cation between 30 m and 300 m with a mean of 110m. Five patients were in Fontaine 
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stage IV with pain at rest and local gangrene ; four were considered inoperable by the 
vascular surgeons and amputation was impending. 

The Doppler-pressure index (12, 13) was between 0 and 0.86 (mean 0.51). Dura­
tion of occlusion was estimated from patients' histories and ranged from five to 
48 months (mean 18.2 months). In seven patients, durations of six to 36 months had 
been documented by previous angiographic examinations. The length of occlusion 
measured four to 30 cm (mean 10.9 cm). In 30 of 53 patients, the occluded arteries 
showed marked calcification. 

Technique. documentation and medication 

After puncture of the femoral artery and injection of 5000 units of heparin an 8-F 
sheath was introduced and angiography was performed. With a second injection a 
digital subtraction angiogram followed (road mapping). The rotating catheter (outer 
diameter 2.2 mm) consisting of four 0.2mm V2A-steel coiled wires with an inner 
lumen and a suitable rounded tip covered with a highly flexible polyolefin or teflon 
shrinking tube (Fig. 1) was introduced through the hemostatic valve of the sheath 
(Fig. 2), which was perfused with a combination of 2 000 units of heparin and 
100000 units of urokinase per h throughout the intervention. The speed range of the 
small motor unit (Fig. 3) was infinitely variable with the help of a foot switch. 
Rotational angioplasty was performed at low speed up to 200 rpm with only slight 
axial thrust. 

Fig. 1. Rotating catheter (4 x 0.2 mm V 2 A-steel coiled wires) with teflon shrinking tube and blunt 
tip 
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Fig. 2. The rotating catheter gets introduced through the 8·French·sheath 

Fig. 3. Motor unit with infinitely variable speed (0 - 300 rpm) 
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The passage through the occlusion was documented on video film followed by the 
injection of contrast medium through the rotating catheter to document the intralu­
minallocalization. Thereafter, an 0.35"-exchange wire was introduced through the 
rotating catheter and placed distal to the occlusion. After retraction of the rotating 
catheter, the new channel was documented by angiography and further dilated using 
a conventional balloon catheter. 

All patients received aspirin 500 - 1 500 mg/day (1) at least one week before the 
intervention; 1 000- 1 200 units of heparin were given intravenously for at least 24 h 
starting immediately after the intervention. 

Results 

Angiographic 

Group 1 (11 patients with occlusion < 10 cm in length; mean 5.3 cm) : All occlusions 
could be successfully recanalized (Fig. 4). 

Group 2 (24 patients with occlusion> 10 cm in length ; mean 14.5 cm): In 19 of 
24 patients, the occlusions of up to 30 cm in length and of up to a 36 months' 
angiographically documented duration could be successfully reopened (Figs. 5 and 

Fig.4. Short occlusion (4 cm) of the superficial femoral artery . (A) Before (B) After rotational 
angioplasty and balloon dilatation 

130 



B 

Fig. 5. Superficial femoral artery with narrowings up to 60% in the proximal and total occlusion 
of 10.4 cm in the distal part. (A) before (8) after rotational angioplasty and balloon dilatation 

6). In four patients, the severely calcified occlusions could not be crossed and in one 
patient the intervention had to be stopped after 50 min because of increasing restless­
ness of the patient. 

Group 3 (18 patients after failure of conventional techniques): 14 of 18 patients 
were treated with rotational angioplasty more than four weeks after the conventional 
attempt; in nine out of these 14 patients the occlusions could be successfully 
reopened (in one patient there had been two unsuccessful attempts with conventional 
techniques before and in one patient the unsuccessful attempt dated back to 1985 
(Fig. 7). In one patient with a short occlusion of the superficial femoral artery, a 
large collateral vessel exited proximal to the occlusion and the rotating catheter 
entered the collateral, as had been the case with the conventional technique before. 
There was no damage of the collateral branch. 
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Fig. 6. Total occlusion of the left superficial femoral artery in a 78 year old female diabetic patient 
(25 cm). (A) before (8) after rotational angioplasty and balloon dilatation 

Functional 

Twenty-four of39 successfully treated patients could walk without claudication after 
the procedure. In three of four inoperable patients the reopening of the vessel 
prevented amputation. In one 78-year old female diabetic with gangrene of the foot 
and pain at rest, the reopening of the entire superficial femoral artery resulted in 
warming of the lower leg and a marked decrease in pain. Although the occlusion of 
the popliteal artery was unchanged she could walk approx. 300 m and the gangrene 
healed (Fig. 6). 

The ankle-brachial-index of Doppler pressure measurements increased from a 
mean of 0.51 to 0.89. 
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Fig. 7. Total occlusion (11 cm) of the right superficial femoral artery in which the conventional 
technique had failed several weeks before. (A) before (B) after rotational angioplasty and balloon 
dilatation 

Complications 

In none of our 53 patients did a perforation or other severe complication occur. In 
three patients, minor dissections and in one patient a small peripheral embolism was 
observed but caused no sequelae. In three patients there was bleeding at the puncture 
site; in one of them a transfusion was necessary. 

Discussion 

In non-operative recanalization of chronic atherosclerotic obstructions, the danger 
of dissection or perforation is increased because of the underlying ulceration of the 
plaque which originally led to the occlusion of the vessel. This possibility of exiting 
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the true lumen is further increased with the length of the obstruction. Therefore, a 
relatively thin strainght wire as used in the conventional technique seems to be more 
dangerous than our large, blunt, flexible, slowly rotating catheter with an outer 
diameter of 2.2 mm (15). 

Our concept is that low-speed rotation while under slight axial thrust allows the 
catheter to discover the true lumen of the occluded vessel in searching for the path 
of least resistance. In contrast to the sick and hard vessel wall , the true lumen is 
usually occluded by thrombus which seems to remain the softest part of the obstruc­
tion for a long period of time (up to several years). This could be the explanation for 
our successful recanalization of arteries occluded for longer than 30 months. 

The mechanism of recanalization with our new catheter is not comparable with 
other new techniques such as high-speed abrasive catheters (7, 10). Expression of 
fluid without removal of any material as shown in previous experimental investiga­
tions (5) seems to be the underlying principle. 

The acute results in our first 53 patients have shown that even long and calcified 
occlusions can be successfully recanalized; the acute success rate of rotational angio­
plasty, if used as the primary intervention is more than 80 %. If conventional tech­
niques fail , rotational angioplasty can be successful in more than 60 % of these 
patients, provided that the time interval between the two procedures is at least four 
weeks because of the healing process of dissections caused by the first (conventional) 
attempt. 

The new technique seems to be particularly gentle; neither in our experimental 
nor in our clinical cases could we observe vessel wall perforation. In comparison, not 
only to conventional techniques but also to some new techniques like high-speed 
rotation (7, 10) or laser techniques (2), this could be a major advantage. 

Fig. 8. Occlusion of the right iliac artery (6 em). (A) before (8) after rotational angioplasty and 
balloon dilatation (OSA ; the exchange·wire is still in place) 
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In previous studies, long-term results after reopening oflong occlusions have been 
disappointing (3). Whether the capability of our catheter to apparently find the true 
lumen may improve even the long-term outcome remains to be seen. 

Because of these encouraging results in chronic femoral and popliteal occlusions, 
an extension of indications could be expected. A first step in this direction was made 
with the first successful reopening of a totally occluded iliac artery (Fig. 8). 
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Laser angioplasty: 1988 
T. A. Sanborn 

Department of Medicine, Division of Cardiology, Mount Sinai Medical Center, 
New York City, USA 

While laser angioplasty has the potential to serve as an adjunct to alternative conven­
tional angioplasty by recanalizing chronic total occlusions (1) and reducing resteno­
sis (2, 3), a great deal of work is still required to solve the two main problems with 
the cardiovascular use of laser, namely, vessel perforation and small recanalized 
channels which have poor long-term patency. 

Currently, there is a tremendous variety of cardiovascular lasers available, with 
different systems and in various stages of experimental and clinical investigation 

Table 1. Characteristics of current clinical cardiovascular lasers 

Laser characteristics 

Spectral Region 
Wavelength (nm) 
Temperal Mode 

Delivery Systems 

Lasers 

Excimer 

Ultraviolet 
308 
Pulsed (P) 

Fiberoptic 

Pathophysiological mechanisms 

Vaporization 
Thermal Compression 
Sealing 

+ 

Argon 

Visible 
488,514 
Continuous 
Wave (CW) 
Fiberoptic, 
metal cap 
combined 
metal cap­
sapphire tip, 
lensed tip 

+ 
+ 

Table 2. Early trials with bare argon fiberoptics on femoro­
popliteal stenoses and occlusions 

Ginsberg et al. (4) 
Cumberland et al. (5) 

Total 

Improved 
lumen 

8/17 (47%) 
10/15 (67%) 

18/32 (56%) 

Perforations 

3/17 (18%) 
2/15 (13 %) 

5/32 (16%) 

Nd:YAG 

Near Infrared 
1,060 
P,CW 

Fiberoptic, 
metal cap, 
sapphire tip, 
laser-balloon 

+ 
+ 
+ 

CO2 

Infrared 
10,600 
CW 

Rigid 
Instrument 

+ 
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Table 3. Current laser angioplasty approaches 

1. Modified Fiberoptic Tip 
• Laser Probe 
• Sapphire Tip 
• Combined Metal Cap-Sapphire Tip 
• Lensed Tip 
• Laser-Balloon Catheter 

2. Short Pulse Laser Delivery 
• Excimer 
• Q-switched Nd: YAG 

3. Improved Plaque Recognition 
• Angioscopy 
• Spectroscopy 
• Ultrasound 

4. Selective Plaque Ablation 
• Endogenous chromophores (cartenoids) 
• Exogenous chromophores (HPD, Tetracycline) 

5. Other Engery Source 
• Electrical 
• Chemical 

(Table 1). These clinical cardiovascular laser systems are often separated by their 
laser wavelength (excimer, argon, Nd:YAG, and CO2) however, the specifics of the 
delivery system may ultimately determine which system is most successful. 

Historically, clinical trials in peripheral arteries began with established bare 
fiberoptic laser systems such as the argon (4, 5) and Nd:YAG (6); however, these 
early series only achieved clinical success in one-half to two-thirds of the patients and 
were complicated by perforation in 15 % - 20 % of the cases (Table 2). Thus, a variety 
of different approaches are now being investigated in order to improve on these 
results and to decrease the incidence of laser perforation (Table 3). 

Modified flberoptics 

Modification of the fiberoptic tips was the first approach to improve upon these 
results with bare fiberoptics. The first, but certainly not the last modified laser 
delivery system to demonstrate a high incidence of successful laser recanalization 
with a low incidence of vessel perforation is an argon laser heated metallic-capped 
fiberoptic device (Laserprobe-PLR, Trimidyne Inc, Santa Ana, California). 

The laserprobe is a fiberoptic delivery system (7) which allows transmission of 
argon laser energy from the laser generator to the desired target and conversion of 
this light energy into controlled thermal energy at the distal end of the probe. In the 
first 2 s of argon laser energy delivery, the temperature on the surface of the probe 
rises sooner and higher at the probe tip and decreases towards the neck of the probe, 
but by 5 s the temperature distribution of the probe is nearly uniform (8). When 
brought in contact with atherosclerotic tissue, the laser probe conducts this heat to 
the tissue and vaporization of the tissue occurs. As expected, increased laser energy 
resulted in greater depth of ablation. Interestingly, in this study increasing the force 
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applied by the laser-heated device also resulted in more efficient ablation of tissue 
(8). While this greater tissue ablation may simply be because of less thermal resis­
tance from improved contact of the probe with the tissue, another possibility is that 
vacuolated tissue is compressed by the rounded probe. In a comparative study in this 
same report, irradiation of aortic tissue with bare argon optical fibers was found to 
result in a split, fragmented appearance on the surface of the aortic tissue and 
extensive dissection of the subintima while the injury resulting from the laser probe 
was more controlled without evidence of vessel dissection. In this study, the laser­
heated probe was also more effective in ablating fibrofatty plaque than non­
atherosclerotic aorta. It can be speculated that this difference in thermal properties 
could explain the clinical observation that the laser probe preferentially vaporizes 
obstructive atheroma and thrombus during laser recanalization rather than the 
vessel wall and that this explains why the incidence of vessel perforation is reduced. 

Experimental in vivo results. Three in vivo experimental studies have now been 
published which demonstrate not only improved safety and efficacy of this laser­
heated probe compared to bare fiberoptics (9, 10) but also less restenosis than con­
ventional balloon angioplasty (2). First, in a series of atherosclerotic rabbit iliac 
artery stenoses (9), angiography revealed greater widening of luminal stenoses in 
animals treated with the laser probe device as compared to the standard fiberoptic 
system. More importantly, while perforation of the vessel wall occurred frequently 
with the fiberoptic fiber, only 1 mechanical perforation occurred in 12 animals 
treated with the laser probe. 

Acute histology revealed striking differences with these two fiberoptic systems. 
With direct laser radiation from the bare fiberoptic, a deep localized laser crater was 
noted along one side of the vessel wall with charring and considerable thrombus 
formation (Fig. 1, top). On histologic cross-sections of eccentric lesions, the major 
portion of the atherosclerotic lesion was often missed by the narrow laser beam. In 
contrast, those vessels treated with the laser-heated metallic probe showed histologic 
evidence of thermal injury distributed evenly around the entire luminal circumfer­
ence with minimal charring and thinner, flatter thrombus formation (Fig. 1, bot­
tom). These histologic data suggest that circumferential rather than localized distri­
bution of energy is a factor in these improved results. 

These results were confirmed in a series of postmortem human coronary artery 
zenographs transplanted into canine femoral arteries (10). Angiography demonstrat­
ed recanalization in all five arteries treated with a laser-heated probe compared to 
three of five arteries treated with a bare fiberoptic. There was also less vessel perfo­
ration with the metallic-capped fiber, compared to the bare fiberoptic. 

Recent follow-up angiographic and histologic studies in the rabbit model demon­
strated good long term patency with laser thermal angioplasty in comparison to 
conventional balloon angioplasty (2). While the immediate enlargement of the an­
giographic luminal diameter was similar for both procedures, the vessels treated with 
1.5-2.0 mm laser probe devices had less angiographic restenosis and a significantly 
larger mean luminal diameter than those treated with balloon angioplasty. On histol­
ogy, four weeks after the laser procedure, there was a larger lumen, minimal throm­
bosis or smooth muscle cell proliferation, and a thin neointimal covered with a 
fibrous cap (Fig. 2, top). In contrast, those vessels treated with balloon angioplasty 
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Fig. 1. (Top) Histological specimens of iliac artery. Example of direct argon laser radiation resulting 
in a localized laser defect along one side of the vessel wall which extends through the neointima into 
the media. A gradient of thermal injury characterized by cell swelling and tissue edema is also noted. 
In addition, considerable thrombus is present which fills the newly formed laser defect. (Bottom) 
Example of laserprobe thermal injury distributed evenly around the entire luminal circumference. 
Hematoxylin-eosin stain, magnification x 80. Reproduced with the permission of Sanborn TA et al. 
and the American College of Cardiology (J Am Coll Cardiol 5:934-938, 1985) 

Fig. 2. A, cross-section of the patent rabbit iliac vessel four weeks after laser thermal angioplasty, 
demonstrating minimal fibrocellular proliferative response and a thin, condensed fibrous cap. B, 
histologic section four weeks after balloon angioplasty, revealing moderate fibrocellular prolifera­
tion caused by the dilatation which, partially filled the lumen and obliterate the prior dissection 
planes between the neointimal and the media (Verhoff-van Gieson elastin stains; original magnifi­
cation x 26). Reproduced with the permission of Sanborn TA and the American Heart Association 
(Circulation 75: 1281, 1987) 

demonstrate evidence of prior fracture and dissection of the vessel wall (11) with 
more of a fibrocellular proliferative response and ongoing thrombus formation 
(Fig. 2, bottom). Morphometric analysis of these histologic cross-sections confirmed 
a significantly larger luminal area after laser thermal angioplasty compared with 
balloon angioplasty. Thus, laser thermal angioplasty was associated with less 
restenosis and produced a significantly larger mean luminal diameter and mean 
luminal area than conventional balloon angioplasty. The differences in the patho­
physiology of these techniques is probably responsible for these observations. That 
is, with laser recanalization of these high-grade stenotic lesions there is (a) partial 
laser vaporization or removal of atherosclerotic material, and (b) perhaps more 
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importantly, a smoother, less thrombogenic surface is left behind compared with 
balloon angioplasty. Whether there is an additional thermal effect on the arterial 
wall which inhibits platelet accumulation and/or smooth muscle cell proliferation is 
another intriguing concept. 
Clinical laser recanalization with the argon laser-heated probe in peripheral ves­
sels. After demonstrating the safety and efficacy of this device in experimental 
animals, a clinical trial was initiated to investigate its role in performing percuta­
neous laser thermal angioplasty as an adjunct to balloon angioplasty in patients with 
severe peripheral vascular disease (1, 12). The initial aims were two-fold : first, to 
demonstrate the safety of this laser device, and second, to determine whether this 
procedure could add to conventional balloon angioplasty by (a) increasing the initial 
success rate in peripheral artery total occlusions, and (b) recanalizing occlusions in 
which balloon and guidewire techniques had failed. In an initial report laser recanal­
ization was achieved in 50 of 56 (89 %) femoropopliteal and iliac artery occlusions 
(1). From a previous assessment of the angiogram and/or gentle probing of the 
proximal origin of the occlusion with a guide wire, the lesions were subjectively 
classified as easy (n = 17) or difficult (N = 21) to cross by conventional angioplasty 
methods. Eighteen occlusions were classified as impossible either because previous 
angioplasty attempts had failed (n = 11), or because they were considered unsuitable 
for conventional angioplasty (n = 7). All 17 easy, 19 of 21 difficult and 14 of 18 
impossible occlusions were successfully recanalized. Since there were 2 acute reocclu­
sions in the first 24 hours, the overall initial clinical success rate was 86 %. These 
results compare favorably to recent clinical success rates of 72 % -78 % for conven­
tional balloon angioplasty (13, 14). 

In this initial series, the perforation rate was less than 2 % and the one perforation 
was attributed to excess mechanical pressure within a hard calcified occlusion rather 

Fig. 3. Angiogram of a 6 cm high grade stenosis of the superficial femoral artery (left panel) in which 
the luminal diameter was enlarged with the laser probe (middle panel). This allowed conventional 
balloon angioplasty to be performed more easily (right panel). Reproduced with permission of 
Sanborn TA et al. (J Vascular Surgery 5: 83, 1987) 
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Fig. 4. Angiograms of a 4 cm total occlusion of the superficial femoral artery (left panel) which was 
recanalized with three pulses of 12 watts of argon laser energy delivered by the laserprobe for ten 
seconds duration each (middle panel). This was followed by balloon angioplasty to yield a good 
angiographic result (right panel). Reproduced with permission of Sanborn TA et a1. (J Vascular 
Surgery 5: 83, 1987) 

Fig. 5. Angiography of a 4 cm superficial femoral artery occlusion with a tortuous 8 cm stenosis 
proximal to the occlusion. (A) Image obtained before angioplasty (8) Image obtained immediately 
after laser-assisted balloon angioplasty. Traversing the tortuous proximal stenosis required shaping 
a curve in the O.014-inch guide wire attached to the laser probe. With the curved guide wire, it was 
possible to torque the laser probe through the stenosis. After the occlusion had been crossed with 
the laser-heated probe, the probe was slowly withdrawn through the occlusion and the stenosis with 
continuous laser-pulse delivery to further enlarge the entire lumen before balloon angioplasty. (C) 
Image obtained at repeat angiography two months later. at the time of angioplasty of the opposite 
leg. Reproduced with permission from Radiology 168: 121 , 1988 

than a thermal perforation. There was no clinical sequelae as a result of this perfo­
ration. Based on additional results in 219 patients treated in 10 medical centers, this 
laser probe device was approved for clinical use in February 1987, for peripheral 
artery lesions considered difficult or impossible to treat by conventional means. 
Angiographic examples of laser-assisted balloon angioplasty are shown in Figs. 3 - 5. 
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Clinical follow-up results with the laser probe in peripheral arteries. While recanaliza­
tion with laser devices may be a useful adjunct to improve the initial chance of a 
successful angioplasty in peripheral artery total occlusions, the real challenge will be 
to determine whether laser angioplasty by whatever pathophysiological mechanism 
(vaporization, thermal compression, sealing, Table 1) can actually improve long­
term clinical patency and reduce recurrence. At present, the laser probe is the only 
laser catheter with adequate clinical experience for assessment of long-term results; 
one year cummulative results were recently reported and compared to results of 
recently published series for conventional balloon angioplasty (3). 

When examining long-term results of peripheral angioplasty, recurrence rates 
varied considerably depending on the type of lesion (stenosis vs occlusion), lesion 
length, and the definition of recurrence. With subgroup analysis of this initial series, 
a potential benefit of combined laser recanalization and balloon angioplasty was 
suggested in femoropopliteal arteries (Table 4). For example, the one year cumula­
tive recurrence rates for stenoses and short occlusion (1-3 cm in length) were only 
5 % and 7 %, respectively (3). These results were considerably better than recent 
balloon angioplasty series in which one year recurrence rates of20 % to 30 % or more 
were reported for stenoses and recurrence rates of 7 % to 33 % or more were reported 
for short occlusions (14-16). The definition of clinical patency is important in 
comparing these results as a 12 % to 29 % redilation rate was not considered a 
recurrence in two of these recent series (14, 16). For longer occlusions treated with 
laser-assisted balloon angioplasty, one-year recurrence rate of 24 % for 4-7 cm 
occlusion and 42 % for occlusion > 7 cm are also better than a recurrence rate of 
50% for occlusions> 3 cm reported in one series (15). 

On one hand, these results are influenced by operator learning experience and the 
initial development stage of a device; clinical success and patency should improve 
with more experience and device modifications. On the other hand, these results 
could be influenced by other patient demographic factors such as case selection, 
diabetes, smoking, distal vessel run-off, and medications. Obviously, these results 
have to be confirmed and a multicenter randomized trial should be considered. These 
initial results do serve as a useful reference for future laser or mechanical devices. 

Possible explanation for these lower recurrence rates after laser recanalization and 
balloon angioplasty are that the technique partially vaporizes or thermally com­
presses the atherosclerotic lesion and leaves behind a smoother less thrombogenic 

Table 4. Comparison of one year cummulative patency rates 

Technique Occlusions 

Stenoses < 3cm 

Laser-assisted balloon angioplasty 95 93 
Balloon angioplasty alone 

Hewes et al. (6) 81 * 67* 
Murray et al. (7) 72* 86 + 

Krepel et al. (5) 80 93 

Note: Values are expressed as percentages 
* Redilation rate of 12-20% was not considered recurrence. 
+ Value for all occlusions 
Reproduced with permission from Radiology 168: 121, 1988. 

4-7cm >7cm 

76 58 

82* 69* 

50 (>3 cm) 
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Fig. 6. The 60° left anterior oblique. 10' ca udal 
views of a 90 % eccentric left anterior descend­
ing artery lesion (a rrows) before treatment 
(top), after laser thermal angioplasty results 
with the laser probe through the lesion and the 
angiographic results of laser thermal angioplas­
ty (middle panels) and after balloon angioplasty 
(bottom). Reproduced with permission of San­
born TA ct al. and the American College of 
Cardiology (J Am Coli Cardiol 8: 1437. 1986) 

arterial surface. Obviously, for longer occlusions more atherosclerotic material will 
have to be removed. Larger probes may be beneficial in removing more material or 
leaving behind a smoother surface with a larger lumen so that balloon angioplasty 
may not be required at all. Preliminary clinical experience with larger 2.5 mm devices 
indicates that this may be possible. The recent study in the smaller (1 - 2 mm) rabbit 
iliac arteries discussed earlier suggest that laser recanalization with the laser probe 
device alone may cause less restenosis than conventional balloon angioplasty (2). 

Percutaneous coronary laserfeasibility. Based on this experience in peripheral vessels. 
clinical trials of lasers for percutaneous coronary use were recently initiated using 
specially designed coronary laser-heated probes (17, 18). These preliminary studies 
indicated that a coronary laser catheter can be used percutaneously to reduce coro­
nary stenoses angiographically (Fig. 11); however, laser recanalization of the 
stenoses was limited by the inflexible prototype of the device (17). In addition, a high 
incidence of myocardial infarction in one study (18) raised concerns about the 
thrombogenicity or vasospastic nature of these early prototype devices. Currently, 
laserprobe catheters with improved flexibility, trackability, profile, a central lumen 
design, and temperature feedback are being investigated and appear promising. 
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Conclusions 

We are definitely entering a new era of interventional techniques. There is already 
evidence that at least one laser device can supplement the vascular radiolo­
gists'complement of balloons and wires to recanalizing lesions which previously 
could not be treated (1). Perhaps more exciting is the suggestion that long-term 
results for femoropopliteal angioplasty may be improved with laser techniques (3). 
We have learned that bare fiberoptics are unsafe and provide inadequate recanalized 
channels. A second generation of modified fiberoptic tips offer significant improve­
ments in safety and efficacy compared to bare fiberoptics. The improved results are 
attributed to self-centering rounded tips, circumferential vaporization, thermal com­
pression by the contact devices, and a residual luminal surface that has less fracture, 
dissection, and restenosis than balloon angioplasty. Experimental research as well as 
randomized comparative clinical trials are greatly needed to determine which laser 
devices can improve upon the two major limitations of balloon angioplasty: recanal­
ization of chronic total occlusions and restenosis. 
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Intraoperative coronary laser angioplasty -
first clinical experiences with a new method 
R. Moosdorf 
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Giessen, FRG 

With the availability of flexible fiber systems, different laser systems have command­
ed a growing interest in the field of cardiovascular disease (1, 2). 

We started our first experimental investigations on laser angioplasty in 1984, using 
a continuous wave argon laser system with flexible quartz fibers of different diame­
ters down to 0.4 mm. Our in vitro experiments on human cadaver hearts showed an 
ablative effect in non-calcified plaques, but the unprotected fiber led to a high rate 
of perforation due to mechanical or thermal damage (3, 4). 

This risk could significantly be decreased by the introduction of specially designed 
laser-thermalprobes with metal-capped tips, in which laser energy is totally convert­
ed into thermal energy and is circumferentially distributed to the affected arterial 
segment (5,6). These so called hot tips proved to be safe and effective in experimental 
settings, so that we started our first clinical trial on intraoperative coronary laser 
angioplasty with these probes in the beginning of 1987. Besides the totally metal­
capped hot tips a newly designed type of a so-called hybrid probe was also used later 
on. In these hybrid probes, a small sapphire window at the top of the metal cap 
allows the direct passage of a certain amount of light energy, while the major part 
of approximately 80 % is still converted into heat. Especially suited for total occlu­
sions, the direct laser beam may create a small guiding channel, which then allows 
passage of the larger metal head. 

Based on these two types of pro bes, differently designed special coronary systems 
were also used later during our clinical trial, which for example, incorporated special 
flushing channels for cooling and dye injection, or a small guide wire channel for 
improved steerability. 

In our concept, as with endarterectomy and intraoperative balloon angioplasty, 
laser angioplasty was considered an adjunct to coronary bypass surgery. To evaluate 
its intraoperative applicability, safety and efficacy, the indications for a laser angio­
plasty were limited to proximal tandem lesions, entrapping of one or more non-dis­
eased side branches which were not able to be revascularized, as well as diffuse 
proximal lesions with impaired run-off to side branches. Longer calcified lesions 
were still treated by endarterectomy and distal lesions were considered to be an 
indication for balloon angioplasty (7). 

Patients and methods 

Within this protocol, between January 1987, and June 1988, 28 patients were addi­
tionally treated by an intraoperative argon laser angioplasty during conventional 
bypass procedures. The patient information is shown in Table 1. 
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Table 1. Clinical characteristics of 28 patients undergoing laser 
angioplasty. Number of patients 28; male 23; female 5; mean 
age 58,9 (48-73) years 

Preoperative Data: 
NYHA class 
cardiac index 
ejection fraction 
myocardial infarction 

II (6) 
3,95 

63,4% 
13 (1 x) 

III (16) 
(3,3 -4,4) 
(40%-83%) 
6 (2 x) 

IV (6) 

According to our protocol the main indication for a laser angioplasty was a 
tandem lesion of the LAD in 13 patients, of the circumflex system in two patients and 
of the left main stem and LAD or a diagonal branch in two patients. Finally, 10 
patients showed diffuse lesions of the mid-portion of the LAD entrapping major side 
branches. 

The intraoperative procedure was similar to that of conventional bypass surgery. 
Under cardioplegic cardiac arrest, the target artery was incised distal to the 
atherosclerotic lesion. Size of the artery, degree of stenosis and distance between 
incision and the lesion were measured by calibrated probes. Afterwards, the laser 
probe was introduced and after contact with the target lesion it was activated. In 
cases of minor lesions, flushing with cardioplegic solution via the aortic root proved 
to be sufficient during the laser procedure. In cases of subtotal lesions or total 
occlusion, retrograde flushing was achieved by introducing a small catheter sheath 
into the coronary artery. The laser probe was then introduced through the central 
catheter while flushing was performed through a side port, again using cardioplegic 
solution. Special intraoperative coronary probes with integrated flushing ports al­
lowed a direct fluid irrigation through small side holes in the metal tip of the laser 
probe. Under continuous fluid irrigation, the activated laser probe was advanced 
through the lesion under continuous motion; after passage of the lesion it was 
deactivated and drawn back. The size of the newly created channel was afterwards 
measured by calibrated probes. In cases of larger caliber coronaries, for which the 
new lumen seemed too small, a balloon angioplasty was added. Finally, the anasto­
mosis between a segment of the saphenous vein or the internal mammary artery was 
performed. The result of the entire procedure was then again controlled by perfusion 
of cardiogreen through the bypass graft. 

An intraoperative angiographic control was performed in four cases and proved 
to be technically difficult and time consuming, so that we no longer use it for routine 
interventions. In contrast to this, angioscopy in our hands seems to be much more 
effective and less time consuming. Within the framework of a special study of 
angioscopy and laser angioplasty, we routinely performed angioscopy prior to and 
after lasing with a thin 1.00 mm angioscope in our last eight patients. We could 
visualize the target lesion before laser application, estimate the degree of stenosis, 
and afterwards could demonstrate the effect of the laser angioplasty including for 
example dissections or perforations. This control takes approximately five minutes 
and offers precise images of the intravascular situation. The detailed intraoperative 
data of our laser procedures are shown in Table 2. 
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Table 2. Intraoperative date of simultaneous laser procedure 

Intraoperative Data: 
Crossc1amping time 
Number of anastomoses 
Additional endarterectomy 
Mean lasing time 

61 min (38-80 min) 
2,8 (2-5) 
2 

45 sec (15-90 sec) 

Within this first protocol which was closely related to the phase one control of the 
FDA, laser angioplasty proved to be efficient and associated with a low risk of 
complication. We were unsuccessful in passing the lesion in four patients because of 
severe calcification and there was only one perforation and one dissection within this 
first series. We saw no probe-related complication in any of the cases. In the remain­
ing 24 cases, the laser probe could pass the target lesion and create a new channel. 

The postoperative complications were also very low. Only one patient showed 
signs of temporary myocardial ischemia without any sequelae or myocardial infarc­
tion. Four patients showed postoperative rhythm disturbances. One patient had 
previously been under medical therapy for ventricular extra systoles and a second 
patient first developed ventricular extra systoles postoperatively. In both cases drug 
therapy effectively terminated the arrhythmia. Another two patients developed atrial 
flutter, a common occurrence after bypass surgery, which could be converted med­
ically. 

Conclusion 

The first clinical trial of coronary laser angioplasty as an adjunct to conventional 
bypass surgery could up to now demonstrate the following: The method can effec­
tively be applied in an intraoperative setting. The immediate success rate of 85 % is 
comparable to other adjunctive methods such as endarterectomy or intraoperative 
balloon angioplasty. The procedure can be performed with reasonable expenditure 
and within a reasonable time period. Careful consideration of indications and of 
laser safety leads to a low risk of complication. The immediate intraoperative control 
oflaser angioplasty can be performed by calibrated probes and direct perfusion with 
dye solution, moreover angioscopy has proven to be a very efficient control method. 
Intraoperative fluoroscopy involves extreme technical expenditure and is very time 
consuming, so that we do not consider it as a routine method. Highly calcified lesions 
cannot be ablated by this laser system and are still an indication for a conventional 
endarterectomy, or for yet to be perfected photo-ablative laser systems. 

The further evaluation of this method will also depend on its long-term results. 
Our first clinical protocol did not require routine angiographic control study, how­
ever in nine patients, repeat angiographic study between one week and six months 
after operation, showed improved or partially improved luminal diameter in five 
patients. One lased segment showed an unchanged status and three segments with 
formerly longer subtotal lesions were totally occluded. The results of these first 
angiographic studies must be interpreted carefully, as the patency of the lased seg­
ment depends on the retrograde run-off, the length of the treated lesion and also on 
the anticoagulant therapy. By treating only the second of a tandem lesion, compet-
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Fig. l. Lascred distal segment of a tandem 
lesion (arrows) with retrograde perfusion of 
formerly entrapped marginal and diagonal 
branch 

itive flow is avoided and patency is mainly influenced by retrograde flow. The 
segment proximal to entrapped side branches, including the proximal tandem lesion, 
tends to occlude in the sense of a dead-end street phenomenon (Fig. 1). Among the 
restenosed or reoccluded vessels, three of four were longer diffuse lesions with only 
smaller entrapped side branches, in which, in the setting of competitive flow and bad 
run-off, early reocclusion occurred even after angioscopically demonstrable intraop­
erative patency. 

In addition, the optimal anticoagulant regimen remains open to discussion. In 
cases of peripheral laser angioplasties, patients are treated with an antiplatelet drug 
prior to the intervention and remain under therapy during and after angioplasty. 
This regimen cannot be applied to patients undergoing surgical interventions under 
extracorporeal circulation. We used heparin at 10 IU/kg/h immediately postopera­
tively for the first two days. Afterwards, patients received coumadin plus 100 mg of 
ASA. A follow up study will compare this therapy with an anti platelet regimen of 
aspirin/persantine starting on the second postoperative day. Another change in our 
second protocol is the inclusion of segmental distal lesions which can be treated with 
specially designed small probes of 1 mm. The first patient with a diffusely affected 
LAD could be successfully revascularized and showed a patent lased segment on 
repeat angiography one week postoperatively. 

To date, the results of our first clinical protocol on intraoperative coronary laser 
angioplasty could demonstrate the effectivity and feasibility of the method in an 
intraoperative setting. A lot of questions concerning technical problems and long­
term results remain to be solved before this new technique can be applied as a routine 
method during operative or even percutaneous procedures. 
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Laser angioplasty of iliac and femoropopliteal 
obstructive lesions 
M. P. Heintzen, T. Neubaur, M. Klepzig, B. E. Strauer 

Medical Clinic and Polyclinic B, University of Dusseldorf, FRG 

Introduction 

In 1964, Dotter and Judkins (3) published initial results of a percutaneous translumi­
nal approach for the treatment of peripheral arterial occlusive disease. Since then 
different techniques have been developed to overcome the limitations of their meth­
od. The double-lumen balloon catheter was introduced by Gruntzig in 1974, and 
lead to a widespread application of this technique in peripheral and coronary artery 
disease (6). In spite of balloon catheter improvement there are still some problems 
of conventional balloon angioplasty, e.g., long occlusions and calcified lesions are 
difficult to recanalize and the incidence of restenosis seems to be too high (4, 21, 22). 
Therefore, new strategies such as laser angioplasty were investigated and introduced 
into clinical application. Since Ginsburg and coworkers initially performed a percu­
taneous transluminal laser angioplasty in a high-grade deep femoral artery stenosis 
of a patient in 1983 (5), laser angioplasty has evolved into an accepted method for 
the treatment of peripheral arterial occlusive disease. 

Different catheter systems (bare-fiberoptics, laser probes, sapphire-tips) were used 
for the application of laser energy on atherosclerotic tissue. Bare-fiber laser angio­
plasty offers some advantages over thermal laser angioplasty using laser probes, and 
accordingly a bare-fiber laser catheter was developed and used in this clinical study 
(12,16). A continous-wave Nd:YAG laser (1064 nm) in a chopped mode was cou­
pled to the catheter system to treat 26 patients suffering from stenoses and occlusions 
of the lower limb (7, 8, 9, 23). 

Patients and Procedure 

Patients 
Twenty-six patients (18 males, eight females) with stenoses (n = 19) and occlusions 
(n = 7) of the iliac, superficial femoral, and popliteal arteries were treated by laser 
angioplasty; their age ranged between 42 and 78 years (mean 63 ± 10 years). There 
were four patients in clinical stage IV (gangrene) according to Fontaine, two patients 
in stage III (rest pain), 17 in stage II b (severe claudication with a painfree walking 
distance of less than 200 m) and four patients in stage II a (claudication with a 
painfree walking distance of more than 200 m). 

Method 
Laser angioplasty is performed with a novel bare-fiber catheter developed in our 
institution (12, 16). The catheter consists of a modified 6.3 French polyethylene 
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Fig. I. Laser angioplasty in concentric (above) and eccentric (below) stenoses: In concentric 
stenoses the laser catheter is rotated around the guidewire within a full circle. In eccentric stenoses 
the fiber tip is directed under fluoroscopy only to the obstructive material, so a perforation in a 
region without atherosclerotic tissue can be avoided. 

catheter with an oval shaped and x-ray-dense marked tip into which an also marked 
0.6 mm-core silica fiber is inserted and fixed in eccentric position. Previous in vitro 
studies proved laser angioplasty with a melted fiber to be more effective in tissue 
vaporization (12, 16), so the fiber tip is prepared to melt down during laser irradia­
tion. Furthermore, it is neccessary for controlled tissue vaporization to keep the fiber 
tip in direct contact to the obstructive tissue. To prevent perforation , the catheter is 
advanced over an 0.014-inch-guidewire with a flexible, gold-coated wolframite tip . 
During laser angioplasty the laser catheter is rotated around the guidewire and is 
slowly advanced forward in order to vaporize an adequate new lumen while the fiber 
tip is flushed by sodium chloride with an infusion velocity of 15 - 20 ml per min . The 
laser source is a continous-wave Nd :YAG laser (Medilas 40, MBB, Munich) with a 
wavelength of 1064 nm used in a chopped mode. Laser energy is applied in series of 
pulses with a pulselength of 0.2 s at a laser power of 30 watts, resulting in a pulse 
energy of 6 Joule. The frequency of pulse is 2 per s. 

The procedure, including all possible complications, is explained to the patients 
prior to the treatment and written consent is obtained. 

In patients with lesions in the femoropopliteal artery the common femoral artery 
is punctured by an antegrade stick and an 8-F introducer sheath is placed intraarte­
rially . Patients with iliac artery stenoses have a retrograde common femoral artery 
puncture on the contralateral side for diagnostic angiography and an ipsilateral 
retrograde common femoral artery puncture for laser angioplasty. After taking an 
angiogram the lesion chosen for laser treatment is marked by metal clamps and an 
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x-ray-dense grid and the guidewire for laser angioplasty is passed over the stenosis 
or occlusion, the laser catheter is advanced under fluoroscopic control over the wire 
to the obstruction and finally, laser angioplasty is started. The result of the proce­
dure is checked by intermittent injections of diluted contrast material and laser 
angioplasty is continued until the laser catheter can easily cross the lesion. 

As a part of our initial protocol all patients with obstructions in the femoropo­
pliteal arteries were treated by conventional balloon angioplasty following laser 
angioplasty to reduce residual stenosis and to smooth further irregularities of the 
vessel wall. As discussed later, an additional balloon dilatation may cause some 
complications and we therefore decided to treat our patients who had iliac artery 
stenoses with laser angioplasty alone. 

Before and after laser angioplasty all patients received careful clinical investiga­
tion, including Doppler measurement; follow-up examinations were performed after 
three and six months, and then after every six months. The degree of stenosis before 
and after laser angioplasty was evaluated, Doppler ankle-arm index was calculated, 
and in patients with iliac artery stenosis direct measurement of the systolic blood 
pressure gradient across the stenosis was performed. In cases of suspected recurrence 
digital subtraction angiography was used to visualize the treated region. 

The patients wer pretreated with platelet aggregation inhibitors (acetylsalicylic 
acid 500-1000 mg), mostly in combination with dipyridamole (150- 225 mg) for at 
least one day; the same medication was given during the follow-up period. During 
the laser angioplasty procedure 5000 to 10000 units of heparine were injected in­
traarterially; within the following one to two days, 25000 units of heparine were 
given intravenously. Most patients were discharged within three days after the pro­
cedure. 

Results 

In 25 out of 26 patients (96 %) laser angioplasty was initially successful, resulting in 
recanalization of an obstruction and leaving a residual stenosis of less than 50%. 
Laser angioplasty failed in one patient with a long, strongly calcified superficial 
femoral artery occlusion. 

In 16 out of 19 patients with lesions treated in the Jemoropopliteal region the 
clinical Fontaine stage improved; in no case did it deteriorate. The mean degree of 
stenosis decreased from 91 ± 12 % before laser angioplasty to 31 ± 19 % after laser 
angioplasty. Additional balloon dilatation further reduced the mean degree of steno­
sis to 13 ± 18 %, but in eight patients dissections of the vessel wall were observed. 
In three patients Doppler examination was not possible due to sclerosed distal 
vessels. In the remaining 16 patients the mean Doppler ankler-arm index improved 
from 0.56 ± 0.25 before treatment to 0.89 ± 0.24 after combined laser and balloon 
angioplasty. There were no severe acute complications such as vessel wall perfora­
tions, acute reocclusions, major bleedings at the puncture site or significant periph­
eral embolizations. In seven cases microembolizations were detected on the final 
angiogram after additional balloon dilatation. In none of these cases did any related 
clinical symptom occur; in two cases spontaneous lysis of these emboli was proven 
by additional contrast injection. Early digital subtraction angiography three days 
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Fig. 2. Angiogram of a 78-year-old male with an eccentric superficial femoral artery stenosis before 
(left) and after (right) combined laser and balloon angioplasty 

after the procedure showed patency of all treated lesions, within the following three 
months the clinical state remained unchanged, as did the Doppler index 
(0.82 ± 0.22). Within a total follow-up period of 18 - 24 months (mean 19.4 months) 
17 patients with 19 treated lesions were observed. There were no reocclusions but 
there were four recurrences with significant stenoses in the formerly treated region 
resulting in a patency rate (concerning restenosis) of 76 %, according to the number 
of patients, or 79 % according to the number of treated lesions. The mean Doppler 
index was reduced to 0.75 ± 0.32 . 

All seven patients who had laser angioplasty for iliac artery stenoses were treated 
with primary success (100%) by laser angioplasty alone and the clinical stage im­
proved in each individual. The mean degree of stenosis decreased from 86 ± 10% 
before laser angioplasty to 22 ± 18 % after laser angioplasty. Direct blood pressure 
measurement showed a reduction of the mean systolic pressure gradient from 
65 ± 17 mm Hg to 17 ± 15 mm Hg. Accordingly, the Doppler ankle-arm index im­
proved from 0.61 ± 0.20 to 0.90 ± 0.15. Serious complications requiring surgery did 
not occur, but in one case extensive hematoma at the puncture site required blood 
transfusion - thereafter the patient did well and was discharged 10 days later. 

Within an early follow-up period of six months, 5 patients were examined ; in no 
case was a sign of restenosis detected. 
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Fig. 3. Angiogram of a 72-year-old male with a superficial femoral artery occlusion before (left) and 
after (right) combined laser and balloon angioplasty 

Discussion 

Laser angioplasty has evolved into an accepted new therapeutic method for the 
treatment of peripheral arterial occlusive disease. A variety of different laser 
catheters for peripheral recanalization has been developed (2, 5, 12, 13, 16, 20). In 
clinical studies laser probes (hot-tip, sapphire-tip) were preferred to bare-fiberoptics, 
because early bare-fiber laser angioplasty was limited by frequent mechanical or 
thermal vessel wall perforation and only inadequate lumen improvement, followed 
by an increased rate of early reocclusion (1, 5, 14, 15). Nevertheless, bare fibers have 
certain advantages for tissue vaporization: the temperature at the fiber tip increases 
within less then 0.05 s to a maximum of at least 1500 °C, the cooling time amounts 
to approximately the same (10). Therefore, even short pulses of 0.2 seconds can be 
applied effectively and the thermal damage to surrounding normal tissue and blood 
cells can be minimized and a controlled application of laser energy is possible. 

In comparison, the heat-up and cool-down times of thermal laser probes (hot-tip) 
are in a range of 3 - 5 s and the peak temperature is about 500 °C (2, 10). During 
heating and cooling the probe the risk of damaging normal parts of the vessel wall 
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Fig. 4. Angiogram of a 43-year-old male with a high-grade eccentric stenosis of the common iliac 
artery before (left) and after (right) laser angioplasty without additional PTA 

and the surrounding blood cells is markedly increased. A layer of coagulated blood 
or tissue may surround the probe and influence effective tissue vaporization (2) . The 
risk of thermal damage to deeper layers of the arterial wall is increased (coagulation 
zones of up to 1 mm were observed [13]) and may probably result in shrinking of 
these treated segments with subsequent formation of restenosis. In conclusion, the 
recanalization properties of the hot-tip are influenced by numerous variables, 
and due to this fact the outcome of laser angioplasty using this system is uncer­
tain. 

Complications such as vessel wall perforation can be reduced by laser probe 
angioplasty compared to the formerly used bare-fiber methods, nevertheless, a p er­
foration-rate of up to 14 % is reported in the literature (13, 20). A recent publication 
cited a high incidence of significant peripheral embolization in 33 % of the patients 
treated with the hot-tip system for a superficial femoral occlusion (11). Taking the 
advantages of bare fibers into account and knowing the possible complications of the 
method, a novel bare-fiber laser catheter was developed to allow safe and effective 
tissue vaporization (12, 16). The safeness of the new system was attained by use of 
a guidewire to prevent perforation, and application of only short laser pulses while 
the fibertip is cooled by flushing liquid, enabling controlled and localized vaporiza­
tion of atherosclerotic tissue which reduces thermal damage to surrounding parts of 
the vessel. By rotating the laser catheter around the guidewire a large new lumen 
(compared to previous bare-fiber laser angioplasty without rotation) was achieved. 
The results of this clinical study proved the safety and efficacy of the described 
catheter system, there were no serious complications related to the laser treatment , 
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and the initial success rate for stenoses and occlusions in iliac and femoropopliteal 
arteries was 96 %. In one case laser angioplasty failed in recanalization of a long and 
strongly calcified femoral obstruction. Previous studies demonstrated that Nd: YAG 
laser vaporization of calcified plaque is possible using melted fiber tips, but com­
pared to fibrous plaque approximately 10-fold energy is required to achieve the same 
effect (12, 16). Therefore, today only patients with short calcified stenoses or occlu­
sions were selected for laser treatment. 

In our initial clinical study that included 19 patients with femoropopliteallesions, 
laser angioplasty was completed by conventional balloon angioplasty as a part of the 
initial treatment protocol. It was suspected that balloon dilatation could reduce the 
remaining stenosis after laser angioplasty, smooth irregularities of the treated vessel 
wall, and thereby improve acute outcome and long-term success of the procedure. As 
can be seen by the values of mean percent stenosis, the major part of vessel recanal­
ization was achieved by laser angioplasty (91 % to 31 %); subsequent balloon angio­
pia sty further reduced the remaining stenosis (31 % to 13 %), but also caused dissec­
tions of the arterial wall in eight patients. In seven of eight cases dissections occured 
in patients with a 30 %-50 % residual stenosis after laser angioplasty; this may point 
out the necessity of effective lumen improvement by laser treatment even when laser 
angioplasty is performed as an adjunct to balloon dilatation. 

In twelve of nineteen patients (63%) laser angioplasty alone improved the angio­
graphic result to a residual stenosis of 30 % or less, thus indicating a good functional 
result for vessel recanalization; further lumen improvement by additional balloon 
dilatation would not have been necessary in these patients. 

In seven patients clinically insignificant peripheral embolization were detected on 
the control angiogram taken after balloon dilatation. Microembolisms have also 
been described after conventional balloon angioplasty. The patients had no clinical 
symptoms and in follow-up studies performed early after embolization spontaneous 
clot lysis could be demonstrated in most cases (22). It is not yet clear which mecha­
nism caused microembolisms found in this study. There are two different in vitro 
studies dealing with surface thrombogenicity after laser angioplasty; Pollock et al. 
(17) reported an increased thrombogenicity after argon laser irradiation, Prevosti et 
al. (18) noted diminished thrombus formation after thermal laser angioplasty and 
direct Er: YAG laser application. If there is thrombus formation in clinical laser 
angioplasty, displacement of these thrombi by the balloon catheter may occur. 
Blood cell clotting induced by laser energy is another possible reason, but also 
ablation of larger atherosclerotic particles may be responsible. In the literature, 
embolization after laser angioplasty is reported to be low (13,20) - only in one recent 
study was a 33 % rate of significant peripheral embolization reported for hot-tip 
thermal laser angioplasty, and in 10 out of 12 cases surgical intervention was needed 
(11 ). 

Laser angioplasty is likely to reduce the restenosis rate compared to conventional 
balloon dilatation by removing atherosclerotic tissue. In experimental studies per­
formed in the atherosclerotic swine model a reduced incidence of restenosis was 
observed after laser angioplasty (19). Recently, Sanborn et al. reported on their 
results in 129 femoropopliteallaser recanalizations. In cases treated for stenoses and 
short occlusions ( < 3 cm) the recurrence rate within one year was only 5 % and 7 %, 
respectively (20). Gailer and coworkers reported for cases of balloon dilatation for 
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treatment of femoral artery stenoses (751 patients) and occlusions (518 patients) 
long-term success rates within two years of 76 % and 72 %, respectively (4). Within 
12-24 months after PTA of femoropopliteal lesions, Schneider reported a cumula­
tive patency rate of 69.3 % (21). 

In our initial clinical study we had to deal with all uncertainties of a new therapeu­
tic strategy, nevertheless, the patency rate within a mean follow-up of 19.4 months 
was 76 %, according to the number of treated patients, and 79 % with respect to the 
number of treated lesions. These results are comparable with the patency rates of any 
well-established and multiply performed procedure such as PTA. 

The reason for restenosis in our study is not clear. Probably the vessel wall 
irritation by combined laser and balloon technique is responsible. In three out of 
four recurrences dissections after PTA had occurred. To evaluate whether laser 
angioplasty alone is able to increase the long-term patency rate we have now started 
to treat patients by laser angioplasty without additional balloon dilatation. By an 
improvement of the catheter-technique even large iliac arteries could be recanalized 
with good angiographic and clinical results. In five patients no restenosis occurred 
within a short follow-up of six months (9). 

In summary, laser angioplasty using the described technique is safe and effective 
for the treatment of peripheral arterial occlusive disease. Even in this early clinical 
study in a limited number of patients long-term results are comparable with those 
reported after conventional balloon angioplasty. Better knowledge of proper case 
selection, improvement of laser catheters, and increased technical skill of the opera­
tor will improve these results. 
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Introduction 

Balloon dilatation (PTCA) at present seems to be the standard procedure for non­
surgical coronary angioplasty in patients with clinically significant stenoses (3, 5). 
Despite relatively high initial success rates of up to 90% and more (1), there are 
many patients with stenotic lesions (e.g., eccentric, calicified or longsized) that seem 
to be unsuitable for balloon dilatation. Moreover, recurrency rates after initial 
successful PTCA are in the range of 20 % - 30 %. This may in part be due to a 
traumatization of the vessel intima by the balloon inflation, which may cause the 
release of aggregatory and vasoconstrictor substances, as well as of proliferatory 
factors that result in growing of the atheroma at the site offoregoing PTCA. Lastly, 
with balloon angioplasty atheromatous material will not be removed or condensed 
as could be accomplished by atherectomy or thermal angioplasty. Therefore alterna­
tive methods of coronary angioplasty are being developed, among which radiofre­
quency angioplasty (4) and laser angioplasty (8) seem to be the most effective and 
attractive methods. Based on experimental results with radiofrequency thermal re­
canalization of thrombotically occluded arteries in domestic pigs (4), we have de­
signed a new catheter system for radiofrequency coronary angioplasty in patients 
with hemodynamically relevant coronary artery stenoses. 

Patients 

Thirteen patients, one female and 12 male, aged 30-60 years (mean: 54 ± 8 years) 
were treated with radiofrequency coronary angioplasty (RFCA). Twelve patients 
had stable angina pectoris of grade II - III according to CCS and one patient suffered 
from unstable angina. Nine patients had single-vessel disease, two patients double­
vessel, and two patients triple-vessel disease. Four patients had suffered a myocar­
dial infarction, (one non-transmural and three transmural infarctions), all located in 
myocardial regions that were dependent on the vessel approached for RFCA. In five 
patients regional hypokinesia was present on left ventricular angiography. Locations 
of stenoses were as follows: left anterior descending artery: n = 9, left circumflex 
artery: n = 2, and right coronary artery: n = 2. In eight patients RFCA was per­
formed as the primary treatment, in three patients as a secondary treatment for 
restenosis of a successfully dilated stenosis, and in two patients as a tertiary treat-
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ment following re-restenosis. In six patients RFCA was applied exclusively, in anoth­
er five patients followed by PTCA, and in two patients PTCA was performed first 
followed by RFCA. 

Methods 

The RFCA catheter consists of a flexible helical core, similar to those used as 
pacemaker electrodes, equipped with an electrode ring at the tip. The wire and the 
tip electrode are coated by polyurethane tubing so that the radiofrequency alternat­
ing current is delivered perpendicularly to the front line (cross-sectional area) of the 
ring electrode along the long axis of the vessel lumen. This prevents energy delivery 
and heating of the vessel wall in a radial direction and minimizes the risk for local 
thermal damage and perforation. This goal is supported by the use of a conventional 
guide wire, which can be advanced through the lumen of the RFCA-catheter, and 
placed distally to the targeted lesion, and thus will stabilize the catheter with it's tip 
in the central part of the vessel lumen ("over-the-wire technique"). Radiofrequency 
alternating current is delivered via the monopolar tip electrode in front of the 
atheromatous lesion, and is run through the tissue to the indifferent plate electrode 
located on the back of the patient. The electrodes are connected to the HAT 100 (Dr. 
Osypka GmbH, Grenzach-Wyhlen, FRG), which generates and delivers a radiofre­
quency current of about 600 kHz. The maximal energy delivered by the HAT 100 is 
50 watt. In case oflight arc production, the radiofrequency generator is automatical­
ly cut off by special electronic circuitry. 

Following control coronary angiography, the steerable guide wire is placed in the 
vessel to be treated, advanced over the stenotic area and placed distally to the 
targeted lesion. Thereafter the RF catheter is advanced over the wire, until the tip 
of the catheter faces the lesion to be treated. Then the radio frequency current is 
delivered for a short period of time (seconds), the catheter is advanced over the 
stenotic area, the radiofrequency current delivery is switched off and the RFCA 
catheter is withdrawn to a position proximal to the targeted lesion. Thereafter, 
control angiography is performed and the angioplasty procedure is repeated if nec­
essary. In case of resistance to the advancing catheter, the delivery of radiofrequency 
current is immediately stopped in order to avoid vessel perforation. After repeat 
angiography with good anatomical result the catheter plus guide wire are withdrawn 
and final coronary angiography is performed. Pre- and post-medication of the pa­
tients is identical to that used for PTCA (aspirin 500 mg, nifedipin 20 mg, and 
isosorbide-dinitrate 60 mg per day). 

Results 

In 10 out of 13 patients (77 %) a reduction of area of stenosis of equal or more than 
20% was achieved. The mean area stenosis was 95 ± 2% before and 55 ± 12% after 
RFCA. In four patients initial RFCA results were about a 20 % reduction of the 
stenotic area, but from an angiographic view it was incomplete, and subsequent 
PTCA further reduced the stenotic area significantly in two instances. In one patient 
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Fig. I a. A 53-year-old patient with angina pectoris 3-CSS and high-grade stenosis of the LAD 
(97% area reduction, see arrow), prior to RFCA. Upper panel: 30°/20° RAO-projection; Lower 
panel: 45°/20° LAO-projection 

165 



Fig. I b. Same patient as in Fig. 1 a following radiofrequency coronary angioplasty (alternating 
current application 4 x up to 1.5 s). Reduction of the stenosis to 55 % (area stenosis). Three months 
following RFCA the residual stenosis was 62 % (not shown in this figure) 
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a subtotal reocclusion of the artery, whose stenosis area was initially reduced by a 
single FRCA procedure by more than 20 %, occurred later on. The site of occlusion 
could be passed by a balloon catheter, and balloon inflation was performed twice. 
The reopened vessel showed the same area stenosis as was present following initial 
RFCA treatment, i.e., PTCA was not more efficient than RFCA for reduction of the 
targeted coronary artery stenosis in this patient. In two patients chronic vessel 
occlusions were reopened by balloon catheters, and the underlying stenoses were 
successfully treated by subsequent RFCA (an example is shown in Fig. 1). 

In one patient only a short period of chest pain occurred during, and some minutes 
following, RFCA, and only mild ST segment elevations were seen at the end of 
RFCA treatment of a high-grade eccentric LAD stenosis. In none of the patients did 
chronic occlusion with subsequent myocardial infarction occur during or after RF­
CA procedures. 

A total of 3 -12 episodes of radiofrequency current delivery were applied and the 
mean duration of RF current delivery was 2.1 ± 1.8 s. The total duration in an 
individual was 7.7 ± 6.7 s as a mean. One patient developed short episodes ofven­
tricular arrhythmia only during the application of radio frequency current, but these 
arrhythmias stopped immediately after termination of radiofrequency current deliv­
ery. 

During a follow-up of three months, eight patients were restudied angiographical­
ly and in one of them restenosis occurred, in another reocclusion was present (total 
recurrency rate 2/8 = 25 %). In six out of nine patients followed so far a significant 
improvement of the clinical status, particularly of angina pectoris grade, was ob­
served. 

Discussion 

The initial experiences with RFCA reported here have demonstrated that hemody­
namically significant coronary artery stenoses can be reduced by this technique. 
Regarding the side effects it is remarkable that in none of the patients was perfora­
tion of the vessel observed, and the procedure was absolutely painless in all but one 
of the patients. The former may be particularly due to the fact that the episodes of 
radiofrequency current delivery were relatively short and, moreover, that an "over­
the-wire" technique was used with directing the long axis of the RFCA catheter 
within the central part of the artery. The painlessness of the procedure may be 
explained by the fact that the RFCA catheter did not occlude the vessel lumen prior 
to the treatment, when placed in front of the targeted lesion and the total occlusion 
time of the vessel during advancing the catheter over the stenosis was only a few 
seconds. Lastly, from our animal experiments and from theoretical reasons trauma 
of coronary artery vessel intima and vessel wall should be much less with RFCA than 
with balloon dilatation. 

The primary success rates (equal or more than 20% reduction of area stenosis) are 
in a similar range as reported for balloon angioplasty (1,2,3,5). However, the mean 
reduction of stenotic areas is smaller than that achieved by balloon angioplasty 
(RFCA: 50%-55% remaining stenosis, balloon angioplasty 25%-30%). The 
main reasons for this finding are technical peculiarities of the RFCA procedure itself 
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used so far in our institution. In this series of patients RFCA catheters with fixed 
diameters (1.5 mm) of the tip electrode ring were used. There is no doubt that the 
effect of RFCA with these catheters will be much better in coronary arteries with 
smaller diameters (1.5-2.0 mm) than in those with larger diameters (2.0-4.0 mm). 
Therefore we have developed a new set of RFCA catheters with variable diameters 
of the "burning" tip that can be changed over a flexible guide wire ("over-the-wire" 
technique), which remains in place within the coronary artery with it's tip distal to 
the targeted lesion. We expect that with this new type of exchangable RFCA catheter 
stenotic lesions can be stepwise reduced by sequential application oflarger diameters 
of the RFCA catheters. 

The recurrency rates of RFCA so far seem to be in the same range as that reported 
for balloon angioplasty (RFCA: 25%, balloon angioplasty: 20%-30% of initially 
successfully treated coronary arteries). This may be partly explained by the use of the 
RFCA catheters with a fixed diameter that did not provide an optimal primary 
reduction of the stenotic lesion. An additional explanation may be that a number of 
patients treated with RFCA were those who already had experienced are-stenosis 
or second re-stenosesis following an initial successful balloon angioplasty procedure. 
With the new RFCA catheters short- and longterm effects of balloon angioplasty 
and RFCA have to be compared in a randomized prospective trial in patients with 
primary treatment with either type of angioplasty. This study is now in the planning 
stage at our institution. 
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Introduction 

Newly developed, high-resolution fiberoptic angioscopes allow direct percutaneous 
examination of the endothelial surface of the coronary artery during acute interven­
tional therapy. Our initial experience with these devices was achieved during periph­
eral and coronary bypass surgery (1). Our present research is aimed at translating 
our intraoperative experience to percutaneous procedures. Coronary artery stenosis 
is known to cause angina pectoris but the etiology of acute changes in symptoms is 
not well defined. Coronary spasm, progressive stenosis, ruptured endothelium, and 
coronary thrombosis have all been implicated as causes of unstable angina. These 
same mechanisms may also playa role in the acute interventional setting. Systematic 
angiographic studies have shown that coronary thrombosis is present in as few as 
2 % or as many as 52 % of patients with unstable angina. However, in a recent study, 
96 % of patients dying within 6 h of an acute ischemic event were found to have 
coronary thrombi or ulcerated plaque at autopsy (2). The cause of acute failure in 
the interventional setting remains poorly defined. The goal of our research is to 
define the sequence of events which occurs during acute angioplasty failure and the 
causes of acute ischemic syndromes. 

Technology of angioscopy 

Angioscopic technology is rapidly evolving. Less than four years ago the smallest 
available angioscope was 1.5 mm (3). To date we have performed percutaneous 
coronary angioscopy in 11 patients with prototype devices (AIS, Costa Mesa, Cali­
fornia) that are 0.45 mm. in diameter with 3000 pixels. This angioscope is housed in 
its own 5 French guide catheter and gives high resolution images (greater than 25 line 
pairs/mm at 5 mm). Similar devices are under development by Vascucare, Inc. (New 
York), ACS (Mountainview, California) and USCI (Massachusetts). Several other 
endoscopic manufacturers are considering development of percutaneous coronary 
angioscopes. The American Edwards Division of Baxter (Santa Ana, California) is 
developing digital angioscopy to improve image quality and decrease the number of 
pixels necessary for imaging. Olympus Corporation (Rye, New York) has developed 
an angioscopy pump for effective irrigation in both the percutaneous and the intra­
operative setting. 

To date no entirely integrated percutaneous angioscopic system exists, although 
all the parts and pieces are available from various manufacturers. Prototype devices 
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to fit inside guidewires with a diameter as small as 200 mm are under development. 
Rapid progression of electro-optic technology will lead to more practical angioscop­
ic systems. Until such practical systems are developed, angioscopy will remain a 
research tool. 

Stable atheroma 

In patients with chronic stable angina, the intimal surface is typically smooth, yel­
lowish-white and glistening without evidence of disruption (4). The earliest nonob­
structive lesions are oblong and oriented along the axis of flow; obstructive lesions 
can be concentric or eccentric. The small nonocclusive oblong protrusions are fatty 
streaks, which are composed predominantly of lipid laden macrophages. As the 
lesion enlarges smooth muscle cells migrate from the media into the subendothelium, 
and the lipid-laden macrophages are covered by a fibrous cap. 

In patients with stable exercise-induced angina, balloon angioplasty causes 
stretching and disruption of the fibrous cap. Our angioscopic observations have 
revealed that the intimal surface may remain intact during angioplasty (5). Indeed, 
the intimal surface appears to stretch with the balloon in some cases. In other 
instances balloon angioplasty results in linear tears in the endothelium. The outcome 
of this tear depends upon the length and depth of the rent. Our observations of these 
tears, intimal flaps, and dissections lead us to believe that the pattern observed in 
unstable ischemic syndromes closely parallels the events observed during acute inter­
ventional therapies. 

Endothelial ulceration 

The distinguishing feature between acute and stable coronary disease at angioscopy 
is the endothelial ulcer (6). Thus far, all but one of our patients with accelerated 
angina examined angioscopically revealed disruption of the endothelium in the of­
fending artery (7). In the case of acute ischemic syndromes, the cause of endothelial 
ulceration is not well established. However. in acute intervcntional therapies. abra­
sion of the intimal surface (either by mechanical trauma, wire abrasion, balloon 
overdistention, or rigid fibrotic vessels subjected to angioplasty) results in platelet 
deposition and aggregation. Interestingly, the mechanism by which ulceration leads 
to unstable angina may be through release of vasoconstrictive compounds from 
platelet aggregates and macrophages. 

Angioscopic experience in failed PTCA 

Endothelial disruption occurs in both successful and unsuccessful angioplasties. 
However, in successful angioplasties, the extent of this disruption appears to be 
limited to linear tears which do not invade the media. Our angioscopic experience 
during PTCA suggests that endothelial disruption that progresses beyond linear 
tears to circumferential lesions, dissections into the media, or denudation of the 
surface invariably results in thrombus formation. Both the endothelial disruption 
and the subsequent thrombus formation are poorly defined by angiography. Indeed, 
several patients who were initially thought to have had successful balloon angioplas-

170 



ty which subsequently closed acutely within 48 h were found on angioscopy to have 
thrombi (8). 

Our previous experience in intraoperative angioscopy demonstrated that an­
gioscopy provides information not available by angiography (9). This finding is 
reinforced by our observations during acute PTCA failures. In six patients who had 
acute PTCA failure, intimal flaps and thrombi were seen in all, but were detected 
angiographically only in two (10). Of the three failed PTCA patients with dissection, 
only one was seen angiographically. These angioscopic images lead us to believe that 
the process of endothelial disruption, platelet aggregation, and thrombus formation 
is a major cause of acute PTCA failure. 

Thrombosis 

Our intraoperative angioscopic experience has demonstrated that 87 % of our pa­
tients with unstable rest angina have had sub occlusive thrombus (6). These findings 
have been supported by the percutaneous observations of Hoher et al. (11) and Inoue 
et al. (12). In many cases irrigation removes the overlying thrombus to reveal an 
ulcerated intimal surface. In studies by Cowley et al. (13) and Park et al. (14), the 
presence of unstable angina and lesion thrombus was associated with an increased 
morbidity and mortality. The presence of thrombus suggests an underlying ulcerated 
thrombogenic surface. Balloon angioplasty appears to expose this surface to the 
blood stream and along with the thrombus already present, increases the potential 
for thrombotic reocclusion. 

In animal experiments, our angioscopic observations have led us to believe that 
angioplasty of acute thrombotic occlusions leads to aggressive thrombosis despite 
adequate heparinization. We have observed a condition we term "malignant throm­
bosis" in patients with unstable angina or acute infarction. In these patients angio­
plasty of thrombotic lesions initiates activation of the clotting cascade which leads 
to abrupt vessel reclosure. 

Studies by Ogilby et al. (15) and Pow et al. (16) suggest that pretreatment with 
heparin prevents abrupt closure and reduces propagation of intraluminal thrombus 
in acute PTCA. These studies are further supported by the results of Douglas et al. 
(17). Our angioscopic observations confirm that acute thrombus is present in almost 
all patients with acute myocardial infarction or unstable angina. In patients with 
previous myocardial infarction angioscopy performed between seven and 21 days 
post-infarction revealed spontaneous lysis, thrombus incorporation into the arterial 
wall, or recanalization of the artery. 

Angioscopy for guidance of interventional therapies 

In 1984, we used angioscopy in seven cases of argon laser angioplasty. Our angio­
scopic observations led us to realize that this laser source was inappropriate for 
vascular recanalization. In seven patients with occlusive arterial disease of the super­
ficial femoral arteries, we demonstrated angioscopically that the argon laser was 
ineffective in vivo as it could not ablate calcified plaque. Despite vigorous irrigation, 
angioscopy clearly demonstrated the significant thermal damage produced by this 
continuous wave energy source (18). 
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Subsequent studies in our laboratory showed that angioscopy was effective for 
assessing the nature of the intimal surface, but without active steering it was ineffec­
tive in coaxially aligning the laser fiber. However, angioscopy after either laser 
angioplasty, or atherectomy clearly delineated the presence of flaps or thrombi 
which were not detected by angiography. Angioscopy revealed that excimer laser 
angioplasty both in the animal lab and in humans, produces smooth precisely cut 
channels with minimal, if any, flap formation. In contrast, rotational atherectomy 
tended to cause intimal disruption. 

Conclusion 

In summary, high-resolution ultrathin angioscopes permit direct visual examination 
of the intimal surface during interventional procedures. This information precisely 
delineates the presence of thrombi, intimal flaps, and eccentric stenoses and may help 
guide therapy. However, given the state of the art, routine angioscopic evaluation of 
angioplasty procedures is not yet a reality. Rapid progression of technology may 
improve the ease of use of these devices and permit direct evaluation in the post-in­
terventional setting. 
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Since the introduction by Griintzig et al. (1) of non operative treatment of coronary 
artery stenosis (PTCA) significant progress has been made in methods for the treat­
ment of arterial atherosclerotic disease. Currently many recanalization methods are 
being developed to reopen obstructed arteries during catheterization. New methods 
currently being studied include a rotating abrasive tip as suggested by Ritchie et al. 
(2), an atherectomy catheter tip method by Simpson et al. (3) and, for instance, a hot 
tip method as described by Sanborn et al. (4). In addition, direct laser application is 
also being considered for treating arterial obstruction (5,6). 

Complete removal of the obstruction might reduce the occurence of restenosis. 
Such techniques should, in addition, allow treatment of total occlusion not accessible 
by the current balloon dilatation techniques. But there is an increased need for a 
method to study the arterial wall beneath the endothelial surface in order to monitor 
plaque ablation in real-time thus providing the necessary operator feedback on the 
efficacy of this intervention. The steerability of the ablation process is as important 
as the removal of obstructing tissue and the healing response itself. 

One of the main problems is arterial curvature and the asymmetry of the obstruc­
tion in relation to the arterial wall. In many of the newly proposed recanalization 
methods, this asymmetry introduces the risk of arterial wall perforation. For optimal 
use, knowledge of the localization and geometry of arterial obstruction is necessary. 
Catheter tip ultrasonic guidance seemed a good choice. On the other hand newer 
insights into the pathogenesis and pathophysiology of atherosclerosis and the poten­
tial of influencing the disease process with drugs further stimulated the development 
of methods to study the arterial wall. Ultrasonic intravascular imaging offers this 
unique potential and explains the increasing interest in this technique. This paper 
describes the technical aspects and first results of in-vitro experiments with high 
frequency intra-arterial echo imaging. 

Early developments and early transducer for use inside the human body 

As early as 1960, Cieszynski (7,8) obtained echoes from within the heart with a single 
catheter mounted transducer introduced via the jugular vein in dogs. In 1964, Kimo­
to el al (9) reported their results with an intravenous transducer. After their first 
initial report, Omoto et al. (10) published their experience with an intravenous 
probe. The carrier of the probe consisted of a stainless steel tube with a 1.2 mm 
outside diameter and a wall thickness of 0.2 mm. Tomograms were obtained by 
rotation and withdrawal of the probe. Later, this method was extended by ECG 
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triggering which allowed cross-section'al images to be obtained at a specific phase of 
the cardiac cycle. This method was similar to compound scanning (11). 

The principle of a transducer mounted at the tip of a catheter from which the beam 
scans structures which are aligned perpendicularly to it offers the simplest approach 
to cross-sectional sonography. If the transducer rotates in synchronism with a dis­
play time-base, radial scanning produces images perpendicular to the catheter. This 
rotational technique was already used by Wild and Reid (12) in 1957 for intra­
rectal scanning. 

Early catheter tip work in Rotterdam 

As early as 1969 we started a program to develop two-dimensional real-time invasive 
ultrasonic imaging using state-of-the-art technology. A 32-element circular array 

A 

B 
Fig. 1. Circular phased-array catheter for intracardiac ultrasonic real-time cross-sectional imaging. 
The catheter is 3 mm (9F) in diameter and is shown in the upper panel (A). An enlarged view of 
the 32-element catheter-tip is presented in the lower panel (8) 
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Fig. 2. Cross-sectional images of the left ventri­
cle obtained during an experiment in a pig. The 
upper panel was recorded at the end-diastole 
and the lower panel in systole. The catheter arti­
fact is in the middle and the outer cicle repre­
sents the viewing depth which is 4 cm. Note the 
ambiguous representation of the left ventricular 
cavity but there is clearly a systolic-diastolic 
change in surface area (ECG: electrocardio­
gram) 

with an outer diameter of 3.2 mm mounted at the tip of a 9 French catheter, as 
illustrated in Fig. 1, was constructed (13, 14). As pointed out in the original paper 
(13), the array design had to be a compromise between the optimal design and the 
limitations imposed by technological constraints. The final design was chosen to 
operate at 5.6 MHz with a narrow main beam at the cost of a pronounced grating 
lobe at ± 56 0 • As a consequence the resulting display of an intracardiac scan was 
made up of three components: an image of echoes gernerated within the main beam 
and two superimposed images of reduced intensity from grating lobe echoes, but 
rotated over ± 56 0 • The net result is an ambiguous image as is illustrated in Fig. 2, 
obtained from within the left ventricular cavity of an experimental animal. A further 
reason not to adopt the multi-element course for intra-arterial imaging was the 
expected transmission pulse transient effect masking the nearby structures. The main 
limitations inherent in phased-array technology is that it is both complicated and 
expensive. Miniaturizing is difficult and poses serious technological problems both 
for the construction of the circular array of extremely small elements and the wiring 
through the limited lumen of the catheter. Lack of resolution in the near field and the 
size of the transducer continue to make circular phased-array systems unsuitable for 
intravascular imaging of smaller diameter vessels. In addition, for integration with 
spark erosion for the purpose of recanalization, the electronically steered phased 
array approach was not considered to be a first choice. Work has subsequently been 
focused on mechanical sector scan methods and we therefore opted for a 20 MHz 
single element construction in combination with an acoustic mirror. The diameter of 
the transducer element was selected to be 1 mm, using conventional technology. In 
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a first set-up this element was provided with air backing and mounted onto a metal 
bar for study of sensitivity, working frequency, dead zone, echo pulse length and 
beam characteristics. Experience gained with these preliminary trials led us to the 
decision to design a mechanically rotating catheter-tip device that would provide 
cross-sectional two dimensional images. A single-beam A-mode display resulting 
from only one or a few forward looking acoustic elements at the tip was regarded too 
difficult to interpret. 

Recent catheter tip work in Rotterdam 

In Fig. 3, a schematic drawing of the echo/recanalization catheter tip is shown. The 
outer diameter is 2 mm. The mirror is mounted at the end of a flexible wire and can 

Fig. 3. Schematic drawing and photograph of a prototype spark erosion/ultrasonic imaging combi­
nation. Outer diameter is 2 mm. 1. catheter wall 2. electrode wire 3. rotating wire 4. acoustic mirror 
5. acoustic element 6. electrodes 
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Fig.4. First image obtained in vitro using the catheter shown in Fig. 3. On this image only the very 
strong echoes from the cage construction (A) and a plaque (8) are displayed 

be rotated. The piezoelectric element is positioned over an airbacking for optimal 
sensitivity. The tip exists of three mutually isolated electrodes. The three electrodes' 
wires form an open cage for the echo signals and support the catheter tip. The three 
electrodes cause the cage echoes in some of the described results. The transducer 
wires are glued onto two of the isolated spark erosion electrodes. A first result from 
an in-vitro image as obtained with the catheter is shown in Fig. 4. In this image, the 
three cage echoes (A) and the echo of the calcified plaque (B) are clearly visible. 
These images show the possibilities of intra-arterial structure localization. Further 
studies taught us the limitations caused by the cage echoes and the design was 
modified . A rotating tip was designed and is illustrated in Fig. 5. Here the acoustic 
element is mounted at the fixed end of the catheter and the rotating tip is activated 
through a flexible shaft. In the tip a mirror for the ultrasound waves and an electrode 
for the spark erosion technique are incorporated. The first design features no contact 
of rotating mechanical parts with the internal arterial wall. The second design has the 
advantage that the image plane and the spark erosion plane are almost identical. An 
ultrasound intra-arterial image obtained from a specimen of the carotid artery is 
shown in Fig. 6. Water was used as a coupling liquid. The diameter of the lumen of 
this specimen approximates 5 mm. Inner and outer sides of the arterial wall are 
clearly visible. The two areas of plaque are clearly visible on the anatomic cross-sec­
tion as well as on the echo image. This image was obtained with the in-vitro set-up 
as shown in Fig. 3. 
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Fig. 5. A rotating tip design is illustrated in this figure. Here the acoustic element (23) is mounted 
at the fixed end of the catheter (21) and the rotating tip (26) is activated through a flexible shaft (28). 
In the tip a mirror (30) for the ultrasound waves and an electrode (27) for the spark erosion 
technique are incorporated 

Fig. 6. First imaging results illustrated in an arterial specimen (A) and the corresponding intraarte­
rial echo image (8) as obtained with the transducer assembly shown in Fig. 5. 

The catheter diameter size required was based on work on the internal diameter 
of the coronary artery in normal adults. MacAlpin et al. (15) indica te that the lumen 
diameter of the right coronary artery ranges from 3.2 ± 0.6 mm (proximal) to 
2.7 ± 0.7 mm (distal). The main left coronary artery lumen diameter was measured 
to be 4.0 ± 0.7 mm. For the left anterior descending artery a range was measured 
from 3.4 ± 0.5 mm (proximal) to 1.9 ± 0.3 mm (distal) and for the circumflex of 
3.0 ± 0.7 (proximal). From this material it was concluded that in a first approach a 
2 mm outer diameter catheter would be sufficiently small. 

Recently, we constructed such a 2 mm (7F) catheter-tip-based single-element 
transducer system which operates at 40 MHz (16). An acoustic reflector rotating at 
3000 rpm sweeps the sound beam in a 360 0 arc. The transducer assembly is mounted 
at the tip of a 2 mm (7F) catheter and allows high resolution real-time imaging. A 
series of studies performed in vitro on human carotid arteries have accurately 
demonstrated both arterial lumen geometry and wall tissue abnormality including 
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Fig. 7. An intravascular image of a human carotid artery with atherosclerosis obtained in in vitro 
experiment (A). The pathologic specimen is shown in the lower panel. Note the good histopatholog­
ic correlation. Two areas with atheroma are clearly visualized (arrows) 

atheroma. The images show extremely good correlation with the histopathologic 
findings (Fig. 7). Subsequent intravascular studies of carotid arteries in experimental 
animals have demonstrated excellent clinico-pathologic correlation of both wall 
structure and dynamics. 

The principle of a rotating single element transducer is simple and its construction 
can be made small enough to allow imaging of small diameter coronary arteries. This 
imaging system could in theory be combined with a desobliteration device. Equipped 
with a guide wire it could be manipulated into the required intravascular positions 
in a manner similar to a PTCA catheter. However, significant technical problems 
must still be solved such as an optimization of the driving mechanism while keeping 
the transducer fully flexible and steerable. 

Conclusion 

The need for better visualization of arterial obstructive lesions is a consequence of 
the rapid development of inter ventiona I radiology and cardiology, and in particular, 
the newer methods for angioplasty (laser, atherectomy, abrasion, spark erosion, etc.) 
of stenosed arteries. An imaging method which could show lumen morphology, 
extent of atheroma and other pathology within the vessel wall would have advan­
tages for the diagnosis and treatment of arterial disease. Ultrasonic imaging offers 
this unique advantage since it allows the operator to see under the endothelial surface 
and to visualize the arterial wall components. In addition, the method has the 
potential for tissue characterization and this may provide further details of arterial 
wall pathology, especially the differentiation between various types of atheroma 
(calcified vs non-calcified), thrombus and the native vessel wall. Recent in vitro 
studies with a prototype intraluminal ultrasonic catheter support this possibility. 
The combination of intravascular ultrasonic imaging and sensing would be of major 
help before, during and after intravascular intervention as a guidance tool. 
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Current status of intracoronary stents 
J. S. Douglas, Jr. 

Andreas Griintzig Cardiovascular Center, Departments of Medicine and Radiology, 
Emory University School of Medicine, Atlanta, Georgia, USA 

Introduction 

Although a decade of experience has resulted in improved initial success of percuta­
neous trans luminal coronary angioplasty (PTCA) even in the presence of more 
difficult anatomic problems (1, 2), the technique fails to yield lasting results in a 
significant percentage of patients. Early failures occur due to abrupt coronary artery 
closure in approximately 5 % - 7 % of all patients (3,4), and it is in these patients that 
most of the procedure related morbidity is encountered (3, 5). Restenosis appears in 
approximately a quarter of all patients within six months and in over one half of the 
patients undergoing vein graft PTCA (7, 8). Although a number of clinical, angio­
graphic and procedural factors have been identified which appear to be associated 
with an increased risk of acute occlusion (3, 4, 9,10,11) and restenosis (6, 7, 8), the 
occurrence of these events in individual patients remains unpredictable. If one as­
sumes that the results obtained in 14 experienced American centers participating in 
the 1985-86 NHLBI registry are similar to those in current practice, performance of 
250000 procedures annually world-wide would be expected to result in 19000 acute 
closures (a 7.7% incidence) and 2750 in-hospital deaths (a 1.1 % incidence). 
Restenosis would be expected in at least 75 000 patients (assuming a 30 % incidence). 
The enormous cost and morbidity related to these major limitations of PTCA have 
fostered innovative new invasive approaches aimed at maintenance of coronary 
luminal integrity. Placement of intra coronary stenting devices, a concept introduced 
by Dotter two decades ago (12), has been performed in several animal models and 
a number of different stent designs are currently undergoing clinical trials. Although 
still in an embryonic stage with respect to design features, determination of clinical 
utility and indications, and optimal adjunctive therapy, these new techniques have 
stimulated intense interest and may provide a method for treatment of patients who 
are now failures of PTCA or they may even become a routine component of angio­
plasty in some specific patient subgroups. The place of intravascular stenting in our 
therapeutic armamentarium will be determined by critical analysis of ongoing labo­
ratory and clinical evaluations and technological improvements. 

Stent design 

Although a number of device prototypes are currently undergoing preliminary test­
ing in Europe and the United States, most of the reported animal and human 
coronary experience has been with stents composed of stainless steel. In general, 
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Table 1. Characteristics of an ideal stent 

• Simple accurate deployment 
• Non-migrating 
• Predetermined length and diameter 
• Radial force to maintain lumen 
• Non-thrombogenic 
• Rapidly endothelialized 
• Flexible 
• Inert or absorbed 
• Radiopaque 
• Withstand motion stress 
• Preserve side branches 

these devices have either plastic qualities which permit them to be expanded by 
balloon inflation or elastic self-expanding characteristics. None of the current de­
signs satisfy the requirements for an ideal stent (Table 1). Three stainless steel stents, 
the Medinvent stent (13), the balloon expandable etched tube of Palmaz (14, 15, 16) 
and the balloon mounted interdigitating coil stent of Gianturco have undergone 
preliminary animal and human testing. The Medinvent mesh stent is mounted on a 
1.5 mm delivery catheter and released by withdrawal of a restraining membrane. 
This stent is reported to be awkward to deploy, somewhat inflexible, and poorly 
radio opaque. The Palmaz stent is inflexible and therefore unsuitable for tortuous 
coronary arteries. The Gianturco designed coil stent, although flexible and easily 
deployed, has the least ability to withstand elastic recoil forces tending to collapse 
the lumen and also is poorly radiopaque. All stents are inherently thrombogenic and 
only relatively inert. Each of these stents, however, is potentially capable of yielding 
a cylindrical lumen of predetermined diameter with more favorable flow character­
istics than can be achieved by balloon angioplasty alone. 

Animal models 

In each stent design, implantation in animal models preceeded human application 
(13-17). No animal model, however, satisfactorily simulates human atherosclerosis. 
Using scanning electron microscopy, stents implanted in canine coronary arteries 
have been shown to be firmly imbedded in intimal trenches and covered by fibrin and 
a non-confluent endothelium at one week and by confluent but non-flow directed 
endothelial or pseudoendothelial cells at two to three weeks (18) (Fig. 1). After 
several months a mature confluent and flow directed endothelium is present. Stents 
are embedded in a neointima that on average is less than 300 !-lm (17) (Fig. 2). 

Non-occlusive thrombus formation appears to be common shortly after stent 
placement and is reduced by antiplatelet and other antithrombotic therapy (9, 19). 
Gross and histologic documentation of early thrombus formation that is angio­
graphically silent suggests that subclinical thrombus formation in human stenting 
may be common and the substrate for thrombotic stent occlusion. There is little 
thrombotic tendency once the stent is covered by endothelium. However, extrapola­
tion of these results to diseased human coronary arteries is not possible. The gener­
aIly good results in the canine model may be in part attributed to the normal arterial 

184 



A B 

C 
Fig. 1. Scanning electron micrographs of cut sections of stented canine coronary arteries showing 
luminal surfaces. (A) At three days after stent placement (35 x), stent wires are seen "entrenched" 
with some overlying thrombus. (B) At four weeks after stent placement (35 x ), reendothelialization 
has occurred, minimal thrombus is present. (C) At 18 months after stent placement (35 x), endothe­
lial cells are confluent and flow-directed. Minimal intimal hyperplasia is present with no thrombus 
(Courtesy Keith A. Robinson) 

surface underlying the stent and to the active canine fibrinolytic system. In addition, 
the time required for reendothelialization of stents in diseased human arteries may 
be significantly longer than in canine models. 

Introduction of atherosclerosis in swine and rabbits has permitted testing of stent 
placement following PTCA in these models. Although a tendency for restenosis was 
documented in the rabbit, the larger initial lumen achieved by stent placement was 
maintained at late follow-up (20). In some animal models neointima covering the 
stent appeared to act as a barrier to atherogenesis, limiting atheroma progression to 
a position exterior to the stent. The relevance of this observation to human 
atherosclerosis is not known. 

Anti-thrombotic therapy 

Adjunctive therapy with anti platelet agents, heparin, warfarin, dextran, thrombolyt­
ic agents, and other antithrombotic measures have not been systematically tested in 
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Fig. 2. Scanning electron micrographs of the luminal surfaces of stentcd canine coronary arteries. 
(A) At one week after stenting (860 x). regenerating non-confluent endothelium is present with 
extended pseudopodia. Some adherent platelets and red blood cells are present. (B) At two wecks 
after placement (514 x), endothelial cells are oriented circumferentially ovcrlying the stent wires on 
the left of the micrograph and longitudinally outside the trench on the right. (C) At twelve months 
following stent placement (2,560 x), endothelial cells directly over stent wires are now oriented in 
the direction of blood flow (note prominent cell junctions). (Courtesy Kcith A. Robinson) 

human subjects. Ideally, such therapy should be effective until reendothelialization 
occurs. Attempts are being made currently to reduce the thrombogenicity of stents 
by coating with a heparin substrate. 

Human testing 

Most of the clinical experience obtained with intracoronary stent placement has been 
with the Medinvent mesh stent (13). Initial results with this stent were marred by a 
significant instance of thrombotic occlusion within a few hours or days of placement 
(21). In 23 patients five acute thrombotic occlusions occurred immediately and five 
others in three-to-five days. Patients who are apparently at higher risk of acute 
thrombotic occlusion of the stented artery include those with slow coronary flow, 
i.e., following myocardial infarction and in cases of obvious intracoronary thrombus 
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Fig. 3. Scanning electron micrograph of stcnted 
canine coronary artery at 15 months after stent 
placement (94 x). This micrograph shows a 
stent wire spanning a side branch ostium com­
pletely covered with endothelium. (Courtesy 
Keith A. Robinson) 

Fig. 4. Dilatation of the proximal left anterior descending coronary artery in an elderly lady was 
complicated by dissection of the proximal left anterior descending and diagonal coronary arteries. 
Acute occlusion was associated with chest pain and anterior ST segment elevation (center). Redi­
latation was not successful and a 3 mm stainless steel coil stent was placed in the proximal left 
anterior descending artery (right) restoring flow with relief of ischemia in the distribution of this 
artery. The patient underwent prompt coronary artery bypass grafting to the left anterior descend­
ing and diagonal coronary arteries as mandated by an FDA protocol. The electrocardiogram and 
ejection fraction following bypass surgery were normal. Placement of intracoronary stents as a 
"bailout" device in failed angioplasty appears to be safe and effective treatment minimizing ischemic 
injury associated with acute occlusion 

formation. The best clinical results have been obtained in patients with acute closure 
following angioplasty and in vein graft stenosis. Sigwart has reported a low incidence 
of thrombotic stent occlusion in these patients and late restenosis has been infre­
quent (22). Very limited experience suggests that repeat angioplasty does not solve 
restenosis occurring within the stented segment. Percutaneous atherectomy has been 
performed successfully for this problem and long-term results are unknown. Histo­
logic examination of the material removed revealed dense fibrosis (Gregory C 
Robertson - personal communication). Restenosis has been noted to occur at the 
ends of the somewhat inflexible stent. Whether this problem can be alleviated by 
design changes in the stent remains to be determined. 

In our center six patients have received intracoronary flexible coil stents as therapy 
for acute occlusion occurring after balloon angioplasty. In all six of these patients the 
stent was quite effective in relieving chest pain and normalizing ST segment changes. 
In accordance with an FDA protocol these patients were subjected to emergency 

187 



coronary bypass grafting. In all six patients the stent served as an effective bailout 
device which produced excellent coronary flow and relieved ischemia, and in all cases 
Q-wave myocardial infarction was avoided. 

Some coronary experience has been obtained in the U. S. using the Palmaz stent. 
This stent is being inserted, under an FDA protocol, in patients with well collateral­
ized native coronary arteries. Over 20 patients have been stented with no acute 
occlusions and no coronary artery restenosis (Richard A. Schatz, MD - personal 
communication). The results in this group of patients are quite preliminary. The use 
of stents in patients with a good collateral flow obviously provides a safer testing 
condition. However, the presence of the collaterals may permit silent coronary artery 
occlusion and the results of stenting will not be known until angiographic restudy 
has been accomplished. 

The long-term result of stenting in atherosclerotic human coronary arteries is 
unknown. Many studies have shown that the quality of the initial angioplasty result 
is the primary determinant of long-term patency. By smoothing out the ragged, 
disrupted intimal surface and by exerting radial force, a larger lumen with improved 
flow conditions has been produced by human coronary artery stenting and docu­
mented by quantitative angioplasty, measurement of translesional pressure gradi­
ents and measurement of coronary flow reserve (23, 24). The degree to which the 
larger initial lumen, reduced turbulence, and stented arterial wall will prevent 
restenosis is unknown. 

Conclusion 

Because of acute closure and restenosis, PTCA is ineffective in many patients even 
when the coronary anatomy is ideal. Although the results of arterial stenting in 
animal models and in human iliac arteries is uniformly favorable, stent placement in 
human atherosclerotic coronary arteries has been complicated by acute thrombosis 
and associated morbidity in a significant percentage of cases. If this problem can be 
solved by improved stent design, adjunctive antithrombotic measures, or by other 
means, clinical trials will be needed to determine the efficacy of these stents in 
preventing restenosis. Favorable initial experience with the use of stents as tempo­
rary bailout devices in angioplasty complicated by acute occlusion suggests a contin­
ued roll for stents for this type of angioplasty failure. 
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Cardiac tachyarrhythmias: alternatives to 
medical treatment 
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FRG 

A simple clinical rule states: alternative treatment is indicated when drugs fail. This 
rule implies that antiarrhythmic drugs are and will remain the corner-stone of ther­
apy for cardiac tachyarrhythmias. On the other hand, the definition of drug failure 
has expanded in the recent years because of various reasons to include not only 
refractoriness of disabling paroxysmal, incessant or even life-threatening tach­
yarrhythmias, but also non-compliance or limiting side effects. With the advent of 
new, possibly curative modes of treatment, it may be reasonable to take the one-time 
period of higher risk, which may in fact represent a lower cumulative risk in the 
long-term, compared to medical treatment (1). 

In case of drug failure, the following non-pharmacologic alternatives may be 
offered to the patient: catheter ablation, implantation of antitachycardia devices and 
open heart surgery. 

Catheter ablation 

One option is to ablate a pathway of conduction or the area of the arrhythmogenic 
substrate directly by endocardial application of DC energy from standard defibril­
lators via electrode catheters. In 1982, Gallagher and Scheinman (2, 3) clinically 
introduced the method of transvenous catheter ablation of the His bundle by con­
ventional DC energy in cases of drug resistant supraventricular tachyarrhythmias. 
Our own experience is reported elsewhere (4, 5). A world-wide registry for cases 
undergoing percutaneous attempt of His-bundle ablation in refractory supraventric­
ular tachyarrhythmias has been set up; results and immediate as well as late compli­
cations of this procedure are illustrated in Table 1. 

Based on our own experience, as well as on reports in the literature, this alternative 
is justified in cases of drug-resistant supraventricular tachyarrhythmias with rapid 
ventricular response, in which the impulses are conducted to the ventricles along the 
AV node-His bundle pathway (for example atrial fibrillation or atrial flutter with 
rapid ventricular response, AV node reentry). Only a minority of patients with 
accessory atrioventricular connections are suitable for this alternative (5). 

Major complications and drawbacks of this method include the induction of 
myocardial necrosis (to a small extent), thrombus formation at the site of ablation, 
injury of the tricuspid valve and, last but not least, pacemaker implantation in all 
patients in whom a permanent third degree AV block can be achieved. 

The treatment principle has also been further developed, as far as the energy 
source, as well as the arrhythmias being treated are concerned. As alternative energy 
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Table 1. Results and complications (immediate and late) of 
His bundle ablation for rcfractory supraventricular tachy­
arrhythmias 

Percutaneous His Bundle 
n = 127 

Ablation Registry 

Follow up 
AV block 3°: 

9.9 months ±8.2 
71 % 

Arrhythmia control without drugs: 6% 
Arrhythmia control with drugs: 13% 
No improvement: 10% 

Complication, immediate: VT n = 1 
Tamponade n = 1 
Hypotension n=1 

latc: VT n=3 
Sepsis n=3 
Hemothorax n = 1 
Sudden death n=3 

Scheinman et aI., 1984 

sources, radiofrequency and laser energy are being studied in order to circumvent 
some of the drawbacks of DC energy. Also, the method of delivering DC energy 
has been applied to patients with sustained ventricular tachycardia and accessory 
atrioventricular connections in order to directly ablate the arrhythmogenic substrate 
(7). Permanent success of this method demands precise localization of the origin of 
the arrhythmia by electrophysiological mapping techniques. Results in the latter 
patients are preliminary and far from perfect so that this indication is an experimen­
tal one at the present time. 

Implantable anti tachycardia devices 

Whereas implantable pacemakers with antitachycardia stimulating capabilities have 
been shown to be fairly effective in selected patients with supraventricular tachy­
arrhythmias, these devices without defibrillation back-up are generally felt to not 
be safe enough in patients with sustained tachyarrhythmias at the ventricular level 
(8). Therefore, the development of an implantable cardioverting or defibrillating 
device has been a major step for the alternative treatment of patients with drug 
refractory sustained ventricular tachycardia or ventricular fibrillation (9). 

The study of Kelly et al. (10) constitutes the largest series, with 94 patients in 
whom AI CD implantation was attempted, with the longest follow-up to datc. Acutc 
complications included three cases of peri operative death and in five cases the de­
fibrillation threshold found intraoperatively was felt to be inappropriately high 
(greater than 25 J) so that implantation of the device had to be postponed or given 
up. Following hospital discharge, only five deaths occurred, including one sudden 
cardiac death during a mean follow up of 17 ± 10 months. Actuarial life table 
analysis, not including the perioperative mortality, however, gave a six month sur­
vival of98.7%, and a 12 month survival of95.4%, which quite favorably compares 
to the outcome of patients with these arrhythmias treated medically. 
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However, several improvements of the devices available at present are badly 
needed. These improvements include: 

1) detection of the arrhythmia not only by analysis of rate, but also by rhythm, and 
analysis of the hemodynamic consequence of the arrhythmia; 

2) easier mode of implantation; 
3) intervention, first as anti tachycardia stimulation, followed by low energy DC 

cardioversion and, finally, high energy DC defibrillation in case the prior steps do 
not terminate the arrhythmia; in addition, future devices should have the capabil­
ity for antibradycardia stimulation; 

4) full programmability of the device and a memory for the storage of the ECG strip 
showing the arrhythmia which led to the intervention of the device. 

With the advent of these improvements together with lower costs, it is not difficult 
to foresee that such devices will play an increasing role in the treatment of patients 
with life threatening ventricular tachyarrhythmias. 

Open heart surgery 

Another major option for patients with drug-refractory life threatening ventricular 
arrhythmias is open heart surgery. The interested reader is referred to an excellent 
recent review (1). Surgery may be offered for the definitive treatment of the following 

SURGERY FOR RECURRENT SUSTAINED VT IN CAD ---- ----• Blind Aneurysm Resection 
and Bypass Grafting 
n=32 
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Fig. 1. Results of blind aneurysm resection (n = 32) as compared to electrophysiologically guided 
aneurysm resection (n= 33) for recurrent sustained VT in CAD; more than 50% of those with blind 
resection had a potentially life-threatening recurrence of the arrhythmia within four months of 
surgery 
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tachyarrhythmias: WPW-syndrome, AV nodal reentry, ventricular tachycardia, and 
ventricular fibrillation. 

The procedures applied in open heart surgery may be either indirect (coronary 
bypass grafting, blind aneurysmectomy, transplantation) or direct ones such as 
encircling ventriculotomy (11), endocardial resection (12, 13), or cryosurgery. Direct 
approaches necessitate the prior localization of the origin of the ventricular tachy­
arrhythmia by electrophysiologic mapping techniques applied pre- or intraopera­
tively. In order to answer the question whether the direct approaches based on 
electrophysiologic mapping techniques are indeed superior to the indirect proce­
dures, Mason and coworkers compared the results of surgery for recurrent, sus­
tained ventricular tachycardia on the basis of coronary artery disease in 32 patients 
undergoing blind aneurysm resection and bypass grafting, with the results of 33 
patients in whom electrophysiologically guided aneurysm resection was perfomed 
(14). Approximately four months after blind aneurysm resection, more than 50 % of 
these patients had a potentially life-threatening recurrence of the arrhythmia (see 
Fig. 1). Although this study is not a controlled prospective one, most authors believe 
that mapping-guided surgical procedures are superior to the blind ones. Operative 
mortality and outcome of the various surgical techniques applied appear to compare 
favorably to the outcome of patients treated medically (15). 

Guidelines for non-pharmacologic differential therapy in patients with sustained ven­
tricular tachyarrhythmias 

The preliminary results of a randomized prospective study of antiarrhythmic drug 
treatment in patients with sustained ventricular tachyarrhythmias, in whom this 
drug efficacy was assessed by programmed stimulation and Holter monitoring, 
indicates that about 50 % of patients referred to centers for definitive treatment, are 
not adequately treated by drugs, but are in need of an alternative mode of therapy 
(16). Candidates for a directed surgery procedure are patients with coronary artery 
disease, in whom the origin of the arrhythmia can be localized, additional stenoses 
of coronary arteries are present and suitable for revascularization, and aneurysms 
are present which can be resected. Results are good when the function of the remain­
ing left ventricular myocardium not involved in the scar or aneurysm is good; 
operative mortality must be expected to increase on the other hand, when the con­
traction of the left ventricle is diffusely hypokinetic. 

For catheter ablation of ventricular tachyarrhythmias, precise localization of the 
origin of this arrhythmia which probably should be endocardially, is mandatory. 
While the latter is possibly true in the majority of cases with coronary artery disease, 
this is less well established for other underlying cardiac diseases such as dilative 
cardiomyopathy or right ventricular dysplasia. Results of catheter ablation for these 
arrhythmias are preliminary and far from optimal, so that this procedure should be 
looked upon as experimental at present. 

Implantation of an automatic cardioverter-defibrillator is indicated in patients 
with drug refractory life-threatening ventricular tachyarrhythmias when the under­
lying cardiac disease is fairly constant (that is the patients who are not and will not 
be in the near future in class IV heart failure according to the NYHA classification). 
This treatment modality may be offered to patients in whom no localization of the 
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arrhythmia origin is possible and, because of the lower operative mortality compared 
to open heart surgery, it may be offered also to older patients. 

Finally, if drug refractory ventricular tachyarrhythmias occur on the basis of 
progressive cardiac disease with severe heart failure, especially in young patients, 
heart transplantation should be considered (17). 

With the exception of heart transplantation, the application of all other types of 
treatment is based on the assumption that the occurrence oflife-threatening ventric­
ular tachyarrhythmias does not necessarily indicate irreversible heart failure, but 
may lead to premature death so that prevention or treatment of these "electrical 
accidents of the heart" is a difficult, but worthwhile task for these severely ill 
patients. 
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Catheter ablation: the state of the art 
G. Fontaine 

Service de Rhythmologie et de Stimulation Cardiaque du Pro Y. Grosgogeat, Hopital 
Jean Rostand, Irvy, France 

Introduction 

Ablative techniques are causing major developments in the treatment of major 
cardiac arrhythmias. Large series have now demonstrated that, at least in supraven­
tricular tachycardias, this approach is quite safe (2, 3). Its extension into other 
cardiac arrhythmias is a more recent and promising development. During the IVth 
International Symposium on the Ablative Techniques, organized by G. Fontaine 
and M. Scheinman and held in Monaco in June 1988, the state of the art of these 
techniques was presented by the most important international groups working in the 
field. The abstracts published in PACE 1988 and a few other nonpublished abstracts 
constitute the basis of the present report. 

His-bundle fulguration 

Ten cases of His-bundle ablation in which energies between 100 and 400 J were used 
and up to six shocks delivered in a single session have been assessed by echocardio­
graphy and Doppler by the group of Camm et al. (2). The authors conclude that 
His-bundle ablation has no effect on valvular or myocardial function. 

This technique, which was first published in the early 1980s, has now been extend­
ed to a large number of cases. It is accepted as an interesting approach in the 
treatment of refractory SVT. The long-term results of the atrioventricular junction 
ablation can be assessed from the registry organized in France. Data have been 
collected by S. Levy from eight centers. The follow-up ranges from 10 to 76 months, 
with a mean of 31 months. Ninety-one patients underwent AV junctional ablation 
for atrial flutter or fibrillation (n = 54), reciprocating AV tachycardia (n = 25) and 
atrial tachycardia (n = 12). Eighty-six perccent of patients showed a long-term suc­
cess and were asymptomatic either with or without (6%) antiarrhythmic therapy. 
Immediate complications included non-sustained ventricular tachycardia in 3 pa­
tients and ventricular fibrillation in one patient. One sudden death was reported on 
day eight after fulguration in a patient who experienced VT after the procedure. The 
late deaths observed were sepsis in one case, neoplasia in one, emboli in two and 
recurrence of pre-existing heart failure in two. This confirms that the technique 
should be reserved for patients with intractable supraventricular tachycardia (3). 

A simplified technique has been proposed by Clementy et al. (4) in a series of 40 
patients using a Josephson quadripolar catheter with electrodes 0.5 cm apart, from 
which it is possible to record the His amplitude between each pair of electrodes 1 - 2, 
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2-3, and 3-4, the shock being delivered by the couple recording the largest His 
bundle potential. The fulguration is performed after interconnecting the two corre­
sponding electrodes. This new technique was compared with a control group which 
consisted of 30 patients in whom a regular USCI quadripolar catheter had been used 
and the His bundle localization performed with a unipolar system, the electrode 
working as a cathode. Although not significantly different, the results tend to favor 
the new technique, which is faster and easier to perform. 

A highly effective technique has also been reported by Bredikis et al. in 140 
procedures (5). The conventional technique was used for 60 patients with a success 
rate of complete AV-block in 60%. In a second group of 80 patients a specially 
designed electrode catheter with a surface of 40 mm was positioned under x-ray 
guidance of anatomical landmarks. This was achieved without His bundle recording 
and favorable results were observed in a significant number of cases. 

Atrioventricular AV node reentrant tachycardia 

The largest group has been reported on by Haissaguerre and Warin (6) on a series 
of 14 consecutive cases with a mean age of 56 ± 16 years, including 7 males suffering 
from AV junctional reciprocating tachycardia refractory to antiarrhythmic drugs. 
Four had coronary artery disease, two a cardiomyopathy and eight no structural 
heart disease. The first procedure was performed in March, 1985, before the surgical 
procedure reported by Ross and Johnson (7). In all patients retrograde atrial activa­
tion during AV node reciprocating tachycardia appeared earliest on the His-bundle 
lead. The second catheter used for fulguration was located around the peri nodal 
atrium where one to eight cathodic transcatheter shocks of 160 to 240J were deliv­
ered to the selected site in one or two sessions. Complete AV block was observed in 
one patient, transient AV block in the other patients (1-28 min). EPS performed five 
days after the last procedure showed the abolition of retrograde conduction in 10 
patients and modification was observed in 4 patients. In all of the cases except one, 
the AV conduction was preserved or was slightly modified. No echo or AV- nodal 
reciprocating tachycardia was inducible in 12 patients. AV- nodal reciprocating 
tachycardia did not occur in 13 patients during the follow-up period of 2-30 
months. During the late follow-up AV -nodal reciprocating tachycardia was not 
inducible. These results demonstrate that catheter ablation of AV nodal reciprocat­
ing tachycardia is feasible with a high success rate without modification of antero­
grade conduction. 

Good results have also been reported by Moro et al. in two patients in whom 
retrograde conduction was suppressed, while normal AV conduction was preserved 
with a follow-up period of 9.5 months. Both patients remain asymptomatic and 
without antiarrhythmic drug therapy (8). 

Paroxysmal junctional reciprocating tachycardia (9) 

This is the so-called almost permanent form of junctional reciprocating tachycardia, 
frequently observed in youngsters, with a typical ECG feature during the arrhyth­
mia, a prolonged RP' interval, and negative P wave in leads 2, 3, and a VF. The 
substrate of this arrhythmia has been identified as a concealed AV accessory pathway 
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with decremental properties, and slow retrograde conduction. The ablation of the 
AV node showed a long PR interval with the occurrence of a delta wave. Fulguration 
in the os of the coronary sinus could disturb the conduction in this long serpiginous 
retrogradely conducting accessory pathway without impairing normal AV conduc­
tion. In most recent developments, the anterograde bypass conduction has been 
disclosed in some cases by means of drug-induced AV block. 

Atrial flutter fulguration 

Chauvin and Brechenmacher have reported the use of endocavitary fulguration in 
the right atrium to ablate common recurrent atrial flutter resistant to drug therapy. 
Mapping the lower part of the right atrium demonstrated the area of slow conduc­
tion where a double potential was observed. A shock of 100 to 120 Joules was 
delivered. In two patients the flutter recurred after a few days and persisted despite 
two more fulgurations. Two patients are free of relapses without antiarrhythmic 
drug, with a follow-up ranging from 7 to 9 months. Two other patients needed one 
or two more procedures, but they have been free of arrhythmia and have not been 
taking anti-arrhythmic drug treatment. The follow-up ranges from 7 to 9 months 
and no mechanical complications were observed (10). This result confirms a previous 
report on the same subject. 

Accessory pathway fulguration 

Warin and Haissaguerre (11) reported on a series of 50 patients; indications were 36 
patients with occurrence of malignant arrhythmia refractory to antiarrhythmic 
drugs, 12 patients who wanted to stop chronic medical therapy, and two patients 
who had no spontaneous tachycardia but did have atrial fibrillation with high 
ventricular response with a minimal RR interval in the range of 200 ms. Location of 
the accessory pathway was antero-septal in eight patients, right-lateral in seven 
patients, right posteroseptal in 20 patients, left posteroseptal in six, and left posterior 
or lateral in nine patients. These pathways were mapped by a catheter introduced 
through a patent foramen ovale in five patients, and after transeptal catheterization 
in four. Anterograde AP conduction was concealed in seven cases. Catheter position 
was guided by earliest retrograde atrial activation during reciprocating tachycardia, 
and recording of the discrete accessory pathway potential in 18 patients. Endocardial 
shocks were delivered directly to the AV annulus and not in the coronary sinus or its 
os. One to 12 cathodal shocks ranging from 80 to 160 Joules were delivered in one 
session in 32 patients, two sessions in 14, three sessions in three and four sessions in 
one patient. Following catheter ablation accessory pathway conduction was abol­
ished in all patients. During the follow-up ranging from 1 to 36 months, all patients 
but one are free of cardiac arrhythmias. A pre-excitation has been observed in four 
patients with right posteroseptal accessory pathway. Three patients had no tachycar­
dia, one required antiarrhythmic drugs, retrograde conduction was no longer present 
in 15 patients from 4 to 21 months after catheter ablation. 

Therefore, intraatrial fulguration of accessory pathway seems to be extremely safe 
and effective in all locations. The authors conclude that this technique is the treat­
ment of choice for patients with refractory arrhythmias and accessory pathways. 
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Ventricular tachycardia fulguration 

The largest experience concerning 47 consecutive cases was reported by Frank et al. 
(12) during a period of 4 years, from 1983 to 1987. Etiologies of chronic VT were an 
old myocardial infarction in 17 cases, 13 cases of arrhythmogenic right ventricular 
dysplasia, cardiomyopathy in eight patients, idiopathic VT in eight patients and one 
case of right ventricular outflow tract surgical scar. Sixteen patients had an ejection 
fraction below 30 %.236 shocks during 74 sessions were delivered in the left ventricle 
in 23 patients and in the right ventricle in 24 patients. When a first fulguration session 
was not effective, a new attempt of antiarrhythmic treatment was used and proved 
to be effective in several cases. It was finally necessary to group to four sessions in 
some patients, especially in those who had multiple VT morphologies. Four patients 
had transient relapses after hospital discharge, and these relapses disappeared spon­
taneously, leading to a success rate in the range of90% after 3 months. Four deaths 
not related to the shocks were observed during the learning phase. Three patients 
died within 3 months of the progression of their underlying cardiac disease without 
VT relapses. Seven more patients died between 4 and 33 months after the procedure, 
with a mean value of 10 ± 4 months. Three late sudden deaths were observed during 
the follow-up. 

Interesting results have also been observed by Klein (13) on a series of 41 patients. 
In 75 %, DC shocks were effective when performed in the area of slow conduction 
(nine out of 10 patients). In eight patients with incessant VT, five had a successful 
ablation. It is concluded that the catheter ablation is more successful when the energy 
is delivered in the area of slow conduction instead of the earliest endocardial activa­
tion as suggested by previous reports (14, 15). 

The experience of Morady et al. (16) consists of a series of 39 selected patients. In 
35 of those, only one configuration of VT was present. Coronary artery disease was 
the underlying pathology in 25 patients, cardiomyopathy in three, right ventricular 
dysplasia in two, tetralogy of Fallot in two, and no structural heart disease in seven 
patients. The mean left ejection fraction was 34 %; the mean VT cycle lengths was 
418 ms. The VT exit site was identified by endocardial mapping and pacemapping 
and was in the left free wall in six patients, in the septum in 10 patients, and in the 
right ventricle in 13. One to four shocks of 100 to 300 Joules were delivered to the 
VT exit site in 37 patients or to the zone of slow conduction of the reentry circuit in 
two patients. There was no recurrence of symptomatic VT in 67 % over a mean 
follow-up period of 20 ± 10 months. It is concluded that catheter ablation in selected 
patients with recurrent VT could achieve a long-term control of VT and is relatively 
safe. 

Haissaguerre and Warin (17) also reported a consistent series of 28 patients with 
a mean follow-up of 27 months. The success rate of the procedure was in the range 
of 85 %. Patients are not taking antiarrhythmic therapy or are controlled after using 
the same regimen which was ineffective before fulguration. A better success rate was 
obtained when a premature potential in the range of 43 ± 29 ms was observed as 
compared with patients with earliest endocardial activation mean value of 
-5 ± 5 ms (p < 0.05). 

Huang (18) reported interesting results on a series of 15 consecutive patients with 
history of myocardial infarction and recurrent VT refractory to many antiarrhyth-
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mic agents, with a mean follow-up of 18 months; 53% of patients are alive and off 
antiarrhythmic drugs. In 20 % of the patients, VT has been controlled by previously 
ineffective antiarrhythmic drugs. Four patients (27 %) died, one of sepsis, two of 
myocardial infarction recurrence without VT, one died suddenly 24 months after 
ablation. 

A study by Kirkorian et al. (19) reported the comparison between two subgroups: 
group I with seven patients had amiodarone therapy, and group II of nine patients 
received from one to four cathodal shocks of250 to 300 Joules at the site ofVT origin 
without adverse effect. The follow-up was 15 months. One patient died suddenly, 
and two patients had recurrences in the fulgurated group, whereas no arrhythmic 
event occured in group I. Therefore, the fulguration was not considered as a first 
choice of therapy by these authors. 

Other cases have been reported, for example by Sellers (20) in a series of six male 
patients. The success rate was 50 % of fulguration alone, and with combination of 
antiarrhythmic drugs 33% more, and finally, ineffective in 17%. Late recurrences 
were related to probable technical difficulties. 

Jordaens (21) reported one case in whom arrhythmogenic right ventricular dys­
plasia and refractory VT was ablated in the right ventricle with no untoward side 
effects. After the first shock the tachycardia cycle increased from 310 to 520 ms. 
After the second shock, VT was no longer inducible as well as during the follow-up 
period. 

Akhtar reported as series of seven patients who had documented bundle branch 
reentrant ventricular tachycardia associated with syncope or sudden death, who 
underwent catheter ablation of their right bundle branch in a series of patients who 
previously failed treatment with antiarrhythmic medications. Two electric shocks of 
170 to 310 Joules were delivered to the right bundle branch, which produced imme­
diately a right bundle branch block pattern. No patient had inducible VT following 
ablation and follow-up of more than 45 months revealed no clinical recurrence of 
VT. 

Similar excellent results were reported by Volkmann (22) in a 50-year-old patient 
after a single shock of 250 Joules which prevented reinduction of the tachycardia 
after ablation. Over a period of follow-up of 24 months the patients had no recur­
rence of ventricular tachycardia, and the right bundle branch block persisted. 

Radio-frequency ablation 

AV nodal ablation 

Bowman et al. (23) reported different attempts of ablation of several parts of the AV 
conduction system: in three patients with atrial flutter or fibrillation, two patients 
with right bundle branch block and one patient with sustained bundle branch 
reentrant tachycardia and a segment of left bundle branch block for ventricular 
tachycardia in one patient. The power is in the range of 5 to 11 watts with an energy 
of 25 to 747 Joules per pulse. 

In patients in whom AV junction ablation was attempted, complete AV block as 
achieved in all of them. In the patients with bundle branch reentrant tachycardia, the 
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His bundle and proximal right bundle branch were localized, and a right bundle 
branch block was produced with preservation of AV conduction. VT was not in­
ducible 6 days later. One patient had frequent VT induced by exercise, which proved 
partially responsive to verapamil. Presystolic potentials suggesting left bundle 
branch potential were observed before the onset of the QRS complex, during VT as 
well as during sinus rhythm. No recurrence of VT was observed after a period of 6 
weeks in that particular case. It is concluded that radiofrequency current is effetive 
for ablation of a selected segment of the AV conduction system. 

In a series of seven patients with different forms of VT, Davis et al. (24) demon­
strated that radiofrequency ablation could be effective in some patients with refrac­
tory arrhythmias, but when this procedure failed, the DC shocks could be more 
effective. 

Borggrefe et al. (25) reported their experience in 17 consecutive patients in whom 
shocks were delivered to the atrium, AV node, and accessory pathway. In the atrium, 
the procedure was not effective; the long-term effect was satisfactory in one out of 
seven patients, and five out of 10 had AV node ablation. It was mentioned during the 
presentation that the same technique has been less successful in ventricular tachycar­
dia. 

Huang et al. (26) applied the technique of radiofrequency ablation in two patients. 
One patient had episodes of atrial flutter or fibrillation, the other had AV junction 
reciprocating tachycardia. This patient, who had concealed WPW syndrome, needed 
subsequent surgical ablation. It proved successful on a left lateral accessory pathway 
and suggested the evidence of multiple accessory pathways. It was concluded that 
catheter ablation was possible and safe but not the most effective form of therapy. 

Kuck et al. (27) reported the modulation (and not ablation) of AV nodal conduc­
tion by radiofrequency current in order to decrease rapid AV conduction in nine 
cases with paroxysmal atrial fibrillation. Voltage and current were continuously 
monitored during the application of the current. The energy was delivered from 
1-16 times during 20-40 s. During the follow-up period definite improvement was 
observed in seven cases. 

Electro-thermal ablation 

This technique was introduced by N arula (28). It consists of the heating of a resistor 
located at a catheter tip which functions as a kind of cautery, the thermal energy 
being produced by a 10-volt regular battery which delivers from 6 to 20 Joules. Five 
patients (age ranging from 57 to 65 years) with supraventricular tachycardia were 
managed by modification or interruption of a selected portion of the tachycardia 
pathway by the electro-thermal catheter technique. One patient had atrial flutter. 
After application of the technique, AH interval and effective refractory period of the 
AV node were prolonged. Three patients had AV junctional reciprocating tachycar­
dia and one had His bundle tachycardia. In these patients the SVT cycle length 
ranged between 315 and 440 ms. In one patient, complete ventriculo-atrial block was 
induced with a slight lengthening of the AH interval and effective refractory period 
of the AV node. In two other patients, the Wenckebach point of the retrograde 
conduction was prolonged. In the latter two patients, PA, AH, and HV intervals 
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remained unchanged. In the patient with atrioventricular junctional reciprocating 
tachycardia, the tachycardia was no longer inducible. In these four Pfltients, the PA, 
HV, and QRS complex remained constant. In the patient with His bundle tachycar­
dia, the conduction was interrupted in the distal His bundle, with unchanged AH and 
HA intervals. The patients were treated without general anesthesia; they felt no pain 
and they had no arrhythmias. There was no change in the enzymes, despite some 
changes during repeat electro physiological studies. The patients remained asymp­
tomatic during the 10 -18 months of follow-up period. No drug therapy or pacemak­
er implantation was necessary after the procedure. 

Conclusion 

The ablative techniques using the catheter approach have demonstrated increased 
effectiveness in previously explored areas and their emergence in new cardiac 
arrhythmias. There is a tendency to exquisitely ablate the abnormal pathway instead 
of the His bundle in a significant number of SVT cases. Radiofrequency energy is 
extremely well tolerated, it does not require general anesthesia, and it has minor side 
effects. It is, however, less effective than properly used fulguration. Both techniques 
are still in their infancy. Their physical and biological basis are still poorly under­
stood and major technical improvements are needed. 
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Preoperative and intraoperative mapping 
in patients with sustained ventricular tachycardia 
R. Haberl, G. Steinbeck 

Medical Hospital I, Klinikum Grol3hadern, University of Munich, Munich, FRG 

Introduction 

Patients with drug-resistant, life-threatening, and recurrent ventricular tachycardia 
have a poor prognosis. In recent years, invasive methods for ablation of the arrhyth­
mogenic myocardial substrate have been developed and include: catheter ablation 
with DC-shock or radio frequency energy, operative methods including endocardial 
resection, endocardial encircling, laser coagulation and cryothermal freezing. A 
prerequisite of these methods is the exact localization of the origin of ventricular 
tachycardia which sometimes is in the border zone of a myocardial infarction or 
aneurysm, but sometimes is located in apparently healthy myocardium (1, 4) 

Patient selection 

Electrophysiologic mapping should be performed in patients with ventricular sus­
tained tachycardia, who are refractory to anti-arrhythmic drug therapy and in whom 
ablation of the arrhythmogenic substrate is possible. The best success rates are in 
patients after myocardial infarction, with or without ventricular aneurysm, who 
suffer from monomorphic sustained ventricular tachycardia which is hemodynami­
cally tolerated during the time of mapping. The method should not be applied in 
patients in whom the arrhythmogenic substrate cannot be ablated (i.e., cardiomy­
opathy, severe right ventricular dysplasia) or in whom a mapping procedure is 
impossible (primary ventricular fibrillation, very fast ventricular tachycardia, very 
poor ventricular function, polymorphic ventricular tachycardia). In these cases, 
alternative methods like implantation of an automatic defibrillator or heart trans­
plantation have to be considered. 

Mapping techniques 

Exact localization of the site of origin of ventricular tachycardia is only possible 
during ventricular tachycardia. The majority of tachycardias originate in the suben­
docardial layer, hence, epicardial mapping in general fails to identify the site of 
origin (2, 3). 

1) Preoperative catheter mapping: all patients with ventricular tachycardia who are 
to be operated upon should undergo a preoperative mapping. This is because in some 
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patients ventricular tachycardia cannot be induced during operative conditions after 
ventriculotomy and cooling. A multipolar electrode catheter is placed via the 
femoral vein into the right ventricle;a second catheter is positioned in the left ventri­
cle via the aorta. From multiple locations (exactly defined by multiplane x-ray) 
endocardial activation is recorded, along with the surface electrocardiogram during 
ventricular tachycardia. The site of earliest endocardial activation defines the origin 
of the tachycardia. The procedure requires about 30 min, and during this time the 
monomorphic sustained ventricular tachycardia must be tolerated by the patient. In 
patients with various documented clinical tachycardias, each must be induced and 
mapped (if possible). 

2) Intraoperative mapping: currently, most centers perform mapping with a hand­
held probe after ventriculotomy and induction of the ventricular tachycardia by 
programmed stimulation. The patient is on normothermal cardiopulmonary bypass. 
A map of ventricular activation is constructed from the data which are consecutively 
recorded from the endocardium in a circular manner (Fig. 1). Again, the earliest 
endocardial activation defines the site of origin of the tachycardia. Problems arise if 
the tachycardia cannot be induced (up to 30 % of patients), or if the tachycardia is 
too fast and not hemodynamically tolerated, or the tachycardia is polymorphic. In 
order to overcome these limitations, computerized mapping systems are under devel­
opment. A balloon with multiple electrodes (up to 192) is introduced into the left 
ventricle through the mitral valve (Fig. 2). The 192 unipolar channels are amplified, 
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Fig. 2. Computerized mapping sys­
tem. The balloon with 192 electrodes 
is advanced into the left ventricle via 
the mitral valve. The multiplexing 
system and the analog-to-digital con­
verter allow simultaneous recording 
of the 192 electrodes. Analysis is 
done automatically by the computer 

multiplexed, and AD-converted (1000 Hz, 12 bit). The data are analyzed with a 
computer. This procedure has several advantages: induction of the ventricular 
tachycardia is facilitated in the absence of ventriculotomy and subsequent cooling; 
the spatial resolution is very high; simultaneous recordings of all channels enable the 
construction of a complete ventricular mapping during each beat of the ventricular 
tachycardia, thus, even short ventricular runs and polymorphic tachycardias can be 
mapped. The time of mapping is short, hence, bypass clamping time is shorter. 

3) Pace mapping: during clinical spontaneous ventricular tachycardia, a 12-lead 
ECG is compared to a 12-lead ECG during paced rhythm with the pacing electrode 
at various ventricular sites. If the morphology of the clinical and paced ventricular 
tachycardia is identical, the pacing site represents the origin of the ventricular tachy­
cardia. 

Conclusion 

Mapping procedures serve as a guideline for a directed ablation of arrhythmogenic 
substrate by transferring an electrically inhomogeneous myocardial tissue into an 
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electrically stable, homogeneous necrosis. Computerized systems for simultaneous 
multi-channel analysis will improve clinical handling of the patient during operation 
and will allow a more accurate insight into electro physiological mechanisms of 
ventricular tachycardia. 
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Surgical therapy of ventricular tachycardia 
E. Kreuzer 

Department of Cardiothoracic Surgery, Klinikum GroBhadern, 
University of Munich, Munich, FRG 

Although new surgical techniques are being developed in the modern laboratory and 
the understanding of the pathophysiology of rhythm disturbance is growing, the 
surgical therapy of rhythm disturbance is one alternative useful only for a handful 
of rhythm disorders. Although arrhythmias still remain in the field of cardiology, we 
have noticed an abrupt increase in the frequency of surgical interventions since 1978; 
nevertheless controversy still remains. 

The discrepancy between the complexity of a rhythm disturbance and its simple 
surgical treatment, or viceversa, results from the fundamental difference between the 
anatomical substrate and the clinical expression of ventricular or supraventricular 
tachyarrhythmias. The anatomical substrate - the endocardial fibrosis which is 
associated with most ventricular arrhythmias - can be identified. Its surgical ap­
proach is relatively simple, although the ventricular arrhythmia often does not 

Table 1. Non-specific surgical techniques for treatment of 
rhythm disturbance 

Indirect surgical procedure 

t. Sympatectomy ( + P-blockers) (left ganglion stellatum) 
2. Coronary-bypass-operation 

< blind 
3. Aneurysmectomy ·d d map-gut e 
4. Replacement of mitral valve (prolapse of mitral valve) 
5. Resection of tumors 

Table 2. New direct surgical procedures for the treatment of 
refractory rhythm disturbance 

Direct surgical procedure for refractory ischemic tachycardia 

tEd d . <local "'". d . I . n ocar resectIOn extended/"lrecte or sequentJa 

2 E . I' d d' I . I <local . nClrc mg en ocar Ia ventncu otomy extended 

3. Cryosurgery - ablation 
4. Coagulation 
5. Laser-ablation 
6. Combination 1-5 
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permit an exact localization since the pathophysiological origin remains unclear. 
Surgery does, however, offer the therapeutic option of diminishing symptoms, or of 
at least intensifying the effect of drug therapy. 

The surgery of ventricular tachyarrhythmias can be divided into the non-specific 
surgical techniques and map-guided procedures. The former include thoracic sympa­
thectomy, coronary bypass grafting, the resection of scarred myocardium, and a 
combination of the above (Table 1) involving an overall mortality of 27 %. The 
success rate was about 56 % and 17 % of the cases remained without a positive result. 
On the other hand, the new direct techniques (Table 2) include Guiraundon 's first 
endocardial encircling ventriculotomy in 1978, Harken's focal endocardial resection, 
cryoablation which preserves collagen tissue and the integrity of the ventricle, coag­
ulation, laser ablation, and chemical ablation. It is important to recognize the gen­
erating mechanism of many tachycardias. In the ischemic state, a limited local event 
may be etiologic and therefore, a more localized map-guided technique is preferable 
to a more extended one. In addition, a map-guided localized procedure may result 
in less impairment of myocardial function. 

Despite advances in surgical technique, there are still some limitations. The suben­
docardial encircling ventriculotomy or the enodardial resection ventriculotomy 
(Fig. 1) cannot reach all sections of the endocardium. The base of the two papillary 
muscles, for example, as well as the annuli of the aortic and mitral valve are not 
suitable for these procedures. Cryosurgery (Fig. 2) in combination with other tech­
niques is one solution since healing occurs in 85 % of cases. Another problem is the 

Fig. 1. Sharp endocardial resection after ventriculotomy in the center of an aneurysm; (after Cox. 
1985). 
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after cox 1985 

Fig. 2. Application of the intraoperative cryosurgical technique, which can be performed alone or 
in combination with other techniques ; (after Cox , 1985). 

development of ventricular septal rupture after an invasive approach . In general, 
however, the results are acceptable as compared with the indirect methods. Accord­
ing to Cox, the overall mortality is 12 %, with a success range between 83 % - 87 %. 
The number of failures is negligible. 

In our own collective, 10 patients with tachycardia required heart transplantation 
(performed by Kemkes), 10 patients received a defibrillator and 20 patients were 
treated with one of the above mentioned direct methods. A larger perspective on 
surgical therapy of ventricular arrhythmias can be found when looking at data from 
the International Voluntary Registery; the results on 665 patients undergoing e\ec­
trophysiologically guided operations at eight centers were reported by Borggrefe (1) 
in 1987 (Table 3). In addition to these direct approaches, coronary bypass grafting 
was performed in 55 % of patients and aneurysmectomy in 73 % (Table 4). The 
overall operative surgical mortality, including intraoperative and hospital mortality 
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Table 3. Results on 665 patients undergoing electrophysiologi­
cally guided operations (from the international Surgical Abla­
tion Registry as reported by Borggrefe et a!. (1) 

Antitachycardia surgical procedures applied in 665 patients 

• Localized ER 
• Partial EEV 
• Localized ER + cryosurgery 
• Complete EEV 
• Cryosurgery 
• Others 

33.2% 
16.8% 
16.1°/.) 
9.3% 
7.4% 

12.5% 

EEV = encircling endocardial ventriculotomy; ER = endocar­
dial resection. 

Table 4. In addition to a direct electro­
physiologically guided procedure, 
CABG was performed in 55 % and 
aneurysmectomy in 73 % of patients 
(Surgical Ablation Registry, Borggrefe 
et a!. (1» 

Additional surgical procedures 

• CABG (55%) 
no grafts (45%) 

1 
2 
3 

24 
• Aneurysmectomy 
• Valve replacement 

primary indication 
secondary indication 

24.2% 
19.9% 
8.5% 
2.7% 

73% 

1.6% 
0.2% 

CABG = coronary artery bypass 
grafts. 

Table 5. The overall surgical mortality within 30 days of operation is 
shown according to the procedure performed (Surgical Ablation Registry, 
Borggrefe et a!. (1» 

Complete endocardial encircling ventriculotomy 

Extended endocardial encircling ventriculotomy 
Local endocardial resection procedure 
Extended endocardial resection procedure 

Endocardial encircling ventriculotomy in combination 
with endocardial resection procedure 
Local endocardial resection in combination with cryosurgery 

cryosurgery 
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13% 

8% 
10% 
27% 

23% 
16% 
8.5 (Yt) 
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Fig. 3. Surgical Ablation Registry (modified from Borggrefe et at. (1987): Long-term survival after 
electrophysiologically guided operation; similar results were obtained after endocardial resection 
(ER), complete endocardial encircling ventriculotomy (EEV) and localized endocardial resection 
combined with cryosurgery (ER + cryosurgery). Partial subendocardial encircling ventriculotomy 
(partial EEV) offered a significantly better survival while cryosurgery alone had a significantly less 
favorable outcome 

defined as death within 30 days after operation was analyzed for the different types 
of approaches (Table 5). 

It seems that the more localized procedures are associated with a lower surgical 
mortality rate as opposed to surgical methods creating greater myocardial damage, 
such as extended endocardial resection or combined procedures. In the actuarial 
survival curves of cardiac mortality, 72 % of patients were alive after two years and 
57 % have survived up to years, with a continuing risk of death over the following 
years (1). 

One might assume that late mortality may be related to the type of operation 
performed, however, apparently overall long-term survival seems to be similar for 
endocardial resection, complete endocardial encircling ventriculotomy and localized 
endocardial resection combined with cryosurgery (Fig. 3). In contrast, patients treat­
ed by partial subendocardial encircling ventriculotomy offer a significantly better 
survival whereas patients who underwent cryosurgical treatment alone had a signif­
icantly less favorable outcome. 

The underlying cardiac disease as well as the preoperative left ventricular ejection 
fraction influence the survival rates significantly (Fig. 4). The most common causes 
of death are heart failure, fatal reinfarction, and sudden death. The overall out-of­
hospital recurrence rate of ventricular events was 16 % . Postoperatively 64.7% of the 
patients did not require antiarrhythmic therapy. A significantly lower incidence of 
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Fig. 4. Surgical Ablation Registry (modified from Borggrefe et al. (1987): Undcrlying cardiac 
disease and preoperative left ventricular ejection fraction significantly influenced the long-term 
survival rate 

postoperative inducibility was found only after complete endocardial encircling 
ventriculotomy, whereas the other surgical procedures were equally effective. 

Conclusion 

Most ventricular tachycardias can be successfully treated surgically with an accept­
able surgical mortality and a relatively high long-term survival rate in high-risk 
groups of patients suffering from life-threatening ventricular arrhythmias, when 
surgery is guided by an electophysiologic stimulation protocol. It is therefore our 
opinion that each patient with therapy-resistant ventricular tachycardia should un­
dergo an electrophysiological investigation as a potential candidate for antitachycar­
dia surgery. Perhaps additional insight into the causes of these tachycardias and 
resultant sudden cardiac death can thus be acquired. 
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Interventional cardiology today 
S. King 

Andreas Gruntzig Cardiovascular Center, Department of Medicine (Cardiology), 
Emory University, School of Medicine, Atlanta, Georgia, USA 

It is fascinating to see the interest in aortic valvuloplasty which has grown from a 
curiosity to nearly 100 communications being submitted to the American Heart 
Association on the subject. One point of confusion has been the differing results 
between the Rouen group and the groups in the United States. However, as one 
considers patients who are truly inoperable from the group in Rouen, we see that the 
results are very similar to those from groups in the United States who have taken on 
valvuloplasty only when surgery is rejected. The results of valvuloplasty based on a 
number of individual communications and also the registries that have been institut­
ed show similar trends. The in-hospital mortality to this point in the U.S. has ranged 
somewhere between 5 % and 10%. What is the cause of that mortality? In our group, 
we do not have a vast experience with valvuloplasty because we have a very aggres­
sive surgical group who will operate on almost all patients who could be candidates 
for valvuloplasty. If they reject the patient for surgery, we then do valvuloplasty. 

Serious catastrophic complications at the time of the procedure have not been 
common but in one 88-year old, a trefoil balloon was tried, followed by a 23 mm 
balloon; the result was a disruption of aorta at the level of the valve. The valve was 
densely calcified without commisural fusion. The experience by Robiscek in the 
operating room dealt with this sort of valve without commissural fusion and with 
actual bone formation. In this patient, the 23 mm balloon resulted in disruption of 
the aorta and catastrophic bleeding into the pericardial space. 

What happens, however, to the patients who survive aortic valvuloplasty? The 
one-year mortality in the experiences currently being presented, which admittedly 
includes some of the learning curve, is about 20%-25%. How many patients get 
better? Those patients who are functionally improved range from 25%- 50%. For 
those patients who are asymptomatic or improved following valvuloplasty, objective 
measures at recatheterization show restenosis has occurred in about half. Also, 
objective evidence is lacking for improvement in myocardial function. With valve 
surgery, there is regression in left ventricular mass, however this has not been docu­
mented in valvuloplasty. 

There has been a recent comparative trial of valvuloplasty and aortic valve re­
placement from the University of Michigan. Survival was not different at one year. 
There was 71 % survival in the surgical group and 57 % in the valvuloplasty group 
but it was not significantly different (1). However, there was an increase in congestive 
heart failure at follow-up in the valvuloplasty group and there was a marked differ­
ence in the number of asymptomatic patients. Sixty-nine percent of the surgically 
treated patients were asymptomatic compared to 31 % of the valvuloplasty patients. 
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This is a comparison of patients who are operable. These results might be even less 
satisfactory in patients who are not operable. 

Finally, in aortic valvuloplasty the best predictor of a good result is the pre-dilata­
tion valve area. If the valve area is large, then we can expect very good hemodynamic 
results and good survival. If the valve area is very tight, we do not expect very good 
results. All this is a little bit depressing but as has been emphasized, aortic valvulo­
plasty remains a very palliative procedure for patients who cannot have valve 
surgery. 

The mitral valvuloplasty, on the other hand, works. The mitral valve has commis­
sures that are fused and if they are split and the valve is opened, the results are 
predictable. There is a recent randomized trial comparing mitral valvuloplasty to 
closed mitral commissurotomy and the results are comparable between the two 
approaches (2). 

With regards to the selection of patients for coronary angioplasty or coronary 
bypass surgery, I think it is worth examining the long-term results of the initial group 
treated by Gruentzig, the inventor of inter ventiona I cardiology. The Zurich patients, 
some followed for over 10 years, have done well. They continue to have an excellent 
survival as well as functional result. The survival overall at six years, was 96 % (3). 
At Emory, the patients treated in 1981 were followed completely at five years and 
again we saw excellent cardiac survival of 97 % and freedom from the major events, 
cardiac mortality, myocardial infarction, or death of 80 % (4). These were primarily 
single-vessel disease patients. I do not think a randomized trial of single-vessel 
disease is needed. I believe the results of angioplasty have been quite satisfactory in 
single-vessel disease throughout the world. There are a few arguments that can be 
raised, particularly about ostial lesions that have a high restenosis rate. The right 
ostium and the very origin of the LAD have a high restenosis rate, and there is a need 
for improved technology to deal with these areas. 

The results of our experience, gathered together with Douglas and Griintzig, 
illustrate that complications continue to occur as more complex case selection coun­
terbalances improved technology. Multi-vessel cases have a mortality rate of around 
one half of 1 %, single-vessel about one-tenth of 1 %. Ifwe look at our multivessel 
experience, we see that the results are somewhat different than found in single-vessel 
disease. The total success in multi vessel disease has been 88 %. Partial success occurs 
in another 6 % (5). Although the mortality is higher than in single-vessel disease, the 
overall outlook for these patients has been surprisingly good. Patients with multi­
vessel disease who underwent angioplasty prior to 1987, a time when we began a 
randomized trial, have been followed. These were selected multi vessel patients and 
they have more similartiy to single-vessel patients than patients who are currently 
being operated with multivessel disease. Eighty-nine percent of them had double­
vessel disease and only 11 % had triple-vessel disease. The survival was 97 % at four 
years, and freedom from death, myocardial infarction or bypass surgery was 72 % 
at that same time interval. 

There are four things one must consider in selecting patients for angioplasty (6). 
First, whether angioplasty can be done; second, what will the success rate be; third, 
how safe is it for the patient; and finally, will it last? In addition, the value of 
angioplasty vs the alternatives, namely bypass surgery and medical therapy, must be 
considered. When we are evaluating angioplasty and bypass surgery, we are really 
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comparing angioplasty to internal thoracic artery surgery. At our center, 90 % of the 
patients undergoing bypass surgery receive internal thoracic artery grafts and many 
of them receive bilateral internal thoracic artery grafts. There are acute differences 
between angioplasty and surgery and there are late differences. The acute differences 
have to do with the morbidity of the operation itself, however with angioplasty there 
is morbidity as well, which is related to many factors, not the least of which is the 
morphology of the obstructions, the number of obstructions, and the amount of 
myocardium affected. The late outcome is influenced by the restenosis problem. The 
two major problems of angioplasty remaining are acute closure and late restenosis. 

So, given this choice between two therapies, we have a dilemma that needs some 
rational approach. If, for example, a patient has sequential lesions in the right artery, 
a high grade lesion in the anterior descending branch, and a total occlusion of a 
circumflex marginal branch, will that patient be best served by having angioplasty, 
perhaps dilating both these lesions in the right, also the LAD, perhaps not trying to 
pass the total occlusion of the marginal which may be chronic, or would the patient 
be better served by going directly to bypass surgery? The obvious difference of 
avoiding a sternotomy and reducing the time in the hospital may be overcome by the 
recurrent ischemia that may take place with restenosis. On the other hand, if bypass 
surgery is complicated by cerebrovascular complications, pulmonary complications, 
or infection, then obviously angioplasty would have been a better choice. 

When such a dilemma exists, the only real solution is a randomized trial. At 
Emory, the National Institutes of Health have funded a trial of angioplasty com­
pared to surgery in patients with multivessel disease: E.A.S.T. Patients who tradi­
tionally would have had bypass surgery are being randomized. The hard endpoints 
from this trial will be anatomic, namely angiography, and functional in the form of 
exercise tomographic thallium scans. Additional endpoints will be very important, 
particularly the cross-over rates and costs. In other words, will the starting strategy 
of angioplasty be sufficient or will a large percentage of the patients go to surgery 
anyway? This will be investigated in the E.A.S.T. trial, as well as in a multicenter trial 
in the United States, the B.A.R.I., and importantly the C.A.B.R.I. trial, which is 
sponsored by the European Cardiac Society. I do not think the answers are in, but 
we have a headstart trying to determine which of our patients should have angioplas­
ty and which should have bypass surgery. 
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It is now 25 years since the fir t ucce ful orthopic 
aortic allograft transplantation wa performed , and 
allograft valves and conduits are now in clinical u e. 
However, very few everyday clin ical questions in this 
area have been answered with sufficient exactitude. 
At thi tage of perfecting the allograft valve , preci-
ion , maximum longevity, and reduced patient mor­

bidity are to be de ired. The e can only be achieved 
through continued inve tigation and interdi cipli­
nary work' this book contributes to reaching the e 
aim . 

The editor and other leading researchers discuss 
th ir work on cardiac valve allografts and problems 
in their u e. Detai led information is pre ented under 
the following broad heading : 

- Procurement and pre ervation t chnique and 
cryobiology 

- Use of viable and non-viable allografts 
- Surgical implant technique 
- Assessment of late survivals 
- Immunologic a pect 

" ... The pre ent book may be designated a an ex ed­
ingly accompli hed congre s volume of major infor­
mative value , and should be compul ory reading for 
everyone working in the field of cardiac urgery. " 

(The Thoracic and Cardiovascular Surgeon) 
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