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INTRODUCTION AND OVERVIEW OF THESIS




Introduction

Percutaneous transluminal coronary angioplasty (PTCA) is an accepted treatment for

coronary artery disease. However, angiographical restenosis is reported in 40-60% of patients

after a successfit PTCA. 2 Mechanisms involved in the restenosis process are elastic recoil of
the artery, local thrombus formation, vascular remodeling with shrinkage of the vessel and an
overact healing process with neointimal hyperplasia.”” Neointimal hyperplasiz develops by
migration and proliferation of smeoth muscle cells and myofibroblasts after balloon induced
trauma of the arterial wall and by deposition of an extracellular matrix by the smooth muscle

cells.>® The introduction of the stent in the arsenal of the interventional cardiologist has reduced

9-10 . . .oon
the restenosis rate to 15-20%, by preventing elastic recoil and negative remodeling.

However, the occurrence of restenosis after stent implantation remains unresolved, especially in

12
small vessels and long lesions, where it may exceed 30% of the cases. It is primary caused by
neointimal hyperplasia, which occurs due te trauma of the arterial wall by the stent-struts. The
treatment of in-stent restenosis with conventional techniques (balloon angioplasty or debulking)

is rather disappointing with restenosis rates of 27-63%, which increases with the number of re-

. . 13-17
mnterventions.

Since radiotherapy had proven to be effective in treating the exuberant fibroblastic activity of

i8-1%

keloid scar formation and other non-malignant processes such as ocular pterygia it was

assumed that this adjunctive therapy would also inhibit coronary restenosis.

HISTORY

The first experimental study in this field was carried out in 1964 by Friedman et al, by the
use of Iridium 192 (*Ir) in the cholesterol-fed rabbit.” In 1992, in Frankfurt, Liermann and
colleagues performed the first 4 cases of brachytherapy, in patients who had undergone a
femoral percutancous angioplasty”’ A second wave of experimental work was carried out in the
United States by Wiedermann and Weinberger in New York,”> Waksman and Crocker in
Atlanta® and Mazur and Raizner in Houston.® In paraliel, Verin and Popowski in Geneva
conducted experimental studies with the pure B-emitter 'Y in carotid and iliac arteries of
rabbits.”” The first clinical experience in coronary arteries in humans was performed by
Condado et al using a hand-delivered 211 wire into a non-centered, closed end lumen catheter®®
and by Verin et al using a B-source and a centered device.”” Both studies demonstrated that the

delivery of radiation in the coronary artery is feasible and safe, although the restenosis rate

-10-



Introduction

remained relatively high. The positive resuits of the first randomized trial aimed to determine
the effectiveness of y-radiation for the treatment of in-stent restenosis™ encouraged the
investigators to design an extraordinary number of studies that will quickly shed light on the

utility of brachytherapy for the prevention of restenosis.

BASIC PRINCIPLES

Radioactive disintegration.- Radioactivity is the process in which atomic unstable nuclei,
spontanecusly change their configuration and energy content to reach a stable state (ground
state). This eveni normally brings a change in the basic element itself, that is known as
radivactive disintegration or radioactive decay. This process is usually associated with the
emission of particulate or electromagnetic radiation. The particulate radiation is either - or B-
emission. Alpha particles are heavyweight charged particles, which can travel very short
distances within tissues. Beta particles are lightweight high-encrgy electrons, with either
positive or negative charge. A third type of emission originated from the pucleus, known as y-
emission or photon emission, takes the form of electromagnetic radiation. An alternate way for
an unstable nucleus to reach ground state is to capture an electron orbiting just outside the
nucleus, This process called electron capture, makes the outer shell where electrons are orbiting
become unstable. To fill the void of captured electrons, other electrons from nearby orbits jump
to the innermost orbit, which also leads to the emission of photons, called X-rays, which take
the form of electromagnetic waves, Gamma and X-rays are both high-energy photons, without
charge or mass. The only distinction between gamma and X-rays lies in its origin: y-rays are
emitted by the nucleus, whereas the X-rays emanate from electrons jumping to innermost
orbits, Most often an unstable nucleus will emit an alpha or beta particle followed by gamma

radiation. Only a few radioisotopes, e.g. Phosphorous-32 (a pure beta-emitter), only emit

particles, without gamma radiation,

The process of radioactive decay is a spontancous, random event. In a sample with large
number of atoms, the decay follows exponential behavior. The radiocactivity of a sample is
defined as the number of disintegrations per unit time. The units in which radioactivity has been
conventionally measured are:

I becquerel (Bq) = | disintegration /second
1 curie (Ci)=3.7 * 10" Bq
I millicurie (mCi) = 3.7 * 10" Bq

-11-



Introduction

As the nuclei of radicactive material disintegrate, the number of nuclei available for decay
decrenses. The rate of decrease varies among radioisotopes. This value is unique to each
isotope. This rate of decay follows the exponential formula:

A(D) = A(0) e 2 TUT2 yhere,
A(0) is the known activity of the isotope at a certain time we call zero; A(1) is the activity
remaining at time t and T1/2 is a constant called half-life. The half-lifc of an isotope is the time
during which its activity reduces to half its original value.”"
Tissue damage induced by radiation and effective dose.- When radiation is absorbed in a
tissue, it can either cause direct damage to a critical target by ionization or it can indirect
damage a critical target by interacting with other molecules to produce free radicals, which will
subsequently damage the critical target. Approximately 80% of the radiation damage is caused
by these free radicals. The most critical tarpet that could be damaged by radiation is DNA. The
consequence of this chromosomal damage, specifically the formation of exchange-type
aberrations, is that the cell lose its ability to proliferate, which will ultimately lead to its
death.”™ This mode of cell death leads to a dose-response relationship where the fraction of cell
surviving (S) is a linear-quadratic function of the dose (D):

S =" P02 yhere,
o and B are constants that are characteristic of a given cell type. At low doses, the linear
component dominates, but at higher doses (such as the single doses that are proposed for
intravascular radiation) the term that is quadratic start to dominate. Theoretically, a single
acute dose of 12 to 20 Gy, would result in a depopulation of smooth muscle cells about 107 to
10, that is, only in about 1 cell in 1000 to 1 million would survive. These survivors cells
would need to double between 12 to 20 times to produce sufficient progeny to black the artery.
Considering that smooth muscle cells are not malignant and therefore do not have the capacity
for indefinite proliferation, it may be that a dose of this magnitude could result in 2 permanent
inhibition of restenosis.”">*
Target tissue.- Experimental models have suggested that myofibroblasts in the adventitia
proliferate after angioplasty and may migrate into the intima where they appear as smooth
muscle actin-containing cells.*** The effect of radiation on myofibroblasts proliferation in the
adventitia as well as on the vessel remodeling have been recently reported.”® Endovascular
radiation after balloon overstretch injury of porcine coronary arteries significantly reduced the

number of proliferating cells in the adventitia and medial wall compared to controls at a dose of

14 or 28 Gy prescribed at 2 mm into the vessel wall. The higher 28 Gy dose resulied in a much
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Introduction

greater inhibition of cell proliferation in the adventitia compared to 14 Gy.™ In the same study,
it was observed a sigificant reduction in the extent of adventitial a-actin staining in the
irradiated vessels as compared to controls, suggesting an inhibition of adventitial fibrosis by the
radiation treatment, leading to a significant increase in the vessel perimeter (inhibition of
constrictive vascular remodeling).™® These findings support the concept that the adventitia is the
target tissue of the intracoronary radiotherapy.
Radiation Therapy Systems
Radiation therapy can be delivered to the coronary arteries by external radiation or by
brachytherapy methods either by catheter-based systems or by radioactive stents. Catheter-
based systems can use both B- or y-emifters, which can deliver the prescribed dose in either
high or low-dose rate, manually or automatically. Radioactive stents utilize mainly pure B-
emitters in a very low-dose rate. The dosimetry requirements for intraluminal treatment via the
temporary insertion of radioactive sources can be summarized as follows”":
1) single fraction acute dose of 10 to 30 Gy to a length of 2 to 4 cm of arterial wall,
approximately 2- 10 5 mm inner diameter, 0.5- to 3 mm wall thickness.
2) high dose volume confined to the region of angioplasty, with minimum dose to
normal vessels and myocardium.
3) dose rates greater than 2 Gy/min (fo keep treatment times <15 minutes) thus
reducing complications (i.e. thrombosis, ischemia).
4) the radicactive source must have dimensions, stiffness and flexibility compatible
for use with angioplasty catheters.
5) source diameter must be less than 0.5 mm, yet stiff enough to be pushed through
greater than 100 cm of artery, and flexible enough to negotiate multiple bends in
the coronary tree. Source integrity is of greal importance, as dislodgement into a
coronary artery could be fatal.

The isotopes currently used for intraluminal brachytherapy are depicted in the table:

Tsotopc  Emission  Maximum Encrgy (McV)  Average Energy (MeV)  Halflife
i A P S o déys' .
z2p beta- 1.7 0.60 14 days
90 Sr beta- 0.3 0.20 28 years
0Y beta- 23 0.90 64 hours
188 Re beta- 22 0.79 17 hours

188 W beta- 0.5 0.17 60 days

-13-



Overview of thesis

This thesis is aimed to determine the potential of intracoronary brachytherapy as a new
technique 1o prevent restenesis afier percutaneous interventions. To that purpose, it has been
divided in 5 parts. In part I the structural and functional changes that radiation therapy induces
in coronary tissue are described. In part II dosimetry considerations of this treatment modality
are discussed. In part ITL, new methodological concepts derived from the effect of this therapy
are defined. In part IV, the potential complications secondary to the use of this technique are
described. And, finally, in part V, the results of clinical trials carried out in our Institution and
in the rest of Europe are reported. Specifically, we can summarize the aims of this thesis as
follows:

1) To define the morphological changes of vessel structures after intracoronary radiation
therapy by means of either catheter-based systems or radioactive stent following
percutanecous coronary interventions. This is addressed in chapters 1,2 and 3.

2} To determine the long-term coronary vasomotion of the segment which has been irradiated
by means of a catheter-based system. This is addressed in chapter 4,

3) To establish the minima! effective radiation dose to be delivered to the adventitia. This is
addressed in chapter 5.

4} To define the dosimetric implications between centering and not centering the radiation
source into the vessel lumen. This is addressed in chapters 5 and 6.

5) To determine the intravascular ultrasound predictors of plaque volume at 6-month follow-
up. This is addressed in chapter 5.

6) To define 2 new methedology to study the clinical and angiographic implications of this
new technique. This is adressed in chapters 7 and 8.

7) To determine the potential limitations of this technique. This is addressed in chapters 9,10
and 11.

8) Finally, to report on the clinical trials which has been carried out in our Institution and in
the rest of Europe by the use of intracoronary radiation therapy. This is addressed in

chapters 12, 13 and 14.

14
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Chapter 1

Geometric vascular remodeling after balloon angioplasty and beta

radiation therapy: a three-dimensional intravascular ultrasound study.

(Circulation 1999;100:1182-1188)
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Geometric Vascular Remodeling After Brachytherapy

Geometric Vascular Remodeling After Balloon Angioplasty
and 3-Radiation Therapy

A Three-Dimensional Intravascular Ultrasound Study

Manel Sabaté, MD; Patrick W. Serruys, MD, PhD; Willem J. van der Giessen, MD, PhD;
Jurgen M.R. Ligthart, BSc; Veronigue LM.A. Coen, MD; L. Patrick Kay, MBChB;
Anthonie L. Gijzel, MD; Alexander J. Wardeh, MD; Ad den Boer, BSc; Peter C. Levendag, MD, PhD

Background—Endovascular radiation appears to inhibit intimal thickening after overstreiching balloon injury in animal
models. The effect of brachytherapy on vascular remodeling is unknown. The aim of the study was to determine the
evolution of coronary vessef dimensions after intracorotary irradiation aflter successful batloen angioplasty in humans.

Methods and Results—Twenty-cne consecutive paticnts treated with balloon angioplasty and B-radiation according to the
Beta Energy Restenosis Trial-1.5 were included in the study, Yolumetric assessmenl of the irradiated segment and both
cdges was performed afier brachytherapy and at 6-month follow-up. Intravascular ultrasound images were acquired by
means of ECG-triggered pullback, and 3-D reconstruction was performed by automated edge detection, allowing the
caleulation of lumen, plague, and external clastic membrane (EEM) volumes. In the ircadiated segments, mean EEM and
plaque volumes increased significantly (451128 to 490,9159 mm® and 201.2259 1o 244.7+74 mm*; P=0.0% and
P=0.001, respectively), whereas luminal volume remained unchanged (2508291 10 249.2+ (02 mm* P=NS). The
edges demonstrated an increase in mean plague volume (26,8212 (0 32,610 mm?®, P=0.0001) and no net change in
mean EEM volume (71.4224 10 70.9%24 mm*, P=NS), resulting in a decrease in mean luminal volume (44.6 %16 Lo

38.3+16 mm?®, P=0.01).

Conclusions—A different pattern of remodeling is observed in corenary segments treated will B-radiation afler successful
balloon angioplasty. In the irradiated segments, the adaplive increase of EEM voluine appears 1o be the major
coniributor 1o the luminai volume at follow-up. Conversely, both ecdges showed an increase in plaque volume without
a net change in EEM votume. (Circulation. 1999;100:1182-1188,)

Key Words: balloon m angioplasty ® ultrasonics @ remodeling ® radioisotopes

esicnosis after balloon angiopiasty {BA) is the major

limjtation of the technique, occurring after 30% o 40%
of procedures despite excellent acute rtesults.! Excessive
neointimal profiferation and extracellular malrx synthesis by
modified smooth muscle cells in response 1o injury have been
suggested as the main mechanisms of restenosis.2? However,
recent studies identified geometric vascuiar remodeling after
BA us a concomitant contributor to the process of
restenosis.

Endovascular radiation appears te be a novel technique,
which, by use of either 8- or y-isotopes, has inhibited intimat
thickening after averstretch balloon injury in experimental
models.*~¥ The theorctical benefit of sadiation in preventing
ncointimal proliferstion resides in its killing effect of more
rapidly dividing smooth muscle cells? Two randomized
sludies demonsirated substantial reductions in restenosis rate
after treatment of in-stent restenosis.'™!" The use of either B-

or y-radiation for treatiment of de novo coronary lesions has
been successfully (ested in humans.'2#

The effects of brachytherapy on geometric vascular remod-
eling of de nove treatcd lesions are still unknown. By
allowing direct measurenent of the vessel wall, intravascular
ultrasound (IVUS) imtaging has been used lo study the
remadeling process in corosary arteries. 14-'® Recently, 3T}
TV US reconstruction systems have been introduced, allowing
the quantitalive anatysis of a particular sepment of inlerest
during an aulomated pullback.'” Furthermore, to prevent
artifacts caused by systolic-diastolic dimension changes of
the cosomary vessel wall, the pullback of the IVUS catheter
can be performed with ECG pating.'#

The purposes of this article were o {1) quantify the
volumes of vessel struciures by means ol 3D reconstruction
of IVUS intages of coronary segments successfully treated by
BA followed by B-radiation therapy, (2} detcrmine the
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Distal

Proximal

Figure 1, Overview of the appiied analysis software package,™®2* A, Schematic presentation of the WUS catheter pufiback. B, Two
computed longitudinal perpendicular views. Corresponding cul-planes in A are represented by the lellers A and B. C, Outcome ol mea-
surernents. CSA indicates cross-seclional area; h, distance between 2 conseculive catheter positions {0.2 mm). Gray boundary fines

represent total vessel confours; white fines, luminal contours.

evolution of these vessel parameters to define the patiern of
vascular remodeling after coronary irradiation, and (3} eval-
uate he potential effect of brachytherapy on the remodeling
at both edges of the irradiated area.

Methods

Patient Selection

Paticnts eligible for the study were those reated successfully with
BA followed by intracoronary irradiation accerding to the Beta
Energy Restenosis Trial {(BERT)}-1.5. The purpose of this trial was to
evaluate (he safety and efficacy of low-dose irradialion after BA with
or without stent implantation jn patients with single de novo lesions
of native coronary arteries, The isolope selected was the pure
P-emitting strontium 90, and patients were randomly assigned 1o
receive doses of 12, 14, or 16 Gray, The inclusion and exclusion
criteria of this trial have been previously reported.? The delivery of
lhe radiation was performed by the use of the Beta-Cath System
{Novoste Corp).?” The radiation seurce teain of this system consists
of 2 series of 12 independent cylindrical seeds that contain the
radioisetope seurces and is burdered by 2 gold radio-opague markers
separated by 30 mm.'?

IVUS Image Acquisition Analysis System

The segment subject to 3D reconstruction was examined with
mechanical IVUS system (ClearView, CVI1S, Boston Scienlific
Corp) with o sheall-based IVUS catheter incorporating a 30-MHz
single-element transducer rolating at $800 rpm (Utracross, CVIS).

4.

The transducer is placed inside 2 2.9F, 15-cm-long sonolucent distal
sheath that alternatively houses the guide wire (during the eatheter
intreduction) or the transducer (during imaging). The 1VUS trans-
ducer was withdrawn through the stationary imaging sheath by an
ECG-triggered puliback device with a stepping molor developed ai
the Thoraxcenter, Rotterdam,® The ECG-galed image acquisition
and digilization was perforrmed by a workstation designed lor 1he 3D
reconstruction of echocardiographic images? (EchoScan, Tomtec).
This workstation received input from the IVUS machine (video) and
the patient (ECG signal) and controlied tl:e molorized transducer
pullback device. The steering logic of the workstation considered Lhe
heart rate variabitily and only acquired imuges from cycles meeting
a predetermined range; premature beats were rejecled. IVUS images
were acquired coinciding with the peak of the R wave. If an R-R
interval failed to meet the preset range, the 1VUS catheler remained
at the same sile untii a cardiac cyele met the predetermined R-R
range. Then, the TVUS transducer was withdrawn 200 gm 1o acquire
the next image.'™%2% Given the slice thickness of 200 pm and the
length subject to the analysis of 4¢ mm (distance belween the 2 gold
markers of the radiation source and 5 mm bath edpesy, 200
cross-sectional images per segment were digitized and analyzed, A
Micresaft Windows-based contour detection program developed at
the Thoraxcenler was used for the 3D analysis.?! This progzam
constructs 2 lengiludinal sections from the datz sel and identifies the
contours corresponding to the jumen-intima and media-advenlitia
boundaries (Figure 1). Corrections could be performed interactively
by “fercing”™ the contour through visually identified potnts, and then
the entire data set was updated.?! Careful checking and editing of the
contours of the 200 planar images was performed with an average of
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Figure 2. Longitudinal reconstruction of the IVUS cross-sectionat images and subseaquent vofumetric calculations {middle charts) after
irradiation (A and A’} and at 8-manth follow-up {B and B'). Note increase in scale at fellow-up chart reflecting increasa in tetal vessel

volume.

6() minules for complele evaluation. The area encompassed by Lhe
fumen-intima and media-adventitia boundaries defined the luminai
and the exiemal elastic membrane (EEM) volumes, respectively. The
difference between EEM and luminal volumes defined the playue
volume. Volumelric dala were czleulated by the formula

V= Y AH

where V is volume, A is area of EEM or lumen or plaque in a given
crass-sectional vltrasound image, H is thickness of the coronary
anery slice reported by this dighized cress-sectional IVUS image,
and n is the number of digitized cross-sectional images encompass-
ing the volume Lo be measured.?' The feasibility and intraobserver
and interobserver variabilities of this system have beea previously
reported.’?* The 3D analysis was performed by | investigator.
Intrachserver variability was assessed by analyzing a series of 15
IVUS volumetric studies at least 3 months apart. Differences in
EEM, pleque, and lumen volumes were as follows: —0421.0%,
—0.3%1.3%, and —3.220.9%, and the intraclass correlation cacffi-
cicnts were r=0.97, r=0.97, and r=0.98, respectively,

Todefine the treated segment, a few steps were followed. First, an
angingram was performed after pesitioning the delivery catheter and
the relation between anatomic landmarks and the 2 gold markers
were noted. Typically, the zorto-ostial junction and the side branches
were used as landmarks. The anatomic landmark closest o either of
Ihe pold markers was used as a reference point. During the IVUS
analysis, this reference point was identified during a contrast
injection with the 1VUS imaging element at the same posilion as the
gold marker of the scurce. At the same time, during the contrast
injection, the image from the IVUS imaging element was recorded
and the reference point identified. During the subsequent pullback,

225-

this reference point was recognized and used for selecting the area
subject to the analysis: 30 mn for the irradiated segment analysis and
5 mm at both edges for the “edge elfect” evalyation. In cases in
which there were no angiographic landmarks bordering either of the
2 gold markers of the delivery calheter, the minimal luminal
diameter identilied during the IVUS puflback was used as the
reference point, Then, the irmadiaed segment was defincd by
selecting slices encompassed within 15 mm progimat and 15 mm
distal to the minimai luminal diameter. This approach was necessary
only in 2 cases. At follow-up, comect matching of the region of
interest was performed by comparing the longitudinal reconstruction
with that afler ireatment {Figure 2.

Procedure

The medical ethics committee of our inslitstion approved lhe
study, and all patients signed a written informed consent form. The
palients received aspirin {250 myr) and heparin {10 600 1U 1V) before
the procedure. If the duration ol the entire interventivnal procedure
exceeded 1 hour, additiona! heparin was given to maintain the
activaled clotting time 300 seconds. In BERT-1.3, BA was
performed according o standard clinical practice. Afler successlol
angioplasly, intracoronary B-radiation was performed as previcusty
described,'* and aflerward, repeat angiography snd [VUS pullback
were cdrried out. On average, IVUS puliback was performed at
{2+2 minules (9 to 15 minules) alter BA. A continuous moterized
pullback &1 a speed of &.5 mm/s was lirst carried out, loltowed by an
ECG-gated pullback al a step size of (L2 mm/step. Intzacoronury
nitrates were administered imimediately before each of the IVUS
pullbacks. A final angiogram after the [VUS sludy concluded the
procedure. At B-month follow-up, further IVUS analysis ol the
treated area was performed.
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TABLE 1. Baseline Characleristics, (n=21)
Male sex, n (%) 1B [76%)
Mean age, y 56+9
Coronary risk factors, n (%)
Smoking 14 (67%}
Hypercliolesterolemia 11 (52%)
Family history 11 {52%)
Hyperlension 10 {48%)
Diabetes 4{19%)
Treated vessel, n {%)
{eft anterfor descending 11 (52%}
Lefl circumilex 6 (20%)
Right ceronary artery 4 (19%}
Prescribed dose, n {%)
16 Gy 5(43%)
14 Gy 4 {19%)
12 Gy 8 (38%)

Statistical Analysis

Quantitative Jata are presented as mean=5D. Volumetric daia
derived from the 31 reconstruction of 1he VLS imaping were
comparel immediately afier reatment and al follow-up by use of the
2-tailed, paired Student’s f tesl. Linear regression anzlysis was
performed 1o assess the relalion between the change in EEM, lumen,
and plaque dimensions. A value of P</8.05 was considered statisli-
eally significant.

Results

Baseline Characteristics

Thirty-one patients were included in BERT-1.5 at our insti-
tution. Eight patients who received stent implantation for
important recoil or dissection afler BA were excluded from
the volumetric assessmeni. At follow-up, the 3D IVUS
analysis was not performed in 2 patients: | patient refused
and the other returned prematurely with unstable angina
pectoris secendary to severe restenosis, and only a manual
[VUS pullback preintervention was possible, Therefore, 21
patients with volumetric IVUS analysis after wreatment and at
follow-up formed the study population. The baseline charac-
teristics of the patients are presented in Table .

Ciinical and Angiographic Foltow-Up

At follow-up, 14 (66%) patients remained asymptomatic. Six
patients had stuble angina pectoris: Canadian Cardiovascular
Society class 1 (n=1), class 2 (n=1), and class 3 (n—=4), One
patient was admitted prematurely because of unstable angina
pectornis. The follow-up angiography demonstrated restenosis
(>50% diameler slenosis on quantitative coronary angiogra-
phy) in 5 (24%) patients. One restenotic patient demonstrated
aneurysmatic formation within the irradiated area (Figure 3).
The prescribed dose in restenctic patients was 12 Gray (a=1),
14 Gray (a=1), and 16 Gray {(n=3}.

heveveseanes . RIATRES

1AR ¥RA M Fan

Arcn (Al frsmes)

____________ C'

Figure 3. Angiography and 3D reconstruction of an kradiated segment (A, B, and C} that demonstrated restenosis and aneurysmatic
formation at 6-month foliow-up (A", B, and G). Contour tracing has been manually corrected for distal side branch (black arrowheads

in bottom charts). prox. indicates proximal,
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TABLE 2, IWHS Volumelric Analysis
Dese, Lv v EEM FEM PV PV
Patient Artery Gray Post Follow-lp ALY Post Follow-lp AEEM Post Follow-Up APY
1 LAD 12 143.2 148.4 5.2 3214 378 50.5 178.2 2235 453
2 LAD 14 297.6 289.2 —-54 605.5 634.8 29.3 307.8 3455 377
3 LCx 36 206.2 222.8 16.6 399.3 426.1 26.8 $93.2 203.2 10
4 LAD 12 2018 186 —15.6 3134 54 23 s 120.5 18
5 ACA 14 281 2134 -67.6 4935 486.1 -74 2125 2724 59.9
8 ACA 12 2281 1979 —30.2 458.7 442.4 —16.3 2308 244.5 139
7 LCx 12 1921 257 B4.9 352.5 439.5 87.0 1504 182.4 22
8 LAD 16 169.6 176.8 7.2 3239 359.3 35.4 154.3 182.5 28.2
g LAD 14 232 246.3 161 470 489.8 16.8 2388 2435 a7
10 L0x 18 333.2 2789 —54.3 4872 470.3 —16.9 154 191.4 374
1 i0x 16 392.5 490.9 08.4 7185 808 87.5 258 3151 —108
12 LAD 12 2726 193 —73.6 452.9 488.2 45.3 180.3 3052 124.9
13 LCx 12 326.4 3212 —52 578 676 9840 251.8 354.8 103.2
14 LAD 12 154.8 187.8 33 2768 3371 0.3 122 149.3 213
15 LAD 15 2376 2166 =21 3321 3342 21 94.5 117.6 231
16 LAD 16 3412 229 —-1122 605.3 520.4 -B4.9 264.2 294 7.2
17 LCx. 16 2101 278.2 68.1 4126 6007 1881 205.7 3225 116.8
18 RCA 16 1766 219.3 427 4151 4301 15.0 2385 210.8 -277
19 LAD 18 2342 225 -9z 446.9 483.2 16.3 2127 238.3 258
20 LAD 14 19 108.5 —10.5 315.7 256.1 ~19.6 196.7 1876 —81
21 RCA 12 501.4 548 46.6 694.4 912.2 2178 193 364 17
Mean 141 250.8 249.2 - 1B 4511 450.9 39.8% 201.2 7 40.5%
D 1.8 918 102.5 51.5 1281 159.3 Ea.7 58.3 740 494

LAY indicates left anterior descenging arery; LCx, left circumllex artery; RCA, right corgnary artery; LY, luminal volume; EEM, exlernal elastic membrane volume;

PV, plague volume; and post, afler freatment. Al values in mm?,
*P=NS; +P<0.01; P<0.004,

Irradiated Segment IVUS Analysis

Volumetric caleulations of the EEM, Jumen, and plague at the
site of irradiated coronary sepments are presented in Table 2, A
significant increase in mean EEM volume was observed at
follow-up (451+128 10 490.9+159 mm®; P=0.01) parallel to
that in plaque volume (201,259 1o 24 1.7 274 mmd; P=0.001).
As a result, mean luminal volume remained unchanged
(250.8291 mm? after treatment vs 249.2:2102 mm* at follow-
up; P=NS). Patients assigned to receive a dosage of 16 Gray
showed no differences in terms of EEM, lumen, and plaguc

changes as compared with those assigned to receive 12 and 14
Gray. Changes in EEM and plaque volumes showed a signifi-
cant and positive corelation (r=0.66; P=0,001). Similarly,
changes in luminal volumes correlated significantly with those
in EEM volumes (»=0.6%; P=0.005} but not will those in
plague volumes (=007, P=NS) (Figure 4). Sixteen (76.2%)
patients showed a global incremse in EEM  volume
{461,360 mm?), whereas 3 {14.3%) paticnis showed a reduc-
tion in plague volume (—15.7= 10 mm"). Five (23.8%) patients
demonstrated angiographic reslenosis. In 2 of (hem, despile the

Gatrln EEM Vof
+ 1769 Quin Iy Lum Vot ! £ +260 - Oyinin EEM Vol
s
Fe143-087x yuabarpade FLETLITTI *
[RL2 S - [RI X1} =059
a
=ws . - . 500,008 . " . p=0.001
- -
— Y Qaln in PI Val —t . Guin In Lum Val .
; DN 4d 1 T X g v
7 “ Al 220 o ia s20 B
.
‘ . * 1
.
AT L210d s BT N

Jomumwm & Rastenceic [nnd) }

}')Iunl.nlmu!hlnwllj 4 Reatenotic (o=l !

'.Nmknlnﬂkln-u) 3 anu«quJ

Figure 4, Linear ragression analysis between changes in plaque and luminal volumes {A), EEM and luminal volumes (B), and EEM and
plaque volumes (C). EEM Vol indicates EEM volume; Pl Vo!, plaque volume; and Lum vel, luminal volume.
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Figure 5. Comparison between patterns of remodeling in irradi-
ated area and at edges.

absolule increase in EEM volume, a focal increase in plaque
volume led to restencsis, The remaining 3 patients showed an
increase in plague concomitant to a decrease EEM volume.
Ten (476%) patients showed a global increase in luminal
volume {+40.1 30 mm"). In § of them, the increasc in EEM
volunie (+85.7+75 '} overcame the incrense in plague volume
(+53.2+59 mm?*). In the other 2 patients, enlargement of EEM
volume was observed concomilantly o decrense in plague volume,

“Edge Effect” IVUS Measurements

Significant angiographic reduction in luminal diameter in-
volving the proximal edge of the imradiated area was observed
im 1 patent ar follow-up. Volumetric calculamions denon-
strated a siganificant mean increase in plaque volume
(26.8+12 10 32.6+ 10 mm"; £#=0.0001) and no net change in
mean EEM volume (714224 10 70.9%24 mm®* FP=NS),
resulting in a significant decrease of mean luminal volume at
follow-up (44.6=16 10 38,3216 mm"; P=0.01), Changes in
lumtinal volumes correlated significantly with those in EEM
and plague volume {r=0.87; P<0.000i and r=—-031,
P=0.03; respectively). Conversely, chunges in plaque did not
cotrelate with those in EEM (r=-0.03; P=NS5). At the
edges, perceniage of change in EEM and in Juminal volume
differed significantly from those wilthin the irradiated seg-
ment {Figure 5). No differences in volumetric changes were
observed regarding the 3 ranges of doses.

Discussion

Previous studies with y-radiation for the treatment of in-stent
restenosis have demonstraled a reduction in the restenosis
rate mainty as the resuit of a reduction in neointimal forma-
tion, as assessed by IVUS.'0M Qur study provides the
mechanistic interpretation of B-radiation on remodeling of de
nove lesions treated with BA. On average, adaplive vessel
enlargement is the main contributor to uminal volume at
follow-up by accomanodating the increase in plague velume.

The imporiance of geometric remodeling after BA has
been studied both in caperimental modelss?32 and in hu-
mans. % Di Mario et al'® reported that shrinkage of the
vessel accounted for 68% of the late loss after BA, Similar
results were obtained by and Mintz et al," who reported 73%
of late vss cavsed by chronic vessel constriction. A serial
IVUS study*® described a biphasic time course of the geo-
metric remodeling afler BA. Thas an initial adaptive vessel
enlargement was observed up to the first month, followed by
a late constriction phase during the next 3 months.
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Only 5 (23.8%) patients demonstrated shrinkage of vessel
volume 6 months after radiation, whereas the remaining 16
(76.2%) patients showed vessel enlargement. Furthermore,
Tuminal volume appeared to increase in 10 {(47.G%) patients.
These results are in concordance with those obained by
Condado et al,'? who reported a negative late loss in 10 (43%)
of 22 patients treated with y-radiation. We demonstrated that
the increase in luminal volume was mainly due to vessel
enlargement rather than plague reduction, which was ob-
served only in 2 patients.

The severity and depth of the arterial wall injury cavsed by
the balioon overstretching might induce adventitial inflam-
mation and subseguent fibrosis, which, in s, might lead to
contraction of the vessel.225 The beneficial effect of intra-
vascular radiation on the arterial remodeling afier angioplasty
may be explained by a reduction of either cell preliferation in
the media and adventitia or the expression of a-smooth
muscle actin in the adventitia, which is responsible for
fibrotic scar formation after BA2* A potential concern
regarding coronary brachytherapy is the fact that initially
favorable adaptive remodeling would lead 1o late undesired
aneurysm formation. The incidence of coronary aneurysm
after BA or stent implantation, as defined as & coronary
dilatation that exceeded the diameter of normal adjacent
segmenls by 1.5 times,?? ranges between 3,9% and 5.4% and
has not been associated with angiographic restenosis or
unfavorable clinicat euteome.?2? The incidence and progno-
sis of aneurysm formalion after radiation is unknown. In cur
cohort, | patient demonstrated this complication at 6-month
follow-up. Condado et al'? reported 4 (20%) cases of aneu-
rysmatic formatien within 2 months after y-radiation. In 2 of
them, & further increase of the size was observed at 6 and 8
months, respectively.'?

An interesting finding was the concurrent vessel enlarge-
ment and focal plaque increase, as observed in 12 patients,
resulting in restenosis in 2 of them, Inhomogensity of dosing
cavsed by the lack of centering might account for this
paradox. Therefore the actunl dose 1o the uminal surface and
adventitia appeared to be highly variable between patients as
calculated by means of dose-velume histograms.*® A mote
homogeneous dose disiribution might be achieved by use of
u cenlering catheter or a y-source.

As opposed to the pattern of remodeling within the
irradiated area, the edge segments demonstrated a significant
decrease in mean lominal volume. A lack of adaptive remod-
eling concemitantly to an increase in plague velume ac-
counted for the residual luminal volurne at the edges. The
edge of the radiation source represents an area receiving
low-dose radioactivity. It is hypothesized that a low activity
could have a proliferative effect, especially when associated
with injury induced by BA.Y!

Study Limitations
This study was not placebo-controlled, Consequently, no
conclusion about the effectiveness of S-irradiation in prevent-
ing necintimal formation can be extrapolated.

A potential source of eror is germane to the presence of
the 1VUS catheter in the lumen. In relatively small vessels,
this can resul{ in vessel stretching, resulting in volumetric
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overestimation. Alternatively, the distending pressure on the
vessel may be substantially decreased by the presence of the
catheter that fitls a significant part of the lumen. This
limitation could be especially relevant in studics evaluating
only | cross-section at the narrowest part of the segment.
However, in our cohort, none of the segments showing
adaptive remodeling demonstrated any arca in which the
lumen were occluded by the IVUS catheter.

The method of selection of the area of interest is the best
available. However, despite the meticulous procedure followed,
a small inaccuracy cannaot be completely ruled out, [deally, new
systems incorporating the IVUS imaging efement on the deliv-
ery catheter would resolve this drawback.

The faliow-up period of our cohort might be short, considering
the fact that vascular irradiation may delay restenosis by 1 10 3
years.* Thercfore the observe vessel enlargement might represent
an early phase of the effect of B-radialion therapy ufler BA.
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Chapter 2

The effect of P> beta-radiotherapy on both vessel remodeling and
reointimal hyperplasia after coronary balloon angiopiasty and
stenting. A three-dimensional intravascular investigation.

(F Invas Cardiol 2000;12:113-120)
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Abstract

Intracoronary radiation is a promising therapy to decrease restenosis after percutancous intervention. The
aim of this pilot study was to determine the mechanism of infracoronary beta-radiation after balloon
angioplasty and stenting in a double-blind placebo-controlled randomized fashion. Twenty-six patients were
randomized to either placebo (n = 6) or 3 doses (28, 35 and 42 Gy) of beta-radiation (n = 20) using the
Guidant brachytherapy system. (27-mm long P*source wire). Of these, 21 patients underwent post-procedure
and 6-month follow-up three-dimensional TVUS assessment. Volumeiric quantification was performed by
means of a semi-antomated contour detection system after an ECG-gated motorized pullback TVUS imaging
and three-dimensional reconstruction. We compared the volumetric changes (A) of total vessel volume
(TVV), plague volume (PV) and lumen volume {PV) after 6 months between placebo (dummy wire) and
irradiated patients. In addition the volume of neointimal hyperplasia was quantified within the stented
segments. There was an opposite behavior of TVV and LV change between placebo (ATVV = - 24 mm”® and
ALV = - 42 mm®) and irradiated (ATVV = + 18 mm’ and ALV = + 3 mm"®) patients. The mean neointimal
formation within the stented segment in the irradiated patients (n = 7) was 1.9 mm® (1.5%). Qur results
suggest that beta-radiation affects vessel remodeling afier percutaneous intervention and inhibit neointimal
formation in stented patients.

Key words — Brachytherapy, remodeling, neointimal hyperplasia
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introduction

Restenosis after percutaneous infervention has been reduced with the advent of coronary stents (1,
2). However, further reduction in the incidence of restenosis appears to be difficult using conventional
approaches.

The introduction of intravascular ultrasound (IVUS) in the clinical practice has refined our
knowledge about the mechanism of restenosis. Thus, the restenotic process can be divided in two
components; vessel remodeling and neointimal formation. The former predominates after balloon
angioplasty (BA) whereas the latier is the main cause of in-stent restenosis. (3, 4)

Intracoronary radiation is a promising therapy to decrease restenosts after percutaneous intervention,
Stimulated by animal studies showing inhibition of neointimal formation by radiation (5-7), two
randomized trials have shown the reduction of restenosis by treating restenotic lesions with gamma
radiation.(8,9)

Furthermore, a non-randomized study has shown the safety and feasibility of beta radiation, with a
satisfactory (15%) rate of restenosis in de novo lesion treated with balloon angioplasty (10). Recent
IVUS investigations have shown that beta radiation after BA may affect vessel wall remodeling (11-
13). Experimental studies have corroborated these findings. (14,16)

Thus, the relative contribution of radiation on vessel remodeling and necintimal formation remains
to be elucidated. The aim of this pilot study was: 1) to assess the effects of beta-radiotherapy on
coronary segments successfully treated by BA or stenting, 2) to compare the behavior of irradiated and
non-irradiated (sham) coronary segments 6-month afier treatment by means of a volumetric three-
dimensional (3-D) TVUS assessment.

Methods:
Patient selection

In this double-blind feasibility and safety study, 26 patients {pts) were randomized to either sham
{placebo) or 3 different doses of beta-radiation (28, 35 or 42 Gy, as calculated at 0.5 mm into the
vessel wall). The Medical Ethic Commitice of University Hospital Dijkzigt has approved the use of
intracoronary radiation. All patients gave written informed consent.

Radiotherapy system

The Guidant Brachytherapy System used in this study includes a 0.018-inch nitinol wire with 27-
mm of P¥ source at its tips. The use of a centering spiral balloon (27 mm long) allows the
administration of preseribed dose homogeneously in the vessel wall as well as distal vessel perfusion
during balloon inflation at a maximum inflation pressure of 4 atmospheres. Automated source delivery
unit controls dose defivery and source withdrawal, providing “hands-off” radiation delivery (17). The
duration of the treatment and dose necessary to reach 0.5 mm into the vessel wall are calculated using

the mean reference vessel diameter by IVUS immediately prior to radiation delivery.
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IVUS Analysis System
The segment subject to 3-D reconstruction was examined with a mechanical TVUS system

{ClearView, CVIS, Boston Scientific Corporation, Maple Grove, MN) with a sheath-based IVUS
catheter incorporating a 30 MHz single-clement transducer rotating at 1800-rpm {Ultracross, CVIS).
An ECG-gated image acquisition and digitization was performed by a workstation designed for the 3-
D reconstruction of IVUS images (EchoScan, Tomtec, Munich, Germany) (18). IVUS images were
acquired coinciding with the peak of the R wave, which eliminates the artifacts caused by the
moverment of the heart during the cardiac cycle. Then, the [IVUS transducer was withdrawn every 0.2
mm to acquire the next image coincident to the R-wave. (18)

A Microsoft Windows™-based contour detection program, developed at the Thoraxcenter, was used
for the 3-D volumetric quantification.(19) The feasibility and intra- and inter-observer variability of
this system have been validated in clinical protocols.(20,21). Briefly, this program constructed
longitudinal sections from the data set and identified the contours corresponding to the lumen and
media and stent boundaries. Careful checking and editing of the contours of the planar images were
performed by two independent experts who were blinded to the treatment assignments.

Volumetric data were calenlated by the formula: V= 2", A; * H, where V = volume, A = area of
EEM, lumen, stent or plague in a given cross-sectional ultrasound image, H = thickness of the
coronary artery slice, that was reported by this digitized cross-sectional IVUS image, and n = the
number of digitized cross-sectional images encompassing the volume to be measured. (19)

The methodology to define the treated segment has been previously described (13). Angiogram was
performed after positioning the radioactive source in the centering balloon and the relationship
between anatomical landmarks and the two radiopaque markers of the radiation source were noted
after contrast injection (figure 1). Typically, the aorto-ostial junction and the side-branches were used
as landmarks. The anatomical landmark closest to either of the source markers was used as a
reference point. During the subsequent IVUS imaging pullback, this reference point was recognized
and used for selecting the area of interest: 27 mm for the irradiated segment analysis. In addition, in a
separate analysis we selected only the segment covered by stents within the irradiated area. This was
facilitated by the high echogenic characteristics of the stent struts. At follow-up, correct matching of
the region of interest was performed by comparing the longitudinal reconstruction to that post-
procedure (figure 2).

Procedure
All patients received aspirin (250 mg/day) and heparin IV (10.000 IU) before the procedure and stented

patients afso received ticlopidine (250mg/day). Heparin was given to maintain the activated clotting time
>300 sec. BA and stenting were performed according to standard clinical practice. In the stented patients,
high-pressure post-balloon inflation was performed guided by IVUS. The diameter of the centering batlioon

was chosen based on IVUS mean reference vesse! size (average of the mean distal and proximal reference
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diameters). This measuwrement was performed after optimization the results of balloon angioplasty or
stenting. Thus, the centering bailoon was placed in the target segment and inflated to 4 atmospheres. After
testing the perfusion of the distal coronary segment and checking the correct placement of the centering
balloon by contrast injection (figure 1), the radicactive or “dummy” source wire (27 mm) was placed in the
centering balloon by means of the automatic delivering system. Afterwards, repeat angiography and IVUS
putiback were carried out. A continuous motorized pullback at a speed of 0.5 mmy/sec was first carried out,
followed by an ECG-gated pullback at a stepwise of 0.2 mm/step. Intracoronary nitrates were administered
immediately prior to each of the IVUS pulibacks, At 6-month follow-up, farther [IVUS analysis of the treated
area was performed.

Quantitative 3-D IVUS Analysis

The following volumetric measurements were obtained: total vessel (External Elastic Membrane - EEM)
and lumen. Plague volume was automatically calculated by subtracting lumen volume from the fotal vessel
volume.

In stented patients, afier selecting only the segment covered by stent, we also calculated neointimal
hyperplasia, which was calculated by subtracting lumen volume from stent volume. In-vivo measurement of
neointimal formation afier stenting has been previously validated (22). Plaque volume outside the stent was
also calculated by subtracting stent volume from total vessel volume within the stented segments. The
assessment of EEM in stented patients has been reported (23). Although, in this previous report the
delineation of EEM was not possible in some patients due to the stent shadowing, in our study the
delineation of EEM boundary was possible in all stented patients. When the EEM boundary was net visible
in a single cross-sectional view, the computer interpolated it from the contours of the immediately previous
and following cross-sections. In addition, the use of three-dimensional reconstruction with multiple
longitudinal views facilitates the visualization of vessel structures outside the stent. In all cases, the stented
segment was covered by the radiation or durnmy source wire.

In order to assess the volumetric changes of the vessel structures after 6 months, the delta value for each
measurement was calculated (delta (A) = follow-up — post-procedure).

Statistical analysis

Quantitative data are presented as mean + standard deviation. The comparisons between the volumetric
data of placebo versus irradiated patients and stent versus BA patients (in the irradiated group) were
performed using an unpaired Student’s t-test. A value of p<0.05 was considered statistically significant.
Results

All patients have completed 6-month clinical follow-up. Of these, 5 patients (1 placebo) did not undergo
TVUS at 6 months: 2 irradiated patients presented sub-acute thrombosis, one presented late (3 months after
the procedure) thrombotic occlusion and another irradiated patient had a severe restenotic lesion
demonstrated by angiography. The lesion was located in an area not covered by radiation, proximal to the

irradiated site where a bailoon was inflated to treat a proximal dissection. Thus, only a manual IVUS
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puilback was performed in this patient priot to reintervention. The non-irradiated patient was asymptomatic
with a negative stress test at the time of follow-up but refused angiographic restudy.

Thus, the results of this study consisted of a cohort of 21 patients with successful post-procedure and
6-month three-dimensional IVUS assessment. Sixteen patients were actually treated with radioactive
source, while 5 patients received placebo treatment. In the radiation group, 6 pts received 28 Gy, 5 pts
35Gy and 5 pts 42 Gy. Additional stent was implanted after BA in 7 pts (44%) in the irradiated group
and 3 pts (60%) in the placebo group (p = NS). All patients were discharged on day 2 after the
procedure without complication. The medication at discharge consisted of: aspirin (250mg/day) and
ticlopidine (250 mg/day, only for stented patients). The dwell time for delivering the prescribed
radiation dose ranged from 1.5 to 8 minutes. There was no complication related to the radiation
treatment protocol. Clinical and demographic characteristics were similar between placebo and
irradiated patients (table 1). Post-procedure and follow-up IVUS measurements are summarized in
table 2. At 6-month follow-up, we observed a smaller minimal lumen area (MLA) and greater
percentage of plaque area in the placebo group compared to irradiated group.

Yolametric Changes (A) After 6 Months — Placebo versus Irradiated

As illustrated in figure 3, the volumetric change of the total vessel volume (ATVV) occurred in an opposite
direction between irradiated and placebo patients. While the irradiated patients demonstrated a positive
ATVV (increase of the TVV at follow-up), placebo patients demonstrated a negative ATVV (decrease of the
TVV at follow-up). Equally, an opposite behavior was observed regarding the volumetric changes of the
lumen volume (ALV). The placebo group demonstrated a negative ALV, whereas irradiated patients showed
a positive ALV (p = 0.01). However, plaque volume (APV) increased in both groups in a similar degree
(positive APV). There was no relationship between prescribed doses and volumetric changes.

Irradiated Patients — Stent versus RA

In the analysis of the entire (27 mm) irradiated segment, stented patients (n=7) demonstrated
similar volumetric changes after 6 months compared to BA patients (n=9) as illustrated in figure 4. It
is of interest to note that, in the stented patients, PV consists of the total amount of plaque outside and
inside the stent. In addition, this analysis quantified the entire irradiated segment including segments
covered and uncovered by stents.

Analysis of the Stented Segment (Erradiated Patients)

In this analysis, only the segments covered by stent were selected for volumetric quantification. The
average stent length (segment analyzed) was 18.1 + 6.36 mm. Post-balloon dilation was performed in
all cases at a mean pressure of 14.6 £ 3.2 atmospheres. At follow-up, we observed a neointimal
hyperplasia volume of 1.89  2.99 mm? with a mean percentage neoimntimal formation of 1.47 + 2.49
%. The TVV within the stented segment demonsirated a non-significant increase afler 6 months
(post-procedure TVV of 260 + 68 mm® versus 272.2 + 97 mm® at follow-up, p = NS). The plaque

volume outside the stent also demonstrated a non-significant change at follow-up (post-procedure PV
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of 131 + 32 mm® versus 141 + 63 mm? at follow-up, p = NS). Stent volume remained unchanged (no
recoil) after 6 months (129.5 = 39 mm® post-procedure versus 131 + 39 mm® at follow-up, p = NS).

Discussion

This pilot investigation demonstrates that beta-radiation affects vessel remodeling after
percutancous intervention. In addition, neointimal formation within the stented segment was almost
absent in our irradiated population, However, the smali size of our stented population should be taking
into account before drawing any definitive conclusion.

Considering that vessel shrinkage accounis for about 50-70% of the mechanism of restenosis after
conventional BA (3) and radiation has been shown to reduce the restenosis rate in the setting of BA (10}, the
conclusion that radiation affects vessel remodeling seemns logical. Clinical (13) and experimental data (14-
16) have already suggested the influence of radiation on vessel remodeling.

IVUS analysis of patients enrclled in the BERT ftrizal has also suggested that radiation may prevent
vessel shrinkage after BA (11,12). The use of single cross-section planar TVUS images limited the
study of Meerkin et al to assess the influence of radiation on vessel remodeling. The 4 coronary
aneurysms reported by Condado et al exemplified the extreme expression of this phenomenon in a
series of patients receiving high doses of gamma radiation. (24)

In accordance to the findings of the present study, a recent clinical investigation from our group using the
same methodology has demonstrated that beta-radiation using a 90Sr/Y-source influence vessel wall
remodeling after BA. (13) In 21 patients analyzed, there was a significant increase of the total vessel volume
after 6 months in patients enrofled in the BERT 1.5 trial.(13)} However, the exclusion of stented patients in
this previous study did not allow further insights into the mechanism of radiation on the inhibition of
neointimal proliferation.

The opposite pattern of change in total vessel volume between the irradiated population (positive ATVV)
and piaéebo (negative ATVV) observed in our study may confirm the influence of radiation on vessel wail
remodeling. In addition, the combination of a smaller total vessel volume and bigger plaque volume at
follow-up accounted for the reduction of lumen observed only in the placebo group. Similar patterns of
structural vessel changes have been previously reported after conventional percutaneous intervention in non-
irradiated coronary segments. (3)

On the other hand, gamma radiation has been shown to decrease the incidence of restenosis in stented
patients treated for in-stent restenosis (8,9). Once again, another logical conclusion may rise in favor of
radiation inhibiting neointimal formation. Clinical and experimental reports have emphasized the effect of
gamma radiation on inhibiting neointimal formation (5-9). In our stenfed population, the amount of
neointimal formation was onlyl.89-mm’, which suggests that beta-radiation also inhibits neointimal
formation afier conventional stenting.

The assessment of plaque growth outside the stent is a novelty in the setting of brachytherapy. A previous
IVUS study {25), has demonstrated the progression of plague mass within and surrounding conventional
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stents. However a recent report investigating 15 non-irradiated stented coronary segments did not
demonstrate plague growth outside the stent. (23) In our study, the plaque voleune cutside the stent and TVV
showed a non-significant increase of 10- and 12-mm® after 6 months, respectively. Further TVUS studies
should investigate the influence of radiation or neointimal formation, plaque growth (outside the stent) as
well as vessel remodeling in stented patients.

This pilot study contributes to a better understanding of the complex interaction between radiation and
vascular structures. By comparing, for the first time, three-dimensional IVUS parameters of beta-irradiated
and non-irradiated coronary segments our study demonstrates that radiation affecis vessel remodeling after
percutancous intervention. In addition, this seminal study suggests that beta-radiation may also inhibit
neointimal formation afer stenting, It is nevertheless of interest to note that to date only few reports using
seriat TVUS investigation after either beta-radiation in the setting of BA or gamma radiation in the setting of
stenting are available. Thus, the confirmation of these findings by a large population study with volumetric
FVUS assessment is required.

Limitations

The size of the population is the major limitation of this pilot study, which has insufficient statistic power
to demonstrate some differences. However, this is a pioneering investigation using 3-D IVUS to assess the
effects of beta-radiation afier either BA or stenting, Tn addition, this is the first study to compare irradiated
versus non-irradiated coronary segments by means of a volumetric assessment in a randomized fashion. The
similarity between our findings and those previously reported on either irradiated (13) or non-irradiated
coronary segment (3) may endorse our conclusions.

The difficulty to assess patients with severe restenotic fesions is a limitation of the methodology used in
this study. Thus, the assessment of the mechanism involved in an “aggressive” vessel wall reaction afier
intervention, as observed in one patient of this study, cannot be performed.

Although the prescribed dose was not related to any vessel structural change after 6-month the actual dose
received by the target segments was not caleulated in this study, limiting any dosimetric consideration.
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Table 1. Basetline and demographic characteristics

Variable Trradiated (n = 16) Placebo (n = 5) p value
Age, years 39.2£96 56+ 10.9 NS
Gender, male 11 (79%) 4 (80%) N§
Diabetes 0 0 NS
Smoking 6 (38%) 2 (40%) NS
Hypercholesterolemia 5 (56%) 3 {(60%) NS
Hypertension 5(31%) 0 NS
Family History of CAD 6 (38%) 2 (40%) NS
Previous MI 7 (44%) 3 (60%) NS
Angina Status, CCS 3/4 12 (75%) 5 (100%) NS
Treatment site at LAD 7 (34%) 3(60%) NS
Restenotic fesion 4 (25%) 1 (20%) NS

CAD means coronary artery disease, MI means myocardial infarction, CCS means Canadian Class

Society, LAD means left anterior descending coronary artery.

Table 2. Post-procedure and foliow-up 3-D TVUS measuremesnts.

TVV, mm® PV, mm’ LV, mm® MEA, mm® Plaquc burden
at MEA, %

Post FU Post FU Post FU Post Fu Post FU
Irradiated 385+ 110 403133 98163 214+ 74 185+ 60 190+ 63 4.8+2 4.7+ 1 6319 64+ G
(n=16)
Placebo 415£ 101 391198 21058 228+69 205+ 62 163+44 4.7+ 1 33tF 60ti6  F6:14
(n= 35}
P value NS NS NS NS NS NS NS 0.046 NS 0.042

TVYV indicates total vessel volume; PV indicates plaque volume, LV indicates luminal volume; MLA

indicates minimal luminal diameler; post indicates post-procedure; FU indicates follow-up.
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Figure 1 - A - Pre-procedure angiogram of the left anterior descending artery (LAD)
B - Angiogram to verify the correct position of the spiral centering balloon and
source wire. Distal perfusion is also confirmed as well as the anatomical landmarks
for 3-D IVUS reconstruction of the irradiated segment.
C - Post-procedure angiogram of the LAD demonstraies good angiographic resuit.
D — Six-month follow-up angiography without restenosis.
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Figure 2 —

A —Post-procedure 3D-IVUS imaging and volumetric quantification. Left panel —
one planar cross-section view is displayed and the lumen (inner line) and EEM
(outer line) area are delincated. Right panel — In the top, one longitudinal view is
displayed with the anatomical landmark (side branch - arrowhead) used to
determine the segment for volumetric quantification. Lumen and EEM boundaries
are delineated in the segment of interest. In the bottom, a graphic displays the
consecutive areas of the entire set of planar images — used for volumetric
quantification. The values of the plaque area are shown as a gray field between two
lines {vessel and lumen areas). The absolute value of the plaque area can be derived
from this field, but is also displayed as single black line.

B -3D-1VUS imaging and volumetric quantification at follow-up. The correct match
is determined on longitudinal and planar views using the anatomical landmark
(arrowhead). Lumen and vessel boundaries are delineated in both planar and
longitudinal views. The graphic of the vessel, lumen and plaque areas is also
displayed.
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Figure 3 -

3D-IVUS analysis of stented coronary segments. Longitudinal (post-procedure [A]
and follow-up [B]) and planar (A’ and B’) views are displayed. Lumen and stent
(white lines), and vessel boundaries (black line) are delineated in the planar image
and in one of the longitudinal views. At follow-up (B, B’) we can observe the
delineation of neointimal hyperplasia between the lumen and stent boundaries
{white lines). The visualization of the EEM boundary behind the stent and
neointimal hyperplasia are illusirated in the longitudinal views without contours as
well as the anatomical landmark (side branch with a spot of calcium in the ostium})
used for correct match between post-procedure and follow-up analyses.
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Figure — 4 Volumetric Changes (A) of the total vessel (TVV), plaque (PV) and lumen (LV) in
the target (27-mm long) coronary segments after 6 months. Comparison between
irradiated and placebo patients.

Volumetric Changes (a) after 6 Months

! frradiated

(n=16)
B Placebo
{n=5)
ATV S APV INA'Al * o= 0.065
+ p=0.01
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Figure — 5 Volumetric Changes (A) of TVV, PV and LV within the iradiated coronary
segment (27-mm long) after 6 months. Comparison between balloon angioplasty and
stent patients.

Volumetric Changes (A) after 6 Months
Irradiated Patients

STENT
(n=7)

B Balloon
(n=29)

ATVY APV ALY p=NS
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Chapter 3

Positive geometric vascular remodeling is seen after catheter-based
radiation followed by conventional stent implantation, but not after
radioactive stent implantation.

(Circulation (in press))
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Abstract

Backgroumd. Recent reports have shown that intracoronary radiation affects not only
neointimal formation but also vascular remodeling. Given the different way in which
radioactive stents and catheter — based techniques deliver radiation one may expect different
mechanisms of remodeling after each technique.

Methods and Results. We analyzed remodeling in 18 patients afier conventional stent
implantation (C), 16 patients afler low activity (L.A) radioactive stent implantation, 16 patients
after higher activity radioactive stent implantation (HA) and finally 16 patients who underwent
catheter — based radiation followed by conventional steni implantation (CBS). Intravascular
ultrasound with 3 — dimensional reconstruction was used post stent implantation and at 6 —
month follow — up to assess remodeling at the stent edges and within the margins of the stent.
Baseline, vessel and procedural characteristics were similar between groups. In - stent
neointimal hyperplasia was inhibited by HA (+9.0mm’) and by CBS (+6.9mm’ (compared with
LA (+21.2mm’) and C (+20.8mm"), p<0.05. No difference in plaque or total vessel volumes
was seen behind the stent in the C , LA or HA groups. However a significant increase in
plaque (+15%) and TVV (+7%) was scen in the CBS group (p<0.05). At the stent edges, no
edge restenosis was witnessed in the C, LA or CBS groups. Edge restenosis was seen after HA
implantation and appeared to be due mainly to an increase in plague and to a lesser degree to
negative remodeling.

Conclusions. Distinet differences in the patterns of remodeling exist between conventional,
radioactive and catheter — based radiotherapy with stenting, Users of radiation need to be
alerted to the deleterious remodeling seen at the stent edges after higher — dose radioactive stent

implantation and behind the stent after catheter — based radiation and stenting.
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In our enthusiasm to control vessel recoil and remodeling after balloon angioplasty (BA),
stent implantation has become increasingly popular. With conventional stenting we have
eliminated recoil and remodeling as components of the restenctic process. However this has
been at the cost of exacerbating neo intimal proliferation secondary to chronic vessel wall
irritation, leading to in - stent restenosis'”. Intracoronary radiation has been developed in an
attempt to decrease restenosis after BA and stent implantation. Two parallel technologies, one
employing radioactive stents®”, the other catheter — based radiation®™", have been the subject of
both animal and human studies. Given the different dose rates and total doses delivered by
each method, intuitively one may expect different patterns of remodeling subsequent to each
approach.

Whereas the effect of catheter-based radiation after BA on vascular remodeling has been
described ', the response of the arterial wall to catheter-based radiation and subsequent stent
implantation is not described. Preliminary studies have reported the effect at the stent edge
after radioactive stent implantation®. These reports do not encompass the response behind the
stent in the arterial wall however.

The aim of this study was to describe the response of the coronary artery o radiation and
stenting, by looking at the stent and its edges after radioactive stent implantation and also after

catheter — based radiation with stent implantation.

Methods

Patient Selection

We analyzed geometric vascular remodeling in 4 groups of patients:

1. those who had undergone implantation of *P — emitting radioactive stents at activity levels
of 0.73-1.5pCi (Isostent™ Inc., San Carlos, CA, USA)

2. those who had undergone implantation of **P radioactive stents at activity levels of 6.0-
12uCi (Isostent™ Inc., San Carlos, CA, USA)

3. those who had undergone conventional stent implantation after suboptimal BA (clinically
significant dissection or residual stenosis > 30%) and catheter — based radiation.

4. those who had undergone conventional stent implantation after suboptimal BA.

Stents analyzed were from patients with single native vessel coronary artery disease, normal

left ventricular function and objective evidence of ischemia. All groups were matched for

patient baseline characteristics, vessel size, lesion and stent fength (mean stent length 15mm)
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Stents placed in the ostial position or adjacent to major side — branches, such that the stent
edges were unable to be analyzed, were excluded from analysis. Only patients who had
completed 6 — month angiographic and IVUS follow — up were included.

Implantation technique

The same group of cardiologists, using a similar technique implanted all stents.

Predilation of the lesion was performed, followed by stent implaniation using either a pre -
mounted stent or the Johnson & Johnson Intervention Systems delivery system (Johnson &
Johnson Interventional Systems Co, Warren NJ, USA). Higher - pressure balloon inflation to
ensure good strut apposition to the vessel wall then occurred. At this time we used a shorter
balloon o ensure that the edges of the balloon did not extend beyond the limits of the stent.
Intravascular ultrasound was used io ensure optimal stent deployment.

Medication

Patients received 250 mg aspirin and 10000 international units heparin at the initiation of the
procedure and the activated clofting time was maintained at > 300 seconds. All patients received
aspirin 80mg daily indefinitely and ticlopidine 250 mg BID for 2 weeks (C) or 4 — 12 wecks
(LA, HA and CBS), after stent implantation.

Radioactive stents

The BX™ stent (Tsostent™ Inc., San Carlos, CA, USA) was the only radicactive stent
implanted in this trial. It was 15mm in length and available in diameters of 3.0 & 3.5 mm. The
BX™ stent was made radioactive by Phosphorus-32 (P). The initial activity of the stents was
measured and thereafter it was calculated at what date the activity had decreased to 0.75-1.5
pCi or 6-12 uCi, suitable for implantation. The dose delivered over 100 days at 1 mm from the
stent surface was calculated for each implanted stent.

Catheter — based radiation delivery system

The Beta-Cath System (Novoste Corp., Norcross, GA) was used to deliver localized B-radiation
(**81/™Y) to 2mm depth from the center of the source at the site of coronary intervention, The -
device consisted of 3 components: (1) the transfer device which stores the radiation source train and
allows the positioning of these sources within the catheter; (2) the delivery catheter, which is a 5
French (F) multilumen over-the-wire non-centered catheter which uses saline solution to send and
return the radiation source train; and (3), the radiation source frain consisting of a series of twelve
independent cylindrical seeds which contain the radioisotope ®Sr sources and is boundaried by 2
gold radiopaque markers separated by 30 mm. Other device and procedural details have been
previously published by this group.”
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Definitions

Stent Edges: Stent Edges were defined as those volumes axially Smm proximal and distal to the
final stent strut. An edge restenosis was defined as an angiographic restenosis >50% at 6-
month follow — up located at either stent edge. An edge -~ effect was defined as any stent - edge
renarrowing.

Patients with balleon — injured edges which failed to receive radiation in the catheter — based
radiation group were excluded. In other words no stents implanted in areas of geographical

miss were included in this study.

1VUS image acquisition analysis

After the final bailoon inflation and administration of intracoronary nitrates, ECG — gated
IVUS pullback was performed. This was repeated at 6 month follow-up.

The segment subject to 3-D reconstruction was examined with a mechanical IVUS system
(ClearView, CardioVascular Imaging System, CVIS, Sunnyvale, CA) with a sheath-based IVUS
catheter incorporating a 30 MHz single-element transducer rotating at 1800 rpm. The IVUS
transducer was withdrawn through the stationary imaging sheath by an ECG-triggered pullback
device with a stepping motor.> IVUS images were aquired coinciding with the peak of the R wave,
which eliminates the artefacts caused by the movement of the heart during the cardiac cycle. After
each image acquisition the transducer was withdrawn .2mm to aquire the next image coincident
with the R — wave. The ECG-gated image acquisition and digitation was performed by a
workstation designed for the 3-D reconstruction of echocardiographic images * (EchoScan, Tomtec,
Munich, Germany) A Microsoft Windows™-based contour detection program, developed at the
Thoraxcenter, Rotterdam was used for the automated 3-D analysis of up to 200 TVUS images."
This program constructs two longitudinal sections and identifies the contours corresponding to the
lumen-intima and media-adventitia boundaries using a minimum-cost based software algorithm. The
feasibility, reproducibility and the inter- and intraobserver variability of this system have been

previously validated in clinical protocols™’,
Quantitative IVUS analysis

At the stent edges the area encompassed by the lumen-intima and media-adventitia boundaries

defined the luminal and the total vessel volumes, respectively. The difference between luminal and
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total vesse! volumes defined the plaque volume. Within the boundaries of the stent total vessel
volume (TVV), stent volume, neointimal hyperplasia (NIH = stent volume — lumen volume) plaque
behind the stent (PBS = TVV — stent volume) and lumen volumes were obtained. NIH presented is
a measured value at follow - up and not derived from subtraction of the post and follow — up
measures,

The assessment of TVV or EEM in stented patients has previously been reported", Although,
in this previous report the delineation of TVV/EEM was not possible in some patients due to
stent shadowing, in our study the delineation of EEM boundary was possible in all stenied
patients. When the TVV/EEM boundary was not visible in a single cross — sectional view, the
computer extrapolated it from the contours of the immediately previous and following cross —
sections. In addition the use of 3 — dimensional reconstruction with multiple longitudinal views
facilitates the visualisation of vessel structures outside the stent.

Statistical analysis

Quantitative data are presented as mean + standard deviation. Volumetric data derived from the 3-
D reconstruction of the IVUS imaging were compared immediately after treatment and at follow-up
using the two-tailed paired Student’s t-test. Comparison between groups was performed using one —
way analysis of variance (ANOVA) and the Tukey — Kramer muitiple comparisons test. A value of
p<0.065 was considered statistically significant. The Medical Ethical Committee of the University
Hospital Rotterdam approved the study and all patients signed a written informed consent

before the procedure.

Results

Baseline Characteristics

Eighteen patients were enrolled in the conventional group (C), 16 patients in both the 0.75-
1.5pCi (LA) and 6.0-12uCi (HA) radioactive stent groups and finaily 17 in the group
employing catheter — based radiation plus a stent (CBS). In the conventional group 10
Multilink and 8 NIR stents were implanted. Baseline characteristics are similar between all
groups and are described in Table L. Lesion and procedural characteristics are described in
Table 2. No statistically significant differences were seen between groups in the parameters

described in Table 2. A comparison of volumetric data is presented in Tables 3 and 4.
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In stent inhibition of NIH

intra - stent NIH was decreased after radioactive stent implantation and catheter — based
radiation plus stent implantation (C = 20.8mm°, LA = 18.0mm’, HA = 8.9mm’, CBS =
6.9mm’, p<0.05). Lower activity radioactive stents had an effect similar to that of conventional
stents.

Behind stent

Conventional stents and both low and higher activity radioactive stents demonstrated an
absence of remodeling behind the stent, with no significant changes in TVV or plaque volumes.
This is in contrast to the catheter — based / stent group which demonstrated a significant
increase in plaque (+15%) and an increase in TVV (+7%), (Table 3, p < 0.05).

No chronic recoil of the stent was seen in any group.

Stent edge

At the stent edges remodeling is similar after both conventional and low — activity radioactive
stent implantation. In these groups there is evidence of a decrease in TVV, (C= 7%, LD = 8%)
with little change in plaque as a cause of late lumen loss. At higher activity levels of
radioactive stent the presence of both stent edge - effect and stent edge restenosis becomes
apparent. In the P group a target segment restenosis (angiographically > 50%) was observed
in 7 patients at the stent edges. This was more common at the proximal edge (6/7).

If only edge restenosis is considered, then the major mechanism of restencsis appears to be due
to an increase in plague at the stent edge. In non - restenotic patients the edge effect appears
due to a decrease in TVV and an increase in plaque (Figure 3)

After catheter — based radiation / stenting the edge effect is largely due to an increase in plaque,
with no negative remodeling seen (CBS Vs LA, HA, C, p< 0.05). No patients with edge
resteno;sis after catheter — based radiation was seen in our series of patients,

Stent activity and dose prescribed

Mean stent activity at implantation (LA) was 1.1 +/~ 0.3 uCi. Mean stent activity at
implantation (HA) was 8.6 +/- 1.6 uCi. For CBS mean dose prescribed was 16.7 +/-2.0 Gy.
Discussion

The development of NIH within the stent witnessed at 6 — month follow — up is well
appreciated”, however the changes that occur at the stent edges or indeed behind the stent
struts have not been the focus of attention until recently’. This paper is the first describing the

difference in vascular remodeling seen after radioactive stent implantation and catheter — based
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radiation plus stenting, using modern conventional stents as a benchmark. The key findings of

this paper are as follows:

a. Similar inhibition of NIH occurs after radioactive stent implantation and catheter — based
radiation and stenting.

b. There was no significant remodeling behind the stent is after conventional or radioactive
stent implantation; however the combination of catheter — based radiation and stenting
leads to both an increase in plaque outside the stent and TVV.

c. At the stent edge three patterns of remodeling are seen at 6 — month follow - up: firstly a
shrinkage in TVV and LV after C and LD radioactive stent implantation. These two
subgroups were not associated with stent edge restenosis in this series. After HD stent
implantation a pattern similar to C and LD is seen in those edges that remain non —
restenotic, however in restenotic edges plaque increase is the major contributor to lumen
loss (p<0.05). In the CBS group a similar lumen loss to the other groups is seen, however
this occurs secondary to an increase in plaque (p<0.05) and without a loss in TVYV,
suggesting that some degree of positive remodeling is occurring to accommodate plaque
increase.

Neointimal Hyperplasia

In our study neointimal formation was inhibited afier higher dose radioactive stent implantation

and afier catheter - based radiation plus stenting. The former contrasts with the recent study by

Carter et al. using P stents in the porcine model', but is in keeping with earlier studies of

Hehrlein® using the rabbit model and recent reports by Albiero’ in which a dose — dependent

inhibition of NIH was noted.

Mechanism of remodeling behind the stent

Catheter — based

After conventional and radicactive stent implantation little remodeling is witnessed behind the

stent. In stark contrast to this, is the considerable increase in plaque seen after catheter — based

radiation and stenting. Part of the key to understanding this process may be aquired from
understanding the healing process after BA. Wilcox and co - workers' describe the presence
of early proliferation of myofibroblasts expressing contractile proteins in the adventitia
surrounding the porcine coronary artery after BA, Tracing studies have indicated that the same
cells migrate and form part of the neointima. Wilcox hypothesizes that the adventitial

myofibroblasts constrict the artery at the angioplasty site much in the same way that
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myofibroblasts participate in scar retraction in dermal healing. The source of these
myofibroblasts may be distant {o the immediate site of injury including pericardial, adipose and
mtramyocardial layers.

Radiation treatment of porcine coronary arteries after BA up - regulates p21 synthesis in
adventitial cells, inhibits the expression of growth faciors, reduces proliferation of adventitial
myofibroblasts, decreases the production of o - actin by the adventitial myofibroblasts,
preventing the formation of the myofibroblast scar around the angioplasty site and inducing
positive vascular remodeling. Data from Fareh and co — workers'® suggest that inhibition of
migration but not of cellular proliferation occurs at lower doses of radiation. Therefore cells
may remain in situ, unable to migrate but able to grow in the presence of positive vascular
remodeling. Afier one week the effect of the radiation diminishes and cellular proliferation,
possibly as a reaction to the presence of the stent, occurs behind the stent in the context of
positive vascular remodeling. In our cohort of patients no cases of stent malapposition were
seen at follow — up although our group has described this as a risk of ongoing positive vascular
remodeling'®”.

Radioactive stent

The objective of using the radioactive stent is not to neutralise myofibroblasts in the adventitia.
Rather it is the prevention of the migration and invasion of myofibroblasts from the adventitia
through the stent struts and into the lumen. As is seen in the HA group this is accomplished due
1o the continuous and low dose rate provided by the radiocactive stent. Due to the range of the
‘radioactive fence’ created, adventitial cells remain intact without upregulation of growth
factors and inhibition of contractile proteins. Consequently no remodeling is seen behind the
radioactive stent.

Edge Remodeling

Hoffmann" has previously described negative remodeling at the stent edge and of the
stent/vessel wall after conventional stent implantation, Tn our study we have been able to
precisely describe the decrease in TVV as the dominant contributor to non — restenotic lumen
loss at the sient edge and to confirm the absence of recoil and remodeling in modern stents at 6-
month follow — up. Recent reports suggest that the edge effect and edge restenosis may be due
to an increase in plaque at the edge and to a component of negative remodeling as one moves
axially from the stent’. However, the edge response after catheter — based radiation and

subsequent conventional stent implantation were undefined until the current paper.
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Edge restenosis: is this the result of low — dose radiation?

Radioactive stents have a limited radioactive range of effect. Whereas those celis behind the
stent struits may be well fenced at the doses discussed, cells proximal and distal to the
extremityof the stent, in injured areas treated by the balloon (up to 3mm outside the stent),
may not be effectively covered by the range of the stent radiation. The latter phenomenon is a
further example of geographical miss™. Whether there is a proliferative effect on tissue
secondary to low — dose radiation at the edge of the radioactive stent has yet fo be proven in
clinical trials. Certainly there is evidence from animal work that low dose radiation may induce
a proliferative effect on tissue™. Tf the edge restenosis is the result of an aberrant response by
non-injured healthy or diseased tissue subjected to radiation, then this may suggest that low-
dose radiation has a stimulatory effect on non-injured tissue. This would be the worst possible
scenario, as clearly non-injured healthy or diseased tissue will always be irradiated at some
stage.

Implication for the future: Dealing with the edge effect

If the edge effect is the result of balloon-induced trauma and low dose radiation then limiting
the trauma outside the stent and expanding the irradiated area bevond the injured area should
be attempted. For radioactive stents conceivably the most practical approach may be 1o extend
the area of irradiation beyond the injured area using a ‘hot-end stent’. This involves literally
concenfrating the greatest activity of the stent at the stent edges; such stents are already
undergoing multicentre trials.

If the edge restenosis were purely the resuit of negative remodeling induced by low-dose
radiation in an injured area, then the lengthening of the stent by a nen — radioactive, cold — end
would be a logical solution to prevent remodeling at the extremities. If plague constitutes a
large percentage of the healing process manifested by the restenosis then cold-end stent
implantation is unlikely to work as neointimal proliferation may occur at the edges of the
radiation within the stent (an in-stent candy-wrapper). ln the event that excessive vascular
remodeling is present afier catheter — based radiotherapy, then a self — expanding stent may
play a useful role. The appeal here is that via direct stenting the injury caused by balloon pre -
dilation will be avoided and the seif expanding stent would be permitted to expand, minimizing
geographical miss and stent malapposition'>,

Limitations This was a retrospective, non — randomised study of individuals who had

completed 6 — month follow — up and in whom TVUS examination was possible. Individuals
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who had total occlusion or whom TVUS catheter could not be passed under acceptable clinical
circumstances were not included. Although no edge restenosis was seen in the CBS group,
both the CBS and the HA groups reflected the larger parent populations from which they were
selected in all other features. The dosimetry described in this paper relates to prescribed doses
only and does not necessarily reflect the dose delivered 2mm from the source in the adventitia.
Description of the dosimetry is beyond the scope of this paper, however previous work by the
authors suggest that delivered dose, residual plaque burden and tissue composition play a
fundamental role on the volumetric outcome at 6-month follow-up after catheter — based B-
radiation therapy and BA%',

Conclusion

Distinct differences in the patterns of remodeling exist between conventional, radicactive and
catheter — based radiotherapy with stenting. Users of radiation need to be alerted to the
deleterious remodeling seen at the stent edges after higher — dose radioactive stent implantation
and behind the stent after catheter — based radiation and stenting.

Radiation, whether it be catheter or stent — based has forced the interventional community to
look closely not only at effective inhibition of intimal proliferation but also the adverse

response  of the artery to the combination of injury and radiation.
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Vascular Remodeling Afier Catheter-Based Brachviherapy versus Radioactive Stent

Table I. Clinical Characteristics

Conventional LA HA CBS

Patient No 18 16 15 17
Age (mean) 58 (42-76) 60 (43-74) 59 (42-75) 57 (45-74)
Male (%) 70 66 70 60
Prior M1 (%) 40 40 45 40
Unstable angina (%) 60 50 65 55
Smoking (%) 40 55 40 40
Hypercholestrolemia (%) 60 62 65 55
Family history (%) 33 42 30 40
Hypertension (%) 40 42 30 33
Diabetes (%) 5 5 10 6

Table 2 Procedural characteristics

C LA HA CBS

Vessel

LAD 10 9 9 9

LCx 4 3 4 4

RCA 4 4 3 4
Lesion length (mm) 9.6x3.3 12.1+3.8 10.1+3.3 11.9+4
Stent length (mm) 14.623.8 15.0 15.0 15.2+4.1
Balioon length-post 14.8£3.4 14.4+2.8 14.122.6 15.1£3.6
Final balloon size (mm) 3.220.4 3.120.6 3.4+0.5 3.240.5
Max inflation pressure1 11.582.4 11.6£2.6 i0.2£2.8 12.2+2.6
Max inflation pressure’ 14.6+3.2 15.2+2.4 15.8+1.7 15433
Balloon-to-artery ratio 1.0440.05 1.1210.06 1.10£0.00 1.12£0.05

Max inflation pressure’ = balloon at time of stent implantation
Max inflation pressure’ = balloon inflation within stent

Tabie 3: Mean volume for the edge proximal and distal to the stent (10mm length)

Edge (mm’) LVpost LVFUP TVVpost TVVFUP  Plaque post  Plaque F/UP

C 67.7 58.3% 124.4 116.5* 56.7 58.2
LD 752 67.3% 126.6 116.4* 51.4 49.1
HD 74.9 63.0% 126.2 117.6¥% 51.3 54.6
CBS 72.6 61.1* 133.2 138.9 60.6 77.8%

* = p< 0.05 Post Vs Follow-up
No significant difference between groups seen at baseline (post).

Table 4
Mean volumes for the stent (15mm length)
Stent {(mm°) LV LVEUP TVVpost TVVFUP PBS PBS F/UP  NIH
post post

C 1139  92.8% 256.1 2573 142.2 143.7 20.8
LA 1273 105.5* 266.6 264.5 139.3 137.8 21.2
HA 1224 11L7* 267.8 265.3 145.4 144.6 9.0
CBS 128.6  121.8* 258.9 278.0* 1303.0  149.3*% 69

* = p<0.05 Post Vs Follow-up
No significant difference between groups seen at baseline (post).
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Figure 1

restenotic
El non restenotic

5LV 5TVV apPVv

Figure Legend: 6.0-12.0.Ci activity level stents. Restenctic edges Vs Non - Restenotic.
* =p < 0.05. 8 LV = change in lumen volume (post - follow-up). 8 TVV = change in total
vessel volume (post - follow-up). 8 PV = change in plaque volume (post - follow-up).



Vascular Remodeling After Catheter-Based Brachytherapy versus Radioactive Stent

Figure 2
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Figure Legend: Remodeling within the stent
* =P < 0.05; baseline Vs follow-up
I=p<0.05 ANOVA
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Fipure 3
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Figure Legend :Stent Edge

A LV for all gronps: p<<0.05, baseline Vs follow-up; between groupa:p=NS, ANOVA.
ATVV for C, LA, HA :p<0.05, baseline Vs follow-up;between proups: p<0.05, ANOVA.
APV for LA&C Vs HA(trend only) &CBS; p<0.05, ANOVA






Chapter 4

Preserved endothelium-dependent vasodilation in coronary segments
previousty treated with balloon angioplasty and intracoronary
irradiation.

(Circulation 1999;100:1623-1629)
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Preserved Endothelial Function After Brachytherapy

Preserved Endothelium-Dependent Vasodilation in Coronary
Segments Previously Treated With Balloon Angioplasty and
Intracoronary Irradiation

Manel Sabaté, MD; . Patrick Kay, MBChB; Willem I. van der Giessen, MD, PhD;
Angel Cequier, MD, PhD:; Jurgen MR, Ligthart, BSc; Joan Antoni Gémez-Hospital, MD;
Stéphane G. Carlier, MD; Veronique L.M.A. Coen, MD; Johannes P.A. Marijnissen, PhD;
Alexander . Wardeh, MD; Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PhD

Background—Abnormal endothelium-dependent coronary vasomwolion has been reported after balloon angicplasty (BA),
as well as afler intracoronary radiation, However, the long-term effect on coronary vasemotien is not known. The aim
of this study was to evaluale the long-term vasomation of coronary segmenis treated with BA and brachytherapy.

Methods and Results—Patients with single de novo lesions tzeated either with BA followed by intraceronary B-irradiation
(according to the Beta Energy Restenosis Trial-1.5) or with BA alone were eligible. Of these groups, these patients in
stable condition who returned for 6-month angiographic follow-up formed the study population {n=19, irradiated group
and n=11, control group). Endothelium-dependent corenary vasomotion was assessed by selective infusion of seria
doses of acetylcholing (ACh) proximally to the treated area. Mean luminal diameter was calculated by quantitative
coronary angiography both in the trealed srea and in distal segments. Endothelial dysfunction was deficed as a
vasoconstriction after the maximal dese of ACh {107 mol/L), Seventeen irradiated segments (89.5%) demonstrated
normal endothelial function. In contrast, 10 distal nonirradiated segments (53%) and 5 controi segments (45%}
demonstrated endothelium-dependent vasoconstriction {— [9217% ard —9.0% 5%, respectively). Mean percentage of
change in mean luminal diameler after ACh was signilicantly higher in iradiated segments {P=0.01).

Conclusions

Endothelium-dependent vasemolion of coronary segments treated with BA followed by fS-radiation is

restored in the majority of slable patients at 6-month follow-up. This functional response appeared to be better than those
documented both in the distai segments and in segments treated with BA alone. {Cirerlation. 199%;104:1623-162%.)

Key Words: balloon B angioptasty & radioisotopes # endothelium & acetylcholine

bnormal endothelium-dependent coronary vasomotion

has been reported both immediately after and up to 6
months alter coronary balivon angioplasty (BA).'' The
preservation of endothelial function is of the etmost impor-
fance to maintain the delicate balance between inhibition and
promotion of vascular growth, vasoconstriction, and vasodi-
lation, as well as antithrombotic and hemostalic mecha-
nisms. S Intracoronary radiation appears to be a promising new
technique to prevent reslenosis after BA»-¥ Experimental
studies have demonstrated an impairment of endothelial
funciion in the short term after high-dose intracoronary
y-irradiation, which was restored at follow-up.¥ However, the
effect of brachytherapy after halloon-induced injury on vaso-
motor functicn in patients remains unknown. The ain: of the
present study was to assess the long-term effzct of intracor-

onary radiation therupy after successful BA on coronary
vasomeotion.

Methods

Patient Selection

Twa groups of pasieats were compared: patienss with single de novo
lesions successfully trewted with BA follewed by intracoronury
B-irradistion (3=23) and patients with single de novo lesions
suceessfully wreated only with BA (n=16). Patients receiving rudia-
tion were included in the Beta Encrgy Restenosis Triad (BERT-1.5).
Patients in the control group were individuals treated with BA alone
and matched for age, sex, and vessel size. Those patients in stable
condition who returned for 6-month angicgraphic folow-up formed
the study population (n=19, irradiated group and n=11, control
group). BERT-1.5 was a prospective multicenter feasibility study.
The isotope selected was pure G-emitting *Sr/™Y, and patients were
randomized 1o receive 12, 14, or 16 Gy at 2 mm from the sewrce, The
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Figure f. Dose-volume histogram showing cumulative dose
received at {evel of luminal surface and adventitia layer. Minimal
dose received by 90% of lumen (D,q Lumen) and adventitia
{Duap Adv) was calculated.

inclusion and exclusion criteria of this trial have been reporied
previously.

Radiation Delivery System

The Beta-Cath System (Novaste Corp) was used to deliver localized
B-radiation to a coronary artery at the site of coronary intervention.
The device consists of 3 components: (1) the transfer device, which
stores the radiation source train and allows the positioning of these
sources within the catheter; {2) the delivery catheter, which is a 5F
multilemen, ever-the-wire, noncentered catheler that uses saline
solution 10 send and retumn ke radiation source train; and (3) the
radidtion souree train, which consists of a serics of 12 indepeadent
2.5-mm-long eylindrical seeds that contain the radivisotope *St/*'Y
sources and is bordered by 2 gold radiopague markers at the dista
and proximal parts of the 3G-mm souree train.!t

Dose Calcuiation

The actual dose received by the luminal surface was retrospectively
calculated by means of dose-voiume histograms.'2 This method is
based on quantitative intravascular ultraseund {(IVUS) under the
assumption that the rediation source is positioned at the same place
as the IVUS catheter. The method of selection of the arca of intercst
o 1VUS has been reported previously.'® The 1VUS system used was
a sheath-based IVUS catheter (ClearView, CVIS, Bosten Scientific
Corporalion) incorporating a 30-MHz single-element transducer
rolating al 1800 rpm (Uliracross, €VIS}). Image acquisition and
digitization were performed by means of an ECG-gated puliback at
i step size of 0.2 mim/step.'-1* Volumetric analysis of Lhe irradinted
area was performed by a serniaulomatic contour delection program
developed at our instilution.’® The feasibility and intraohserver and
interobserver variabililies of this system have been reported previ-
ously.'?1* The distance belween Lhe center of the catheter and bolh
the fumen-intima and media-adventilia interfaces was calculated in
24 pie slives (15° cach) in all cross seclions corresponding Lo the
irradiated area (30-mm length of the train source), Considering the
preseribed dose and the accurate geometric data obtained from
the IVUS, the cumulalive curve of the dosc-voleme listogram for a
predefined volume (ie, intima or adventitia) can be obtained (Figure
1}. From this curve, for example, (he mizimal dose received by 90%
of cither the intimal volume {D.y, lumen) or the adventitinl volume
{Dyoy Adv) was calculaled.

Endetheiial Function Study

[ong-acting vasoactive drugs were discontinued =48 hours before
the study. A percutaneous temorzl artery approach and 8F guiding
catheter were used in ail cases. Endethelivm-dependent and
-independent coronary vasemetion were studied as deseribed previ-
ously in detail: after the sdministration of [0 000 IU of heparin, a
3F infusion catheter (Transit, Cordis} was advanced over a guidewirc
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and placed proximally to the irradiated segment, To avoid wire-
irduced coronary spasm, the wite was temoved. The irradiated
segment was identified on the basis of the anatomic landmarks
visible on the angiogram performed at the time of the placement of
the radialion source. To ensure Lhat the segments were fully bathed
by the infusion of acetylcholine chioride {(ACh). the tip of the
infusion catheter was placed 2 to 3 mm proximal o the proximal
border of the irradiated aren. To determine the baseline vasomotion,
an inilial infusion uf saline solution [or | minute through the inlusion
calheter was performed and a baseline angiogram laken. This was
fellowed by infusion of serial doses of intracoronary ACh, with final
estimaled indracoronary concentrations of 107" to 107 mollL, w
assess endothelium-deperrdent coronary vasomotion, The duration of
each infusion was 2.5 minutes, followed immediately by angiogra-
ohy. All angiograms were taken with identical views and radiograph-
ic characteristics. All infusions were delivered al a rate of 2 mL/min
by usc of a precision pump injector (Mark V, Medrad, Eurape BY).
The final bisod concentrations of ACh were estimated with the
assumplion that blood flow in the coronary anery was 80 mL/min.
Finally, to evaluate endothelium-independent vusomotion, o nitre-
glycerin {NTG) bolus (2 mg) was administered through the puiding
catheter, after which an angiogram identical to those performed
previously was done.*® Throughout euch infusion, the hean rale,
systesnic arterial pressire, and ECG were monitored continuously.
Because ACh causes endotheliuvm-dependent vessel relaxation in
experimental models and in humans,?22% o paradoxical vasoconstric-
tion after the infusion of this substance is an indicator of endothelial
dysfunction.2v

The study was approved by the Medical Ethics Commitlee of vur
institution, and writien informed consent was obtained from ail
patierms in accordance with the guidelives established by the Com-
mittee for the Protection of Human Subjects.

Quantitative Coronary Angiography

Quantitalive coronary angiography was performed after the infusion
of saline solution, at the end of cach ACh infusion, and alter NTG
bolus. Angiograms were performed in the 2 arthogonal projections
that best showed the artery of interest, without overlapping of side
branches and with Jess Toreshoriening, Offline analysis was per-
formed by means of (he CAAS 11 system (Pie Medical BV).
Calibrativn of the system was based on dimensions of the cathelers
not fitled with contrast medium. The intrzobserver and interobserver
variabilities of this method of analysis have been reporled previous-
ly.21-20 Mean luminal diameter was determined after the infusion of
each substance in (he irmadiated area, in a 15- 0 20-mm-long
segment distal to the irradiated aren and in a contralateral nontreated
artery that served as o control. Mean leminal diameter was averaged
for the 2 projections, und the percentage ol change relative to
baseline was neted. All quantitative measurements were performed
by the same investigator (M.S.). Intraabserver variability was as-
sessed by reanalysis of the guantitative coronary angiogruphy of a
series of 15 studies (150 repeated measures in olal) =3 months
apart. [otraebserver differences {mean*2 D) in mean luminal
diameter were as follews: 0.7£2.7% Tor baseline values, 0.8+2.9%
afler maximal dose of ACh, and 0.722.6% aflter NTG. The intraclass
correlation coefficient (R} for repeated measures was 0.97 for
baseline values, 0.96 for maximal-dose ACh values, and ¢.98 for
NTG values. We considered endothelial dyslunclion o vasoconstric-
tion of the segment studied afler the maximal dose of ACh beyond
the variability of the method of analysis (>3%).

Statistical Analysis

Data are presented as mean=8D or proportions. To compare
continuous variables. 2-1ailed Stdent’s r test, ANOVA {or repeated
measurements, and linewr repression analysis were performed when
appropriale. A value of P<(.05 was considered statistically
significant.
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TABLE t. Baseline Characteristics

Irradiation Group  Control Group
{n=19) fn=11)

Age, ¥ 558 585
Male sex, a (%) 14 {74) 10{91)
Treated artery, n (%)
Left anterior descending 10({53) 10 {91}
Lefl cireumfiex 6 (31} 13
Right coranary 1{16) a0
Caronary risk factors, 0 (%)
Syslemic hypertensien 9{4n §(45)
Diabetes meilitus 2{10) 1(9)
Smoking 14 {74) 763
Hypercholesterclemia 11 {58) 6 {ad)
Family history 11(58) 5 (45)
Minimal himinal 1.7+08 1603
diameler, mm
Diameler sienosis, 39+17 7

Continuous data are presented as mean=50.

Results

Baseline Characteristics

Baseline characieristics of poth irradiated and control patients
wre presented in Table |. Angiographic resteposis (diamelter
stenosis >>50%) was observed within the irradialed area in 3
patients (16%). Fourteen patients {74 %) remained asymptom-
atic, whereas 5 {26%) presented with angina pectoris Cana-
dian Cardiovascular Society (CCS)class T (n=1), 2 (n=1), or
3 (n=3). None of the patients in the control group showed
angiographic restenosis, and only 2 presented with angina
pectoris CCS class 1. No differences were observed belween
groups regarding age, sex, coronary risk factors, or minimal
lurminal diameter and diameter stenosis in the diagnostic
ungiogram performed at the time of the functional study. The
left anterior descending coronary artery was assessed more
often in the conlrot groug.

Coronary Vasomotion Study

Mo sigaificant changes in mean aorlic pressure and heart rate
were observed during the ACh infusion in either group. Mean
lumina! diameters after infusion ef each substance in iradi-
ated and distal nonircadiated segments and in the conlrol
group are presented in Table 2. Seventeen fradiated segments
(89.5%) demonstrated nermal endothelinm-depeadem coro-
nary vasomedion (16 segmenis with a vasodilatory response
[5.0%3% of change ir mean tuminal diameser afier Ach] and
1 with no change in meean luminal divmeter |-0.1 % of change
after Ach infusion{). Cn the other hand, endothelial dysfinc-
tion was demonstrated in 2 irradiated segmenis (10.5%): |
wilh angiographic restenosis and angina pectoris CCS class 3
and the other with angina pecloris CCS class 1 withoul
resienosis (—5.2% and --7.8% of vasoconsiriciion afler max-
imal dose of ACh, respectively). In contrast, 10 (53%) of the
distal nonirradiated segments demonsiraled endothelial dys-
function (—19,5%+ 17% of vasoconstriction after maximal dose
of ACh). Mo signiticant de novo slenosis was observed at

TABLE 2. Coronary Vasomotor Response {Mean
Luminzl Biameter)

Dista! Control

Irvadiated Segment  Segment Group

n=19) n=19 =11

Baseline 24604 220+04  2.38x03
ACh 1078 2.49+0.4 2.19*0.5 23503
ACh 1077 2.52x0.4 21305 233x05
ACh 1078 2.55=0.5% 20707 23103
NTG 262043 2.33+06% 250x05%

Data are presented as mean=50 (in mm].
*P=0.03, 1P=0.0004, +F=0.01 with respect {o baseline values.

distal segments, No significant correlation was demonstrated
berween the degree of stenosis at follow-up and the vasomo-
tor response. Five patients in the control group (43%) showed
endothelial dysfunclion in the treated area (-9.0+5% of
vasocenstriction at ACh 107 mol/L), Mean percentages of
chunge in mean luminai diameter afler infusicn of the
different substances between the irradiated and control pa-
tients and between irradiated and distul nonirradiated seg-
ments are presented in Figures 2 and 3. Mean percenlage
chaoge in diameter after ACh was 3.8+£7.1% in the iradiated
sepments compared with —3.227% and —6.6x10% in the
control group and in the distal nonirradiated segments,
respectively (P=0.01), No significant differences in percent-
age of change in mean luminal diameter either in irradiated or
in distal segmenis were observed belween the 3 coronary
vessels after either ACh or NTG, Examples of ‘coronary
segments with vasodilation of the irradiated area and vaso-
constriction of the distal nonirradiated segment after ACh
infusion are depicted in Figures 4 and 5, All of the segments
experienced vasodilation after NTG, which is indicative of
normai smooth muscle vasomotion (Figuzes 2 and 3).

Radiation Dose Calculation

Mean prescribed radiation dose was 14+1.9 Gy at 2 mm to
the source. However, when dose-volume hislograms were
applied, the caiculated minirmal dose received by 30% of the

% changs in maan luminst diametss

—P=pe
ACh 109 NTG

proel

pshB p=483

BE Aca tod AGH 107

® Irradisted area (N=18) [ Comtrof group (N=11)

Figure 2. Percentage of change in mean luminal diameter after
infusicn of each substance in irradiated segments and in control
group. Irradiated segments showed, on average, an increase in
maan luminal diameter after infusion of ACh, which is indicative
of normal endothelial function, whereas control group demen-
strated on average vasoconstriction, which is indicative of endo-
thelial dysfuncticn. Endothelium-independent coronary vasoma-
lion was preserved in both groups. BL indicates basefina.
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% chinge In mesn fuminal dismater
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Figure 3. Percentage of change in mean luminal diameter after
infusion of each substance in irradiated and in distal nenirradi-
ated segments. {rradiated segments showed, on average, an
increase in mean luminal diameter after infusion of ACh, which
is indicative of normal endothelial function, whereas distal nonir-
radialed segments demonstrated, on average, vasoconstriclion,
which is indicative of endothelial dysfunction. Endethelium-
independent coronary vasomotion was preserved in both
groups. BL indicates baseline.

luminal surface was 8.2+3.8 Gy, whereas Dyy, Ady was
52=19 Gy. Only 6 patients (31.5%) received on average
>10 Gy at luminal surface, and only 2 patients (10.5%)
received on average >8 Gy at the adventitial layer, No
significant correlation was found between cndothelium-
dependent coronary vasomotion and the calculated D,g lu-
men (r=—0.03; P=NS). Similarly, no significant correfation
was observed between the coronary vasemolor response (&
NTG and D,y Adv (#=0.03; P=NS).

Discussion

‘This study demonstrates for the first time that the endotheli-
um-dependent vasomotor function of corcnary segmenls
treated with BA followed by B-radiation is restored in the
majority of stable patients at 6-month follow-up. This func-
lional response observed i irradiated scgmenls appeared 10
be better than that documented both in distal norimadiated
segments and in segments treated only with BA.

An impairment of endothelial function has been reported at
up to 3 to 6 months after BA.* Tt has been demonstrated that
soon after balloon-induced injury, there is a rclease of ven
Willebrand factor?” and endolhelin®® as markers of endothe-
lial injury. Experimental studies have demonstrated that the
endothelium regenerates ut follow-up, However, the endothe-
lium appeared to still be dysfurctional 2 which may cause
the release of endolhelivm-dependent contracting factors and
the aiteration of endothelial muscarinic receplors.®—*

Eadothelial dysfunction in distal nontreated segments is &
common finding in atherosclerotic cotonary arleries after
percutanecus interventions.® An alteration of autoregulation
due to chronic kypoperfusion may be implicated in the distal
abnormal responsiveness to ACh.2 Furthermore, the presence
of coronary risk facters may have a deleterious effect on
distal coronary vasomotion. 33

In contrast, most of the irradiated segments exhibited
normal endothelium-dependent vasomotion, and all of them
presented a normal response to NTG. Wiedermann et al®
demonstrated restoration of endothelial function after high-
dose (20 Gy) y-radiation in a noa-balloon-injured animal
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vasodiation in in

Figure 4. Coronary angiogram showing mi
diated segment at 6-month follow-up.

model, However, a diffusc fibrosis of the smooth muscle
layer, probably responsible for the loss of respanse 1o NTG,
was detected on histological analysis.? Cur findings con-
firmed these experimentai observations in terms of endothe-
lium-dependent coronary vasomotion. The lack of paradoxi-
cal vasoconstriction muy be explained by an alteration of the
muscular media, which may demonstrate an impairment in
response (o endothelium-dependent vasoregulatory signals.
However, vasadilation rather than lack of constricsion was the
vasomotor response demonstrated in all but 1 of the irradiated
segmenis with normal endothelial function. The vasomotor
response to NTG rcmuined unaltered and comparable be-
tween groups, which suggests an absence of radiation-
induced impairment of the medial iayer. In an experimental
mode!, endothelial cells as well as vascular smooth mascle
cells were inhibiled in a dose-dependent manner. However, al
a moderate range of g-particle delivery (0.4 to 6 Gy), bul not
at a high dese (10 Gy), endothelial cells appeared Lo be more
radioresistant than vascular smooth musele cells.™ The rela-
tively fow dose of radiation received by the treated segments
may account for this normal functional behavior. In fact, none
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Figure 8. Coronary angiogram showing modearate vasoconstriction of distal nontreated coronary segment after infugion of maximal

dose of ACh, which is indicative of endothelial dysfunction.

of the putients actually received on average =10 Gy at the
level of the adventitia, as assessed by dose-volume
histograms.

On the other hand, an experimental model of porcine
corenary arteries subjected Lo balioon overstretch injury and
either placebo or radiation with 18 Gy¥ demonstrated that
expression of enzyme-inducible nitric oxide synthase (iINOS),
responsible for NO production, was enhanced, whereas ex-
pression of the cytokine transforming growth factor-8, (TGF-
B:) was suppressed in the irradiated group. iNOS is poren-
tially responsible for inhibition of neaintimal hyperplasia and
stimulation of reendothelialization, whereas TGF-8, would
enhance intimal hyperplasia and fibrosis by negatively mod-
ulating the cxpression of INOS3? Moreover, it has been
demonstrated in experimental models Ihat radiation causes
dose- und time-dependent impairment of endothelium-
dependent relaxation™ and thal low-dose radiation would
indues un anti-inflammatory reaction throngh specific dose-
dependent modulation of the NO pathwuy.™ It remuins to be
seen whether this chain reaction after radiation would result
in alale reduction in the restenosis rate. However, restoration
of endothelial function may play an important role in this
regard.
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Study Limitations
Because the use of ACh in unstable patients is aot exempt of risk
of voronary ccclusion, only stable patients were evaluated.

This study assessed patients receiving B-radiation by
means of a noncentering device. The actual dose received by
the treated segment was rather low: thus, the effect of a higher
dose or of different devices that allow a more homogeneous
dose distribution remains to be evatuated.

We assessed the vasomotion of the 3 coronary arteries in
the irradiated group, which have a potentially differcnt degree
of vasorcactivity to ACh. However, the 3 arnteries demon-
straled comparuble vasomotor responses to ACh and NTG
both at the irradjated and the distal segments, which over-
comes this potential limitation,

We assumed thal coronary vasomotion immediately afler
treatment is markedly impaired, as demonstrated in experi-
mental models and in humans,'-+° Taking into account the
risk of coronary occlusion in such situation, it was considered
unethical to determine eadolhelium-dependent vasomotion
immediately after the cotonary intervention. Thus, the degres
of Tecovery of coronary vasemetion could not be evaluated.

We alse assumed that the IVUS and delivery catheters
were lying in the same position in the treated coronary
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segment. The size of the [VUS catheter is smaller {2.9F,
=] mm) than the brachytherapy device {3F), which is thus to
some extent more centered in the lumen. Allhough the
catheters should be on the shortest 3D path in the lumen,
coronary arleries have a complex curved geometry in space
and can be partially deformed by the catheters. Thus, cathe-
ters with different rigidity may occupy different positions,
The development of new syslems that incorporate the TVUS
imaging efement on the defivery catheler might resolve this
drawback.

During imadiation, the position of the delivery catheter
inside the lumen is not fixed and may vary doring the cardiac
cycle because of venlricular contractions, which may lead to
some degree of inhomogeneity not assumed by data derived
frem the static end-diastolic [VUS images.
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ABSTRACT

Background. Inhomogeneity of dose distribution and anatomical aspects of the atherosclerotic
plague may influence the outcome of irradiated lesions after balloon angioplasty (BA). We
evaluated the influence of delivered dose and morphological characteristics of coronary
stenoses treated with beta-radiation following BA.

Methods and resuiis: Eighteen consecutive patients treated according io the BERT-1.5 Trial
were included in the study. The site of angioplasty was irradiated using a $-emitting **Sr/*°Y
source. Using the sidebranches as anatomical landmarks, the irradiated area was identified and
volumetric assessment was performed by three-dimensional intracoronary ultrasound imaging
afier treatment and at 6-months. The type of tissue, the presence of dissection and the vessel
volumes were assessed every 2mm within the irradiated area. The minimal dose absorbed by
90% of the adventitial volume (DeAdv) was calculated in each 2mm-segment. Diffuse
calcified subsegments and those containing sidebranches were excluded. Two-hundred and six
coronary subsegments were studied. Of those, 55 were defined as sofi, 129 as hard and 22 as
normal/intimal thickening. Plaque volume showed a less increase in hard segments as compared
to soft and normal/intimal thickening segments (p<0.0001). D.psAdv was associated with
plaque volume at follow-up following a polynomial equation with linear and non-linear
components (r=0.71;p=0.0001). The multivariate regression analysis identified the independent
predictors of the plaque volume at follow-up: plaque volume post-treatment, D,onAdv and type
of plaque.

Conclusion: Residual plaque burden, delivered dose and tissue composition play a fundamental

role on the volumetric outcome at 6-month follow-up after B-radiation therapy and BA.

KEY WORDS: balloon, angioplasty, radivisotopes, dosimetry, ultrasonics, restenosis.
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Endovascular radiation therapy is a promising new technique aimed to prevent restenosis
afier percutaneous coronary intervention.'” Although its effectiveness has been proven in the
treatment of instent restenosis,’ the value of intracoronary irradiation in “de novo™ coronary
lesions remains to be established. Radiation delivered to the coronary artery by means of
catheter-based systems can use both gamma and beta emitters.® Long-term results after
treatment may be influenced by absolute dose and by the homogeneity in dose distribution.
Beta-emitters demonstrate a more rapid dose fall-off than gamma emitters because of the short
range of electrons.” This feature may lead to a less homogeneous dose distribution when
{reating coronary segments with variable degree of curvature, tapering, remodeling and plaque
extent. The use of dose-volume histograms allows one to evaluate the cumulative dose received
by a certain specified tissue volume® and has been recently implemented in the field of
intracoronary brachytherapy as a tool for dosimetry.® Aims of the study were (1) to determine,
by the use of dose-volume histograms, the dose distribution of the beta-emitter Strontium 90 /
Yitrium 90 (*°Sr/°Y) along the coronary irradiated segment when delivered by a non-centered
device, (2) to establish the dose which could be predictive of efficacy in intracoronary
brachytherapy, and, (3} to determine the intravascular uitrasound (IVUS) predictors of the
plaque volume at 6-month follow-up, of coronary segments treated with balloon angioplasty
(BA) followed by beta-radiation therapy.

METHODS
Patient selection

Eighteen consecutive patients presenting with single “de novo” coronary stenosis, successfully
treated with BA followed by intracoronary beta-radiation therapy were included in the study.
Patients receiving a stent were excluded from the analysis. Beta-radiation was delivered according to
the Beta Energy Restenosis Trial 1.5. The isoiope selected was the pure beta-emitting *°Sr/*Y,
and patients were randomized to receive 12,14 or 16 Gray (Gy) at 2Zmm from the source axis.
The inclusion and exclusion criteria of this trial have been previously reported.'® The delivery
of the radiation was performed by the use of the Beta-Cath System™ (Novoste Corp,, Norcross,
GA)."" The radiation source train of this system consists of a series of twelve independent 2.5mm-
long cylindrical seeds which contain the *°St/*°Y sources and is bordered by 2 gold radiopaque
markers at distal and proximal part separated by 30mm."!

Intravascular Ultrasound analysis

The treated coronary segment was evaluated by means of three-dimensional TVUS imaging, which

allowed volumetric calculations of the irradiated area. The selection of the area of interest has been
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reported elsewhere." Tn brief, a few steps were followed: first, an angiogram was performed after
positioning the delivery catheter and the relationship between anatomical landmarks and the two gold
markers were documented. The anatomical landmark closest to either of the gold markers was used
as a reference point. This angiographic reference point was identified during a contrast injection with
the IVUS imaging element i the same position as the gold marker of the source. The image from the
IVUS imaging element was recorded and the reference point identified. During the subsequent
pullbaclk, this reference point was recognized and used for selecting the area subject to the analysis:
30mm for the irradiated segment'?. The system used for imaging was a mechanical IVUS system
{ClearView, CVIS, Boston Scientific Corporation, Maple Grove, MN) with a sheath-based IVUS
cathefer incorporating a 30MHz single-element transducer rotating at 1800 rpm (Ultracross, CVIS).
The transducer is placed inside a 2.9 French 15¢m-long sonolucent distal sheath which alternatively
houses the guidewire (during the catheter introduction) or the transducer (during imaging). The
IVUS transducer was withdrawn through the stationary imaging sheath by an ECG-triggered
pullback device using a stepping motor.” The ECG-gated image acquisition and digitization was
performed by a workstation designed for the 3-D reconstruction of echocardiographic images”
(EchoScan, Tomtec, Munich, Germany). Description of this system has been previously reported in
detail. ™" In brief, the steering logic of the workstation considered the heart rate variability and only
acquired images from cycles meeting a predetermined range and coinciding with the peak of the R
wave. If an R-R interval failed to meet the pre-set range, the IVUS catheter remained at the same site
until a cardiac cycle met the predetermined R-R range. Then, the IVUS transducer was withdrawn
0.2 mm to acquire the next image.™"* This system assures the segment fo segment independence by
aveiding taking images during the axial movement of the TVUS catheter which occurs during the
cardiac cycle. Given the slice thickness of 0.2 mm and the length subject to the analysis of 30 mm
(distance between the two gold markers of the radiation source), 150 cross-sectional images per
segment were digitized and analyzed. A semiautomatic contour detection program, was used for the
3-I» analysis." This program constructs two longitudinal sections from the data set and identifies the
contours corresponding to the lumen-intima and media-adventitia boundaries. Cotrections could be
performed interactively by “forcing” the contour through visually identified points, and then the
entire data set was updated.'® Careful checking and editing of the contours of the 150 planar images
was performed with an average of 45 minutes for complete evaluation. The area encompassed by the
lumen-intima and media-adventitia boundaries defined the luminal and the fotal vessel volumes,
respectively. The difference between total vessel and luminal volumes defined the plaque volume.

Because media thickness cannot be measured accurately, we assumed that the plaque velume
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included the atherosclerotic plaque and the media."” Volumetric data were calculated by the formula:

V=1 A;*H, where V = volume, A = area of total vessel or lumen or plague in a given cross-
=1

sectional ultrasound image, H = thickness of the coronary artery slice, that is reported by this
digitized cross-sectional IVUS image, and n = the number of digitized cross-sectional images
encompassing the volume to be measured.’ At follow-up, meticulous matching of the region of
interest was performed by comparing the longitudinal reconstruction to that after treatment as
previously described." (figure 1) The feasibility and intra- and inter-observer variability of this
systemn have been previously reported.'>""*' For the purposes of the study, the computed volume of
the irradiated segment was divided in 2 mm-long subsegments. Since the irradiated segment
measured 30 mm, 15 subsegments were defined per patient, each of them presenting 10 IVUS cross-
sections. (0.2mm/cross-section). All individual cross-sections were studied by 2 investigators,
blinded to the dosimetry results. Type of plaque and the presence of dissection were qualitatively
assessed. Type of plaque was defined in every cross-section, as intimal thickening, soft, fibrous,
mixed and diffuse calcified according to the guidelines previously reported.? Intimal thickening was
defined when the thickness of the intima-media complex was smaller than 0.3mm.* Soft tissue was
defined when at least 80% of the cross-sectional area was constituted by material showing less
echoreflectivity than the adventitia, with an arc of calcium <10°, fibrous plaque when the
echoreflectivity of at least 80% of the material was as bright as or brighter than the adventitia
without acoustic shadowing; diffuse calcified plaque when it contained material brighter than
the adventitia showing acoustic shadowing in >90°; and mixed, when the plague did not match
the 80% criterion.™ We categorized the 2-mm-long subsegments as sormal/intimal thickening, soft,
hard (fibrous and mixed) and diffuse calcified, when at least 80% of the cross-sections within the
subsegment were of the same type. In those cross-sections containing up to 90° of calcium arc,
the contour of the external elastic membrane was imputed from non-calcified slices. Dissection
of the vessel was defined as a tear parallel to the vessel wall.*® Changes in luminal, plaque and total
vessel volume between immediately post-treatment and at follow-up, were also computed per
subsegment. Those subsegments in which the origin of sidebranches involved >90° of the
circumferential arc in more than 50% of the cross-sections, or were defined as diffuse calcified, were
excluded from the analysis.
Dose calculation

The actual dose received by the vessel was retrospectively calculated by means of dose-

volume histograms® in every 2mm-long subsegment. This method is based on quantitative
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1VUS under the assumption that the radiation source is positioned at the same place as the
IVUS catheter.® The distance between the center of the catheter and media-adventitia interface
was cailculated in 24 pie-slices (15°) in all cross-sections corresponding to the irradiated area.’
Considering the prescribed dose and the accurate geometric data obtained from the IVUS, the
cumulative curve of the dose-volume histogram for a pre-defined volume (i.c. adventitia as
calculated at 0.5mm outside the external elastic membrane) can be obtained (figure 2). From
this curve, the minimum dose received by 90% of the adventitia volume (DyooAdv) was
calculated. The methodology and feasibility of this dosimetry approach in wvascular

brachytherapy has been previously reported.®

Statistical analysis
Data is presented as mean + SD or proportions. Differences in quantitative IVUS data

between the types of tissue were assessed by means of one-way analysis of Variance
{ANOVA). Differences in quantitative IVUS data between subsegments with and without
dissection and with and without calcium or were evaluated by the use of unpaired Student’s t-
test. To determine the relationship between the dose received by the adventitia and the plaque
volume at follow-up, linear regression analysis was performed first. Then, non-linear
components were added to the equation (x and x? were added to describe the steep increase of
plaque volume at low dose). These components were included in the model if they described a
the relationship significantly better. Finally, the model was corrected for the plaque volume
post-treatment. Multivariable regression analyses were performed to identify independent
predictors of plague volume at follow-up among IVUS-derived (types of tissue, dissection,
plague volume post-treatment) and dosimetric variables (D.ooAdv). All tests were two-tailed
and a p value <0.05 was considered statistically significant.
RESULTS
Baseline characteristics

Two hundred and seventy subsegments were defined in 18 patients successfully treated with
BA followed by mtracoronary brachytherapy. Sixty-four subsegments were excluded from the
final analysis due to either diffuse calcified plaque which precinded the quantification of the
total vessel volume (n=30) or sidebranches which involved >90° of the circumferential arc in more
than 50% of the cross-sections (n=34). Therefore, 206 irradiated subsegments were the subject
of the study. Fifty-five subsegments (27%) were defined as soft, 129 (62%) as hard and 22

(11%) as normal/intimal thickening. Dissection was observed in 34 subsegments (16.5%).

Volumetric changes and dosimetry
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On average, tofal vessel volume increased at follow-up (32.5+9mm® post-treatment to
35.5k11mm* at follow-up; p<0.0001), accommodating a parallel increase in plaque volume
(15.3£6mm’ to 18.3+7mm?; p<0.0001). As a resulf, mean luminal volume remained unchanged
(17.1&7mm’ to 17.0+7mm’; p=NS). Subsegments with hard tissue demonstrated a less increase
in plaque resuiting in an increase in luminal volume as compared to soft and normal/intimal
thickening subsegments (figure 3). The behavior of those hard subsegments containing mixed-
calcified tissue (up to 90°; n=104) was compared to those containing mixed-non-calcified tissue
(n=25). Mean changes in plague and total vessel velumes were comparable (delta plaque
{mm®): +1.3+4.2 in mixed-calcified versus +1.8+5.2 in mixed nen-calcified; p=NS; delta total vessel
volume (mm®): +2.6+6.2 in mixed-calcified versus +4.2+5.8 in mixed non-calcified; p=NS),
resulting in a2 comparable mean increase in luminal volume at follow-up (+1.3+5.2 mm’ in mixed-
calcified versus +1.9+5.7 mm’ in mixed non-calcified; p=NS). Dissected subsegments
demonstrated a trend towards a smaller increase in plaque as compared to non dissected
subsegments (+1.243 mm’® vs. +3.326 mm’; p=0.08). Mean of all 3 prescribed doses at 2 mm
from the source was 1418 Gy. The caleufated DysAdv was 5.542.5 Gy (range: 0.2-12.4). A
wide range of dose distribution was observed in the irradiated coronary subsegments (figure 4).
The association between DygAdv with the plaque volume at follow-up is depicted in figure 5.
The mode! appeared to follow a polynomial equation with linear and non-linear components.
Non-lincar components described the increase in plague volume at lower dose, whereas the
residuai plaque volume post-treatment accounted for the linear refationship of the curve.
Changes in plaque volume appeared to decrease with dose (figure 6). Four Gy was the
minimurmn effective dose to be delivered to 90% of the adventitia since subsegments receiving at
least this dose, demonstrated a significantly smatler increase in plaque volume as compared to
those receiving <4Gy (p<0.001). As a result, luminal volume decreased significantly less in
those subsegments receiving at least 4 Gy and even increased when the minimal dose to the
adventitia was higher than 6 Gy. Multivariable regression analyses identified plaque volume
post-treatment as a positive predictor of plaque volume at follow-up, whereas Dv90Ady and
type of plaque (hard) were negative predictors (table).

DISCUSSION

This study demonstrates for the first time, the relationship between plague increase, as
assessed by IVUS, and the dose received by the adventitia, as calculated by means of dose-
volume histograms. A plot of dose-volume histogram is a standard method used in radiotherapy

which condenses the [arge body of information available from conventional three-dimensional
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distribution data into a plot summarizing graphically the radiation distribution throughout the
target volume.®

The assumption of the adventitia as the target tissue is supported by experimental studies.”"?
Scott et al, localized the proliferating cells in the adventitia and their migration into the
neointima after angioplasty, using bromodeoxyuridine immunchistochemistry.® Similarly,
Waksman et al, demonstrated a greater cell proliferation in control vessels 3 days after
angioplasty in the adventitia at the site of the medial tear as compared to the medial wall in the
same region.” In this study, the proliferation was significantly reduced in irradiated vessels
using either a source of “St/”"Y or **Ir which delivered 14 or 28 Gy at 2mm into the artery
wall.”?

The actual dose received by the adventitia appeared to be rather low as compared to the
prescribed dose at 2mm from the source. Furthermore, the dose varied considerably between
coronary subsegments as demonstrated by the dose disiribution depicted in the figure 4. The
use of beta-radiation may account in part for this dose inhomogeneity. As compared to gamma
radiation, beta-sources have more fall-off because of the short range of electrons.” This feature
may become cfucial when treating vessels with a great degree of vessel tapering or,
alternatively, lesions showing positive remodeling where the distance from the source to the
surrounding adventitia may be smaller or greater than expected. [n this regard, the use of IVUS
as a tool for dosimetry in beta-radiation therapy may become mandatory. In contrast, gamma-
sources may present with more homogeneous dose distribution. Therefore, in the SCRIPPS
trial, a retrospective analysis of dosimetry, demonstrated a mean minimal dose of 7.7+0.7 Gy
at the target site and only 10.9% of the targets receiving <7Gy.” Dose uniformity may also be
influenced by the source centering in the lumen.?* By the use of dose-volume histograms,
Carlier et al, demonstrated in 10 patients treated with balloon angioplasty folowed by
intracoronary beta-radiation, that ihe prescribed dose was administered in only 35% of the
adventitia. After centering the source in the lumen, up to 60% of the adventitia may have
received this dose.”

The remnant plaque burden at the site of angioplasty becomes a powerful predictor of the
ouicome, This is in accordance with other studies which identified, either in non-stented or
stented coronary segments, postintervention cross-sectional area as a predictor of restenosis. ™

In this regard, the usefulness of a debulking technique prior to radiation therapy should be
addressed in further studies.
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DyseAdv was also identified as an independent predictor of the plague volume at follow-up.
The relationship between D,sAdv and plaque volume at follow-up appeared to be polynomial
with linear and non-lincar components. This may model the survival curve of mammalian
cells.”” The minimal effective dose to be delivered to 90% of the adventitia volume appeared to
be 4Gy. Further increase in dose resulted in net increase in luminal volume at follow-up.
Similarly, in a subgroup analysis of the SCRIPPS ftrial late loss was significantly lower when
the entire circumference of the adventitial border was exposed to at least 8Gy.® Radiation
doses greater than 20Gy have been suggested to be able to completely eliminate the smooth
muscle celi population from the treated area.”® However, since cells from normal tissue have a
limited capacity to proliferate®, lower doses would probably be sufficient to permanently
prevent restenosis.

Finally, subsegments containing hard tissue (fibrotic and calcified material up to 90 degrees
of the circumferential arc) demonstrated a trend to be a negative predictor of plaque volume at
follow-up. Hard plaque on IVUS, consists of a more mature tissue with low cellularity and high
content of extracellular matrix.’’*? These features may induce either a physical barrier for
migration of smooth muscle cells from the surrounding layers or a reduced capacity to
profiferate when injured as compared to that of the soft tissue with a high concentration of
smooth muscle cells.*** Further, it is hypothesized that tissue composition may potentially
exert a different degree of shielding effect on radiation and thus, become less effective.
However, the degree of remodeling was similar between the different types of tissue, suggesting
that the effects of attenuation of radiation induced by hard material (either containig calcium up
to 90° of circumferential arc or mixed non-calcified tissue) may be negligible as compared to
that of soft tissue.

Study Limitations

We assumed that the TVUS and the delivery catheters were lying in the same position in the
treated coronary segment. The size of the IVUS catheter is smaller (2.9 Fr ~ 1 mm) than the
brachytherapy device (5 French), which is thus to some extent more centered in the lumen.
Although the catheters should be on the shortest three-dimensional path in the lumen, coronary
arteries have a complex curved geometry in space and can be partially deformed by the
catheters. Thus, catheters with different rigidity may occupy different positions, The
development of new systems incorporating the IVUS imaging element on the delivery catheter might

resolve this drawback.
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During irradiation, the position of the delivery catheter inside the lumen is not fixed and vary
along the cardiac cycle because of ventricular contractions, which may lead to some degree of
inhemogeneity not assumed by data derived from the static end-diastolic IVUS images.

The behavior of diffuse calcified plaques after radiotherapy has not been evaluated because
the acoustic shadowing would have impeded the reliable analysis of total vessel and plaque
volumes.”’ 1t has not been possible to differentiate those areas which have been traumatized
and irradiated from those only irradiated. Thus, no conclusions regarding the effect on radiation
in irradiated but non-injured segments can be drawn. Further studies will address this problem
by defining meticulously the injured and the irradiated areas either on [VUS or quantitative
coronary angiography.

Finally, the dose as presented by the use of dose-volume histograms is not a direct
measurement. The theoretical value obtained at the level of the adventitia is derived from the
fall-off of the isotope and the geometrical data obtained from the IVUS study. The influence of
the attenuation of the radiation due to different tissue characteristics has not been taken into
consideration. Future investigations should address the implementation of dosimetry program

on-line in order to prescribe the radiation dose in a more refined fashion.
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Table. Parameters associated with plaque volume at follow-up (mm’).

Parameter estimate  95% Ci p value

Plaque volume post-treatment (mm’) 0.6 0.8/05  0.0001
DiseAdv (Gy) -4.4 -5.6/-2.9 0.0001
Type of plaque (hard vs. other) -1.6 -3.4/01 006

95%CI indicates 95% confidence iniervals
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Figure 1. Longitudinal reconstruction and volumetric calculations (chartsy of irradiated

coronary segmenis post-treatment (A and A’) and at 6-month follow-up (B and B’).
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Figure 2. Dose volume histogram showing the cumulaiive dose received at the level of the

adventitia layer. The minimal dose received by 90% of the adventitia volume (DygAdv) is

calculated.
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Figure 3. Changes between the post-procedure and 6-month measurements in total vessel,

plaque and luminal volumes regarding different types of tissue. TVV= total vessel volume;

PV= plaque velume; L.V=luminal volume.
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Figure 4. Range of dose distribution in irradiated coronary subsegments as calculated by dose-

volume histograms.
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Figure 5. Relationship between plaqoe volume at follow-up and Do Adv.
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Figare 6. Changes in total vessel, plaque and luminal volumes regarding 5 ranges of doses as

calculated by dose-volume
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Chapter 6

Comparison of brachytherapy strategies based on dose-volume
histograms derived from quantitative intravascular ultrasound.

{Cardiovascular Radiation Medicine 1999;2:115-124)
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Purpose. We present in this paper the comparison, by simulation, of different treat-
ment strategies based either on B- or y-sources, both with and without a centering de-
vice, Tenizing radiation to prevent restenosis is an emerging modality in interven-
tional cardiology. Numerous clinical studies are presently being performed or planned,
but there is variability in dose prescription, and both - and p-emitters are used, lead-
ing to a wide range of possible dose distributions over the arterial vessel wail. This
paper discusses the potential merits of dose-volume histograms (DVH) based on three-
dimensional (3-D) reconstruction of electrocardiogram (ECG)-gated intravascular ultra-
sound {IVUS) to compare brachytherapy treatment strategies,

Materials and Methods. DVH describe the cumulative distribution of dose over three
specific volumes: (1) at the fevel of the luminal surface, a volume was defined with a
thickness of 0.1 mm from the automatically detected contour of the highly echogenic
blood-vessel interface; (2) at the level of the IVUS echogenic media-adventitia interface
(external elastic lamina [EEL]}, an adventitial volume was computed considering a
0.5-mm thickness from EEL; and (3) the volume encompassed between the luminal
surface and the EEL (plaque + media). The IVUS data used were recorded in 23 of 31
patients during the Beta Encrgy Restenosis Trial (BERT) conducted in our institution.
Results, On average, the minimal dose in 90% of the adventitial volume was 37 + 16%
of the prescribed dose; the minimal dose in 90% of the plaque + media volume was 58 *
24% and of the kuninal surface volume was 67 + 31%. The minimal dose in the 10%
most exposed Iuminal surface volume was 296 ® 42%, Simulations of the use of a
y-emitter and/or a radioactive source train centered in the lumen are reported, with a
comparison of the homogeneity of the dose distribution.

Conclusions. It is possible to derive DVH from IVUS, to evaluate the dose delivered to
different parts of the coronary wall. This process should improve our understanding of
the mechanisms of action of brachytherapy. © 1999 Elsevier Science Inc,

Keywords: Brachytherapy; Restenosis; Vascular; Intravascular ultrasound (IVUS); Dosimetry.
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only revascularization procedure available up to 1977
was bypass surgery. Percutaneous transluminal coro-
nary angioplasty (PTCA) introduced by Andreas
Griintzig {1] profoundly modified our therapeutic ar-
seial with a minimally invasive alternative. Presently,
interventional cardiology consists of several tech-
niques to cut, drill, scrape, burn, and otherwise re-
move atherosclerotic plaque [2]. With more than one
million interventions undertaken per year worldwide,
angioplasty is now a cornerstone therapy for coronary
artery diseases. However, despite a high acute proce-
dural success rate, the long-term benefit is hindered
by the phenomenon of resteniosis, Mechanisms in-
volved in the restenosis process are the elastic recoil of
the artery, local thrombus formation, vascular remod-
eling with shrinkage of the vessel, and exuberant
healing process with neeintimal cellular proliferation
and matrix synthesis [3-5]. Stent implantation mini-
mizes elastic recoil and remodeling of vessels, and
carcfully controlled and randomized clinical trials
have demonstrated a significant decrease in the rate
of restenosis [6-8]. However, stents inc¢rease the pro-
liferative response of tissue to the intervention and,
depending on the type of lesions treated, a significant
restenosis rate of 15-50% remains the key limitation
of transcatheter procedures. Restenosis is the subject
of numerous invesligations to further improve appli-
cability and cost-effectiveness of angioplasty and to
reduce the need of reinterventions. Virtuaily all at-
tempts to limit restenosis with systemic drugs have
failed, with the recent exceptions of abciximab,
probucol, and cilostazot [9-11].

Same investigators have considered restenosis as
an accentuation of the wound healing process asso-
ciated with the trauma of angioplasty, and because
radiotherapy had proved effective for the treatment
of keloid formation and other nonmalignant dis-
cases, radiation therapy for intravascular applica-
tion was attempted. The therapy was introduced by
Iriedman et al, [12] early in 1964, for the preven-
tion of atherosclerosis, and subsequent animal ex-
periments demaonstrated a reduction of intimal hy-
perplasia  following endovascular  irradiation.
Waksman [13} has recently reviewed these early
studies, Three clinical studies have been reported
that cenfirmed a significant reduction in the rest-
enosis rate using additional brachytherapy |14-16).

Currently, the vascular brachytherapy devices
available for clinical trials are radioactive stents and
catheter-based systems using a radioactive wire ad-
vanced with an afterloader, or radioactive seeds
delivered with a hydraulic delivery system. Other
systems based on radioactive balloons are in devel-
opment. There is variability in the dose prescrip-
tion, and bath y- and B-emitters are used. These
variations lead to a wide range of dose distributions
over the arterial vessel wall requiring a careful inter-

pretalion and comparison of the resuits of the on-
going studies. The typical dose prescription distance
in the coronary arteries is in the range of 2 mm rom
the source axis. Because of the steep dose fali-ofl,
particularly for B-emitters, accurate dosimetry re-
quiires precise knowledge of geometry.

In this paper, we describe a dosimetry evaluation
tool for coronary brachytlierapy hased on three-
dimensional (3-1) reconstruction of electrocardio-
gram (ECG)-gated intravascuiar ultrasound (1VUS)
Images. IVUS was developed to overcome the linmita-
tions of x-ray angiography. [ts methodology and clin-
ical applications liave been reviewed extensively [17].
IVUS, by its tomographic approach, provides a niean
for the evaluation of both lumen and vessel wall
morphology. Assuming that the catheter containing
the radioactive source is fying in the same position
as the VLS calheter, it is possible to measure the dis-
tance from the source to any vasculai structure in
one cross-sectional image, and to construct isodase
plots. TVUS recordings can be performed wilh a con-
stant speed motorized puil-back device (e.g, 0.5
mmy/s), which permits the evaluation of the length
of a slenosis. Recently, 3-D image reconstruction
and analysis syslems have been introduced that can
be used for complete quantitative analysis of 1VUS
images |18-21]. However, image artifacts that resuit
from cyclic changes in coronary dimensions and
from the movement of the IVUS catheter in the arte-
rial lumen limit the accuracy of the 3-13 houndary
detection systems |22|. This problem led to the de-
velopment of a new approach in: our inslitution. To
limit cyclic movernent artifacts, we use an LCG-
gated image acquisition workstation that controls a
dedicated pull-back device. Feasibility, reproducibil-
ity, and improvement in the quantitative parameters
analyzed have been reporled recently {23, 24]. The
complete 3-D data set of the coordinates of the auto-
matically detected lumen corresponding to the
highly echogenic blood-vessel interface, and of the
echogenic media—adventitia interface can be used
for dosimetry evaluation.

Dose-volume histograms (DVH) are used every-
day in radiotherapy to condense the large body of
information of the complete 3-D dose distribution
data intc a plot graphically summarizing the radia-
tion distribution throughout the target volume and
the anatomicai structures of interest |25, 26]. We
have recenlly reported preliminary dala on the
methodology to compute DVH  for coronary
brachytherapy from 3-D IVUS data {27].

Material and Methods

Study population
We used the }VUS data acquired during the Beta
Energy Restenosis Trial conducted in our institu-
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tion {BERT 1.5 arm). Thirty-cne patients were en-
rolled. We report the data of the 23 patients who
had an ECG-triggered puli-back available before a
stent implantation (18 men, 5 women, mean age:
58 = 9 years). All were in sinus thythm, The Medical
Ethics Committee of our institution approved the
study and all patients signed a written informed
consent form. Before catheterization, the patients re-
ceived 250 myg aspirin and 10,000 1U heparine
parenterally. if the duration of the intervention ex-
ceeded 1 h, the activated clotting time was measured
and intravenous heparin was used to maintain an
activated clotting time =300 s. The coronary seg-
ments examined were the right {r = 7) and left (n =
10) anterior descending coronary arteries, and the
left circumflex coronary artery (1 = 6).

Interventional procedure and BERT 1.5 trial

The BERT 1.5 trial was the European arm of a feasibil-
ity study of coronary radiation therapy with a *Si/¥
source delivered by a hydraulic system (Beta-Cath™
System, Novoste Corp., Norcross, GA) {161, All pa-
tients had a single de nove coronary stenotic lesion
>60% with a maximal length of 15 mun and a refer-
ence vessel diameter of 2.5-3.5 mm. After successful
PTCA, irradiation using a 5 Fr (~1.6 mm) over-the-
wire triple-lumen delivery catheter was performed.
The catheter has one open lumen and two closed lu-
mens. The open lumen allows for advancement of
the device over a 0.014-inch guide wire, and position-
ing at the site ot the PTCA (Fig. 1). One of the closed
lumens permits the hydraulic advancement of the ra-
diation source train (12 independent cylindrical
sealed YUSi/Y sources, total length 30 mm) to the le-
sion site. This advancement is performed manually,
with a saline-filled syringe connected to the delivery
systenl. The other closed lumen, in communication
with the first one at the tip of the delivery catheter,

permits the apposite fluid flow direction at the end of
the irradiation time (~3 min) for the retrievat of the
sources into the back in the shielded transfer device.
A randomized dose of either 12, 14, or 16 Gy was pre-
scribed at a distance of 2 mm from the source axis.

IVUS image acquisition

[VUS was performed prior to the insertion of the ra-
diation delivery catheter. Infracoronary nitrates were
administered before the coronary segments were ex-
amined. The ClearView™ (CardioVascular Imaging
Systemn [CVIS], Sunnyvale, CA) was used with IVUS
catheter incorporating a 30-Mlz single-element to-
tating transducer in a 2.9 Ir sheath (~1 mm). The
ECG-gated image digitization system (EchoScan,
TomTec, Munich, Germany) received the video sig-
nal input from the [VUS console, and the ECG signal
from the patient. This system steered the ECG-gated
stepping pull-back device by increments of 0.2 mm.
Images were acquired at end-ciastole for heart cycles
falling within a predetermined range {0,125 s) around
the heart rate of the patient. Premature beats and
RR-intervals outside this range were excluded and
the IVUS catheter remained at the same site. By ex-
pericnce, we have noticed that with these settings,
on average 10-15% of the RR intervals are rejected,
and that for a heart rate of 60 beats/min, on average,
the pull-back speed is 1 cm/min,

Image analysis system

A contour detection program developed in our labo-
ratory [Z28] was used for the automated 3-D aralysis
of the IVUS images corresponding to the irradiated
segment. Two longitudinal sections (corresponding
to the A and B lines on the IVUS cross-section in
Fig. 2) were constructed from the data set. The con-
fours of the lumen-intima {internal contour oa Fig.
2, lower left panel) and the media-adventitia (ex-

Figure 1. Angiograms ol one patient included in the Beta Energy Restenosis Trial (BERT). (A) The initial lesion in the mid-portion of
the lefl anterior descending artery at a bifurcation point with a diagonal and a septai side-branches s indicated by an arrow. () The
angiogram after successful percutanecus transluminal coronacy angicplasty (PTCA). (C) The triple-lumen detivery catheter advanced to
the angloplasty site, The sealed radioactive cylinders (lotal length 30 nrn) will be between the two gold markers (small arrows).
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Figure 2. The lhree-dimensional intravascular ultrasound {IVUS) data set: the bottom left panel demonsirates an {VUS cross-section
image, with the catheter in the center, surrounded by blood. The catheter is against the lumen wall at 2 o'clock. The tirst detected con-
tour that corresponds to the blood-vessel wall interface is highlighted. The second highlighted contour, more externally, corresponds
to the media-adventitia interface, which encompasses the residual plaque tying between 11 and 4 o'clock. Lines A and B correspond to
the cutting planes of the corresponding longitudinal views on the right panei. The isodoses of 32 and 16 Gy are superimposed on the
longitudinal views and on the [VUS cross-section of the upper left pancl.

ternal contour on Fig. 2) boundaries were identified
using a minimum-cost-based analysis algorithm.
These longitudinal contours were used to guide au-
tomated conteur detection in every planar cross-
sectional image. Scrolling through the entire data
set is possible in this Windows™-based program,
for manual corrections of the contours. From these
tracings, the total vessel area (encompassing the
media—adventitia border} and the iumen area were
determined for each cross-section. The residual
plaque burden (%) on each cross-section was calcu-
lated as total vessel area minus lumen area divided
by the total vessel area.

DVH

Selection of the IVUS segment matching the irradi-
ated site was based on anatomical landmarks lying
next to the treated segment (side branches, bifurca-
tions, etc.}. For example, the diagonal artery seen
on the angiogram of Fig. 1 is marked with an arrow
on the jongitudinal IVUS pull-back of Fig. 2 (right
panel}. The coordinate of the center of the IVUS
catheter was used as a reference, and was consid-
ered at the same location as the center of the radia-
tion train. This assumption is probably violated
when looking at the differences in size of the [VUS
and delivery catheters {2.9 vs 5 F1), but if has to be
kept in mind that the source does not occupy the
center of the delivery catheter, and that no easy
correction might be applied. The radii of the lumen
and the media-adventitia contours were calculated
in 24 pie-slices (15°), in all the cross-sections corre-
sponding to the irradiated site (30-mm length of
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the train source). The number of required slices was
a function of their thickness, which was on average
0.2 mmi.

DVH describe the cumulative distribution of dose
over a specific volume, and summarize the dosime-
try that would otherwise have to be interpreted
from numerous [VUS cross-sections with superim-
posed isodoses ploited (Fig. 2, upper left paned).
Three volumes have been studied: the first one at
the level of the luminal surface is arbitrarily defined
with a thickness of 0.1 mm from the automalicaily
detected fumen contour. The second volume, de-
fining the adventilia volume, is computed consid-
ering a thickness of 0.5 mim from the second con-
tour detected, corresponding to the echogenic
media—adventitia interface. The third volume, cor-
responding to the plaque and media structures, is
encompassed between the iwo detected contours.
The dose distribution over the total vessel wall was
calculated with 0.1 mm spatial resolution. The
DVH provided a teol for reporting the actual deliv-
ered dose in different arterial structures, or to detect
excessive radiation at the luminal level. From the
complete 3-D IVUS data set, simulations of DVH of
alternative brachytherapy strategies such as the use
of a y-emitter or a centered radioactive source were
tested. To compute the isodoses and the DVH for
the Novoste system, we used the dose distribution
and dose rate around the source train as provided
by the manufacturer in the user manual. Calibration
was performed at the National Institute of Stan-
dards Technotogy, using both an extrapolation
chamber and GafChromic Dosimetry media. For the
v-source, data were derived from Amols et al, [29}.
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Results

No complications related to the brachytherapy and
IVUS procedures were seen. Figure 1 demonstrates a
typical procedure on a lesion situated in the mid-
portion of the left anterior descending coronary ar-
tery, at the level of the emergence of a septal and a
diagonal side branch, These anatomical landmarks
observed on the angiograms were used for position-
ing both the IVUS catheter and the irradiation de-
vice at the site of the lesion. The angiogram after
PTCA is shown in Fig. 1B. The corresponding ECG-
triggered 1VUS pull-back performed at that time is
itlustrated in Fig. 2. The position of the side-branch
is clearly seen on the mid-portion of the longitudi-
nal view (* and arrow in right panel of Fig. 2). After
withdrawal of the IVUS catheter, the brachytherapy
delivery catheter was positioned at the PTCA site,
using its two radio-opaque gold markers as land-
mark (Fig. 1C}.

Of the 31 patients included in the BERT 1.5, a to-
tal of 7 required stent implantation. In 3 of these
patients, the IVUS was performed before stenting.
Absence of an ECG-triggered pull-back or technical
problems limited the total number of anaiyzable
patients without a stent to 23. Quantitative IVUS
data analysis of these 23 patients demonstrated a
mean lumen area of 7.7 = 3.0 mm? (~150 cross-sec-
tions per patient), The mean vessel area was 14.8 &
3.9 mm? and the residual plaque area was 7.1 = 1.6
mimm?, corresponding to a residual plague burden of
49 + 8%. For each patient, the minimal, mean and
maximal distanice {~radius r) between the center of
the IVUS catheter and the lumen or the media-ad-
ventitia interface were computed along the com-
plete pull-back. The minimal r was 0.51 + 0.02

min, the mean r was 1.42 + 0.25 mm, and the max-
imal r was 3.36 * 0.70 mm. For the vessel (media—
adventitia interface} minimal r was 0.88 * 0.17
mm, mean r was 2.07 £ 0.25 mm, and maximal r
was 3.80 + 0.63 mm, Computer simulation of the
placement of the IVUS catheter in the center of the
lumen in each cross-section of the puli-back dem-
onstrated a significant increase of minimal r (p <
0,0001); 0.67 + 0.17 mm and 1.23 + 0.25 mm, re-
spectively, for the lumen and the vessel, In parallel,
there was a significant decrease of maximal r (p <
0.0001): 2.46 + (.42 mm and 3.41 * 0.41 mm, re-
spectively, for the lumen and the vessel.

On the longitudinal view (right panel} of the
IVUS pull-back in Fig. 2, and on one cross-section
(upper left panel), the isodoses corresponding fo 8,
16, and 32 Gy are superimposed. The derived DVH
for this patient for the fuminal surface and adventi-
tial velumes are plotted on Fig. 3. The minimal
dose in 90% (DV90ady) of the predefined adventi-
ttal volume was 47% (this corresponds to the x-axis
value of the DVH plot with the y-axis value = 90%),
Among the 23 patients, the average DV90adv was
37 = 16% of the prescribed dose and the minimal
dose in 90% (DV90/um) of the luminal surface vol-
ume was 67 + 31% of the prescribed dose, and was
58 * 24% in 90% of the plague + media volume.
The average minimal dose in the upper 10%
{DV10ady) of the adventitial volume exposed to the
highest dose (the x-axis value of the y-axis value
10%) was 133 £ 19% of the prescribed dose. For the
luminal surface volume, DVIOlum was 296 + 42%.
Figure 3 suminarizes these data with a plot of the
mean + SD of DV95, DV90, DV75, DV50, DV25,
DV10, and DVOS for the luminal surface and the
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Figure 3. Fxample of integral dose-volume histograms (DVH) at the level of the luminal surface and adventitial volumes of the patient
illustrated in Figures 1 and 2, representing the fraction of volume (y-axis, % volume) receiving greater than or equal to a specific relatlve
dose (x-axis, dose/dose prescribed). For this patient, the minimal dose in 9G% of the adventitiat volume (DV90ady) was 47% of the pre-
scribed dose. The superimposed plots with the error bars correspord to the average among the 23 investigated patients of the DV9S5,
DV90, DV75, DVS0, DV25, DV10, and DVGS of the predefined luminal surface and adventitial velumes.
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Table 1. Summary of the computer simulations of the use of a p- or a y-source (with the same dose prescribed at 2 mm from the cenler

of the catheter) or a centering device

Noncentered Centered
DVeD DV10 DVe0 DVv10
B
Lum. 0.67 = 0.31% 2.96 x 0.42*t 1.06 + 0.3% 2,03 = 0.49%
P+ M. 0.58 = 0.24*F 2.16 + 0.32*f 0.73 + 0.20t 1.66 * 0,35
Adv, 0.37 = 0.16%F 2,33 = 0.19% 0.49 £ 0.141 1.05 £ .20
¥
Lum, 0.79 £ 0.21* 2.34 = .31 1.05 »0.21 1.70 + 3,32
P+ M. 0.72 + .17 1.78 + 0.25* 0.83 = 0.13 1.45 3,23
Adv, 0.58 * 0.12* 1.24 + 0.13* 0.67 x 0.09 1.05 £0.13

DV$0 = reiative minimal dose (dose/dose prescribed) of 90% of the predefined luminal surface (fum. thickness = 0.1 mm), adventitial
(adv. thickness = 0.5 mm), and plaque + media (P + M = between lurninal and external elastic lamina conlours} volumes. Means = S[¥
for the 23 available electrocardiogram-triggered pull-backs performed during the Beta Energy Restenosis Trial {BERT) 1.5. Mcans were

compared by paired t-test.

*p < 0.0001, centered vs. noncentered radiation catheter; fp < 0.0001, B- vs y-source.

adventitiaj volumes, By randomization, the actual
doses administered were 12 Gy in 8 patients, 14 Gy
in 6 patients, and 16 Gy in 9 patients, Plots of rela-
tive dose {dose/dose prescribed) allow the pooling
of data from patients who received different ran-
domized doses,

The simulations (assuming that the source was
centered in the lumen and/or the use of a y-source
[21r]), with the same dose prescribed at 2 mm from
the catheter as in the BERT protocol, are summa-
rized in Table 1. A direct comparison of the homo-
geneity of the absorbed dose or of the high dose ab-
sorbed by the upper 10% of the luminal surface and
adventitial volumes is possible, Figure 4 illustrates
the improvement of the homogeneity of the dose
distribution for the case of Figs. 1-3 when simulat-
ing a source situated in the center of the lumen.
Figure 5 ilfustrates similar improvement of the ho-
mogeneity when considering a y-source, Optimally,

DVH should demeonstrate a right step at the dose
prescribed {x-axis = 1}

Discussion and Conclusion

Restenosis rates of 15-50% after percutaneous an-
gloplasty procedures are the major hindrance to the
success of transcatheter therapies. Supported by en-
couraging results obtained in animal models of cor-
onary restenosis [£3], several clinical trials of vas-
cular brachytherapy have been designed, but with
different systems and isotopes [30]. The discussion
below focuses on the catheter-based device like
the one used in this work. Dosimetry for radio-
active stents has been described recently by Janicki
et al. {31],

In the ongoing clinical trials, there is variability
in the dose prescribed; the target site for the dose
prescription, and both v- and B-emitters are used.
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Figure 4. [Hustration of the beneficial effect of a centering device on the homogeneity of the dose distribution for the same patient as in
Figures 1-3. The dose-volume histograms (DVH) were recalculated simulating the irradiation source (*95t/Y) lying in the center of the lumen,
The DVH curves for the centered position (Lumen c. and Adventitia c.) are steeper, with a DV10 for the hunen decreasing from 2.9 to 1.8,
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Figure 5. [llustration of the improvement of the dose homogeneity for the same patient as in Figures 1-3, simulating the use of a
y-source for which the same dose would have been prescribed at 2 mm from the center of the catheter (noncentered situation), The
DVH curves for the y-source (Lumen G and Adventitia G) are steeper, with a BV10 for the lumen decréasing from 2.9 to 2.3.

The consequence is a wide range of possible dose
distributions over the arterial vessei wall requiring a
careful interpretation and comparison of the results
of these studies. The typical dose prescription dis-
tance in the coronary arteries is in the range of 2
mm. As the dose fall-off at this close vicinity is
steep, particulariy for p-emitters, accurate dosime-
try requires knowledge of the exact geometry,
which can be only partly assessed by coronary an-
giography.

Among the four published clinicat brachytherapy
studies today, Condado ef @l. {14] used a manual af-
terloader, noncentered, in 22 lesions, with a ™Ir -
source. The doses were prescribed at 1.5 mm (single
dosesof 18 Gy, n=1;20Gy, n=11;25Gy,n=19)
and only angiographic assessment was used. Al-
though reported as positive, an unexplained early
reduction of the minimal lumen diameter of 0.45
mm on average after only 24 h might have blurred
the real efficacy of the applied radiotherapy in
these patients {32] who presented no additional
loss in minimal lumen diameter at the 6 months
follow-up. However, doses of up to 92.5 Gy could
have been delivered to the lumen wall because of
the noncentered device. This maximum dose may
well be over the vascular tolerance limits [32], This
finding could partly explain the observation that
two patients experienced early total vessel occlu-
sion, and four others developed a pseudoaneurysm
at 2 years follow-up. In Geneva, Verin et al. [33] de-
veloped a mean for B-irradiation in human coro-
nary arteries using a radioactive wire (**Y) in a cen-
tering balloon device. The dose prescribed was 18
Gy at the surface of the balloon corresponding to
the vessel luminal surface. No IVUS was performed.
The findings were disappointing, with a restenosis
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rate of 40% among the 15 patients studied. A retro-
spective analysis of the dose prescribed in the vessel
wall revealed that at a depth of 2 mm, the dose was
only ~2.7 Gy, probably beiow the nominal effec-
tive dose against the proliferating cells involved in
the post-angioplasty restenosis process [34]. The
only placebo-controlled study of coronary brachy-
therapy published to date demonstrated a substan-
tial reduction of the restenocsis rate (179 vs 54%)
among 55 patients presenting with in-stent rest-
enosis [15]. A seated '?Ir y-source in a noncentered
catheter was used. The dosimetry was calculated,
based on IVUS measurements, to be in the range of
8-30 Gy, Finally, King et al. [16] recently reported a
resteriosis rate of 15% and a late loss index of 4%
for the American arm of the BERT, using the same
hydraudic delivery system as the one we used in this
study.

IVUS was developed to overcome the limitations
of x-ray angiography, which portrays only overlap-
ping shadows of the lumen of the coronary arteries
(luminogramy) [35]. In the field of vascular radiation
therapy it is important to characterize precisely the
dose prescribed in the vessel wall. FVUS imaging, by
its angiotomographic nature, can be used to evalu-
ate both lumen and vessel wall morphology. The
results of our preliminary investigation, using the
complete 3-D information available from carefully
recorded ECG-triggered IVUS pull-back, demon-
strate the potential applications for dosimetry and
the possibilities for the evaluation of doses in spe-
cific target volumes of the vessel wall. DVH appear
to be a valuable tool and summarize, in a graphic
form, the large amount of information included in
the dose distribution of the complete 3-D IVUS data
sets. DVH cannot be used alone because of the lack
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of information regarding the spatiality of the dose
distributior [25]. For the spatiality, two-dimen-
sional isodose displays, such as in Fig. 2, superim-
posed on [VUS images will still be required for the
guidance of a vascular irradiation plan. In our
study, there was no direct guidance of the brachy-
therapy with IVUS because of the nature of this
trial, which was a feasibility study in which the pre-
scribed dose was predetermined. Howeves, the data
set constitutes a preliminary database for the assess-
ment of several radiation strategies, as illustrated in
Table 1. The homogeneity of the dose distribution
might be estimated by the difference between the
DV10 and the DV90, Ideally, a DVH should demon-
strate a steep curve around the desired prescribed
dose. Flattening reflects that some regions are un-
derexposed, whereas others are overexposed. Poten-
tial advantages of a centering device for a f-source,
as iilustrated in Table 1 and Figs. 4 and 5, are that
the DV93 increases for the luminal (2.06 £ 0.31 vs
0.67 = 0.31, p < 0.0001 by paired {- test), the adven-
titiai (0.49 + 0.14 vs 0.37 * 0.16, p < 0.0001) and
the plaque + media (0.73 = 0.20 vs 0.58 + 0.24, p <
0.0001) volumes. In parallel, DV10 decreases for
the luminal (203 * 0.49 vs 2.96 + 042, p <
0.0001), the adventitial (1.05 £ 0.20 vs 1.33 £ 0.19,
b < 0.0001) and the plaque + media (1,66 + 0.35vs
2.16 = 032, p < 0.0001) volumes. As a conse-
quence, the homogeneity, which can be expresscd
as DV10 ~ DV90, is improved for the lumen (0.97
vs 2.29), the adventitia (0.56 vs 0.96), and the
plaque + media (0.93 vs 1.58, respectively, for a
centered and a noncentered delivery system). How-
ever, only one number, such as DV10 — DV90, can-
not sumimarize a compiele DVH curve. The com-
plete shape of the curve, as presented in the figuzes,
is important. Several other parameters have been
proposed [36, 37}, but no definitive one has
emerged as a gold-standard to assess the dose ho-
maogeneity. Looking at the slope of the DVH, for ex-
ample, is a proposed alternative, but the slope will
vary with the interval chosen to compute it. The
DVH presented in this study are cumulative plots:
this integral format shows the fraction of volume
recetving greater than or equal to a specific dose.
Another format is the differential DVH censtructed
by dividing the range of dose values into equal in-
tervals and accumuiating partiai volumes in those
bins according to thelr dose values, Mots of dose~
volume distzibutions have also been proposed [38].
Qur definition of the thickness of the luminal and
adventitial volumes is arbitrary. The intima is
formed only by a superficial layer of endothelial
celis and a thin subendotheliai layer of connective
tissue, Its thickness incyeases with age and reaches
250 pm at 40 years. Diffuse thickening is common
in older patients, even without atherosclerosis. The
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adventitia is composed of loose collagen and elastic
tissue, which merge with the periadventitial tissue.
The norntal thickness of the adventitia is 300-500
wm [17]. However, we evaluated these DVH for an-
other thickness (.2 mm) and the results are in
close agreement with the data presented in Table ¥
(.P.A. Marijnissen et af., personal communication}.
The differences found with the simulations of the
usc of a y-emitter or a radioactive source train cen-
tered in the lumen are also present for the plaque +
media volume for which no arbitrary choice has
been made.

On average, in the conditions of our study,
whereas only 10% of the advential volume were ex-
posed to a minimal dose 1.33 times the prescribed
dose, 109 of the luminal surface volume absorbed
at least 2.96 times the prescribed dose. For a pre-
scribed dose of 16 Gy, this correspends to an actual
dose of 47.2 Gy, which may well be above the rec-
ognized vascular tolerance iimit. The simulations in
Table 1 demonstrate that the use of a device to
maintain the source in the center of the arterial lu-
men would decrease this overexposure, which has
potential deleterious effect such as the develop-
ment of an aneurysm. With centering, the upper
10% of the luminal surface volume is exposed to a
reduced minimal relative dose of 2. Following our
results, the best strategy could be the use of a cen-
tered y-source: the minimal relative dose would
then be reduced te 1.7 for the upper 10% of the lu-
minal surface volume. No clinical data presentiy
support these potential advantages, and to our
knowledge, no trial is planned to address this issue.
Nevertheless, y-sources have other drawbacks, at
the radioprotection level, for example, because
these more penetrating radiations require stringent
shielding precautions [39]. These radiation safety
issues may be improved if lower energy gamma
sources can be manufactured.

There is an interindividual variability reiated to
the geometry of the lesion and the morphology of
different coronary arteries, as demonstrated by the
rather large standard deviations in Table 1. The
choice of the brachytherapy modality (centering
device or not, - vs y-) cannot be only guided from
DVH, but must integrate all the information avail-
able from the angiogram and the 3-D IVUS pull-
back (such as morphaology of the lesion, length, ec-
centricity of the plaque). Potentially, catheters
combining [VUS and asymmetric sources might be
heipful in the guidance of a radiation treatment for
eccentric lesions. Such a device with a C-shape
shielding screen around a radioactive wire has been
described recently [40].

Another limnitation of our approach is that we re-
constructed an artificially straight coronary seg-
ment, However, this limitation might be overcome
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by image fusion of biplane angiography and IVUS,
as developed in our center, to assess the true 3-D
geomelry of coronary vessels [41]. Presently, we
also do not implement different dose fall-off char-
acteristics in function of the type of plaque seen (fi-
bro-fatty, calcified, efe.). Although there are proba-
bly differences, no data are available.

One major assumptionr made in this work was to
consider that the }VUS and deljvery catheters were
lying in the same position in the treated coronary
segment. [t is important to realize first that because
the size of the TVUS catheter is smaller (2.9 ¥1 ~ =
mim in diameter) than the brachytherapy device we
used (5 Fr — = 1.6 mumy), it lies in a more eccentric
position in the coronary lumen. However, no easy
correction can be applied because the channel
source in the delivery device is nrot in the center of
the catheter. The real average DV10Jum in our pa-
tients is thus in the range 2.03-2.96 given in Table
1. Moreover, even with the use of radiotherapy and
IVUS catheters of the same size, it is not certain
that when advanced sequentially in the arterial lu-
men, they wiil occupy the same position. Although
they should be on the shortest 3-D path in the lu-
men, corgnary arteries have a complex curved ge-
ametry in space, and are partiaily deformed by the
catheter lying in their lJumen. Thus, catheters with
differing rigidity will cccupy different positions. Fi-
nally, it is important to understand that the posi-
tion of a catheter inside the arterial lumen is not
fixed and varies along the cardiac cycle because of
ventricular contractions. These methodological
limitations could be partially overcome with exist-
ing imaging wires, which could be introduced in
the lumen of the irradiation delivery catheter itself.
Presently, another limitation we face in our cathe-
terization laboratory is that DVH are not obtained
on-line. Further implementations with faster pro-
cessing of the 3-D IVUS data set for optimal auto-
matic contour detection are under study,

In conclusion, we think that the body of addi-
tional information available from IVUS and derived
dosimetry parameters such as DVH should improve
our understanding of the mechanisms of action of
brachytherapy and be helpfui for the comparison
of triais based on different dosimetry strategies. In
our center, we systematically assess the lesions
treated by vascular radiation therapy by [VUS.
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ABSTRACT

Objectives: The aims of the study were to determine the incidence of relocation of the minimal
luminal diameter (MLD) after B-radiation therapy following balloon angioplasty (BA) and to
describe a new methodological approach to define the effect of brachytherapy on treated
coronary arteries.

Background: Luminal diameter of irradiated coronary lesions, may increase over time
following dilatation and irradiatation. As a result, the MLD at follow-up may be relocated from
its location pre-intervention, which may induce misleading results when a restricted definition
of the target segment by quantitative coronary angiography {(QCA) is performed.

Methods: Patients treated with BA followed by intracoronary brachytherapy according to the
Dose-Finding Study constifuted the study population. A historical cohort of patients treated
with BA was used as control group. To be included in the analysis, an accurate angiographic
documentation of all instrumentations during the procedure was mandatory. In the irradiated
patients, 4 regions were defined by QCA: vessel segment (VS), target segment (TS), injured
segment (INS) and irradiated segment (IRS).

Results: Sixty-five patients from the Dose-Finding Study and 179 control patients were
included. At follow-up, MLD was relocated more often in the radiation group than in the
control group (78.5% versus 26.3%; p<0.0001). The rate of > 50% diameter stenosis differed
between the 4 pre-defined regions: 3.1% in the TS; 7.7% in the INS; 9.2% in the IRS and
13.8% in the VS,

Conclusions: Relocation of the MLD is commonly demonstrated after BA and brachytherapy
and it should be taken into account during the analysis and report of the results of radiation

clinical trials.

Key words: intracoronary brachytherapy, quantitative coronary angiography, minimal luminal

diameter, balloon angioplasty.
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During the past 10 years the efficacy of percutaneous interventions in preventing restenosis
after percutaneous interventions has been assessed by the use of quantitative coronary
angiography (QCA)."™ This technique of analysis has become the gold standard for the
assessment of coronary angiograms ih the context of scientific research due to its superior
accuracy and cbjectivily as compared to visual and hand-held caliper measurements, as well as
possessing a better inter- and intraobserver variability.>® Consequently, the percent diameter
stenosis has become the usual output of this analysis and the value of 50% has gained
widespread acceptance to define the presence of restenosis in the treated coronary segment.”
Intravascular altrasound (IVUS) studies demonstrated that restenosis after balloon angioplasty
(BA) is mainly due to neointimal hyperplasia and vessel shrinkage at the site of the injury.*"
Pioneers in intracoronary radiation therapy have demonstrated that in a majority of patients
the luminal diameter at the site of the treated lesion may increase during the follow-up, rather
than decrease.’’ Three-dimensional 1VUS analysis has shown that this phenomenon is induced
by positive remodeling of the vessel wall at the site of the irradiated segment.'? As a result, the
minimal luminal diameter (ML) of coronary segments treated with brachytherapy following
percutancous interventions may be relocated at follow-up from its location pre-intervention. A
restricted definition of the target segment by QCA could induce misleading resuits and make
any comparison to previous non-radiation studies unfair, This study was aimed to (1) determine
the incidence of the relocation of the MLD after B-radiation therapy following successful BA
and, (2) describe a new methodological approach to accurately analyze and report the effect of
brachytherapy on the treated coronary artery.
METHODS
Patient selection. Patients eligible for the study were those successfully treated with BA
followed by intracoronary radiation according to the Boston Scientific/Schneider Dose-Finding
Study."” The purpose of this trial was to determine the effect of various doses of B-irradiation
on coronary artery restenosis after BA with or without stent implantation, in patients with
single de novo lesions of native coronary arteries. The isotope selected was the pure fi-emitting
Y and patients were randomized to receive doses of 9,12,15, or 18 Gray (Gy) at imm tissue
depth, The delivery of radiation was carried out by the use of the Schneider-Sauerwein
Intravascular Radiation System," In brief, this system comprises (1) a flexible coil made of
titanium-coated pure yttrium affixed at the end of a thrust wire between proximal and distal
tungsten markers, (2) a centering catheter which is a segmented balicon consisting of 4

interconnected compartments which allows centering of the source lumen relative to the arterial
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lumen, and (3) a computerized afterloader which allows automated advancement and
positioning of either the dummy or the active source."

QCA analysis and definitions. QCA analysis was performed off-line by an independent
corelab (Cardialysis, Rotterdam, the Netherlands). All angiograms were evaluated after
intracoronary administration of nitrates, The analysis was performed by means of the CAAS 11
analysis system (Pie Medical BV, Maastricht, The Netheriands). Calibration of the system was
based on dimensions of the catheters unfilled with contrast medium. This method of analysis
has been previously validated.*"'® The area of interest was selected afier reviewing all
cinefilms performed during the index procedure. Any angiographic sequence showing the lesion
pre-intervention, positions of angioplasty balloon, and radiation source may be displayed
simultaneously on the screen using the Rubo DICOM Viewer (Rubo Medical Imaging,
Uithoorn, The Netherlands). The ECG tracing is also displayed in any angiographic sequence.
By selecting frames in the same part of the cardiac cycle, we were able to define the location of
the radiation source and angioplasty bailoon relative to the original lesion. The analyst defined
a coronary segment bordered by angiographically visible sidebranches which encompassed the
original lesion, angioplasty balfoon and radiation source. This segment was defined as the
vessel segment (VS). (figure 1) The MLD was determined in the VS pre—interventioﬁ by edge
detection and was "averaged from the two orthogonal projections. Reference diameter was
automatically calculated for the VS by the interpolated method.* The percent diameter stenosis
was calculated from the ML.D and the reference diameter.” At the time of the procedure, all
angioplasty balloons, when deflated, were filmed in place with contrast injection in the same
projections as were the V3. After successful BA, intracoronary brachytherapy was performed.
Both the location of the centering balloon and the active wire in place were filmed in the same
projections as performed previously. The proximal sidebranch within the VS was used as an
index anatomical landmark. Distances from this proximal sidebranch to: (1) the inner part of
the proximal tungsten marker; (2) the proximal marker of the angioplasty balloon; (3) the
proximal margin of the obstruction segment; (4) the distal margin of the obstruction segment;
(5) the distal marker of the angjoplasty balloon; and, (6) the inner part of the distal tungsten
marker were computed by the CAAS software. The rarget segment (T'S) was encompassed by
the proximal and distal margin of the obstructed segment. The segment encompassed by the
most proximal and most distal marker of the angioplasty balloon defined the injured segment
(INS). The segment encompassed by the inner part of the 2 tungsten markers defined the
ifraﬁf&fed ;segrﬁént (IRS). (figure 1) .All regmnsof interest were superimposed on the pre-,
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post-procedural and follow-up angiograms. Geographical miss was defined for those cases
where the entire length of the injured segment was not fully covered by the IRS."

Using the softwear of the CAAS system the analyst is able to perform a subsegmental
analysis within the VS. The segment is automatically divided into subsegments of equidistant
length (on average, 5.040.3 mm). The subsegment containing the MLD was taken as the index
segment and enabled relocation of the MLD to be defined (figure 2). Relocation pre-post was
defined as those cases where the MLD of the VS post-treatment was located in a different
subsegment in the 2 orthogonal projections from that of the index procedure. Relocation post-
Jup was defined as those cases where the MLD of the VS at follow-up was located in a
different subsegment in the 2 orthogonal projections from that post-procedure. Relocation pre-
Jup was defined as those cases where the MLD of the VS at follow-up was located in a
different segment in the 2 orthogonal projections from that at the index procedure (figure 2).

Additionally, the analyst computed the MLD in every region of interest and calculated the
acute gain, late loss and the frequency of > 50% diameter stenosis on a regional basis. Acute
gain was defined as MLD post-treatment minus MLD pre-intervention. Late loss was defined
as MLD post-treatment minus MLD at follow-up. Restenosis was defined as diameter stenosis
>50% at follow-up.

Control Group. A historical cohort of consecutive patients trcated with BA from the
BENESTENT 11 trial'® presenting with matched views and correct angiographic
documentation, was used as the control group. VS, TS and relocation of the MLD were defined
in this cohort as above described.

Stafistical analysis. Data are presented as mean + standard deviation or proportions. To
éompare qualitative variables, the Chi-square test was carried out. To compare quantitative
variables, the Student’s test was performed. All tests were two-tailed and a value of p<0.05

was considered statistically significant.

RESULTS

Baseline characteristics. One hundred and eighty one patients were included in the Dose-
Finding study. Of these, 51 patients received a stent. The remaining 130 patients treated with
BA alone followed by B-radiation were eligible for the study. By comparing the technician
worksheet with the angiograms recorded, the analyst was able to identify those patients in
whom all balloon inflations and source positioning were filmed and all target views were
matched. Using this.systematical approach, 63.patients who did not- accomplish these technical

requirements to perform an accurate QCA, were exciuded from the study. Thus, the study
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population comprised the 635 patients presenting with complete and correct angiographic
documentation. All patients, regardless of the dose prescirbed (9,12,15, or 18 Gray (Gy) at
Imm tissue depth), were pooled together.

Of 410 patients enrolled in the balloon arm of the BENESTENT 11 trial, 179 presenting with
all the above mentioned technical requirements constituted the control group. Baseline
characteristics of both the study population and control group are described in the table 1. No
differences were observed between the 2 groups.

Incidence and location of the relecation of the MLD. Relocation pre-post of the MLD was
defined in 36 patients (55.4%) in the Dose-Finding cohort and in 62 pts (34.6%) in the control
group (p=0.003); relocation post-fup was defined in 37 patients (56.9%) in the Dose-Finding
cohort and in 59 patients (33.0%) in the conirol group (p=0.001); and, relocation pre-fup in 51
patients (78.5%} in the Dose-Finding cohort and in 47 patients (26.3%) in the control group
{p=<0.0001). Geographical miss was identified in 2 patients (3%). At follow-up, 45 patients
(69.2%) presented with an increase in the value of MLD at TS, whereas 20 patients (30.8%)
demonstrated either a decrease (18 patients) or no change (2 patients) in the value of MLD at
TS. The location of the MLD in cases of relocation is presented in the table 2. This new MLD
was most commonly located within the IRS and INS, followed by those regions within the VS
but outside the IRS and the INS. Typically, when the new MLD was located outside the INS
and IRS, distal subsegments were most often invelved rather than the proximal ones (88% vs.
12%, respectively).

Methodological implications of the relocation of the MLD. QCA data derived from the

analysis of the pre-defined regions are presented in the table 3.

DISCUSSION

Incidence and causes of relocation of the MLD. This study demonstrates that the relocation
of the MLD is a common phenomenon in coronary segments treated with BA followed by
infracoronary beta-radiation therapy. Although relocation of the MLD at follow-up was
significantly more frequent in the irradiated group, control patients demonstrated also a notable
incidence of relocation. This phenomenon noted after radiation was witnessed in previous
studies that showed that the restenosis process affected the entire vessel segment which was
dilated and not just the obstructed segment.'®* This may explain the mismatch between good
angiographic.results of previous. radiation frials. and the poor clinical outcome (i.e., high target.

vessel revascularization rates) observed in these studies™.
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Further, as changes in the reference diameter may occur during the follow-up period, the use
of the percent diameter stenosis measurements is questioned as an accurate estimate of lesion
severity.'*” Tn this regard, 2 thirds of our study population demonstrated an increase in the
value of the pre-intervention MLD. Tn the radiation group, increase of vessel dimensions at the
site of the index MLD may play an important role in the relocation of the MLD.

Previous three-dimensional intravascular wultrasound observations demonstrated that the
vessel wall enlarges after catheter-based radiation therapy either following conventional BA or
stent implantation.'>* This vessel enlargement was able to accommodate the mean increase in
piaque volume, resulting in a net increase in the irradiated luminal volume at follow-up.

In our study, the MLD was mainly relocated within the IRS and the INS and outside the INS
and the IRS (typically at distal segments). In such regions, the presence of pre-existing plagues
which became angiographically apparent or progressed after the treatment and tapering of the
vessel may have accounted for the relocation of the MLD. On top of these causes of relocation,
we cannot exclude the influence of the natural atherosclerotic process on this phenomenon in
the context of patients with coronary risk factors by inducing development of new coronary
lesions in any of tﬁe pre-defined regions of interest.

Methodological consequences of relocation. When the analysis was restricted to the T'S, this
lumen gain at follow-up resulted in a negative mean late loss and a very low restenosis rate
(3.1%). The TS represents a region which was injured by the angioplasty balloon and
theoretically presented with the peak stress and vessel stretch after BA. Further, this segment
was fully covered by the radiation source in all cases. Thus, the results of the analysis of the
TS may demonstrate the effect of brachytherapy in optimal conditions. On the other site of the
spectrum, when the analysis included the entire VS, both the late loss and the restenosis rate
were significantly higher (table 3). This latter analysis was performed in most of the historical
trials aimed to determine effectiveness of new therapeutic agents on restenosis process after
BA.Z Since the MLD of the entire treated coronary segment is the flow-limiting lesion for the
patient, the results of the VS should also be presented in intraceronary radiation trials. Finally,
analyses of INS and TRS may be helpful to identify the potential causes of failure after
brachytherapy (i.e. geographical miss, not-injury related edge effect).

Limitations. The definition of relocation of the MLD depends decisively on the accurate
documentation of all steps followed during the procedure. This was accomplished only in 50%

of the cases treated with BA in the Dose Finding Study and in 44% of the historical control

group.
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The QCA data presented in this study represent only the resulis of the pooled cohort of
patients enrolled in the Dose-Finding study and not the entire population,
Conclusiens. Relecation of the MLD is a common phenomenon after successful BA followed
by intracoronary beta-radiation. This feature may induce coniroversial results related to the
methodology used in the QCA analysis and should be considered when reporting the results of
subsequent radiation studies. The new methodological approach proposed may better determine
the efficacy of this technique by defining different regions of interest within the target coronary

segment.

Appendix:
The participating centers and investigators of the Dose-Finding Study Group are listed with the

number of included patients under parentheses.

University Hospital, Geneva, Switzerland (57): Verin Vitali, MD, Youri Popowski, MD, Delafontaine
Patrice, MD, Kurtz John, MD, Papirov Iger, PhD, Serpey Airiian, MD, Philippe Debruyne, MD,
Ramos de Olival Jose, MD.

Cardiovascular Center, Onze-Lieve-Vrouw Ziekenhuis, Aalst, Belgium {54). Wijns William, MD,
(Principal Investigator), de Bruyne Bernard, MD, Heyndrickx Guy, MD, Verbeke Luc, MD, Piessens
Marleen, PhD, De Jans Jo, MSc.

University Hospital, Essen, Germany (26): Baumgart Dietrich, MD, Sauerwein Wolfgang, MD, Erbel
Raimund, MD, von Birgelen Clemens, MD, Haude Michael, MD.

University Hospital, Kiel, Germany (22); Lins Markus, MD, Simon Ruediger, MD, Kovacs Gyorgy,
MD, Thomas Martin, MD, Herrmann Guahild, MD, Wilhelm Roland, MD, Kol Peter, MD.

Kings College Hospital, London, United Kingdom (22): Thomas Martin, MD, Calman Francis, MD,
Lewis Niel, PhD.

Data Monitoring: Thaler Thomas, MD (Boston Scientific)

Angiographic Core-Laboratery and Data Analysis:

Teunissen Yvonne, PhD, (Clinical Trial Manager), Spicrings Astrid, Van derWiel Connie, Kloek
Gitte, MSc, Disco Clemens, PhD

Critical Events Committee: Dekkers Jaap, MD, Serruys Patrick, MD, PhD.
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Table 1. Baseline Characteristics {n=65).

Dose-Finding Group Control Group
(n=65) (n=179)

Age, years 6419 62110
Gender, male 46 (70.7%) 137 (76.5%)
Treated artery:

Left anterior descending 28 (43.1%) B0 (44.7%)

Left circumflex 7 (10.8%) 22 (12.3%)

Right coronary 30 (46.1%) 77 (43%)
Coronary risk factors:

Systemic hypertension 35 (53.8%) 89 (49.7%)

Diabetes mellitus 12 (18.5%) 27 (15%)

Smoking 33 (66.1%) 123 (68.7%%)

Hypercholesterolemia 38 (58.5%) 98 (54.7%)

Family history 23 (35.4%) 60 (33.5%)
Dose:

9 Gy 18 (27.7%) _

12 Gy 11 {16.9%) _

15 Gy 20 (30.8%) _

18 Gy 16 (24.6%) _

All p=NS. Gy indicates Gray.
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Table 2. Location of the relocated MLD

Relocation pre-post

Relocation post-fup

Relocation pre-fup '

(n=36) (n=37) m=51)
Within INS ~ IRS 19 (52.9%) 23 (62.2%) 24 (47%)
Outside INS — IRS 9 (25%) 10 (27%) 18 (35.3%)
Within IRS—outside INS 6 (16.6%) 4 (10.8%) 8 (15.7%})
Within INS-outside IRS 2 (5.5%) 0 (0%) I (2%)
{geographical miss)

INS indicates injured segment; IRS indicates irradiated segment.
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Table 3. QCA data from the 4 pre-defized segments.

T8 NS IRS Vs
MLD pre, mm 1.0610.2 1.0640.2 1.060.2 1.0640.2
MLD post, mm 2.17+0.5 1.9910.4 2.00+0.4 1.91+0.4
MLD fup, mm 2.36+0.5 1.97+0.5 1.97+0.5 1.84+0.5
%DS fup 20.341t1 33.2+11 33,4411 37.5110
Acute gain, mm 1.1240.4 0.93 0.4 0.94:+0 4 0.85+0.4
Late loss, mm -0.1820.4 0.01£0.4 0.0320.4 0.0740.3
Restenosis rate, n (%) 2(3.1) 5(1.7 6(9.2) 9(13.8)
Segment length, mm 50403 18.7+4.2 229435 36.9+8.4

TS indicates target segment; INS indicates injured segment, IRS indicates irradiated segment; VS
indicates vessel segment; MLD indicates minimal fuminal diameter; DS indicates diameter stenosis;

pre indicates pre-intervention; post indicates post-intervention; fup indicates follow-up.
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Figure 1

A, Target segment (TS} is between proximal and distal margin of the target lesion
automatically defined by the quantitative coronary angiography system. Vessel segment (VS) is
bordered by visible sidebranches, which encompass the target segment (TS), and the position of
the angioplasty balloon and radiation source.

A’ Original lesion in the middle part of the right coronary artery before intervention.

B. Injured segment (INS) is defined as the segment encompassed by the most proximal and
most distal marker of the angioplasty balloomn.

B’. Arrows indicate the markers of the deflated angioplasty balloon filmed in place with a
contrast injection.

C. The segment encompassed by the inner part of the 2 tungsten markers of the radiation
delivery system defined as the irradiated segments (IRS).

. Arrows indicate the inner parts of the radiation source tungsten markers filmed with a

contrast injection.
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Figure 2

A. Subsegmental analysis before procedure. Vessel segment (VS) was automatically divided
into 5-mm subsegments by the CAAS 1T system. The original lesion is located at segment No.5
pre-procedure as the arrow indicates.

A’. Computer defined analysis pre-procedure.

B. Subsegmental analysis at post-procedure. Minimum lumen diameter is located at segment
No.6 (arrow).

B’. Computer defined analysis post-procedure.

C. Subsegmental analysis at follow-up. Minimum lumen diameter is focated at segment No.7
(arrow).

C°. Computer defined analysis at follow-up.

Subsegment
analysis

Computer
defined
analysis

PRE POST FUP
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Complications After Intracoronary Brachytherrapy
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Chapter 8

Late coronary occlusion after intracoronary brachytherapy.

(Circulation 1999;100:789-792)
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Late Thrombesis After Intracoronary Brachytherapy

Late Coronary Occlusion After
Intracoronary Brachytherapy
Marco A. Costa, MD; Mane! Sabaté, MD; Wim [ van der Giessen, MD, PhD, L. Patrick Kay, MBChB;

Pavel Cervinka, MD:; Jurgen M.R, Ligthart, BS¢; Pedro Serrano, MD; Veronique L.M.A, Coen, MD;
Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PkD

Background—Iniracoronary brachytherapy appears 1o be a premising technology to prevent restenosis. Presently, limited
data are available regarding the Jale safety of this therapeutic modality. The aim of the study was to determine the
incidence of late (>>1 month) thrombosis after PTCA and radiotherapy.

Methods and Results—From Aprit 1997 to March 1999, we successtully wreated 108 patients with PTCA followed
by intracoronary -radiation. Ninety-one patients have completed at least 2 months of clinical follow-up. OF these
patients, 6.6% (6 patients) presented with sudden thrombetic events confirmed by angiography 2 to 15 months after
intervention (2 balloon angioplasty and 4 stent). Some factars (overlapping stents, unhealed dissection) may have
triggered the thrembosis process, but the timing of the evenl is extremely unusual, Therefore, the effect of radiation
on defaying the healing process and maintaining a thrombogenic corenary surface is proposed as the most plausible

mechanism to cxplain such late events.

Conclusions—Late and sudden thrombosis after PTCA followed by intracoronary radiotherapy is a new phenomenon
in inlerventional cardiology. {Cireuwlation. 1999;100:789-792.)

Key Words: thrombosis m angioplasty B radicisolopes

hrombetic ocelusion afier PTCA is associated with
increased morbidity and monality rates.? Current rech-
niques of stenting followed by antiplatelet therapy have
dramaticaily reduced the incidence of this event to <C1.5%.%3

See p 780

Intracoronary radiation is u promising new therapy 1o
prevenl reslenosis. Recent randomized trials demaonsirated
a reduction in (he restenosis rare and maintenance of
benefits up 1o 2-year follow-up.-© Presently, limited data
are available regarding long-term safety after intraccro-
nary brachytherapy 7 Ajthough subacule thrombosis has
been reported afier radiotherapy,”#-* the incidence of late
thrombolic events has not been determined.

The aim of this study was 10 document the incidence of
late (=1 month) thrombotic events after elective PTCA
followed by intravascular radiotherapy. '

Methods and Results

From April 1997 to March 1999, 108 conseculive patients
were successfully treated with catheter-based intraceronary
B-radiation at the Thoraxcenter {Retterdam, The Nether-
lands}. The Medical Ethical Commitlee approved the use of
radiation thevapy and informed consent was obtained from

every patient. All patients presented with stable angina
pectaris and single vessei disease. Brachytherapy wus per-
formed using the Beta-Cath system (Noveste Corporation)®
(n=76 patienis, 32 stenis and 44 balloon angioplasty [BA].
or the Guidant intravascular bruchytherapy system (Guidant
Carporation  Vascular Intervention)!! (n=32 patients, 13
Steats and 19 BA). BA and slenting were performed accord-
ing to standard techniques. ntravascular ultrasound (IVUS)
was performed after radiation with a mechanical ultrasound
catheter (CV15, Boston Scientifie). Off-line quantitazive cor-
onary angiogruphy was performed using CAAS system (Pie
Medical Imaging BY)., Six-monih angiographic and [VUS
follow-up was scheduled in all patients.

All patients were discharged without complications. Ninety-
one patients completed at east 2-month clinical follow-up. We
ohserved 1 case of subacute thrombosis oceniring |15 days after
stenting. This putient received an 18-mm long stent (postdilated
at 10 atm) with optimal TVUS result. Ticlopidine withdrawal (12
days after stenling) was the plausible explanation of thrombosis
in this case.

Six patients {6.6%) prescnted with sudden late throm-
holic coronary occluston. Two of them were (reated with
BA und the remaining 4 received an additional slent after
radiation. Their clinical characteristics are summarized in

Received May 10, 1999; revision received June 12, 1999; accepled June 24, 1999,
From Thoraxcenter (M.A.C., M.S., W.Jv.d.G., LP.K,, P.C., JM.R.L., B.S., P.W. 8.}, Dijkzigt University Hospilal, and Daniel den Hoek Cancer

Center {V.L.M.AC.. PLC L), Roterdam, The Nelhertands.

Correspondence (o Prol Parrick W. Serruys, Head of the Department of Inierventional Cardiology, University Hospital Dijkzigi-Thoraxcenter
Bd418, Dr. Molewaterplein, 40-3015G0 Rotterdam, The Netherlands. C-mail serruys@card.azr.nl

@ 1999 American Heart Association, lne.
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Clinical and Angiegraphic Varlables

Variables 1 2 3 L] 5 8
Age, ¥ a7 58 49 73 b2 62
Sex Male Female Male Female Female Female
Pre-procedure
Target vessal Lex RCA LCx LAD RGA RCA
Type of lesion 8 B B A A B
RO, mm 25 2.8 287 266 284 26
MLD, mm a9 112 064 1.08 0.85 055
S, % 66 60 76 60 77 78
Lesion length, mm 13 15 18 itz 9.6 9.7
Procedure
Brachytherapy system Bela-Calh Guidant Bela-Cath Bata-Gath Bata-Cath Bala-Cath
Source length, mm 30 27 30 30 30 30
Prescribed dose, Gy 12 35t 12+ iq* 18* 14*
Stent/angiopiasty Stent Balioon Balloon Stent Slent Stent
Total stent length, mm 41 25 25 16
Postprocedure
Dissection/lype Ne Yes/B Yas/B No No No
MLD, mm 247 2.07 215 2.4 234 24
D3, % —-1 26 21 95 17 7
Clinical success Yes Yes Yes Yes Yes Yes
Follow-up
Event VF inferior MF Postlaterat Mi Anterior Mi Inferior M Inferior M)
Time, mo 2 3 15 10 3 2.5
Artiplateiet medicalion Yos Yag Yes Mo Yes Yes

Assoclated factors Long stent  Disseclion

Disseclion at 6-mo

Aspirin withdrawal ho Na

LCX indicates left clroumitlex artery; RCA, right coronary arlery; LAD, laft anterior descending artery; RO, reference diameler; MLD,
minimal fjumen diameter; DS, diameter slenosis; VF, ventricutar fibrillalion; and Mi, myocardial infarction.
*At 2 mm from the sowce; tat 0.5 mm into the vessel wall.

the Table, No clinical or anatomic characteristic appeared
to be related to these cvents.

In patient 1, overlapping 9- and 32-mim NIR stens
(Medinel Lid) were oplimally implanted as assessed by
IVUS. Patients 2 and 3 (BA} showed type B dissections
without compromising flow postprocedure. Patienls 4
and 5 both received a Mullilink 25-mm stent (Advanced
Cardiovascular Systems/Guidant), and patient 6 received a
NIR [6-mm stent with optimal angiographic resulls. Stent
patients were discharged on aspirin (250 mg/d) and ticlo-
pidine (250 mg BID for {5 days in patients 3 and 4, and for
3 days in cases 5 and 0). BA patients received aspinn
alone.

Patient | was readmitted with ventricular fibrillation 2
months after the procedure, whereus, patients 2, 5, and 6
sustained inferior myocardial infarctions (MI) hetween 2.5
and 3 months after the treatment. The irradialed segment
was occluded at G-month angiogram in paticnts | and 2
(Figure 1). Thrombotic occlusion was successfully treated
by primary angioplasty in paticnis 5 and 6.

In patient 3, the 6-month IVUS control revealed a
persistent {urhealed) submedial dissection (Figure 2) with
ne signs of restenosis, Nine months later, this patient

sustained a posterolateral MI which was treated with
thrombolytics. Two weeks after this reatment. an angio-
gram performed becanse of recurrent anginag showed the
occlusion in the irragdisted area. Similarly, the &-month
IVUS conirol of patient 4 showed no neointimal hyperpla-
sia. Four months after control. she had a stroke and aspirin
was replaced by acenocoumarol. Ten days laler, she
sustained an amterior ML The thrombolic occlusion in the
treated site was confirmed by angiography.

Discussion
Progression 1o tolal occlosion alter BA is a stable process in
the general nonirradiated population whicly nccers in approx-
imalely 4% of patients, leading to a MI in <(.5%.'2 In
contrast, our study shows a high incidence (6.6%) of throm-
botic clinical events 2 to 15 months after PTCA and
brachytherapy.

Coronary dissection after BA is associaled with abrupt
closure; however, type B dissections (NHLBI classifica-
tion}, as observed after BA in our palients, have not been
relaled 1o thrombotic events. ' The normal healing process,
present after dissections, may be impaired after intracoro-
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nary radiation.™ Whether unhealed dissections, as demon-
strated in patient 3, is related 1o late thrombosis remains to
be etucidated in a larger population. Further, the necessity
of stenting mild dissections without compromising flow
after vadictherapy should be investigaled,

The mean time of subacute thrombosis after stenting is
approximatcly 3 to 6 days.®® In a recent study, subacuote
thrombosis occurred within the first 24 hours in 86% of
patienis Ireated with aspirin and ticlodipine for 14 days,
with ne case of thrambolic events occurring afler 15
days.'® Colombo et al reported only 2 cases (0.6%) of
thrombosis occurring 2 to & months after steating.2 In
contrust, in our study, 4 patients receiving a stent (8.8%)
experienced thrombosis late afier radiation.

Experimentally, reendothelialization after injury takes
>4 weeks to be compleled.'* However, the clinical pre-
sentation of subacute thrombosis infrequently occurs later
than 15 days after stenting,!s when the reendothelialization
process may still be incomplete. Delayed reendotheli-
atization as a trigger mechanism of late stent thrombosis
after antineoplastic therapy has been hypothesized previ-
ously.'” Farb et al reported incomplete endothelialization 3
months after placement of B-radioactive stent.'* Neverthe-
less, the same group showed no differences regarding
endothelial cell growth between radicactive and control
stents in another experimental model,' Further studies
should address the timing of stent reendothelialization
after bruchytherapy to determine its role on the pathogen-
esis of lute thrombosis.
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Figure 1. Patient 1. A, Preprocedure
angiography shows a significant lesion in
the mid-third of left circumflex artery. B,
Radioactive source pfaced in freated site.
G, Postpracedure angiography and IVUS
images show an optimal result (arrow-
heads). D, At 2 months, the proximal part
of stent appeared occluded.

Altkough multiple stents have beea related to subacute
thrombosis,? the significance of multiple stent implanta-
tion {patient 1} on late thrombaotic phenomena has not been
demonstrated.

The use of intracorcnary B-radiation is a commoen
feuture in our patients. However, the judgment of whether
radiafien §s the key factor in the pathogenesis of late
thrombosis should await the analysis of ongoing trials.
Concomitantly, the benefit of prolonged antiplatelet ther-
apy with the combination of aspirin, clopidogrei, or
ticlopidine should be considered.

Limitations

Our patients were included in well-controlled B-radiation
studies with similar baseline characteristics and inclusion
criteria (lesior leagth <15 mm, treatment of single vessel).
However, 2 different systems to deliver B-radiation were
ased.

In addition, it is not possible to rule cur the natural
history of coronary disease as a cause of late thrombosis.
However, the incidence of total occlusion in the general
nonirradiated population is much lower than that observed
in our study. In fact, the incidence of late thrombotic
cvenls would be even higher if, in the interest of complete-
ness, we waited for i-year fotlow-up in the total patient
population,

Finally, whether late thrombosis is a generic complica-
tion of intracoronary radiotherapy or is cestricted to the use
of B-scurces cannot be extrapolated from our findings.
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Figure 2. Patient 3. A, Poslprocedure coronary disseclion, demonstrated both on angiography and IVUS, did not compramise flow in
treated area (arrcwhead). B, This dissection persisted unhealed at 6-month control {arrowhead). G, At 15 months, radiated segment
appeared occluded.
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Chapter 9

The outcome from balloon-induced coronary artery dissection after

intracoronary fi-Radiation.

(Heart 2000;83:332-337)
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Outcome from balloon induced coronary artery
dissection after intracoronary P radiation
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Abstract
Objective—To evaluate the healing of balloon induced coronary artery dissection in individuals

who have received f radiation treatment and to propose a new intravascular ulirasound (IVUS)
dissection score to facilitate the comparisen of dissection through time.

Design-—Rctrospective study,

Serting-—Tertiary referral centre.

Patients—31 patients with stable angina pectoris, enrolied in the beta energy restenosis trial
(BERT-1,5), were inciuded. After excluding those who underwent stent implantation, the evalu-
able population was 22 patients.

Interventions—Bailoon angioplasty and intracoronary radialion feliowed by quantitative corenary
angiography {QCA) and TVUS. Repeat QCA and IVUS were performed at six month foliow up.
Main outcome measures—QCA and TVUS evidence of healing of disscerion. Dissection
classification for angiography was by the National Heart Lung Blood Institute scaie. IVUS proven
dissection was defined as partial or complete. The following IVUS defined characteristics of dis-
section were described in the affected coronary segmicnts: length, depth, arc circumference, pres-
ence of fiap, and dissection score. Dissecrion was defined as healed when all features of dissection
had resolved. The calculated dose of radiation received by the dissected arca in those with healed
versus nen-healed dissection was also compared,

Results—Angiography {type A=5, B=7, C=4) and IVUS proven {partial = 12, com-
plete = 4) dissections were seen in 16 patients following intervention. At six month follow up, six
and cight unhealed dissections were seen by angiography (A = 2, B = 4) and [VUS (partial = 7,
complete = 1), respectively, The mean IVUS dissecdon score was 5.2 {range 3-8) following the
procedure, and 4.6 (range 3-7) at follow up. No correlation was found berween the dose
prescribed in the treared area and the presence of unheaied dissection. Wo change in anginal sta-
tus was seen despite the presence of unhealed dissection,

Conclusion—{} radiation appears to alter the normal healing process, resulting in unhealed dis-
section in certain individuals. In view of the delayed and abnormal healing observed, long term
follow up is indicated given the possible late adverse effects of radiation. Although in this cohart
no increase in cardiac events following coronary dissections was seen, larger populations are
needed to confirm this phenomenon, Stenting of ali coronary dissections may be warranted in
patients scheduled for brachytherapy afier bailoon angioplasty.

(Heart 2000;83:332-337)

Keywords: dissection; intravascular ultrasound; angiography; coronary artery; brachytherapy; angioplasty

ment is used.” Il further angioplasty of the
lesion is not undertaken, then it is recognised
that nrearly all angiographic dissection will heal
over 2 six menth time frame,”” " Whether
intracoronary radiation will prevent the process
of natural healing after balloon induced dissec-
tion has not been documented thus far in
humans. To examine this, we retrospectively
analysed coronary artery dissections using
angiography and IVUS, at the time of rtreat-
ment and at six month follow up, in paticnts
wreated with intracoronary radiation following
balloon angioplasty, We also aimed to compare
the prescribed dose received by the treated area
in individuals with non-healing dissection with
the dose received by those individuals with
healed dissection.

Despite excellent acute results, restenosis at six
month follow up after coronary artery balloon
angioplasty remains a serious problem.' Exces-
sive neointimal formation, extracellular matrix
synthesis, and negative vessel remodelling in
response to balloon injury have been docu-
mented as the gmmain  mechanisms of
restencsis.”” Intracoronary radialion treatment
has recently emerged as a means of preventing
and treating restenosis in coronary arteries
treated by balloon angioplasty, The theoretical
benefit of radiation in preventing neointimal
proliferation resides in the destruction of more
rapidly dividing smooth muscle cells." ™ It may
not be surprising that by inhibiting the above
deleterious features of healing after balloon
angioplasty, intracoronary radiation may also
alter normal healing processes.

Corenary artery dissection is common after  Methods

balloon angiopiasty. This is angiographically
visible in 20-45% of cases following balloon
angioptasty” and present in up to 85% of cases
when intravascular ultrasound (IVUS) assess-
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PATIENT SELECTION

Patients cligible for ihe study were thosc
treated successfully with balloon angioplasty
foliowed by intracoronary irradiation according
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Table I TVUS dissection score

Are Lenyrh Deprir Flap
<o) = <Snun =i Partis Yes =
90-180" 5-10 mm Complete =2  No=0
= IR0° = = 10mm =3

Table 2 Baseline characteristics (n = 22)

Mean (S age (yoies) 55.7{9.3)
Carnary risk aciors
Smuaking (n (%)) 15 (h8)
Hypercholescerolaemia (n (%)) 12 {55}
Family history {n {%3) i2 (55)
Hypertension {n {%)) 11 (38}
Diaberes (11 () a (26)
Freated vessel
LAY (n (")) 12(3%)
LEX (n (")) 6 (20}
RCA {n (%)) 418)
Prescribed dose
bo Gy (o (%) Y {41}
1 Gy (0 (%) 3 {23}
P2 Gy (e {4 8 (36)

1AL, fcft anterior descending corenary artery; LCX, left
circwmBex coropary artery; RCA, right coronary artery.

to the beta energy restenosis trial (BERT-1.5).
The purpose of this trial was to evaluate the
safety and cfficacy of low dose f source irradia-
tion following balloon angioplasty with and
withourt stent implantation in patients with sin-
gle “de novo” lesions of native coronary arter-
ies. The design of this wial was a prospective
multicentre non-randomised feasibility study.
We used a strontivm 90 (*"8r) source with
yitrium as a pure [ emitter, and patients were
randomised to receive 12, 14, or 16 Gray {Gy).
The inclusion and exclusien criteria of this trial
have been previously reported.”

RADIATION DELIVERY SYSTEM

The Beta-Cath system (Noveste Corp, Nor-
cross, Georgia, USA) was used to deliver local-
ised [ radiation to a coronary artery 2t the sitc
of coronary intervention. The device consists
of three components: (1) the transfer device
which stores the radiation source train and
allows the positioning of these sources within
the catheter; (2) the delivery catheter, which is
a 5 F muliilumen over the wire non-centred
catherer which uses saline solurion 10 send and
return the radiation source train; and (3), the
radiation source train consisting of a series of
12 independent cylindrical seeds which con-

tain the radioisotope *Sr sources and is
bordered by two gold radiopague markers
separated by 30 mm.”

IVUS IMAGE ACQUISITION ANALYSIS SYSTEAL
The segment subject to anajysis was examined
with a mechanical IVUS systemn {ClearView,
CardioVascular Imaging System (CVIS}, Sun-
nyvale, California, USA) with u sheath based
IVUS catheter incorporating a 30 MHz single
clement transducer rotating a1 1800 rpm. The
transducer is placed inside 4 2.9 T 15 cm long
sonclucent distal sheath which alternatively
houses the guidewire (during rthe catheter
introduction) or the transdecer (during imag-
ing, after the guidewire has been puiled back).
To assure the correct identification and analy-
sis of the irradiated segment, certuin steps werc
followed, First, an angiogram was performed
alter positoning the delivery catherer, and the
relation between anatomical landmarks and the
two gold markers was noted. Typicaily, the
aorto-ostial juncrion and the side branches
were used as landmarks. The landmark closest
to either of the gold markers was used as a
guide. During the motorised IVUS pullback,
all side branches were counted and the guiding
landmark was identified. The correct selection
of the marker was confirmed by visualising the
paosition of the IVUS probe during a contrast
injection. Once the acquisition was completed,
we selected the segment of interest by taking
the digizised cross-sectional images proximal or
distal to the guiding landmark up to 30 mun,
which is the area encompassed by the two gold
markers of the radiation source. At follow up,
we selected the same region of interest and
compared it with that after trearment.

PROCEDURE
The medical ethics committee of the Erasmus
Medical Center, Rotwerdam approved the
study and all patients signed a written in-
formed consent form. In the BERT-1.% rial
balloen angioplasty was performed according
to standard clinical practice. Following suc-
cessful angioplasty, patients were randomised
to receive 12, 14, or 16 Gy, as calculated at
2 mm from the centre of the radiation source,
The 5 F delivery catheter of the Beta-Cath

fabde 3 Augiographic paramcters pro- aned postinteroention and at six month follow up for parienss witk dissection
Pre- procedure Postprocediire Follow up
Paremt Dase prescribed  MLD Dissecrion grade  RD DS %) MLD Dissection grade RD DS (%) MLD LLf
i 12 077 C 2.58 40 1.38 - 241 32 1.63 009
2 2] 1.23 A 2,72 17 2.25 - 2.84 8 2.60 -0.34
3 12 078 B 2.44 20 L.80 - 277 36 177 0.02
4 12 0.78 B 317 E1l 2.18 - 3.11 49 1.75 0.31
3 191 L2 B 21 34 2.12 B 3.2 35 2.15 ~0.03
& 16 (LB2 A 2.73 30 1.92 A 3.0 52 144 .44
7 16 196 B 2.40 23 1.85 B 2.04 23 1.58 0.31
8 16 P42 C 2.82 25 2.12 - 296 51 Ldd 0.97
a 16 .88 o 218 29 1.54 - 2.16 49 Lig 0.67
10 18 1.3 C 398 8 2.45 A 3.23 54 1.50 0.83
iz i2 1.06 A 2.62 3 2,54 - 321 735 081 L7
i3 iz L7 A 2.82 29 2.00 - 3.27 65 1.14 L
11} 13 1.33 R .31 22 2,45 n 31 2.35 0.12
Iy 18} 1.30 B 2.49 25 L.87 . 13 244 —L14
1y 12 0.61 B 2.68 21 212 i) 31 1.94 0.1z
20 12 L70 A 4,64 44 263 - 29 2.75 —0.13
Mueun 139 1.00 2,92 27.31 2.09 39.25 177 0.27

MLD, minimal fwninal diameter; R, reference diameter; DS, diamerer sienosis; LLL lae loss index,
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Figure § Duravasewdar ultrasotid tmages (Teft and centre) showing a dowble fummer berzeeen 12 and 3 o'clock
postintervention, The right image shows the sanie lesion at six month follow wp with the wihealed faise fumen seen beteveen

11 and 2 o'clock.

system was inserted over the guidewire and
advanced such that the two marker bands
encompassed the angioplasty site. The
puidewire was removed and the radiation
source train containing 12 *Sr seeds was posi-
tioned between the gold markers using fluoro-
scopic visualisation. The seeds remained in
place for 2.5-3.9 minutes to deliver the
assipned dose of radiation. Following irradia-
tion, repeat angiography and IVUS puliback
were performed. Intracoronary nitrates were
administered before the treated artery was
cxamined with IVUS. The 2.9 F IVUS cath-
eter (CVIS, Sunnyvale) was advanced distal to
the treated site. A continuous motorised
pullback at a speed of 0.5 mm/s was carried
out, followed by an angiographic contrel. At six
month angiographic follow up, identical quan-
titative coronary angiography (QCA) and
IVUS examination of the tweared area was per-
formed.

DEFINITIONS
Dissection was defined both angiographically
and by IVUS. Angiographic dissection was
defined using the Nadonal Heart Lung and
Blood Institute criteria for the classification of
dissection.”” QCA analysis was performed
before the intervention, after treatment, and at
six month follow up using identical gantry
positions. Coronary angiography was per-
formed after intracoronary administrazion of
nitrates, The offline analysis of ac least two
orthogonal projections was performed by
means  of the cardiovascular  anpgiopraphy
analysis sytemm (CAAS I, Pie Medical BY,
Maastricht, The Nectherlands). Calibratien of
the system was based on dimensions of the
catheters not fitled with contrast medium. This
method of analysis has  been  previously
validated.™* The following measurcments
were obtained in each projection: minimal
luminal diamerer {(MLD), reference diameter,
% diameter stenosis, and lesion length. Lesion
length was user defined and not dene by an
algorithm using curvature analvsis ol the diam-
eler function, The reference diameter was
oblained by an interpolated method. Acore
gain was delined as MLD measured after
treatment minus MLD premtervension, Late
loss was defined as ML after treatment minus
MLD at follow up. Late loss index was defined
as late loss divided by acute gain. Restenosis
was defined as > 30% diameter stenosis ar fol-
Tow up and iocated within the reated area.
TVUS disscetion was defined as a longitudi-
nal tear parailel o the vessel wall™ In all
patients with IVUS detected dissection, length,
arc, and depth were recorded. For inclusion in
the study all dissections werce located within the
area treated by radiation. Axial length was
measurcd in miliimerres, Circumterennal ex-
tension was measured as an are in degrees. The
maximal depth of wall disruption was defined
as follows: partial—plague between tear and
adventitia; complete---full thickness tear ex-
tending through the plague to the adventitia.™
An IVUS dissection score was created
rank the severity of dissection (table 1), This
seore facilitutes comparison of dissection alier
the procedure und at follow up. Assuming that
a dissection is present, the potential range of

Figure 2 Coronary angiogramt shoroing: (A) lesion pretreament; (B) radivaciive sorrce
0 sine; () postintervention; and (1)) the same lesion ar siv swonth follow up. Now the
presence of en edge effect and absenice of engiographic disseciion ar six month follow 1p.

the dissection score was 3-9. The disscction
was considered to be healed when all features
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Figure 2 This 11'US image corvefares with the angiogran i fig 2. The arrowheads show
the presence of an intact koneir (A) and an unhealed flap (B), corresponding 1o the same

ared.

B Acute gain [J Late loss E Late loss index

Healed Non-heaied
{n=8} (n=8}
Figwre + QCA analysis of healed versus non-healed
dissection {p = NS).

of dissection had disappeared. Partial healing
was considered fo have occurred when at least
one feature of dissection persisted at follow up.
Absence of healing was defined as no change to
the dissection on follow up.

The prescribed radiation dose delivered to
2 mm from the source was recorded and com-
pared between individuals with and without
healed dissection,

STATISTICAL ANALYSLS
Quantitative dara are presented as mean (SID).
The non-paired two tailed Student’s 1 test was

used to compare dose levels and healed/non-
healed dissection,

Results

BASELINE CHARACTERISTICS

From April to December 1997, 31 patients
were treated ar our institution according to the
BERT 1.5 trial. Eight patients, who received
stent implanfation because of imporiant recoil
or angiographic and IVUS proven dissection
afier balloon angioplasty, were excluded from
the assessment. Gne patient refused IVUS at
follow up; the same patient had no cvidence of
dissection following weaunent. Therefore the
study population was 22 patients. The baseline
characteristics of the patients are shown in
table 2.

CLINICAL, ANGIOGRAPHIC, AND IVUS FOLLOW U1
At follow up 14 patients (63%) rcmained
asymptomatic. Six patients presented with
stable angina pectoris: one with Canadian
Cardiovascular Seciery (CCS) class 1 angina,
cne with CCS cdlass 2, and four with CCS class
3. The follow up angiography demonstrated
restenosis (> 50% diameler stenosis on quanti-
rative coronary angiography) in five patients
(24%). These included the four patients with
CCS class 3 angina. One restenotic patient
showed aneurysmatic formation within the
irradiated area. The prescribed dose in resten-
otic patients was 12 Gy in one patient, 14 Gy
in one patient, and 16 Gy in three patients.
Dissection was seen in 16/22 patients (73%)
after intervention using both angiographic and
IVUS criteria. At six month follow up dissec-
rion was seen in six patients on angiography
(38%3 and eight patients on IVLIS (50%)
(table 3). Disagrecment between IVLUS and
angiography was caused by the presence of a
double lumen in one individual (fig }} and a
fiap in another (figs 2 and 3), neither of which
was detected by angiography. Angiographic
analysis of healed versus non-healed dissection
is presented in fig 4. No difference was seen in
the referenice diameter, % diameter stencsis,
and MLD before or after the precedure or at
follow up for either the healed or the
non-healed dissection groups (rable 3). As

Table 4 Postintervention and six month folloto up of dissection evaluared by IVUS
Postimerveition Foltew up
us nus

Fartem Are Langeh () Deprir Flap score e Lengthe () Depth Flap score

i 60° 3 id N 4 60 N 4

2 13¢ 2 P N 3 - - - - -

3 L 5 (8} N ] - - - - -

4 an” 5 r N 4 30° z r N 3

5 on® 5 r N F 30° 2 r N 3

] 1807 2 [ ¥ 7 1807 2 C Y 7

7 felh g 6 P Y & . - - - -

- 120 1 P ™N 3 - - - -

ES 180 3 P N 5 180° 3 P 3 5
1 270 23 « N 8 . - - -
iz an° 4 r ™ 4 - - - -
L3 Ling & [ N 5 - - - - -
16 00° 7 » N 5 9g® 5 o N 5
17 120° L] C N 0 - - - -
19 ! 7 r N 5 490* 5 P N 3
20 1200 3 P ¥ El 120° 3 P Y 5
Meun 12 6.2 P=1216 W=13/16 3.2 o8 3.4 P =78 N=6/8 4.6

D, partial; C, complete; N, no; Y, yes
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expected [ate loss and late loss index were
greater in the healed dissection group, but the
difference was not significant. Eight patients
had persisting dissection  after IVUS
examination—siz had no evidence of healing
and two had partial healing (table 4). Three of
the healed dissections resulted in restenosis,
The mean IVUS dissection score was 5.2
(range 3-8) after the procedure and 4.6 (range
3-7) art follow up. IVUS healed dissection
received a mean prescribed dose of 14 Gy and
non-healed dissection received 13.8 Gy (p
value not significant).

Discussion

We describe coronary artery dissection foflow-
ing intracoronary radiation treatment in a
group of individuals who had dissection nored
angiographicaily and with IVUS, but who did
not undergo stent implantation as the lesion
appesred stable under standard clinical condi-
tions. These dissections were not associated
with any significant acute or subacute clinical
sequelae. What is remarkable is that after six
month follow up, six of the angiographic
dissections and cight of the IVUS proven dis-
sections persisted, In a similar patient popula-
tion who had undergene conventional balloon
angioplasty (n = 183), 87 patients (47%) suf-
fered a type A-C dissection after coronary
angioplasty. Only one dissection persisted ac
six month follow up coronary angicgraphy
(DEBATE 1 subanalysis, unpublished data,
1999).

Why should these dissections faif 1o heal in a
predictable manner as previously described in
conventional angioplasty? In an experimental
maodel, a reduction of cell proliferation in the
rmedia and adventitia has been observed in the
early phasc after balloon injury and radiation
treatment, Furthermore, the expression of u
smeoth muscle actin in the adventitia is
reduced after radiation treatment; suggesting a
positive effect on vasculer remodeliing.”’ Con-
sequently it appears that radiation treatment is
directly implicated in altering the healing proc-
ess after balloon angioplasty, increasing the
potential for positive remodelling,® arterial
dilatation, and nen-healing dissection.

Tt remains uncertain as to whether the
dissections described represent permancnt dis-
ruptions to the vessel wall or merely a retarda-
tion in the healing process. The possible
inhibitory healing effect of radiation may
diminish with time such that ar a critical point
there may be a further activation of the resten-
otic process associated with the healing of the
dissection.

In an animal model, Farb and colieagues
showed & reduction in necintimal formation in
¥P-emitting radicactive stenls three months
after implantation; endothelialisadon was in-
complete, however, with only one third of the
entire intimal surface showing endothelialisa-
tion with poor formation of cell junctions.” As
a result of incomplete or delayed endotheliali-
sation, late thrombaosis may ulso occur among
the described dissections, It therefore would be
of considerable interest to repeas IVUS assess-
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radiation treatrment at a later date (12-18
months postintervention) so as to see if there is
evidence of persistng disscction or of wound
healing/restenosis, which may present in a
delayed fashion,™

Although the dissections did not lead to an
increase of cardiac events in our population,
Preisack and colieagues recently described a
higher event rate in patients who suffered cor-
onary dissections zfter balloon dilatation only.™
In this study, the dissection type was highly
correlated with the probability of a clinical
event. Other authors have not found a
difference in six month clinical event rate in
patients with stable coronary dissections,™

We feel that additional stent implantation
may be justificd in parents with dissections
who are about 1o reccive brachydherapy follow-
ing bafloon angioplasty. This approach may be
warranted even it the dissection is stable. Aflter
stenl implantation in these circumstances, we
feel that a long tcrin antiplatelet regimen {> 3
rmonths) may prove helpfui in the prevention of
late  thrombotic  occlusion,  given  re-
endothelialisationr seems to be delayed in this
patient cohort.

There have been no reports on y radiation
causing interference with the healing of dissec-
tion. Cornpared with y radiation a higher dose
of B enecrpy is required in the near field to
deliver the prescribed dose to 2 mm. This
intrinsic feature of § radiation may be causing
the deleterious effect wimessed.

The IVUS dissection score was created to
obtain a means of ranking and comparing dis-
section berween postprocedaral and follow up
features. Up w this point, there has been no
system that employs the well described features
of dissection (arc, length, depth, and presence
of flap} to create such a runking. Clearly, the
fate at six month foliow up of IVUS preven
postprocedural dissection is not well described
and we must rely on evidence that is extracted
from angicgraphic follow up data. An IVUS
ranking system may be useful to describe the
fate ar follow up of disscction not only in the
context of nermal balloon angioplasty, but also
after intracoronary radictherapy.

Using the prescribed dose delivered 1o the
tozal treated area rhere was no difference
benween the dose prescribed and the presence
of nen-healing dissection. On the one hand this
relation may be genuine, on the other it may be
argucd that this lack of correlarion results from
the use of the measure of radiation received by
the total vessel; this may nor reflect the
radiation dose received by the specific arca of
dissection,” or the radiation which is poten-
tinliy transmirted down the disrupted rissue
pianes of the dissection. It is possible that such
tissue planes may permit grealer passage of
radiation with deleterious consequences such
non-healing or aneurysmal change. Equally, it
is possible that certain tissue characteristics,
such as heavy calcification, may interrupt
radiation dosing to the level of the adventitia.
Clearly, IVUS provides superior information te
angiography in describing tissuc characteristics
and is likely to be an integral parr in the calcu-
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future,” so as to maximise efficacy and
minimise the complications of over- and
underdosing.

The design of the radicactive source delivery
cutherer may also be relevant to its efficacy. A
norn-centred catheter as used in this study may
lead to inhomogencous dosing, Alrernative
centred devices are available; however, the
issue is as yet unresolved and will be the subject
of further rescarch.™

LIMITATIONS

We describe the phenomenon of non-healing
coronary artery dissection after balloon angio-
plasty in & small group of padents. The
outcome of dissection in those with flow limit-
ing dissection has not been defined, as these
individuals ali had stents implanted. The
angiographic dissection conirol group for this
study is historical and there is no good descrip-
tion in the Jiterature on the long term outcome
ol those with IVUS proven dissection.

CONCLUSION

[ Radiation alters the normal healing process,
resuiting in unhealed dissection in certain indi-
viduals. In view of the delayed and abnormal
healing witnessed, long term follow up may be
prudent. Although no increase in cardiac
cvents a1 $ix months following coronary dissec-
tion was scen in this cohort, larger populations
are needed o conficm this phenemenon.
Stenting of al} coronary dissections and the use
of prolonged courses of antiplatelet agents may
be warranted in patients scheduled for brachy-
therapy following balloon angioplasty.
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ABSTRACT

Background. A recognized limitation of endovascular B-radiation therapy is the development
of new stenosis at the edges of the irradiated area. The combination of injury and low-dose
radiation may be the precursors of this phenomenon. We translated the radio-oncological
concept of ‘geographical miss’ to define those cases in which the radiation source did not fully
cover the injured area. Aims of the study were to determine the incidence and causes of
geographical miss and evaluate the impact of this inadequate treatment on the outcome of
patients treated with intracoronary B-radiation.

Methods and Results. We analyzed 50 consecutive patients treated with B-radiation after
percutaneous coronary intervention. Prescribed dose ranged between 12 and 20 Gray at 2 mm
from the source axis. By means of quantitative coronary angiography, the irradiated segment
(IRS) and both edges were studied prior to, after intervention and at 6 month follow-up. Those
edges which were ijured during the procedure constituted the geographical miss edges.
Twenty-twe edges were injured during the intervention mainly due to procedural complications
which extended the treatment beyond the margins of the IRS. Late loss was significantly higher
in geographical miss edges, as compared to IRSs and not-injured edges (0.8440.6 versus
0.154£0.4 and 0.09+0.4, respectively; p<0.0001). Similarly, restenosis rate was significantly
higher in those injured edges (10% within IRS, 40.9% in geographical miss edges, and 1.9% in
not-injured edges; p<0.001).

Conclusion. These data support the hypothesis that the combination of injury and low-dose B3-
radiation induce deleterious cutcome.

KEY WORDS: geographical miss, radioisotopes, balloon angioplasty, stents, quantitative

coronary angiography, restenosis.
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Endovascular radiation therapy is a novel technique aimed to prevent restenosis after
percutaneous coronary intervention.”” Radiation can be delivered to the coronary artery by
means of catheter-based systems or radioactive stents.” A potential drawback of this treatment
is the development of new stenotic iesions at both edges of the irradiated segment. This so-
called “edge effect” has been originally described after high activity (>3 microCi) radioactive
stent implantation.”™ However, this phenomenon is not exclusive to radioactive stents and may
also affect coronary segments treated by means of catheter-based systems.” The
pathophysiology of the “edge effect” may be the result of vessel wall injury,*™ concomitantly
to low-dose radiation at the edges of the irradiated area.'"'” In radio-oncology, the term to
define a cause of treatment failure due to low-dose was coined by the Manchester Clinic as
‘geographical miss’. In such cases, a small part of the treatment zone has either escaped
radiation or been inadequately irradiated because the total volume of the tumor was not
appreciated and hence an insufficient margin was taken.”™ This concept is translated in
interventional cardiology to define those coronary segments which were injured but received
low-dose radiation. Typically, this phenomenon occurs by injuring the edges of the irradiated
segment where, by definition, the dose is rather low.

Aims of the study were (1) to determine the incidence and causes of geographical miss in the
treatment of patients with intracoronary B-radiation using a catheter-based system; and (2), to
evaluate the impact of this inadequate treatment on the angiographic outcome of these patients.
METHODS
Patient Selection

We retrospectively analyzed 50 consecutive patients treated at our institution with catheter-
based B-radiation by means of the Beta-Cath system™ (Novoste Corp., Norcross, GA).
Patients included in the radiation protocol were those with objective signs of ischemia and
presence of significant de nove lesions (n=39) or recurrent in-stent restenosis (n=11). Detailed
description of the radiation system has been reported elsewhere." The radiation source train
consists of a series of 12 cylindrical seeds that contain the radioisotope **St/**Y sources and is
bordered by 2 gold radio-opaque markers separated by 30 mm."

Procedure
The medical ethics committee of our institution approved the investigational use of [3-

radiation and all patients signed an informed consent form. Percutaneocus intervention was

initially with balloon angioplasty {BA). After successful BA, the target coronary segment was
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irradiated. This could be followed by additional stent implantation when clinically indicated.
Lesion length measured on average 11.444 mm, the mean balloon length was 20.0+3 mm and
the number of balloon inflations was 2.9+1.6. Patients received aspirin (250 mg) and heparin
(10.000 1UJ IV) at the initiation of the procedure and an additional dose of heparin was
administered to maintain the activated clotting time >300 seconds. After the procedure, aspirin
was continued indefinitely. In those patients receiving additional stent implantation ticlopidine
was initiated and continued at least for 15 days after the procedure. Radiation dose was
prescribed at 2 mm from the source axis. Prescribed dose for the treatment of de novo lesions
was randomly assigned to 12, 14 or 16 Gray {Gy) for protocol requirements. For the treatment
of in-stent restenotic lesions, the prescribed dose was 16 Gy or 20 Gy if the reference diameter,
by quantitaiive coronary angiography (QCA), measured <3.25 mm or >3.25 mm, respectively.
Mean dwell time to deliver these doses was 143 + 44 seconds.
Definitions

The wrradiated segment (IRS) was defined as the area encompassed by the 2 gold markers of
the radiation source train. It was identified on angiography by a contrast injection with the
source in place. The edges of the TRS were defined as the 5 mm-long segments proximal and
distal from the angiographic location of the gold markers. Those edges which were touched by
the angioplasty balloon or received new stent implantation during the procedure were defined as
geographical miss edges since represent injured segments receiving low-dose radiation. Not-
injured edges were those which were not traumatized during the intervention. To determine
whether the edges of the IRS were injured, a few steps were followed: during the procedure
every balloon inflation or additional stent implantation were filmed in the same projection as
was the radiation source. This approach allowed us the correct matching of the cinefilms in the
off-line analysis. Either cineloop showing balloon inflation, stent implantation and the radiation
source may be displayed simultaneously on the screen using the Rubo DICOM Viewer (Rubo
Medical Imaging, Uithoorn, The Netherlands). ECG fracing is also displayed in either cineloop.
By selecting those frames in the same part of the cardiac cycle, we were able to define the
location of the radiation source relative to the injured area.
QCA Analysis

The IRS and both edges were analyzed by QCA prior to, after intervention, and at 6-month

follow-up. Al angiograms were evaluated after infracoronary administration of nitrates. The

_off-line._analysis..of two. orthogonal projections was performed by means of the CAAS II . .

analysis system (Pie Medical BV, Maastricht, The Netherlands). Calibration of the sysiem was
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based on dimensions of the catheters not filled with contrast medium. This method of analysis
has been previously validated.””"” The following QCA parameters were computed in the IRS
and both edges: minimal luminal diameter (MLD), which was computer defined; reference
diameter, which was obtained by an interpoiated method; ™" and, percentage diameter stenosis.
Binary restenosis was defined in every area as diameter stenosis >50% at follow-up. Acute gain
was defined as MLD post-treatment minus MLD pre-intervention. Late loss was defined as
MLD post-treatment minus MLD at follow-up. Relative late loss was defined as late loss
divided by reference diameter.'®
Statisticat Analysis

To compare continuous variabies between IRS, geographical miss edges and not-injured
edges, one-way analysis of Variance (ANOVA) with post-hoc analysis for multiple
comparisons was performed. Unpaired Student’s ¢ test was performed to compare continuous
variables between proximal and distal geographical miss edges and between patients in whom
the geographical miss was induced by balloon dilatation or stent implantation. To compare the
binary restenosis between groups the Chi-square test was performed. All tests were two-tailed
and a p value <0.05 was considered statistically significant.
RESULTS
Baseline Characteristics

Fifty irradiated coronary arteries and 100 edges in 50 patients were eligible for the study.
However, 26 edges were finally excluded, due to ostial location of the proximal end of the
source in the right coronary artery (=12} or overlapping of one of the edges with sidebranches
(n=14). Thus, finally 74 edge areas and 50 IRS’s were studied. Mean age was 55.3+9 and 38
patients (76%) were male. Smoking was the most frequent coronary risk factor involving 33
patients (66%) followed by dyslipidemia in 27 patients (54%) and hypertension in 24 patients
(48%). Eight patients (16%) were diabetics. Left anterior descending artery was treated in 21
patients, left circumflex in 10, right coronary artery in 18 and saphenous vein graft in 1.
Twelve patients received a stent due to bailout situation.
Incidence and causes of Geographical Miss

Geographical miss was observed in 22 edges (31.9%) induced by balloon dilatation (=13} or
additional stent implantation {n=9). The remaining 51 edges (68.9%) were defined as not-

mjured edges. Location of the geographical miss was in the proximal edge in 11 patients {50%)
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beyond the margins of the IRS (unexpected geographical miss, n=9); (2) lack of availability of
fonger radiation source (>30 mm) in the context of patients with diffuse recurrent in-stent
restenosis in whom radiation was given on a compassionate use basis (n=8); and (3), the
injured segment from prior balloon inflations was noi appropriately covered by the source (lack
of accurate matching; n=5). An example of a patient with geographical miss induced by a
balloon dilatation in the proximal margin is depicted in the figure 1.
QCA Analysis

QCA data is presented in the fable. As expected, IRS demonstrated on average a higher acute
gain as compared to both injured and not-injured edges. However, geographical miss edges
presented, on average, with significantly higher late loss and relative late loss. Restenosis was
demonstrated in 5 cases {10%) within the IRS, in 9 cases (40.9%) in the geographical miss
edges and in 1 case (1.9%) in the non-injured edges (p<0.001). No difference in the pattern of
the late foss between the 3 areas were observed in de novo lesions as compared to recurrent in-
stent restenotic lesions (figure 2). In the geographical miss edges, 4 edge restenosis (44%) were
located at the proximal edges, whereas, the other 5 {56%) were located at the distal edges.
Mean relative late loss was comparable between those edges with geographical miss located
proximally or distally from the TRS (0.3140.2 versus 0.34+0.2, respectively; p=NS). Those
edges in which the geographical miss was due to additional stent implantation presented, on
average, higher acute gain than those due fo balloon dilatation (0.70+0.4 versus 0.2140.3,
respectively; p=0.005). However, mean late loss and mean refative late loss were comparable
between both causes of geographical miss (0.95:0.9 and 0.36+£0.3 after stent versus 0.77+0.3
and 0.30+0.1 after bailoon dilatation; both p=NS).
DISCUSSION

This study reports on the initial experience of our center with the use of intracoronary B-
radiation. By means of a careful retrospective angiographic analysis of all patients treated with
the same radiation system we sought to define the effect of the injury on those areas located at
the margins of the source where the delivered dose is potentially rather low. Up to 31.9% of the
cases presented with the pre-defined technical error, termed as geographical miss. This concept
requires the concurrence of 2 conditions: low-dose radiation and injury. Any other clinical
situations which do not include both conditions can not be termed as geographical miss. For

instance, (1) the effect of injury on coronary segments not being irradiated (proximal or distal

-to an irradiated segment but.in areas where the caiculated dose is almost 0) should fall into the

category of normal restenotic process; (2) the effect of low-dose radiation in areas which have
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not been injured may be defined as the pure radiation edge effect, since in intracoronary
radiation the edges of any irradiated segment will always receive low-dose radiation; (3} finaily,
the effect of full prescribed dose on segments presenting with or without injury is the situation
where the physician may be abie to irradiate (with full dose} the entire injured segment and
include some not injured margin. A key issue in the definition of geographical miss is to define
those segments receiving low-dose. These may vary between systems and sources used. With
the BetaCath™ system the longitudinal distance of the 100% isodose is 26mm. Since the B-
emitting *St/°Y has an acute fall-off of dose related to the distance, the last 2 mm within the
markers of the source should be considered as presenting with lower-than-the-prescribed dose,
In fact, the dose received at | mm from the 100% isodose is 86% of the prescribed dose, and at
2 mm, 60% of the prescribed dose (inner part of the gold marker). Further, at 3mm the dose is
30% of the prescribed dose, at 4 mm 13% of the prescribed dose and at 5 mm 5% of the
prescribed dose. We defined the IRS as the segment encompassed by the 2 gold markers, which
included the last 2 mm within the markers with lower-than-the-prescribed dose (up to 60% of
the prescribed dose). Using this definition, late loss and restenosis rate were significantly lower
that those of the injured edges (analyzed from the inner part of the gold marker). Further, the 5.
cases of restenosis within the [RS, were located at the site of the initial MLD, These results
may reflect the fact that the dose at these last seeds of the source was high enough to avoid
edge effect after being probably injured during the procedure, especially when 20mm-long
balloon was used. Thus, the region receiving low-dose may be defined, for this system and
source, as the Smm-long segment located 2 mm further to the 100% isodose boundary, that is
beyond the inner part of the gold marker. In this regard, we believe that the injury should be
complietely restricted to the segment of the 100% isodose curve of the radiation source (26mm),
and that the last 2 mm at both extremities of the source and within the gold markers may be
considered relatively but probably not completely safe. Finally, any injured segment covered by
or beyond the gold marker (up to Smm) must be considered as of high risk of failure at follow-
up.

From the perspective of these findings and future technical developments in the field, the
following recommendations are advisable. Filming every single balloon mflation performed
during the procedure would allow one to define the injured area. More than ever, tenacious
attention to detail when positioning the radiation catheter encompassing the entire injured area

diffuse lesions and compietely cover those areas in which an extension of the treatment was
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indicated due to procedural complications. Equally, the use of on-line QCA in the decision-
making, would avoid appreciation errors due to visual assessment of the target area and
subsequent under- or over-estimation of balloon lengths. Finally, the selection of the most
suitable fluoroscopic projections (e.g. less fore-shortening, no overlapping) would aveid errors
in the quantification of the region of interest.

The fact that the location of most of the restenosis were in geographical miss edges and that
late loss in those areas was unexpectedly high, must raise the alarm about the deleterious effect
of the combination of injury and low-dose radiation. This hypothesis may be supported by the
fact that the late loss observed in those injured edges is higher than that reported in recent
clinical trials either after balloon angioplasty or stent implantation®” and than that
demonstrated in the not-injured edges. Balloon overstretching injury has been used as an
experimental model to study the restenosis process.*'® The response of the vessel wall to injury
involves both neointimal hyperplasia® and vessel remodeling,'™*"* The stimulatory effect of
low-dose radiation after balloon angioplasty on smooth muscle cell proliferation has been
previously reported."' In the low-dose radiation group of this swine model (10Gy), neointima
was composed of smooth muscle cells with a marked increase in inflammatory cells and less
medial and intimal fibrosis as compared to higher dose groups (15 and 20 Gy) and control
group. It was suggested that at low-dose, inadequate fibrosis was induced to prevent effective
smoocth muscle cells migration and to act as a diffuse barrier for mediators of chemotaxis,
chemokinesis and cellular proliferation.'' Similarly, after low-activity radioactive stent
implantation (1 pCi) in a porcine model, neointima hyperplasia was significantly greater than
that after non-radioactive control stents.”” If ongoing intravascular studies reveal that edge
restenosis is mainly due to plague increase, the former hypopthesis that at low-dose inadequate
medial and intimal fibrosis to avoid migration and proliferation predominate, may become a
plausible explanation. On the contrary, if negative remodeling is the main contributor o the
lumen loss, the excess of inflammatory ceils demonstrated at low-dose, may be responsible for
subsequent adventitial fibrosis and vessel shrinkage. The development of the so-called “candy
wrapper” after radioactive stent implantation’ may represent the clinical paradigm of the
combined deleterious effect of low-dose radiation and injury. The latter is sccondary to the
angioplasty balloon used for pre-and post-dilatation of the radioactive stent. In this regard, a
higher baHoon-artery ratio was associated with the presence of this phenomenon.’

Future trials must address the benefit of new technical developments in the field (use of

square deployment balloons, hot-end, cold-end stents’, longer sources with smaller radiation
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delivery catheters) to minimize the impact of injury at the edges either after radioactive stent or
catheter-based systems.
Study Limitations

In this study, only one type of radiation delivery catheter using the B-source *Sr/>"Y
has been evaluated. Thus, the effect of either other catheter-based systems using
centering balloons and different sources or the y-radiotherapy on the geographical miss
edges cannot be extrapolated from our results. The actual dose at the margins of the
radiation source has not been calculated. Low-dose at these edges was assumed by the
fact that, the isotope *°St/°Y demonstrates an acute fall-off related to the distance
from the 100% isodose boundary. This angiographic study was aimed to define the
concept and the clinical implications of the geographical miss. To define the
mechanism of the unexpectedly high late loss and the correlation between radiation
dose and plaque extent at the margins of the IRS, intravascular ultrasound studies must
be carried out. The location of the segment receiving low-dose may vary between
systems and sources. Thus, the confidence margin to be taken may vary accordingly.
The position of the source relative to the various balloon inflations was assessed by
comparing still frames at the same part of the cardiac cycle from cineangiograms
performed in the same projections, However, small inaccuracies in the definition of the
IRS and the edges, derived from the axial movement of the radiation source during
cardiac cycle cannot be completely ruled out. This study is not placebo-controlled.
Thus, the effect of the sham source on the balloon-injured coronary segments have not

been determined.
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Table. QCA data.

IRS Geographical miss edges Not-injured edges p

{n=50) {(n=22) (n=52) value
MLD pre-intervention, mm  [.20+0.3 2.02+0.6 2,10+ 0.0 <{.0001
MLD post-intervention, 2.02+04 243+0.5 2121206 0.01
ﬁIED at follow-up, mm 1.87+05 1.59+0.6 2.02%05 0.006
Reference diameter, mm 26906 2.50+0.6 2.55+0.7 NS
%DS pre-intervention, % 54.9+£1[3 19.8+ 14 179+ 11 <0.0001
%DS post-intervention, % 284+ 9 19.9 + 10 208+ 11 0.0003
%DS at follow-up, % 33311 443422 243+ 10 <0.000t
Acute gain, mm 0.81+04 041+04 0.01£03 <0.0001
Late foss, mm 0.15+04 084+06 0.09 £ 0.4 <0.0001
Relative late loss 00601 03202 0.02x0.1 <0.0001

Data is presented as mean  SD. MLD = minimal luminal diameter; %DS = diameter stenosis
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Figure 1. Geographical miss induced by balloon dilatation. A: Lesion located in the proximal
segment of the left anterior descending coronary artery; B: One of the balloon dilatations
performed during the intervention (black arrowheads indicate the area injured by the balloon);
C: Radiation source train in place. The irradiated area is delimited by the gold markers (white

arrowheads); D: Final result: proximal traumatized edge presented a residual type B dissection;

E: 6-month follow-up: cbvious reduction in lumen at the geographical miss edge.
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Figure 2. Difference in late loss between irradiated segment, geographical miss edges and not-
injured edges. Both de novo lesions and in-stent restenosis demonstrated the same degree of late
loss between the 3 different segments analysed.
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Chapter 11

Beta particle emitting radioactive stent implantation. A safety and
feasibility study.

(Circulation 1999;100:1684-1689)

-169-






Radioactive Stent Implaniation

pB-Particle-Emitting Radioactive Stent Implantation
A Safety and Feasibility Study
AJ. Wardeh, MD; I.P. Kay, MBChB; M, Sabaté, MD; V.L.M.A. Coen, MD;

A L. Gijzel, MD; J.M.R. Ligthart, BSc; A. den Boer, BS¢; P.C. Levendag, MD, PhD;
W.J. van der Giessen, MD, PhD; P.W. Serruys, MD, PhD

Background—This study represents the Heart Cenler Rotterdam’ s contribution to the Iseslents for Restenosis Intervention

Study, a nonrandomized multicenter trial evaluating the safely and feasibility of the radioactive Isostent in patients with
single coronary artery disease. Restenosis after stent implantation is primurily caused by neointinal hyperplasiz. In
animal studies, B-particle-emitting radioactive stents decrease neointimal hyperplasia by inhibiting smooth muscle
cell profiferation.

Methods and Results—The radioisolope P, a S-particle emitter with a half-life of 14,3 days, was dirccily embedded into

the Isostent, The caleulated range of radicactivity was 0.75 to 1.5 uCi. Quantitative coronary angiography
measurements were performed before and afier the procedure and at 6-moath follow-up. A total of 31 radioactive stenls
were used in 26 patients; 30 (97%) were successfully implanted, and | was embolized. Treated lesions were in the left
anterior descending coronary artery (n=12}, the righl coronary actery (n=8), or the lefi circumilex coronary artery
{n==6). Five patients received additional, nonzadioactive stents. Treated lesion lengths were 1324 mm, with a reference
diameter of 2.93x0.47 mm. Minimum lumen diameter increased from 0.87£0.28 mm preprocedure to 2.84£0.35 mm
postprocedure, No in-hospital adverse cardiac events occurred. All patients reccived aspirin indefinitely and ticlopidine
for 4 weeks. Twenty-three patients (88%) returned for 6-month angiographic follow-up; 17% of them had in-slent
restenosis, and 13% had repeat revascularization. No restenosis was cbserved at the stent edges. Minimum Jomen
diameter at follow-up averaged 1.85+0.69 mm, which resulted in a late loss of 0.99£0.59 num and a late loss index of
0.5320.35. No other major cardiac evenls occurred during the 6-month follow-up.

Conclusions—The use of radioactive stents with an activily of (.75 to 1.5 pCi is safe and feasible. (Cirenlativm,

1999;100:1684-1685.)

Key Words: B-rays m angiaplasty & radicactive isotopes m restenosis m stents

Percumneous transluminat coronary angioplasty (PTCA) is an

Trradiation is used (0 decrease neointimal profiferation

uccepled treatment for coronary artery disease.' However, because the actively proliferating cells have an increased

angiographic restenosis is reponed in 40% o 60% of puticnts
after a successful PTCA.'2 The main mechanisms of restenosis
include fate constriction of the arterial wall (vascular shrinkage)
and neointimal hyperplasia,®* which are due to the migration
and protiferation of smooth muscle cells and myolibreblasts
after batloon-induced Lrauma of the arterial wall and the depo-
sition of an extracellular tmatrix by the smooth muscle cells, 5~
Stent implantation reduces the restenosis rate'®'t by preventing
elustic recoil and late constrictive remedeling,’? However, the
occurrence of restenosis after stent implantation remaing unre-
solved, especially in small vessels and long lesions, in which it
may occur in >30% of cases.’? Restenosis is primarily caused
by neointimai hyperplasia, which occurs due te rauma of the
arterial wail by the stent struts.

sensitivity to the Jethal effects of radiation. which inhibits
benign hyperplastic reactions suck as keloid formation and
heterotopic ossification. H-15 Several experimental and clinical
trinls showed that brachytherupy with a radicactive source
after PTCA or stent implantation cun reduce restenosis by
inhibiting nevintimal hyperplasia,'*- and scveral animal
studies demonstrated o dose-relaied reduciion of in-sient
restenosis with the usc of radioactive stents, =22 Further-
more, a dose-dependent delay in the endothetialization of the
stent occurred, which inereased the chance ol subacuic
thrombosis. 202

This study evaluated the safety and feasibility of radicac-
tive stent implantation (activity level, .75 to 1.5 uCi) in
single-lesion, nalive coronary artery disease,

Received February 8, 1999, revision received June 28, 1999; accepted July 2, 1999.
From the Thoraxcenter, Hearlcenter, University Hospital Rotterdam, Dijkzigt (AW, LP.K, M5, ALG. JMRL.AdR, W.lvdG., PWS), and
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Dijkzigt, Dr Molewaterplein 40, 3015 GD Rotlerdam, The Netheriands. E-nuil Serruys@card.azr.ol

© 1999 American Heart Associatien, [nc.
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TABLE 1, Batloon Inflation and Stent Beployment Bata
Predilalatian Stent Deployment Poslidilalation
Type of Lesion
Palient  Stent  Diam, mm  Atm  Length, mm Diam, mm  Alm  Diam, mm  Alm  Length, mm  Length, mm
1 PS5t 30 § 20 3.0 i 35 16 30 17
2 PS5 30 ] 20 35 B 30 16 15 11
3 PS 35 14 30 s 10 35 16 13 10
4 PS 35 8 30 35 iz N ND ND 15
5 BX* 2.5 14 20 3o 12 3.5 16 13 15
6 BX 35 & 20 3.5 10 40 12 13 12
7 PS 30 10 20 3.0 12 35 10 13 11
8 8X 4.0 B 5 3.5 12 45 16 15 10
] BX 25 B 15 35 19 25 12 i5 14
10 BX 3.5 16 20 35 1" 4.0 18 13 14
1t B 3.0 12 13 3.8 1 4.0 18 13 5
12 BXt* 3.0 10 20 30 12 340 18 20 17
13 BX* 3.0 10 20 3.0 8 35 16 13 i7
14 BX 340 8 i5 35 4 MO ND ND 14
15 BX 30 12 13 3o 10 40 14 13 7
16 BX 3.0 12 13 30 10 40 16 13 10
17 BX 35 12 20 35 8 40 18 13 12
18 BXt 20 2 20 30 10 4.0 18 20 23
19 BX 3.5 7 20 35 7 4.0 14 i3 10
20 BXT 3.0 14 29 a0 18 s 16 ity 5
ra 8x 3.5 8 20 as g ND KD WD i2
22 BX 35 8 15 3.5 ] 4.0 12 13 10
23 BX n 10 20 35 10 40 16 20 16
Mean 32 10 19 33 11 7 18 16 13
sD 04 3 5 02 3 05 2 5 4

Alm Indicates maximum atmospheres; Diam, maximun diameler; ND, nol done; PS, Palmaz-Schatz.
*1 addifional nenradioactive slent implanled; 12 BX stenls implanted; $2 additional ;

Metheds

Patient Population

The Isostents Tor Restenosis Inzervention Siady (IRIS) is o nonran-
domized, multicenter trial evaluating the salety and feasibility of
radioactive stents. The dafa presented here represent the expericnce
of the Heart Center Rotterdam. Patients who had single coronary
lesions with a maximum lesion length of 28 mm (maximum, 2
radivactive stents of 15 mm implanied in tandem position) and
objective ecvidence ol ischemia were eligible. Exciusion criteria
included the following: a recent myocardial infarction (MI; creatine
kinase [CK) isvenzyme containing M and B subunits [MB] >3 times
the upper limit of normal within 5 days of the imervention); left
ventrieular ejection Iraction <40%; allergy or contraindication to
aspirin, ticlopidine, or stpinless steel; and lesions located in the left
main anery or at the ostium of the right coronary antery. The Medicat
Ethical Commitiee of the University Hospital Rotterdam approved
the study. All putients provided written. informed consent before the
procedurc.

Radioactive Stent, Dosimetry, and Safety Issues

Two types of sients were Implarued in this stedy: the Palmaz-Schatz
(Cordis Corp, Johnson and Johnson Interventional Systems Co) and
BX stzar {Isostent Inc). Phosphorus-32 (P}, a pure B-emitter with a
half-lile of 4.3 days, was produced by neutron irradiation of red
amarphous *P for 2 days w schieve a concentration of 20X 107
2ppp (100 mCi). The inadiated phosphorus was then placed into a
mass separator, jonized, and acceicrated. A dipole magnel separated

tive slenls i

the P and *P. Subseyuently, ¥P was directly implanted into the
metal stent surface! The caleulated radicaclivity of the stents a
implantation was 0.75 1o 1.5 pCi, and the dose delivered over 100
days at | mm from the steat surface was calculated for each stent. All
personnel were Lrtined in the appropriate handling of rudivactive
materials, During implantation, the lucite shield enclosing the stent
and the sheathed introduction system prevenied exposure of the
operator 1o the radistion of Lhe stent, Background measurements of
radionctivity were made by means of a Geiger counter (Maodel [4e,
Ludlum Measurements Inc). All disposable malerials that were in
conacl with the stent were immediately dispased of in a plexiglas
conainer, and radivactivity measurements were made by the radia-
tion technician.

Quantitative Coronary Angiography

Quantitative coronary angiography {QCA) was performed preproce-
dure, posiprocedure, ané al 6-month toltow-up, Coronary angiogra-
phy was performed afler intracoronary administration of nitrates.
The off-line analysis of =2 orthugonal projections was performed by
the CAAS 1f analysis system (Pie Medical BV). Calibration of the
syslem was based on dimensions of Lhe catheters not flled with
contrast medium. This method of analysis has been exlensively
validated and applied in numerous clinical trials 2-2¢ The lollowing
measurements were oblained in each projection: nvinimum jumen
diameter (MI.D), reference diameter, percent diameter stenosis
(%[38), and lesion lengih, Lesion length was user-detined.?® Proce-
dural success was defined as <20% DS as measured by online QCA.
Short-lerm gain was defined as MLD postprocedure minus MLD
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preprocedure. Late loss was defined as MLD posiprocedure minus
MLD at lolfow-up. Late loss index was defined as short-terny gain
divided by late loss,? Restenosis was defined as >50% DS at
foliow-up located within the stent or =5 mm Irom the stent edges.
The latter represents an ares where fissue is subjecled both to
balloan-induced trauma and o a lower dose of radiation,? which
may stimulate restenosis. This edge-cffect phenomenon hias recently
been described in patients and called the “candy-wrapper effect.”2f
To guantify an edge effect, a QCA sepmental analysis was per-
formed. Al bolh postprocedure and follow-up. the treated vesscis
were first divided into scgments =35 man in length; then, the mean
diameter of the 3-mm segments distal and proximal to the stent edges
were calculated using the CAAS 11 analysis system. Careful com-
parison of Lhe proximal and distal edges was perfurmed postproce-
dure and at follow-up.

Procedure and Follow-Up

Patients received 250 mg of aspirin and 10 000 [U of heparin at the
start of the procedure. The aclivation clolting time was maintained at
=300 5. Afller balloen peedilatation, the radiouctive slent was
implanted al 2 nominal deployment pressure of 8 to 10 atm. I
needed, stent deployment was oplimized using shorter postditatation
balloons of longer diameters o higher pressures (Table |}, Extreme
care was taken 1o svoid inflating the bailoon outside the edges of the
stent. Because of the poor radiopacily of the Palmaz-Schatz and the
BX stents, the best angiographic view was selected, and images were
litined in & magnified Neld (3 inch) with digilal zoom enhancement
to oplimize stent visualization. All patients received ticlopidine 250
mg BID flor 4 weeks after stent implantation and aspirin 80 my daily
indefinitely. CK and CK-MB measurements were made, and the
ECG was recorded a1 6 and 12 to 18 haours postprocedure in all
palients.

Patients returned for 1- and 6-month clinical follow-up. An ECG
was performed al each visit. The 30-day and G-month ciinical end
points were death, Q-wave MI (using the Minnesota code criteria™),
non Q-wave Mi (CK-MB rise =2 times normal upper Emit), bypass
surgery. targel segment revascularization, sustained abrupt closure,
or subacule thrombosis of the targel vessel.

At the 6-monik visil, un exercise stress test was performed. Targel
vessel revasculsrization was performed on the basis of clinical
symploms and/or evidence of ischemia on exercise lesting.

Statistical Anatysis
Data are presented as mean=3D. Continuous data were compared by
2-tailed Student’s 1 test or linear regression when appropriatc.

Results

Baseline Characteristics
Baseline demographics, anginal status, and lesion character-
istics are shown in Table 2,

Precedural Success

A total of 30 of the 31 stenrs (97%) were snccessfudly
implanted (26 were BX Isostent and 4 were Paimaz-Schalz)
in 26 patients. One stent (BX) was lost in the peripheral
circulation without clinical sequelae, Eighteen paticnts were
suceessfully treated with a single radioactive sient, and 4
required a second radioaclive stent to cover lesions =15 mm.
Five patients received additional nonradicactive sienls: 2 due
lo precedural dissection nol covered by the radivactive stent,
2 because a second radioactive stent was nol available, and |
because a second radioactive slenl became dislodged when
trying to implant it distal to the first radioactive stenl. All
procedures were suceessful, and no complications occurred,
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TABLE 2. Patient Demographics

Sex, maeffemale 18/8 (69/31%}
Age, y
Average &0
Range 43-14
Risk factors
Diabeles meflitus 1(4%)
Hyperchotesterolaemia 16(62%)
Hyperlension Tt (42%)
Smaoking 15 (58%)
Famity history 11 (42%)
AP £CS
2 3(12%)
3 10 {38%)
] 13 (50%)
Lesion type, AHAJACC
B1 8 (31%)
B2 18 (B9%)

Bata are n {%} uniess olherwise indicated. AHA indicates American Heant
Association, and ACC, American College of Cardiology.

Follew-Up

The mean hospital stay was 1.8 days. All paticnts were
anpgina-free at hospital discharge. At 30-day foliow-up. no
clinical end points had occurred: 24 patients (929%) were
asymptomatic, and 2 patients (8%) had recurrent angina
pectoris (AP) of Canadian Cardiovascular Society Classifica-

‘on {CCSY 1 (n=1) and CCS 2 {n=1). All 26 paticnts

returnied for 6-month chinicai follow-up. Twenty-one (81 %)
were asymplomatic, and 5 patieats (19%) had AP CCS5 1
(n=1), CC8 2 (n=2), CCS 3 (n=1), or CCS 4 (n=1).

Six-month angiographic follow-up was performed in 23
paticnis {88%). The remaining 3 patients {12%) refused: 2 of
them were asymplomatic, and the third had AP CCS 1. Four
patients had angiographic sestenosis (17%). All restenolic
lesions were diffuse (located throughout the entive lengih of
the stent), Cne of the 4 restenoscs oveurred in a patient with
a single radioactive stent, | restenosis was in a palient
receiving 2 radioactive slenls in combinalion with a nonra-
dioactive stenl, and 2 restenoscs were observed in paticnls
receiving a combination of | radiosctive and | nonradioactive
stenl. In (he restenutic patients who received an additional
nonradivactive stent, restenosiy oceurred in both the radivac-
live and the nonradioactive stent, On QCA, no discernible
differences existed between the palterns of proliferation
between ihe Pulmaz-Schatz and BX stents. No cases of
restenosis at the stent edges were noted. Two of the 4
restenotic patients underwent a re-PTCA. One was referred
for bypass surgery for in-stent restenosis in the proximal left
anterior descending coronary wrfery and progression of a
previously nonsignificant lesion in the proximal Iefl circum-
fiex artery (main slem equivalent). One was treated medi-
cully; this panenl was asyniptomatic, with a negative stress
test. No other clinical end points existed at G-month
fellow-up.
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TABLE 3. Dosimetry and QCA Analyses

Lesion Preint ion P ion Fellew-Up
Type of  Activity,  Dose, Lengti, Acate  late
Palient Stenl nCi cGy Arlery mm MDD DS R MILD DS AD MLD DS Ak Gain  Loss LU
t PSE 1.07 712 RCA 17 065 76 284 248 19 3 174 30 251 183 074 040
? PS 1.07 712 LAD 11 02 52 212 256 8§ 278 054 77 239 1.54 202 w3
3 2 097 647  LEX 16 646 85 305 293 15 341 237 18 336 247 016 G086
4 PS5 0.97 647  RCA 15 075 79 . 350 297 22 373 180 47 3¢ 2.16 131 061
5 Bx* 1.07 FRF-NRY.1)] 15 099 89 222 280 9 30¢v 047 & 36 1.90 233 1.23
8 BY 1.50 1066 RCA 12 164 53 348 306 15 359 245 23 318 1.42 a6% 043
7 PS 875 500 LAD 1 067 75 267 264 15 331z 15 1 ) 2.58 147 107 054
B BX 1.24 824 RGX 10 089 74 385 A, 19 4.3 27 44 420 2.52 075 0630
9 BX 112 748 RCX 14 050 77 208 192 4z 219 177 26 238 143 DAL A
10 X 173 1157 LAD 19 099 A 331 318 18 38 239 16 282 219 078 038
" BX* 0.88 587  LAD 8 0538 79 273 342 17 4N 265 20 332 283 0y7 027
12 BX+* 1.24 237  LAD 17 100 58 237 23 168 28 086 55 1.80 1.37 1.5t 118
13 X 1.36 908 LAD 17 069 72 245 248 14 287 173 M 1.94 1.80 876 042
14 BX 112 748 LAD 4 Bg2 79 206 27 12 392 161 44 288 213 115 054
15 BX 1.02 §78  RCX 7 049 83 281 303 16 359 220 25 291 2.54 083 033
18 BX 1.06 712 LAD 10 1.0 67 336 327 10 363 187 34 281 217 1.41 085
17 BX 1.43 953  RCA 12 08 75 344 232 9 319 083 70 328 207 209 101
18 BXt 1.60 678  ACA 23 083 73 308 209 5 307 251 28 347 218 048 022
18 BX 1.02 877 RCX 10 ags A 328 290 17 350 287 17 34 194 003 002
20 BXt 0.75 500 LAD 15 333 60 281 281 17 28t 187 39 323 1.69 084 050
21 BX 1.43 953 RCX 12 123 62 331 283 A1 361 203 39 334 1,66 085 05
22 B 1.06 700 RCA 10 116 66 337 29 5 318 172 45 312 175 120 0.88
23 Bt 0758 500 RCA 16 088 68 275 266 23 346 1731 42 289 176 093 053
Mean 110 743 13 087 70 293 284 15 33 185 38 299 1.97 0.99 053
S0 425 165 4 0.28 § D47 035 5 043 085 20 D054 0.39 059 8035

Dose indicates dose over 100 days at 1 mm from the stenl surface; DS, percentage diameler stenoses; LAD, left anterior descending artery; LCX, left circumfiex

arlery; LLY, late loss index; PS. Palmaz-Schalz slent; RCA, right coronary arlery; and 8D,

fi diameter. QCA s are in mm.

*1 additional nonradioactive stent implanted; 12 BX stents implanied; $2 additional nonradipactive stents implanted.

QCA Measurements

QCA and precedural data are presented in Table 3. MLD
increased  (rom 0.B7*x0.28 mm preprocedure 1o
2.8420.35 mun postproceduie (P<0.0001). MLD at
follew-up was 1.8320.63 mm (P<0.000] relative 10 post-
procedure), resulting in a late loss index of 0.53*+0.35.
Segmental analysis of the mean dismeter of the 5-mm
segments distal and proximal Lo the stent edges showed
significant ehanges. The proximal diameter decreased from
3.1920.42 mm postprocedure to 2.7820.62 mm at follow-up
(P=0.606). The distal diameler decreased from
2.69+0.4% mm postprocedure 1o 2.45*+0.50 mm at follow-up
(P=0.0167)

Radiation Doses

Stenl activity ievel and the cumulative dose over 100 days
thut was delivered to a 1 mm depth oulside the stent are
presented in Table 3. No correlation existed beiween stent
activity or delivered dose and MLD or late loss index at
follew-up. Mo additional environmental radiation was mea-
sured during the procedure.

Discussion

This nonrundomized study itlustrates thar 8-particle-emilting
radioaclive stent implantation is safe and feasible, with no
subacute or 30-day clinical events recorded. Subacute throm-
bosis was not seen, despite the concern regarding delay in
endotheljalization, as previously reported in animal stud-
ies.2*23 The embelization of the radicactive stent had no
clinical sequelae af this level of activity. When stents with
higher levels of radioactivity are implanted, this may not
remain tree. Detecting an embolized radioactive stent is a
problem because (1} the B-radiation of the stent is not
measurable outside the body and (2) the stents have a
retatively low radiopacity. Clearly, there is room 10 increase
the radiopacily or 1o add markezs (o the stents.

Using a multivariate model constructed from the dala of
Lhe Benestent triads that was based on similar lesions, vessel
size, and short-term result, a predicred restenosis rale of 12%
and an MLD at follow-up of 2,05 mm was calculated. ¥
Thus, the actuai results achieved are somewhat less favorable;
however, in such a small patient cohort, no definile conclu-
sions can be drawn except that the late resuits are within the
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Figure 1. Two-dimensional dose representation for 1-uGi 2P
Palmaz-Schatz stent. Cumulative dose glven over 100 days is
shown (source, Isostent Inc).

acceptable limits for safety and feasibility of this stent. It
must be noted that 3 of the 4 patients who had in-stent
restenosis had multipie stents implanted, which increases the
tisk of restenosis; in the group of 18 patients who had a single
radioactive stent implanted, only 1 had restenosis. Overali,
lkese G-month clinicat and angiographic resulis are similar to
the published results of nonzadioactive sienrs, 1o

The Milan group was the first to report restenosis within
the slent and at the edges of the stem (the candy-wrapper
phenomenon); this restenosis was possibly caused by in-
creased balloon injury (barotranma) and the lower radiation
dose at the stent edges.2' 28 In the Rotterdam series, particular
attention was paid lo avoiding balloon injury outside the stent
o minimize the edge effect. No cases of cdge restenosis were
seen in this cohort; however, the proximal and distal mean
diameter at the stent edges, measured postprocedure and at
foliow-up, decreased significamiy. Because extreme care was
taken (o aveid inflating the balloon outside the stent cdges,
this edge effect may be caused by the lower radiation dose.

Dosimetry
Previous work by Janicki et al*? on the 1.0-pCi Paimaz-
Schatz stent demonstrated the nonuniformity of dosing in
areas adjacent lo stent strzt wires and those areas between the
wires. Models showed that for a P stent of 1.0 xCi that was
15 mm in Jength, at a distance of 0.1 mm, dose values of 2500
c(iy were delivered at the strut wires (peaks} and 800 cGy
between the wires (valleys) over | haif-life (4.3 days). The
nonuniformity of dosing, reflective of stent geometry, de-
creased al distances [ to 2 mm from the stent surface.
Although these data provide an in-vitro analysis of dosing
from a radioactive stenl, the actual dosc distribution is
probably affected by variations in atherosclerotic plague
morphology and the symmetry of the lesion and stent expan-
sion. The 2D dosimetry representation of the Palmaz-Schalz
and BX stent were done using the Janicki model¥? (Figures |
and 2).

Currently, dose-finding studies cxamining reslenosis after
implantation of P BX stents in patients with lesion morphal-
ogy similar (o that described in this study are underway. It is
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Figure 2. Two-dimensional dose representation for 1-pCl ¥P
BX stent. Cumulative dose given over 100 days is shown
{source, isostent ing).

pessible Lkat increased doscs will decrease in-stent restenosis,
as has been described in animal studies.?'-?* Therefore, a
European Dose Response trial has been started with activities
ranging from 1.510 3,310 6, 6 t0 12, and 12 10 20 pCi.

Conclusion
This study reporis thut the implantation of B-purticle—emit-
ting radioactive stents with an activity of 0.75 t0 1.5 uCi is
safe and feusible.
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Chapter 12

Compassionate use of intracoronary beta-irradiation for treatment of

recurrent in-stent restenosis.

(J Invas Card 1999 11:582-588)
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ABSTRACT: Recurrent in-stent restenosis after balloon angioplasty poses a serious manage-
ment problem. Previously y-radiation has been shown to be effective in patients with in-stent
restenosis. The aim of the study was to defermine the feasibility and safety of B-radiation in paticnts
with recurrent in-stent restenosis. From May 1997 to December 1998, 18 patients were treated with
balloen angioplasty (r = 8) or laser {n = 10), foliowed by intracoronary (-radiafion at a prescribed
dose of 16 Gray at 2 mm from the source, for reference diameters by quantitative coronary angiog-
raphy < 3.25 mm or 20 Gray for reference diameters = 3.25 mm. Vessels treated were as follows: left
anterior descending: (n = 5); circumilex: (n = 4}; right corenary artery: (» = 6); saphenous vein
graft: (n = 3), Average recurrence rate was 2.4 % 0.7 and the restenotic length was 16 £ 7 mm. B-
radiation was successfully delivered in all patients. Two patients presented complications related to
Iaser debulking: a non-Q wave myocardial infarction in one and a re-angjoplasty due to uncovered
distal dissection in another, Geographical miss, defined as an area which has been injured but not
covered by the radiation svurce, was demnonstrated in § patients. Seventeen patients (94%) complet-
ed the 6-month angiographic follow-up. Restenosis (> 50% Diameter Sienosis) was ohserved in 9
patients (53%), leading to target lesion revascularization in 8 patients (47%). Six of the 9 restenoses
were located in areas with geographical miss, Intraceronary B-radiation for recurrent in-stent
restenosis appesrs to be a safe and feasible management strategy. However, the mismatch between
injured and irradiated area may lead to failure of this therapy.

JINVAS CARDIOL 1999;11:582-588

Key words: balleon angioplasty, geographical miss, in-stent restenosis, laser debulking,
radiation therapy

The long-term resuits of balloon angioplasty are lim-~
ited by the occurrence of restenosis in 30-60% of all
cases.” Mechanisms involved in the restenotic process
include acute recoil, neointimal proliferation and late
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vessel constriction,’* Stent implantation demonstrated a
beneficial effect by preventing botk the acute recoil and
the late negative remodeling of the vessel.™ However,
the restenosis after stent implantation, which is caused
by neointima) hyperplasia, occurs in 15-20% of the
cases.™ Treatment of in-stent restenosis is rather disap-
peinting, with recurrence rates of 38-50%,"" which
increase with the number of re-interventions.” Radia-
tion therapy appears to be a novel therapy to inhibif the
proliferative response after balloon-injury."* Three
randomized trials have demonstrated the efficacy of
gamma-radiation in the treatment of in-stent resteno-
sis.”™" A non-randomized trial reported favorable
results with the use of beta-radiation for the treatment
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Table L. Baseline characreristics (n = 18)

Gender (male): 12 (67%)
Age {yeuars): 62+ 10
Caronary risk factors
Smoking 5 (28%)
Dyslipidemia 11 {61%)
Systemic hypertension B {44%)
Diaberes metlitus 3{17%)
Family history of coronary disease 8 (44%)
Treared vessel
Lefr anterior descending 5 (28%)
Left circumiflex 4 (22%)
Right coronary artery 6(33%}
Saphenous vein praft 3{17%)
Recurrence number 24079
Stuble angina: 15 (83%)

Conrinuaus data are presented as mean + S0

of in-stent restenosis.™ To date, no data exist regarding
the efficacy of brachytherapy in the subgreup of
patients with recurrent in-stent restenosis. Thus, we
designed this pilot study te evaluate the feasibility and
safety of beta-radiation therapy in patients with recur-
rent in-stent restenosis.

METHODS

Patient selection. Paticnts eligible for the study
were those with recurrent in-stent restenosis with
objective evidence of ischemia. The following inclu-
sion criteria were required: the lesion treated involved

the second episode of restenosis in the same stented
segment; the lesion length had to measure < 25 mm
and, the vessel size between 2.5 and 4.0 mm in diame-
ter. Patients were excluded if they had received previ-
ous radiation therapy on the chest; had a left ventricle
¢jection fraction < 40%; suffered from a recent
myocardial infarction (< 3 days), the farget lesion
would rot withstand the source dwell time of > 3 min-
utes; the result-after BA was unsuccessful as defined
by diameter stenosis > 35% or minimal luminal diame-
ter < 1.5 mmy and finally, an allergy or contraindica-
tion to aspirin. Fernale patients of child-bearing age
required a negative prepnancy test and undertook not
to get pregnant during the study.

Radiation delivery system. The Beta-Cath
System™ (Novoste Corp., Norcross, Georgia) was used
to deliver localized beta-radiation al the site of coro-
nary intervention, The device consists of 3 compo-
nents: 1) the transfer device which stores the radiation
source train and atfows the positioning of these sources
within the catheter; 2) the delivery catheter, which is a
5 French (Fr) muitilumen over-the-wire non-centered
catheter which uses saline solution to send and return
the radiation source train; aad 3) the radiation scurce
train consisting of a series of twelve independent cylin-
drical seeds which contain the radioisotope 90Sr/90Y
sources and is bordered by 2 gold radiopaque markers
separated by 30 mm.*

Procedure. The Medical Ethics Committee of the
Erasmus Medical Center, Rotterdam, approved the

Figure 1. {A) Coronary angiography of a severe in-stent restenosis in a Wallstert® in a saphenotis venows bypass gaft, (B) treated with
concentric laser debulking, (C) followed by inpacoronary radiation. (D) Anglographic resutt of the procedure. (E) Ne significant angio-
graphic vestenosis is obsevved at 6-month follow-up.
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D

study and alf patients signed a written informed con-
sent form. Patients received 250 mg aspirin and 10,600
1U heparin at the initiation of the procedure, and addi-
tional doses of heparin were administered to maintain
the activated clotting time > 300 seconds, In diffuse
restenosis, plaque debulking was performed by the use
of Vitesse II" excimer laser catheters of 1.7 or 2.0 mm
(Spectranetics International BV., Colorado Springs,
Colorado) followed by balloon angioplasty according
to standard clinical practice. In focal restenosis, treat-
ment was performed only with baloon angioplasty.
After successful treatment, the radiation delivery
catheter was placed at the target site. The radioactive
seeds remained ia place during a dwell-time of 2.5 {0
4.0 minutes to deliver a dose of 16 Gy or 20 Gy for
lesions with a reference diameter by quantitative coro-
nary angiography < 3.25 mm or > 3.25 mm, respec-
tively. The dose was prescribed at 2 mm from the
source, Because of the low penctration force of beta-
energy in tissue, no additional measures were taken to
protect the patient or staff. The delivery of the radioac-
tive seeds was carried out by a radiation oncologist.

Figure 2. (A)
Corenary angiog-
raphy of a severe
in-Sient restenasis
in the vight coro-
nary avtevy, (B)
treated with bal-
leon angioplasty,
(C) foliowed by
intracoronary
radiation. (D)
Despite a good
angisgrafhic
result, (E) a
severe resienosis
was observed al
follow-p.

Follow-up. Patients returned for 6-month clinical and
angiographic follow-up. A control BECG was performed at
the time of the visit. The following clinical endpaints
were defined at 6 months: death, Q-wave myoccardial
infarction {using the Minnesota code criteria),™ bypuss
surgery, and target lesion revascularization.

Definitions, /n-stent restenosis wus defined as (ocal
when the restenotic segment measured < 10 o and dif-
fuse when it measured > 10 mm. Procedwral suceess was
defined as < 35% diameter stenosis post-procedure with-
out acute complications {coronary disseclion, acute
myocardial infarction or death). Geographical niiss is the
term used in radio-oncology to define a cause of failure of
the freatment due to low-dosage. In such cases, a small
part of the treatment zone has either escaped radiation or
been inadequately irradiated because the total volume of
the tumer was not appreciated and hence an insufticient
margin was taken.® This concept is translated in interven-
tional cardiology for those cases where the radiation
source cannot [ully cover the injured arca. Basically, two
reasons may account for this phenomenon: coronary
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Figure 3. Sevial eoronary angiograms shusing a coronary dissection following balloon angioplasty which involved the distal segment of the
left anterior descending and the second diagonal. Additional kissing balloon and stent implantation were performed. The radiation source
cottld cover only the original vestenotic avea (gengraphical miss}. At follow-ub, a diffuse vestenosis at the site of the geographical miss was

demonstrated.

dissection extended to the cdges of the radiation source
which leads 1o an additional treatment or source shorter
than the targeted and injured area. Overall, there exist
traumalized areas receiving fow dose which is potentially
not able to prevent either neointimal proliferation or ves-
sel shrinkage, To identify those areas with geographical
miss these steps were followed: during the procedure all
balleon inflation and Jaser passes were filmed in the same
projection as was the radiation source. This approach
allowed us the correct matching of the cinefilms in the
off-tine analysis. By the use of the Rubo DICOM Viewer
(Rubo Medical Imaging, Utthoom, The Netherlands),
either of the cineloops showing balloon inflation, laser
passes and radiation source may be displayed simultane-
ously on the screen. By setecting those frames in the same
part of the cardiac cycle, we were able 1o define whether
the radiation source completely covered the injured area.

Quantitative corenary angiography. Quantjtative
coronary angiography was performed prior and after
intervention, and at 6-month follow-up. All angiograms
were analyzed after intracoronary administration of
nitrates. The off-line analysis of at least two orthogonal
projections was performed by means of the CAAS II
analysis system (Pie Medical BV, Maastricht, The
Netherlands). Calibration of the system was based on
dimensions of the catheters not filled with contrast
medium. This method of analysis has been previously
validated.™* The following measures were obtained in
each prajection: minimal luminal diameter, reference

-182-

diameter, percen! diameter stenosis and lesion length.
Lesien length was user defined and not dene by an
algorithm using curvature analysis of the diameter func-
tion.” Reference diameter was obtajned by an interpo-
lated method.”™ Diameter stenosis post stent
implantation and at follow-up was defined as the mini-
mal luminal diameter within the injured segment retat-
ed to the interpolated diameter measured over the
length of the sient. Acute gain was defined as minimal
luminal diameter measured after treatment minus mini-
mal tuminal diameter pre-intervention. Late loss was
defined as minimal luminal diameter post-intervention
minus minimal luminal diameter at follow-up. Late loss
index was defined as late loss divided by acute gain.*
Restenasis was defined as > 50% diameter stenosis at
follow up and located in the mediated area on ¢ither of
the edges.

Statistical analysis. Data are presented as mean +
standard deviation or proportions. To compare continuous
data in patients treated with and without laser the
unpaired two-tailed Student’s t-test was performed. A
value of p < 0.05 was considered statistically significant.

RESULTS

Baseline characteristics. From May 1997 to Febru-
ary 1999, 18 patients were treated according to the
above profocol. Baseline characteristics of the study
population are presented in Table 1. Namber of
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Table 2, Lesion and quantitative coronary angiography data

Pat.  Laser Stent Stent  Lesion DPre procedure Post procedure Follow up Acute  Late loss
o, Type Length  Length  MLD DDS% RD  MLD D35% RD MLD DS% RD  Gain Index
1 yes  Wallstent 39 26 045 80 2.28 1.0 30 258 1.8 29 266 135 -0.07
2 yes BARD 19 9 0.82 68 1.51 162 36 2.9 163 26 221 080 .01
3 no Wallstent 24 i4 093 52 192 1.4 25 192 000 100 — 0.51 2.82
4 yes  Walistent 34 6 070 70 237 1.77 28 246 1.38 43 2.4l 1.07 0.36
5 yes  Wallstent 34 26 0.07 47 1.87 135 23 176 070 69 224 1.29 0.51
6 no AVE 39 1& 095 66 2.76 202 30 290 1.58 41 2.67 i.07 0.4
7 no NIR 9 9 0.00 100 251 195 21 247 035 85 2.35 1.95 0.82
8 no  Wallstent 24 14 0.82 70 2.77 1.98 26 2.07 1.79 29 254 116 .16
9 yes  Multilink 35 21 149 48 2.86 248 25 331 2.29 41 385 099 0.19
10 yes MNIR 16 5 091 63 2.49 20t 19 148 1.05 57 247 L.10 .87
11 no Walistent 34 ! 055 74 214 2.25 38 3.61 080 80 400 L70 0.85
12 no Multilink 25 23 1.18 51 239 1.77 33 266 230 16 274 059 -0.89
13 yes BARD 19 23 092 56 2.10 181 31 262 088 59 2.13 089 104
14 yes Crown 22 19 .04 46 1.93 1.59 19 1.97 NA NA NA 055 NA
13 yes Naevius 15 10 C53 8 348 2.6¢ 25 351 1.67 45 3.03 2.1l 0.46
16 no NIR 16 16 1.28 56 1.88 276 10 3,06 134 572 280 148 0.96
17 no Bestent 25 9 108 47 2.03 149 19 1.85 081 54 176 041 1.65
i8 yes  Biodyvisio 15 15 070 15 .79 2.6 17 2.60 0.61 78 .77 146 1.06
Mean 19 i6 0.80 67 245 1.94 15 261 1.25 53 268 L14 0.64
sD 4 7 038 16 042 040 7 053 0.68 24 0.60 048 0.92

MLD = minimal lumen diameter; DS = diamerer stenosis; RD = reference diamerer; NA = not available

recurrences of restenoses were 2 in LG patients {55%),
3 in 7 patients (39%}) and 4 in | patient (6%).

Procedural data, Lesion characteristics and QCA
data are presented in Table 2. Laser debulking was per-
formed in 10 patients. Lesion length showed a trend o
be longer in patients pre-treated with laser as compared
to patients treated only with bafloon angioplasty (17 +7
mm vs. 12 + 3 mm, respectively; p = 0.06). Exampies of
patients trealed either with laser debulking or balloon
angioplasty alone prior to radiation are depicted in Fig-
ures 1 and 2. Procedural success was achieved in [6
patients (89%). In two cases the procedure was compli-
cated by a dissection secondary to faser debulking lead-
ing to a transient occlusion of the vessel: a non-Q wave
infarction occurred in one case and a re-angioplasty in a
distal segment was performed in the other patient. Radi-
gtion was successfully delivered in all cages. The pre-
scribed dose at 2 mm from the source was 16 Gy in 10
patients and 20 Gy in 2 patients. Refrospective analysis
of the angiograms revealed that geographical miss
occutred in 8 cases: distal dissection in whick additional
stents were implanted distal to the irradiated area (n=13)
and area injured by the balloon but not covered by the
radiation source {n = 5). An example of the outcome of
a patient with geographical miss is depicted in Figure 3.
All patients were discharged asymptomatic,

Follow-up. Seventeen patients (94%) returacd for
angiographic follow-up. One patient refused, Follow-up
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QCA data are presented in Table 2. Restenosis was
observed in 9 patients (53%). In 7 patients, the location
of the restenosis was at the edge of the imadiated area,
whereas in 2 patients it was within the irradiated area.
The number of recurrences of restenoses were compara-
ble between restenotic and non-restenotic patients. Six
of the 7 edge restenoses were in areas with geographical
miss. There were neither deaths nor Q-wave myocardial
infarctions observed at 6-month follow-up. Total lesion
revascularization was performed in 8 patients (47%): 3
patients were referred {or bypass surgery and 5 under-
went re-PTCA. Progression of atherosclerosis was also
observed in the non-trradiated vessels in the 3 patients
referred for surgery. Acute gain, fate loss and late loss
index were similar between patients pre-treated with and
without laser debulking (» = NS).

DISCUSSION

This study describes the use of beta-radiation thera-
py for the treatment of recurrent in-stent restenosis.
Although this treatmeni medality is feasible and safe,
the observed restenosis rate in this small cohort of
patients remains rather high {53%), and is comparable
to conventional treatment either with ballaon angio-
plasty or debulking techniques,™" The main finding
was that the vast majority of the restenosis were located
in areas with geographical miss. To date, three ran-
domized placebo-controtled trials have been carried
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out to evaluate the efficacy of gamma-radiation in
patients with restenosis.” ¥ Teirstein et al,"” random-
ized 55 patients to receive a 0.030" ribbon containing
192 Ir sealed sources or a ribbon centaining placebo
sceds {Best Industries, Springfield, Virginia). Thirty-
five patients were treated due to in-stent restenosis.
The dosimetry was calculated based on intravascular
ultrasound measurement in a range of 8-30 Gray to
the internal elastic membrane. The placebo group
showed a restenosis rate of 70%, as compared to 14%
in the urradiated group (p = 0.0006). This beneficial
effect was sustained at 2-year follow-up.” Waksman
et al,"™ evalvated 130 patients who had developed in-
stent restenosis up to 47 mm in the Washington Radia-
tion for In-Stent restenosis Trial (WRIST). These
patients were randomized to radiation vsing a 192 Ir
ribbon versus a non-radioactive ribbon detivered into
a non-cenlered closed-end tumen catheter (Medtronic,
Minneapolis, Minnesota). The prescribed dose was 15
Gray to a distance of 2 mm from the center of the
source for a vesse! size of 3.0-4.0 mm, and to a dis-
tance of 2.4 mm from the center of the source for ves-
sel diameter of 4.0-5.0 mm. At 6-monthk follow-up,
the jrradiated group showed a reduction of 67% in the
restenosis rate, 79% in total iesion revascularization
and 63% in major adverse cardiac events. Similarly,
the multicenter randemized GAMMA-1 1rial demon-
strated a reduction of 58% in the restenosis rate within
the stent. When considering the edges of the source,
the reduction in the resterosis rate was 43%." Using
beta-radiation therapy, the non-randomized Beta-
WRIST trial demanstrated 2 reduction in target vessel
revascularization of 47% when compared to a
matched group from the placebo arm of the WRIST
trial* Although easier o implement in the catheteri-
zation laboratory, the use of beta-radiation presents
the potential drawback of the steep dose fall-off,
which might lead to inhomogeneity of the preseribed
dose to the vessel wall™ This phenomenon may be
more pronounced when non-centered devices are
used, where the dose reaching the predefined advenii-
tial volume might be as less as 30% of the prescribed
dose.® Considering these beta-radiation characteris-
tics, we hypothesize that areas with geographical miss
may have received a very low dose which bas not
been able to inhibit either proliferation or vessel
shrinkage. The importance of low-dose radiation in
injured areas wil be addressed in further ongoing ran-
domized studies (START trial/ INHIBIT trial).

Limitations. This was a non-randomized, non-
placebo-contrelled study with a relatively small num-
ber of patients included. Thus, no conciusions
regarding effectiveness of the beta-radiation for treat-
ment of this chatfenging population wilh restenosis can
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be drawn. In this regard, the main cause associated to
the restenosis in this cohort was the presence of injured
areas not covered by the radiation source. This limita-
tion may be solved with the use of the recently devel-
oped longer radiation sources {up to 40 mmy}.
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24. EUROPEAN CLINICAL TRIALS

Thoraxcenter, University Hospital Dijkzigt, Rotterdam, The Netherlands

Manel Sabate, Marco A Costa and Patrick W Serruys

The pioneering work in the ficld of intravascular radiation therapy was originally
carried out in Europe. In 1992, Liermann et al performed the first four cases of
brachytherapy after femoral percutanecus angioplasty.' Subsequently, animal
experiments carried out in the USA*? and Europe* demonstrated the reduction
of neointimal hyperplasia after endovascular radiotherapy. The insertion of a
radioactive delivery catheter in human coronary arteries was performed for the
first time by Condado et al in Venezucla.® As a result of these pioneering
investigations, the first clinical trials were reported in 1997: in the USA,
Teirstein ct al demonstrated the effectiveness of gamma therapy for the
treatment of in-stent restenosis,® whilst in Furope, Verin et al reported the
feasibility of using beta sources after balloon angioplasty.”

In Europe, most of the trials have been carried out using beta-radiation
sources, either with catheter-based systems or radicactive stents. Overall, the
initial target has been the treatment of de novo coronary stenosis. However,
recent design trials have included patients with restenotic lesions. This chapter
summarizes the clinical trials carried out in Europe either as a part of larger
trials designed in the USA or primarily designed in Europe.

Intracoronary radiation clinical trials using
catheter-based systems

The clinical trials with catheter-based systems are summarized in Table 24,1.
Initially, these trials were aimed at demonstrating the safety and feasibility of
beta emitters in coronary arteries. Currently, results from the dose-finding

and placebo-controlled trials are pending.

The GENEVA pilot clinical experience

This was the first feasibility study performed in Europe (Geneva, Switzerland)
and also the first in the world to use intracoronary beta-radiation in humans.”
A pure ™Y beta-cmitter source delivered via a centering catheter (Schneider
Endovascular Radiation System, Schneider Worldwide, Biillach, Switzerland)
was used to deliver 18 Gy at the surface of the balloon in 15 patients with de
novo coronary stenoses treated with balloon angioplasty. At follow-up the
restenosis rate was 40%. The investigators considered these to be unfavorable
results owing to an insufficient dose administered at the adventitia (< 4 Gy).

-189-



European Clinical Trials

-190-



European Clinical Trials

-191-



European Clinical Trials

Intracoronary beta-radiation following PTCA for reduction of
restenosis using the Boston Scientific/Schneider system: Dosc-
Finding Study

This multi-center, prospective, randomized, non-controlled study aimed to
determine the effect of four different doses of beta-radiation, using the *'Y
pure beta-emitting source via a centering catheter (Schneider Irradiation
Therapy System, Biillach, Switzerland) on coronary stenosis. In five
European centers, 181 patients were randomized to receive 9, 12, 15, or
18 Gy at 1 mm tissue depth. The preliminary analysis demonstrated a dose-
dependent reduction in angiographic restenosis with an extremely fow
restenosis rate in the 18 Gy arm: 8.3% in all patients (stented and treated
with balloon alone) and 4.2% in patients treated with balloon alone (V
Verin, personal communication, Congress of the European Society of
Cardiology Barcelona, August 1999). Final results will be available by

November 1999,

BERT 1.5 (Beta Energy Restenosis Trial—1.5): the Rotterdam

experience

BERT 1.5 stands for the Europecan arm of the BERT trial. This trial was

conducted at the Thoraxcenter in Rotterdam in 31 patients from April 1997
............... . B .to ],une 1998_ Thisfeasibﬂity .‘_J.udy Wag dcsigl’le’d to test thC 9[)_814/9_()\{..50“1-(-(-. in
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a hydraulic system (Beta-Cath™ system, Novoste Corporation, Norcross, GA,
USA). The dose was randomized to 12, 14 or 16 Gy prescribed at 2-mm
depth from the source axis. Twenty-three patients were treated with balloon
angioplasty, whereas eight patients received a stent after radiation, Delivery of
radiation was successful in all patients but one. At 6 months, the restenosis
rate was 28% and target vessel revascularization 23%. Two thrombotic
occlusions in patients receiving a stent after radiation were observed at the

2.5- and 10-month follow-up."

Beta-Cath Trial
This prospective, randomized, placebo-controlled trial aims to evaluate the

safety and eflectiveness of the *®Sr/*°Y source (Beta-Cath™ system) versus
placebo in de novo and restenotic lesions of native coronary arteries, Three
centers in Europe are participating in this trial. Complete 8-month follow-up
data will be available in 2000.

BRIE Trial (Beta Radiation in Europe)

This non-randomized trial is designed to evaluate the safety and performance of
the *Sr/**Y source (BetaCath™ system) in de novo and restenotic lesions of
native coronary arteries up to two vessels, This Study is being carried out on]y in
- Europe (20 sites). Complete 8-month. follow-up data will be available in 2000,
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START Trial (STents And Radiation Therapy)

This prospective, randomized, placebo—tontrolfed trial aims to evaluate the
safety and performance of the ®Sr/*Y source (Beta-Cath™ system} in the
treatment of in-stent restenosis of native coronary arteries. Two sites in
Europe are involved in this study. The enrollment phase will be completed by
the end of 1999. One site in Europe will be involved in the START 40-20
Trial, which is designed to assess the feasibility and efficacy of the 40-mm
long **Sr/*°Y source for the treatment of in-stent restenotic lesions.

RENO Trial (Furopean surveillance Registry with the Novoste Beta-
Cath™ system)

This prospective multi-center, multi-national surveillance registry is designed
to assess the clinical event rate of *8r/™Y source (Beta-Cath™ system)
combined with approved PTCA techniques (balloon angioplasty, rotablator,
laser, and stenting) in patients with coronary artery disease (native or bypass
grafts). This study is being carried out only in Europe (50 sites) and multi-
vessel treatment up to three vessels is allowed,

PREVENT (Proliferation REduction with Vascular ENergy Trial)
Prospective, randomized, blinded, multi-center study aimed to determine the
safety of the Guidant {Santa Clara, CA) beta-radiation system in human
coronary arteries following PTCA or stent implantation. The system consists
of a #P 27-mm source wire, a centering spiral balloon and an automatic
computerized afterloader (Nucletron BV, Waardgelder, Veenendaal, The
Netherlands). The enrollment phase has been completed in Europe and 6-
month angiographic and clinical follow-up data are expected by the first
quarter of 2000.

INHIBIT (INtimal Hyperplasia Inhibition with Beta In-stent Trial)
A randomized, multi-center, double-blind, sham-controlled study started in
the USA and Europe to demonstrate the clinical safety and efficacy of the
Guidant beta-radiation system for treatment of in-stent restenosis. The
enrollment phase will be completed by the end of 1999 and 9-month
angiographic and clinical follow-up will be available by the end of 2000.

DURABLE Trial (DUtch RAndomized Brachytherapy study for
Long-term evaluation of Efficacy)

This randomized, placebo-controlled, double-blind study is aimed to asscss
the effect of brachytherapy by means of the Guidant intravascular
brachytherapy system, after optimal balloon angioplasty (stenosis diameter

< 35%), clective stenting, and indicated stenting (bail-out and suboptimal
result) in patients with multi-vessel stentable lesions. (up-to two. vessels). with
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respect to MACE-free survival at 1 year. Nine hundred patients will be
randomized in nine centers in The Netherlands, The enrollment phase started

in Qctober 1999,

MARS (Mallinckrodt Angioplasty Radiation Study)
This is the first European prospective registry to assess the feasibility and
safety of the '™Re liquid-filled balloon (Mallinckrodt System) for the

treatment of de novo coronary lesions, Results at the 6-month follow-up will

be available by the end of 1999,

The GRANITE Study {(Gamma-Radiation to Atheromatous
Neointima using Intracoronary Therapy in Europe)

This is the first trial utilizing gamma-radiation for the treatment of coronary
in-stent restenosis in Europe. Patients will be followed up for 3 years at 11
sites in Europe including France, Germany, ltaly, and The Netherlands, as well
as one site in Australia, The radiation system (Gamma IRT™ Delivery System,
Cordis, Miami, FL) consists of a ribbon of radioactive '*Ir seeds (up to

55 mm in length) that will be delivered to the target lesion via a delivery
catheter with a closed end lumen and using a hand-cranked
containment/delivery device. The radioactive ribbon will be left at the
angioplasty site for between 15 and 25 min to deliver the prescribed dose.

]ntracoronar] radiation clinical trials using
radioactive stents

The clinical trials utilizing radioactive stents have demonstrated safety and
effectiveness in preventing neointimal proliferation in a dose-related manner,
However, a new phenomenon has become evident: restenosis at the edges of
the high activity radioactive stent, coined the ‘candy wrapper’ effect.? The
clinical trials using radioactive stents are summarized in Table 24.2.

IRIS Trial (Isostent for Restenosis Intervention Study)

This feasibility registry involved three centers in Europe in which 40
radivactive stents with an activity of 0.75-1.5 WCi were implanted. This trial
demonstrated feasibility and safety with a restenosis rate that ranged between
17% (Rotterdam)’ and 50% (Milan).'°

European ¥P Dose—Response Study
This dose-finding study is being conducted in five centers in Europe.

Radioactive stents of four ranges of activity have been utilized: 1.5-3.0;
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3.0-6.0; 6.0-12; and 12-20 p.Ci. The Milan group {r = 82 patients) reported
a suppression of the neointimal hyperplasia in a dose-related manner (between
1.5 and 12 pCi). Edge restenosis (‘candy wrapper’} was observed in 36% for
1.5-3.0 nCi, 38% for 3.0-6.,0 uCi, and 50% for 6.0-12-p.Ci activity
levels.'” Currently, the Milan group is evaluating the use of stent activities up
to 20 n.Ci.,The Heidelberg group enrolled 11 patients for radioactive stent
implantation of activity levels between 1.5 and 3.0 pCi. Target vessel
revascularization was 36%, mainly at the articulation of the Palmaz—Schatz
stent.’' In Rotterdam, 40 patients have been evaluated after 6.0-12.0-pCi
radicactive stent implantation. To date, 18 patients have returncd for
angiographic follow-up. No restenosis (> 50% diameter stenosis) was
observed within the stent. However, at the edges of the stent the restenosis
rate reached 55%, leading to target vessel revascularization in 30% of the
patients (A] Wardeh, personal communication). Data from the Vienna
experience will be available at the end of 1999.

Two trials have been designed to address the problem of cdge restenosis.
The Cold End Study is aimed to determine the efficacy and safety of the
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cnds’), Conversely, the Hot End Study is aimed to determine the efficacy
and safety of the *P 18-mm Fischell BX stent, of which both 2-mm ends
present with higher activity (‘hot ends’) as compared with the inner 14 mm,
which has a total activity ranging from 4.5 to 9 pCi, These two studies are

still in the enrollment phase,

Conclusions and future perspective

The use of endovascular beta-radiotherapy in Europe demonstrated that this
therapy is safe and feasible. Furthermore, preliminary results of a dose-finding
study with the Boston Scientific/Schneider system have been very promising (V
Verin, personal communication). This beneficial effect of radiation in preventing
restenosis may be explained partially by the positive influence of brachytherapy
on the remodeling process.'®'* However, some detrimental clinical
consequences of intracoronary radiation may also be recognized from the
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reported by Albiero et al after radicactive stent implantation.'® Further, the
occurrence of late coronary thrombosis has been associated with radiotherapy. "
This phenomenon may be the consequence of delayed endothelialization,
persisting dissections'® or the inability of tubular stents to follow vessel
enlargement promoted by radiation leading to late stent malapposition. 6

Potential solutions for these problems include the use of new designs of
radioactive stents or hybrid techniques (catheter-based + radioactive stent)”
in addition to the use of prolonged antithrombotic therapy. Also, the
avoidance of conventional stent implantation may be considered in the setting
of catheter-based endovascular radiotherapy.

There are still several unanswered questions which should be resolved
before determining the potential of this new technique. First, the use of beta
or gamina sources or a combination of both. Secondly, the use of centering or
non-centering devices. Further, to determine the best vehicle for radiation:
solid (wire or train of sceds), liquid (filled-balloon) or gaseous. Equally, the
chinical effect of the dose rate (radioactive stent—low dosec-rate versus
catheter-based radiation—high dose-rate). Finally, the target tissue must be
defined, as well as the minimal effective dose to be delivered. Hopetully, after
the comp}etion of ongoing trials in Europe, as well as in the USA, many of
these issues will be answered.
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Summary and Conclusions

Vascular brachytherapy is the technically most innovative and exciting recent development in
Interventional Cardiology.

The part I of this thesis, reports on the structural and functional changes that intracoronary
beta-radiation therapy induces in coronary tissue when delivered cither by catheter-based
systems or radioactive steni. After plain balloon angioplasty catheter-based radiotherapy
induces vessel enlargement which is able to accommodate the increase in plague volume that
occurs after this coronary intervention (Chapter 1). Furthermore, the use of conventional stent
before or immediately after brachytherapy does not preclude the development of this positive
remodeling of the vessel wall.(Chapter 2 and 3) Potentially, this phenomenon may lead the stent
to become malapposed during the follow-up period which may account for the development of
late thrombotic occlusion as witnessed in excess in this population (Chapter 8). This vessei
enlargement may be explained by inhibition of migration but not of cellular proliferation that
occurs at low dose of radiation. Further, the production of «a-actin by the adventitial
myofibroblasts is decreased after brachytherapy, Therefore, cells may remain in situ unable to
migrate but able to grow in the presence of positive vascular remodeling. After one week, the
effect of radiation diminishes and cellular proliferation as a reaction to the presence of the
stent, occurs behind the stent in the context of positive remodeling. In stark contrast to what is
observed afier catheter-based radiotherapy, vessel enlargement is not seen afier radioactive
stent implantation. (Chapter 3) In such cases, it is hypothesized that the continuous and low
dose rate provided by the stent creates a “radioactive fence” which prevent the migration and
invasion ‘of myofibroblasts from the adventitia through the stent struts and into the lumen.
Thus, adventitial cells remain intact without wpregulation of growth factors and inhibition of
confractile proteins.

Another important structural finding demonstrated during the follow-up in patients who
received either catheter-based radiation or high activity radioactive stent is the development of
the so-called “edge effect”. (Chapter 1 and 3) The combination of increase in plague volume
and absence of vessel enlargement or even vessel shrinkage was the common structural change
observed at the edge of the irradiated coronary segment.

Finally, irradiated coronary segments were functionally tesied at 6-month follow-up afier
plain balloon angioplasty. The endothefium-dependent vasodilator acetylcholine was selectively
infused in the coronary segments of patients in stable condition formerly irradiated by means of

_ catheter-based system. A vasodilatory. response.was observed.in most of these. patients which..

was indicative of restoration of the endothelial function. This favorable functional response
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may play an important role in the potential beneficial effect of the radiation therapy on the
restenosis process.

The part I of this manuscript reports on dosimetry calculated from intravascular ulirasound
studies performed in patients treated with catheter-based brachytherapy systems (Chapters 5
and 6). The first main finding demonstrated in those studies is the inhomogeneity of the
radiation dose demonstrated when non-centered devices are used. Further, the effective dose to
be delivered to the adventitia volume, as considered to be the target volume in intracoronary
radiotherapy, has been determined to range between 4 and 6 Gy. However, this optimal
radiation dose was delivered in less than 50% of the irradiated coronary segments. In addition
to these findings, residual plague burden, delivered dose and tissue composition have been
identified as independent predictors of plaque volume at 6-month follow-up, as assessed by
intravascular ultrasound. (Chapter 5) All the above mentioned factors have to be taken into
account when intracoronary radiation treatment is planned,

The part HI of the thesis describes a new methodological approach based on quantitative
coronary angiography, in order to homogenize the interpretation of results from clinical studies
aimed to define the effectiveness of brachytherapy. Since vessel enlargement frequently occurs’
at the site of the previous target lesion, minimal luminal diameter may be relocated at follow-up
in a different coronary subsegment. As a result, discrepant resuits may be obtained depending
on the region subject to the analysis. The definition and identification of the target segment,
irradiated segment, injured segment and vessel secgment, may be helpful to understand the
mechanism of action of this new treatment modality. {Chapter 7)

The part IV of this manuscript reports on the potential complications derived from the use of
beta-radiation therapy. The development of late thrombotic occlusion ocours in excess either
after plain balloon angioplasty or after stent implantation in the context of catheter-based
brachytherapy system. {(Chapter 8) The use of double antiplatelet regimen (aspirin and
clopidrogrel) for long-term may reduce this undesirable effect. Several mechanisms are
hypothesized to be involved in this phenomenon: first, a delay in stent re-endothelisation may
oceur after brachytherapy. Furthermore, ballcon-induced coronary artery dissections may not
be resolved during the follow-up period as witnessed in a great proportion of patients treated
with balloon angioplasty and catheter-based radiation therapy. (Chapter 9} Finally, as

discussed in previous chapters, the vessel enlargement may induce late stent malapposition
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Another complication which may be linked to the development of the “edge effect” is the
occurrence of geographical miss. This concept has been genuinely used in radio-oncology to
define that cause of treatment failure due to low dose radiation. Radiation dose at the edge of
the source is rather low due to the steep decay of beta radio-isotopes. This feature when
combined with the stimulus of the injury (balloon or stent-induced injury) has been
demonstrated to provoke a higher-than-expected late loss as compared to those non-injured
edges. (Chapter 10)

The knowledge of all the above sources of complications may help to improve the
performance and safety of intracoronary radiation therapy.

In the part V of the thesis the results of some cfinical trials performed by this new therapy
are described. The implantation of low activity radioactive stent has been demonstrated to be
safe and feasible. However, the restenosis rate was comparable to conventional stent
implantation. (Chapter 11) The use of catheter-based beta radiation s also feasible in recurrent
in-stent restenosis. Nevertheless, the occurrence of restenosis in this cohort of patients
appeared to be rather high probably due to the presence of geographical miss. (Chapter 12).
Finally, a summary of the trials currently under way in Europe is described in the Chapter 13,
FUTURE DIRECTIONS.- There are still several unanswered questions which should be
defined before determining the potential of this new technique. First, the use of §- or y- sources
or a combination of both. Secondly, the use of centering or non-centering devices. Further, to
determine the best vehicle for radiation: solid (wire or train of seeds), liquid (filled-balloon) or
gaseous. Equaily, the clinical effect of the dose-rate (radicactive stent-low dose-rate versus
catheter-based radiation-high dose-rate). And, finally, to define the subgroup of patients which

will benefit most from this new technique.
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Samenvatting en Conclusies

Vasculaire brachytherapie is de meest vernieuwende en veelbelovende recente technische
ontwikkeling in interventie cardiologie.

In het eerste deel van dit proefschrift vermelden we de structurele en functionele
veranderingen die ontstaan in coronair weefsel, na bestraling door middel van intracoronaire
katheters of radioactieve stents. Na klassicke ballonangioplastiek induceert radiotherapie een
vergroting van het lumen waardoor de toename in plaguevolume na cororaire interventic
geneutraliseerd wordt (*positive remodeling”). (Hoofdstuk 1) Verder verhindert het gebruik van
een conventionele stent voor of onmiddellijk na brachytherapie deze ‘positive remodeling’ van
de vaatwand niet (hoofdstuk 2 en 3). Dit fenomeen zou kunnen leiden tot malappositie van de
stent tijdens follow-up, wat de oorzaak kan zijn van late thrombotische occlusie, zoals
veelvuldig beschreven in deze populatie. (Hoofdstuk 8). ‘Positive remodeling’ kan worden
verklaard door het voorkomen van migratie van cellen, maar niet door de inhibitie van celiulaire
proliferatie welke zich voordoet bij lage stralingsdoses. De productie van alfa-actine door de
myofibroblasten in de adventitia neemt af na brachytherapie, waardoor cellen zich niet
verplaatsen maar wel kunnen groeien tijdens de “positive remodeling’. Na een week neemt het
effect van de bestraling af en als reactie op de stent ontstaat celvermeerdering achter de stent, in
samenhang met ‘positive remodeling’. In tegenstelling tot eerdere observaties wordt ‘positive
remodeling’ niet waargenomen na het implanteren van een radioactieve stent (Hoofdstuk 3). [n
dergelijke gevallen is het mogelijk dat een continue lage dosis bestraling vanuit de stent een
‘radioactieve afrastering’ vormt, die de migratie en het binnendringen van mycfibroblasten in
het lnmen vanuit de adventitia door de stentstruts belemmert. Zo blijven adventitiacellen intact
zonder stimulatie van groeifactoren en inhibitie van contractiele eiwitten.

Een andere belangrijke bevinding tijdens de follow-up van patiénten behandeld met
brachytherapie, zowel door katheter systemen dan wel door radicactieve stent, is het
zogenaamde ‘edge’effect (Hoofdstuk | en 3). De combinatie van plaque toename en het
vithijjven van vaatverwijding of zelfs het optreden van vaatvernauwing, was de meest
voorkomende structurele verandering die werd geobserveerd.

Ook testten we de functie van de bestraalde coronaire segmenten 6 maanden na de klassieke
ballonangioplastick. Wanneer we acetylcholine (endotheel afhankelijke vasodilator) selectief
infuseerden in de coronaire segmenten van stabiele patiénten, eerder behandeld met
brachytherapie (katheter systemen), zagen we in de meeste gevallen vasodilatatie optreden,

suggestief voor het herstel van de endotheelfunctie. Deze gunstige respons kan een belangrijke
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In het tweede deel van dit proefschrift beschrijven we de dosimetrische berekeningen uit
intravasculaire ultrageluid studies, bij patiénten behandeld met brachytherapie (hoofdstuk 5 en
6). De eerste belangrijke bevinding is dat de stralingsdoses bij gebruik van niet-gecentreerde
katheter systemen niet homogeen zijn. Wij vonden dat de effectieve dosis die de adventitia, het
doelwit van brachytherapie, dient te ontvangen, tussen 4 en 6 Gy bedraagt. Deze optimale dosis
werd echter bij minder dan 50% van de bestraalde coronair segmenten toegediend. De
hoeveelheid resterende plaque, de toegediende dosis en de samenstelling van het weefsel, zijn
voorts onathankelijke voorspellers van plaque volume bij 6 maanden follow-up zoals gezien bij
intravasculair ultrageluid (hoofdstuk 5).

In het derde deel beschrijven wij een nieuvwe methodologische benadering gebaseerd op
kwantitatieve coronaire angiografie, tencinde een standaard interpretatic van studieresultaten
van de effectiviteit van brachytherapie te verkrijgen. Omdat vaatverwijding vaak optreedt op
de plaats van de behandelde stenose, zou bij een vervolgstudie een minimale lumendiameter
gesitueerd kunnen worden in een ander coronair segment. Dit kan tot gevolg hebben dat er
tegenstrijdige resultaten gevonden worden, afhankelijk van de geanalyseerde gebieden. Het
definiéren en identificeren van het tc¢ behandelen segment, het bestraalde segment, het
beschadigde segment en het vaatsegment kan behulpzaam zijn bij het begrijpen van de
werkingsmechanismen van deze nieuwe behandelingsmethode (hoofdstuk 7).

In het vierde deel bespreken we de mogelijke complicaties die verband houden met het
gebruik van béta bestraling. De ontstaan van late thrombotische occlusie wordt frequent gezien
pa ballon angioplastick of stent implantatie, gecombineerd met brachytherapie (hoofdstuk8).
Het gebruik van een gecombineerd langdurig anti-plaatjesregime met aspirine en clopidogrel
kan deze complicatie voorkomen. Verscheidene mechanismen kunnen biidragen tot het optreden
van fate thrombotische occlusie: een vertraging in de stent re-endothelialisatie, persisterende
dissectic 6 maanden na ballon angioplastick in combinatie met brachytherapie (hoofdstuk 9) en
het optreden van vaatverwijding met mogelijke stent malappositie. Een andere complicatie, die
te maken kan hebben met het ‘edge’ effect is het optreden van ‘geographical miss”. Dit concept
is corspronkelijk gebruikt in de radio-oncologie, om het falen van een te lage stralingsdosis te
beschrijven. De stralingsintensiteit aan de randen van de bron is laag, vanwege het hoge verval
van béta radio isotopen. Deze eigenschap is samen met de ballon- of stent geinduceerde
beschadiging verantwoordelijk voor de onverwacht grotere reduktie van lumen in vergelijking

met de onbeschadigde randen. (hoofdstuk 10)
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Kennis van boven beschreven complicaties kan helpen bij de verbetering en uitvoering van
brachytherapie.

In het vijfde deel beschrijven we de resultaten van cen aantal klinische studies, met deze
therapie. De implantatie van laag-actieve radioactieve stents is mogelijk en veilig gebleken. Het
restenose percentage echter was te vergelijken, met dat van conventionele stentimplantatie.
{Hoofdstuk 11). Het gebruik van brachytherapie is ook mogeiijk bij recidiverende in-stent
restenose. Desalniettemin blijft het percentage restenose in deze groep patignten vrij hoog,
waarschijrlijk ten gevolge van het optreden van ‘geographical miss’ (Hoofdstuk 12). In
hoofdstuk 13 tenslotte, geven wij een overzicht van de lopende Europese studies op dit gebied.
TOEKOMSTVERWACHTINGEN.- Verscheidene vragen dienen te worden beantwoord,
voordat het nut van deze techniek definitief kan worden vast gesteld: het gebruik van béta- of
gamma bronnen of een combinatie van beiden; gecentreerde versus niet-gecentreerde bronnen;
het bepalen van het beste medium om de straling toe te dienen; vast (draad of een reeks van
radioactieve zaden), vloeibaar (een met radioactieve vioeistof gevulde ballon), of in gasvorm;
het kiinische effect van de dosis (radioactieve stent met lage dosis ten opzichte van hoge dosis,
toegediend met het kathetersysteem); de bepaling van de subgroep van patiénten die het meest

gebaat zijn met deze nieuwe techniek.
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some of your favorite sentences: 1) In Interventional Cardiology, tell the truth, only the truth
and nothing but the truth, 2) Nothing is impossible!, 3) PWS: You have an idea, put it in paper
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“your typical chironic total occlusions™ cases. Thanks for that.
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Dutch, with patients, with statistics, making slides, videotapes, computer connections, with
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