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Infroduction and Overview

INTRODUCTION AND OVERVIEW OF THESIS

Over the last decade, coronary stents have revolutionized the field of interventional
cardiology. Stent implantation has become the new standard angioplasty procedure'. This
popularity has grown because of 2 main reasons: first, the unique capability to master a major
complication of balloon angioplasty - (sub) acute vessel closure - and second, a superior
long-term outcome in comparison to balloon angioplasty*®. The high reliability of the acute
angioplasty result allowed for a continuos expansion of the indication for catheter-based

10, 11 12, 13

intervention (including ostial lesions®, bifurcation lesions , left main lesions , multiple

lesions™).

In-stent restenosis

However, in-stent restenosis remains the major limitation of coronary stenting. The absolute
number of in-stent restenotic lesions is increasing in parallel with the steadily increasing
number of stenting procedures and with the complexity of culprit lesions. The treatment of in-
stent restenosis is technically challenging and costly. In subsets of lesions (such as small
vessel size and diffuse disease) an anticipated high risk for restenosis may even prevent the
use of stents.

Restenosis represents a local vascular manifestation of the general biologic response to
injury®®. Injury consists of denuding the intima and stretching the media. Current concepts
describe three mechanisms of the restenotic process: early elastic recoil, late vessel
remodeling and neointimal growth16’ 7. We could demonstrate (chapter 2) that coronary
stents provide mechanical scaffolding that virtually eliminates recoil and remodeling™®.

However, neointimal growth continues to be a major problem.

New strategies for the prevention of in-stent restenosis

Over the last 2 decades, efforts for the prevention of restenosis were focused on optimizing
stent characteristics and implantation technique'® %°. The growing understanding of vascular
biology and the observation that exaggerated neointimal formation shows similarities to tumor

growth triggered the development of new treatment strategies.

Intracoronary ionic radiation (brachytherapy)
Radiotherapy has been proven successful in the treatment of hypertrophic scars, keloids,

223 and solid malignancies®”.

heterotopic bone formation, ophthalmic pterygia
Absorbed radiation can cause damage in a tissue either directly by ionization or indirectly by
interacting with other molecules to produce free radicals, which will subsequently damage the
critical target (DNA)?. These biological effects are independent of the radiation type (gamma,
beta or X-rays). In injured vascular tissue, radiation doses of 12-20 Gy appear to be
efficacious in inhibiting neointimal formation?*2®, The local mechanisms of action however,

are complex29 and dose dependent whereby low-dose radiation (4-8 Gy) even promotes
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cellular growth®" 3",

Human coronary arteries were treated for the first time by Condado et al. in 1995. Two years
later, the randomized SCRIPPS trial demonstrated first in a small number of patients the
effectiveness of 192-Ir gamma therapy for the treatment of in-stent restenosis®®. The results
were confirmed by the larger (252 patients) randomized multi-center GAMMA-1 trial®2.

In part 1 of this thesis, we investigated the mechanisms of action and efficacy of intracoronary

brachytherapy. Specifically, we addressed the questions

¢ How to assess outcome and treatment effects using coronary angiography and
intravascular ultrasound?

¢ What is the feasibility and outcome after intracoronary (beta- or gamma) radiation therapy
in patients at high risk for repeat occurrence?

¢ What are the reasons for treatment failure?

Intracoronary non-ionic radiation (sonotherapy)

Therapeutic delivery of ultrasound energy has proven to be a powerful and safe therapy in
various medical disciplines. The rationale for therapeutic intracoronary application of
ultrasound energy is based on experimental observations that have shown various effects,
which could be beneficial for the prevention of restenosis. Ultrasound energy enhances

34, 35

fibrinolysis and thus might affect early thrombus formation as peri-interventional local

thrombi release growth factors, which stimulate neointimal hyperplasia 3. 37 Ultrasound can

reduce mammalian cell viability®® and inhibits smooth muscle cell migration, adhesion 3% “°

and proliferation*'. In a swine peripheral stent model*? it was shown that at seven days after
stent implantation cellular proliferation was significantly reduced in the sonotherapy group

compared with the sham group.

In part 2 of this thesis, we investigated in a pilot study the application of intracoronary
sonotherapy. We addressed the questions

¢ Isintracoronary sonotherapy feasible and safe in patients with simple lesions?

¢ Isintracoronary feasible in patients with complex lesions?

¢ What are the treatment effects on the coronary artery?

Intracoronary local pharmacotherapy using drug-eluting stents

Drug eluting stents target the pharmacological modulation of the local vascular biology. A
proposed explanation for the repeated failure of clinical drug studies has been that agents
given systemically cannot reach sufficient levels in injured arteries to significantly impact the
restenotic process. Local administration of drugs offers advantages. The active drug is
applied to the vessel at the precise site and at the time of vessel injury. Local drug delivery
might be able to achieve higher tissue concentrations of the drug. No additional materials or
procedures are required. Systemic release is minimal and may reduce the risk of remote or
systemic toxicity.

10



Infroduction and Overview

The first significant reduction of in-stent restenosis was demonstrated for the rapamycin
(sirolimus™) eluting stent. The multicenter, prospective, double blind clinical RAVEL trial
(RAndomized study with the sirolimus coated BX VElocity™ balloon-expandable stent in the
treatment of patients with de novo native coronary artery Lesions) randomized 238 patients to
receive a single sirolimus-eluting or a bare metal BX velocity stent. At six months follow-up,
the restenosis rate of the treated group was zero, the loss in minimal lumen diameter was

zero, there was no target lesion reintervention and the event-free survival was 96.5%*.

In part 3 of this thesis, we investigated the efficacy of sirolimus-eluting stents in subsets of

patients with complex lesions. Specifically, we addressed the questions

¢ Are sirolimus-eluting stents effective in the treatment of small vessels?

¢ Are sirolimus-eluting stents effective in the treatment of complex in-stent restenotic
lesions?

¢ Is sirolimus-eluting stent implantation safe in unselected patients, including unstable
angina, acute myocardial infarction and complex lesions?
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THE PROBLEM: IN-STENT RESTENOSIS

Mudra H, Regar E, Klauss V, Werner F, Henneke KH, Sbarouni E, Theisen K:
SERIAL FOLLOW-UP AFTER OPTIMIZED ULTRASOUND GUIDED
DEPLOYMENT OF PALMAZ-SCHATZ STENTS.

Circulation 1997; 95:363-370.







Serial Ultrasound Evaluation of Palmaz-Schatz Stents

Serial Follow-up After Optimized
Ultrasound-Guided Deployment
of Palmaz-Schatz Stents

In-Stent Neointimal Proliferation Without
Significant Reference Segment Response

Harald Mudra, MD; Evelyn Regar, MD; Volker Klauss, MD; Frank Werner, MD;
Karl-Heinz Henneke, MD; Efthia Sbarouni, MD; Karl Theisen, MD

Background The effects of ultrasound-guided high-pressure
stenting on late stent and reference segment dimensions are un-
known. In this study, we report about angiographic and ultra-
sound measurements to assess the amount and distribution of
neointimal ingrowth within the stent and the changes of plaque
burden and dimensions within the reference segments.

Methods and Results Sixty-eight consecutive patients with
72 lesions received single or multiple Palmaz-Schatz coronary
stents with a standardized protocol for stent optimization under
ultrasound guidance. The residual angiographic diameter stenosis
was 3+12% (reference diameter, 3.16+0.61 mm). At follow-up
4.8+2.5 months later, angiography revealed a diameter stenosis
of 27+21% with a restenosis rate of 15.3% (confidence interval:
7.8% to 25.6%). Lumen renarrowing within the stent was exclu-
sively due to neointimal ingrowth: no stent compression was ob-
served. The neointima covered 20220% of the stent area and was

more pronounced in the midportion of the stent. Volumetric as-
sessment performed in 26 patients resulted in 13+14% or
65+28% of the stent volume occupied by neointimal ingrowth
in patients without or with restenosis, respectively. Vessel re-
modeling had an impact on lumen dimensions only at reference
sites but not within the stent. Plaque burden of 46+11% and
48+11% at the proximal and distal reference sites, respectively,
did not show a relevant progression during the follow-up.

Conclusions ~ Serial ultrasound analyses did not show any ev-
idence of stent compression or relevant vessel remodeling. Re-
stenosis was solely due to neointimal ingrowth. Despite a
considerable plaque burden within the reference segments, there
was no relevant progression of the disease adjacent to the stent.
(Circulation. 1997;95:363-370.)

Key Words e ultrasonics  stents ® angioplasty e
angiography e restenosis

issue ingrowth and possibly stent compression are
discussed as predominant mechanisms for stent
restenoses in the long-term follow-up.' Little is
known, however, about the effects of high-pressure stent-
ing on the extent and spatial distribution of neointimal
ingrowth within and adjacent to the stent as well as on
late stent dimensions. Intravascular ultrasound (IVUS) is
a relatively new clinical tool to assess the delicate inter-
action between the stent and the vessel wall that cannot
be seen in coronary angiography, and it allows precise
guidance for stent optimization.23 Moreover, IVUS, un-
like coronary angiography, can also depict the vessel wall
and therefore currently is the only tool to assess the
amount and composition of plaque burden*7 as well as
changes in vessel geometry over time. 510
The purpose of the present study was to compare im-
mediate and long-term angiographic and ultrasound re-
sults after ultrasound-guided optimal stent deployment in
a consecutive series of patients. We wanted to determine
the mechanism of restenosis, assess the amount and dis-
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tribution of neointimal ingrowth, and measure the refer-
ence segment response after IVUS-guided high-pressure
stenting with respect to cross-sectional area changes of
total vessel, lumen, and plaque adjacent to the stent.

Methods
Patients

We prospectively studied 80 patients aged 37 to 88 years
(mean age, 61 years) after successful IVUS-guided placement of
Palmaz-Schatz coronary stents (Johnson and Johnson Interven-
tional Systems) in 84 lesions between February 1994 and April
1995. All patients had given written informed consent for the
implantation procedure and the follow-up investigation. The 80
patients represented a consecutive series of IVUS-guided Pal-
maz-Schatz stenting procedures, while 85 other patients with suc-
cessful stent implantation during the same time at our institution
were not eligible for the present study either because they had
received a different stent type, no IVUS study was performed, or
they had not yet completed the follow-up. Twelve patients were
excluded from analysis because of technical shortcomings or the
use of different ultrasound equipment during the follow-up in-
vestigation. Therefore, 68 patients with a total of 72 stented le-
sions were enrolled in the present study.

Indications, Stents, Implantation Technique, and
Adjunctive Therapy

The indications for stent deployment were acute vessel closure
in 5 lesions (7%), dissection and/or suboptimal result in 18
(25%), or elective in 49 (68%, with 29 restenoses). A total of 88
Palmaz-Schatz stents (mean. 1.2+0.5 stents/lesion) were used:
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45 15-mm standard stents with a central articulation, 2 new 18-
mm and 25 new 14-mm stents with a double-spiral articulation,
10 half (7-mm) standard stents, and 6 new 8-mm stents. Fifty-
eight lesions were covered by a single stent and 14 by 2 to 3
serial overlapping stents. The stented lesion was located within
one of the main native coronary arteries in 53 cases or in a
venous graft in 19 (Table 1). All target vessels allowed at least a
3.0-mm balloon diameter for stent placement. After predilation,
the stents were manually crimped on the same balloon catheter
and expanded until an angiographically optimal result had been
achieved (ie, visual diameter stenosis <10%). IVUS was then
performed to assess the diameters of both the reference segments
and the stent. Redilations with higher pressure up to 22 atm and/
or a larger balloon diameter were performed if necessary (Table
2) to reach an optimal stent expansion as described elsewhere.?
For vessels with a lumen area of >9 mm?, criteria for optimal
stent expansion were similar to those used in the MUSIC study !
(see “Appendix”). Short (9-mm) balloons were used in 34 (47%)
of the lesions. In 21 patients, the first IVUS analysis was per-
formed before stent placement to assess lesion composition and
dimensions. All patients were receiving long-term treatment with
low-dose aspirin (100 mg/d) and antianginal therapy. Before stent
delivery, unfractionated heparin (10 000 to 20 000 IU) was given
intravenously to maintain an activated clotting time >300 sec-
onds. Forty-four patients met the IVUS criteria of optimal stent
expansion and continued taking low-dose aspirin intake as their
only antithrombotic therapy. The remaining 24 patients received
a combination of low-dose aspirin and either ticlopidine (500
mg/d) or coumadin for 4 to 8 weeks.

Follow-up Protocol

All patients in the present study were seen in the outpatient
department of our institution 4 to 6 weeks after stent placement
and were scheduled for repeat coronary angiography at 6 months
after stent placement or earlier if symptoms or exercise tolerance
tests suggested restenosis. The control angiogram was performed
in all 68 patients at a mean of 4.8+2.5 months after the initial
procedure.

Angiography and Analysis

Initial and follow-up angiograms were performed in multiple
biplane projections with the use of 8F guiding catheters after
intracoronary injections of 0.25 mg nitroglycerin. All projections
of the initial angiography were repeated at follow-up. From tech-
nically suitable angiograms, the optimal views of the stented le-
sion were digitized (MediaGrabber, RasterOps Corp) with an im-
age resolution of 640480 pixels. Qualitative analysis of baseline
angiograms was performed with respect to lesion type and type
of dissection after predilation according to AHA/ACC classifi-
cations.'> Computerized quantitative analysis was performed ac-
cording to previously described and validated edge-detection al-
gorithms, with the guiding catheter taken as reference.'3
Quantitative measurements included the proximal and distal di-
ameters of the reference, giving the mean reference diameter, the
minimal lumen diameter, and the length of the lesion. Immedi-
ately after optimization of the stent and at follow-up, the minimal
stent lumen diameter and the reference lumen diameters were
measured and diameter stenosis was calculated with the use of
the view that showed the most severe lumen narrowing. Further-
more, acute lumen gain (final minimal diameter after stent optimi-
zation minus minimal lesion diameter), late lumen loss (final min-
imal stent lumen diameter minus follow-up minimal lumen
diameter), net lumen gain (acute lumen gain minus late lumen
loss). and loss index (late lumen loss/acute lumen gain) were
calculated.

IVUS Procedure and Analysis

Every IVUS investigation within a single patient was per-
formed with the use of the same IVUS system at baseline and at
follow-up. Twelve patients with 14 lesions were studied with the
use of an electronic system with a 3.5F catheter operating on a
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TasLE 1. Patient Characteristics, Lesion Morphology,
and Indication for Stenting

Age, y 61+15
Men, n (%) 58 (85)
Prior myocardial infarction, n (%) 31 (45)
Ejection fraction, % 58+11
Angina class (CCS), n (%)
| 13 (19)
] 12 (18)
n 18 (26)
v 25 (37)
Number of diseased vessels, n (%)
1 14 (20)
2 21 (31)
3 33 (49)
Treated vessel, n (%)
LAD 23 (32)
LCx 15 (21)
RCA 15 (21)
CABG 19 (26)
Lesion type,* n (%)
A 9 (13)
B 42 (58)
C 21 (29)
Lesion length, mm 10.6+6.2
Indication for stenting, n (%)
Elective 49 (68)
Emergency 5(7)
Suboptimal result 18 (25)
Restenosis, n (%) 29 (40)
Dissection before stenting,” n (%)
None 45 (63)
A 45
B 6 (8)
(¢} 12 (17)
DtoF 5(7)
Stents per lesion, n (%)
Single stent 58 (81)
Two stents 12 (16)
Three stents 2 (3

CCS indicates Canadian Cardiovascular Society; LAD, left anterior de-
scending artery; LCx, left circumflex artery; RCA, right coronary artery;
and CABG, coronary artery bypass graft. Values are mean+SD except for
percentages.

*According to American Heart Association/ACC criteria.’”

frequency of 20 MHz (Endosonics Corp). In 56 patients with 58
lesions, a mechanical system (Vingmed Corp) with a 30-MHz
probe mounted on a 2.9F common sheath catheter (Cardiovas-
cular Imaging Systems Inc) was used. After the patient was given
an intracoronary injection of 0.25 mg nitroglycerin, the IVUS
catheter was introduced into the coronary artery distal to the
stented segment. Under continuous video registration (S-VHS,
Panasonic 7330-E, Matsushita Electric Inc), a slow manual pull-
back was performed by the same operator (H.M.) from a distinct
landmark through the entire stented lesion back to the guiding
catheter. All 56 TVUS studies with the mechanical system at fol-
low-up as well as 26 baseline studies were performed with the
use of a motorized pullback system (Cardiovascular Imaging Sys-
tems Inc) at a speed of 0.5 mm/s. After every procedure, the
imaging catheter was tested for correct distance calibration by
imaging cylindrical phantoms with an internal diameter of 2.0 to
5.0 mm.

IVUS images of optimal quality that showed a central and
coaxial position of the probe from the proximal and distal refer-
ences 1 to 3 mm apart from the stent ends by use of reproducible
landmarks such as calcium spots or side branches and taken from
three to five distinct locations within the stent (Fig 1) were di-
gitized off-line (MediaGrabber, RasterOps Corp).
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TaBLE 2. Angiographic Measurements

Before Acute Stent

Intervention Result Follow-up
Mean reference diameter, mm 3.04+0.72 3.16+0.61* 3.09+0.60
Minimal lumen diameter, mm 0.82+0.44 3.04+0.86t1 2.25+0.80%
Stenosis, % 73+12 3+12t 27+21%
Acute lumen gain/late loss, mm 2.22+0.53 0.78+0.72
Net gain, mm 1.44+0.74
Loss index L 0.34+0.30
Nominal balloon/artery ratio 1.17+0.23
Measured balloon/artery ratio 1.10+0.15
Maximal inflation pressure, atm 13.7+3.7

Values are mean=+SD.

*P<.05 vs before intervention.
1P<.0001 vs before intervention.
$P<.0001 vs acute stent result.

Qualitative Analysis

Plaques were characterized according to their acoustic prop-
erties. Type A plaques showed attenuation of the ultrasound sig-
nal within at least 45° of the vessel circumference, whereas type
B plaques did not show these characteristics.

Quantitative Measurements

The reproducibility of IVUS measurements within coronary
stents has been previously published for use of the electronic
system.? For the mechanical system predominantly used in the
present study, reproducibility between repetitive IVUS pullbacks
was additionally tested for vessel area, stent area, and lumen area
determination at 40 randomly chosen corresponding sites. The
absolute and relative differences (mean+SD) between two con-
secutive measurements for vessel area, stent area, and lumen area
were 1.4+1.2, 0.7+0.6, and 1.21.2 mm? and 6.9+7.0%, 5.7=
5.7%, and 10.2+9.7%, with correlation coefficient values of .94,
.95, and .91, respectively.

The minimal lumen area, minimal stent area, and vessel area
(within the medial to adventitial border) were traced in each
frame and calculated by use of a commercially available software
program for IVUS measurements (TapeMeasure, Indec Systems
Inc). Residual plaque burden was calculated as vessel area minus
lumen area. Neointimal ingrowth was defined as echogenic ma-
terial within the stent at follow-up and assessed with respect to
maximal thickness and absolute as well as relative area (stent
area minus lumen area and stent area minus lumen areax100/
stent area, respectively) at the tightest stent site and all other sites
interrogated at baseline. From corresponding baseline and fol-
low-up frames, the following parameters were determined for the
stented and the reference segments: lumen loss (minimal stent or
lumen area at baseline minus minimal lumen area at follow-up),
stent compression (stent area at baseline minus stent area at fol-
low-upXx 100/stent area at baseline), chronic vessel recoil (vessel
area at baseline minus vessel area at follow-upXx 100/vessel area
at baseline), and plaque area change [(vessel area minus lumen
area at follow-up) minus (vessel area minus lumen area at base-
line)]. In patients who showed a minimal lumen diameter at fol-
low-up less than the diameter and ring-down artifact of the echo
probe, the calculations of neointimal hyperplasia were based on
the angiographically determined lumen diameter, assuming a cir-
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cular residual lumen shape. In the 26 lesions investigated twice
with a motorized pullback, an end-diastolic image was digitized
every 2 seconds from the distal to the proximal reference seg-
ments throughout the stent, representing 1 mm of lesion length.
In each of these sequential images, lumen and stent areas were
traced and volumetric measurements of stent volume and neoin-
timal ingrowth (stent volume minus lumen volume) were as-
sessed by application of Simpson’s rule.

Definition and Analysis of Restenosis

A stent was considered restenotic if the angiographic lumen
diameter reduction at follow-up was >50% of the mean reference
diameter or if the ultrasound analysis showed a minimal lumen
area within the stent <25% of the mean reference segment lumen
area assessed 3 to 5 mm away from the stent margins. A diffuse
restenosis was defined as a lumen narrowing according to these
angiographic or ultrasound criteria encompassing >50% of the
stent length, while shorter restenoses were defined as focal.

Statistical Analysis

Values are reported as mean=+SD. Statistical analyses were
performed with a commercially available software program
(StatView 4.02, Abacus Concepts Inc). Correlations between
repetitive ultrasound or angiographic measurements were
tested by linear regression analysis for two variables. Intra-
individual comparisons were made by use of the paired 7 test.
For unpaired variables, a Mann-Whitney U test was per-
formed. A difference was considered significant with a two-
sided probability value <.05.

Results

There were no procedural complications except two
side-branch occlusions during stent optimization followed
by a mild enzyme elevation with no changes in the ECG.
No stent thrombosis was observed.

Angiographic Analysis

The majority of the lesions were types B and C (Table
1), and the mean lesion length was 10.6+6.2 mm. No dis-
sections were present at the time of the final angiogram.
The quantitative angiographic and procedural data are
given in Table 2. At follow-up, a lumen diameter stenosis
=50% was seen in 11 of the stented lesions, resulting in
a restenosis rate of 15.3% (CI, 7.8% to 25.6%).

IVUS Analysis

Qualitative Assessment at Baseline

Lesion morphology was assessed in 21 lesions (29%)
before stent deployment; in the remaining cases, this was
achieved during the first IVUS analysis after stent place-

17



Chapter 2

TasLE 3. Intravascular Ultrasound Area Measurements
at Baseline (After Stent Optimization) and at Follow-up

Baseline Follow-up
(n=72) (n=72) P
Reference segments
Vessel area, mm?
Proximal 21.7+5.8 21.9+6.2 NS
Distal 20.0+7.4 20.6+6.8 NS
Mean 21.3+6.2 21.3+6.1 NS
Lumen area, mm?
Proximal 11.4+3.7 10.6+3.8 .002
Distal 9.8+3.9 9.56+3.7 NS
Mean 10.5+3.5 10.1+3.8 NS
Plaque area, %
Proximal 4611 5011 .015
Distal 48+11 50+10 NS
Stented segment
Vessel area, mm?
Proximal 24.1+6.2 24.2+6.2 NS
Medial 23.1+6.1 23.0+5.4 NS
Distal 22.8+7.5 23.5+7.0 NS
At tightest stent site 28.0+7.5 23.2+6.9 NS
Mean 23.4+59 28.5+59 NS
Lumen area, mm?
Proximal 10.1+2.9 8.4+3.7 <.0001
Medial 9.7+3.2 7.5+3.6 <.0001
Distal 9.7+8.2 8.1+3.8 <.0001
Minimal 8.4+29 7.1+3.6 <.0001
Mean 9.5+3.0 7.8+3.5 <.0001
Lumen area stenosis, %
Average stenosis 7+15 1522 <.001
Maximal stenosis 15+14 30+26 <.001
Plaque, %
Average plaque area 54+8 54+8 NS
Tightest site plaque area 58+10 56+9 NS

Values are mean=SD.

ment. The plaque type at the tightest lesion site could be
assessed in 66 (92%) of the 72 lesions. In 22 (33%) of
these lesions, a type A plaque was found; in 44 lesions
(67%). a type B plaque was found.

The vessel area could be assessed in 113 (84%) of the
134 reference segments and in 93 (40%) of 232 analyzed
sites within the stent, while in the remaining sites, distal
shadowing due to stent filaments and/or calcium precluded
a sufficient tracing of the inner adventitial contour.

At the final IVUS analysis, all stents were properly at-
tached to the vessel wall over their entire length. There
was no evidence of plaque prolapse within or adjacent to
the stent.

Quantitative Analysis at Baseline

The lumen area at the proximal and distal reference sites
was 11.4+3.7 and 9.8+3.9 mm?, respectively. Within the
stent, the lumen area at the tightest site was 8.4+2.9 mm>.
The average lumen area of all analyzed stent sites was
9.5+3.0 mm~. This resulted in a residual maximal and
averaged area stenosis of 15+14% and 7+15%, respec-
tively. The vessel area of the proximal and distal reference
sites was 21.7+5.8 and 20.0+7.4 mm?, respectively. The
corresponding mean plaque areas occupied 46+11% and
48+11% of the vessel area, respectively. The mean vessel
area within the stent was 23.4+5.9 mm? and 23.0+7.5
mm? at the tightest in-stent site. The area encompassed by
the residual plaque covered 54=8% of the vessel area on
average (Table 3). At the tightest stent site, the plaque
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burden was significantly higher than at all other stent sites
(58£10% versus 53+8%; P=.0087). Type B lesions
showed a smaller residual mean plaque area within the
stent than type A plaques (P=.0242) but no difference of
the residual area stenosis (Table 4).

Qualitative Assessment at Follow-up

At follow-up, echogenic material within the stent rep-
resenting neointimal ingrowth could be clearly identified
to various degrees within every stented lesion. In four le-
sions with severe diffuse in-stent restenosis, the diameter
of the imaging catheter was larger than the residual lumen
diameter, thus precluding a precise ultrasound measure-
ment of the neointimal mass. The neointimal material
showed a great variability with regard to its spatial distri-
bution within the circumference of the stent and its thick-
ness within each stent cross section.

Quantitative Analysis at Follow-up

The lumen area of the distal reference segments re-
mained unchanged at follow-up, whereas the proximal ref-
erence showed a slight decrease (Table 4). The intraindi-
vidual changes of reference lumen area did not correlate
with the corresponding plaque burden at baseline, but type
B plaques demonstrated a larger lumen loss than type A
plaques (P=.0430) (Table 4). The average and minimal
lumen areas within the stent had significantly decreased to
7.8+3.5 and 7.1+3.6 mm?, respectively (Table 3). This
corresponded to a maximal and average late lumen area
loss of 1.8+2.3 and 1.6+2.0 mm?, respectively, with a
trend, albeit nonsignificant, toward a larger lumen loss in
type B lesions (Table 4). Nine lesions showed a restenosis
according to IVUS criteria, with a diffuse pattern in six
stents and a focal pattern in three stents (two mid and one
proximal). The stent area at all analyzed sites was not sig-
nificantly different from the baseline value. The measured
differences between baseline and follow-up demonstrated
anormal distribution around zero (Fig 2A). The vessel size

TaBLE 4. Intravascular Ultrasound Measurements
Within the Reference Segments and the Stented
Segments in Type A and Type B Lesions at Baseline
(After Stent Optimization) and at Follow-up

Plaque Type
Type A Type B
(n=22) (n=44) P
Baseline
Stented segment
Area stenosis after stent 8+11 6+17 NS
implantation, %
Residual plaque burden, % 58+10 53+9 .024
Reference segment
Residual plaque burden, % 48+8 47+8 NS
Follow-up
Stented segment
Late lumen loss, mm? 1.4+1.7 2.0+2.7 NS
Neointimal area (% stent 17x20 24+24 NS
area)
Changes in plaque area 12+20 1721 NS
(% vessel area)
Reference segment
Late lumen loss, mm? -0.6+1.8 0.3+2.0 .043

Changes in plaque area 5+13 4=9 NS
(% vessel area)

Values are mean+SD and represent the average of all analyzed sites
of a segment.
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of the reference and stent sites remained within the twofold
interstudy variability of £15% in most stented segments.
In 7% of the reference sites and in 6% of the stent sites,
the vessel size showed a decrease >15%. A >15% in-
crease was present in 17% of the reference sites and in
15% of the stent sites (Fig 2B and 2C). A change in vessel
size correlated with a parallel lumen area change only at
the reference sites (r=.64, P<<.0001) but not within the
stent. The neointimal ingrowth had a maximal thickness
of 0.6+0.7 mm and covered an area of 2.5+2.4 mm?,
reaching up to 1.6 mm or 11.3 mm? in patients with sig-
nificant restenosis. The neointimal ingrowth covered
20+20% of the stent area on average and 26+25% at the
tightest stent site (Table 5). The late lumen area loss and
neointimal area were strongly correlated (y=0.56+0.88x;
r=.94). The neointimal ingrowth was most pronounced in
the midsection of the stent, as were the absolute and rel-
ative changes in plaque area (Table 5). Regions of stent
overlap in multiple stents did not show a more pronounced
neointimal ingrowth. Compared with the spiral-bridged
Palmaz-Schatz stent, articulated 15-mm stents did not
show a significantly smaller minimal lumen area at follow-
up despite a smaller acute minimal stent area. Accordingly,
late lumen loss and neointimal area were larger in the mid-
section of the nonarticulated stent despite comparable bal-
loon size and inflation pressure used during stent optimi-
zation (Table 6). Restenotic stents did not show a smaller
stent area than stents without restenosis (Table 7). The
absolute and relative changes in plaque area did not sig-
nificantly correlate with the lesion type or with the residual
plaque area at baseline.

Volumetric IVUS Results

In the 26 lesions that were assessed with motorized pull-
back both at baseline and at follow-up, stent volume did
not decrease. In-stent lumen volume, however, decreased
from 13832 to 124+40 mm? in patients without reste-
nosis and to 4331 mm* in patients with restenosis due
to neointimal ingrowth, resulting in a 65+28% reduction
of lumen volume due to neointimal ingrowth (Table 8).
The middle third of the stented segment showed a trend
toward a more pronounced neointima formation than the
proximal and distal thirds of the stent.

Discussion

This follow-up study in 68 consecutive patients under-
going IVUS-guided stenting demonstrates the mechanisms
and extent of lumen renarrowing within Palmaz-Schatz
stents and the late response of the adjacent reference seg-
ments. Our results show that restenosis of Palmaz-Schatz
stents is exclusively due to neointimal ingrowth, which is
most pronounced in the middle portion of the stent, and
not to stent compression. The adjacent reference segments
not covered by the stent did not show a clinically relevant
change in lumen dimensions or a change in total vessel
area in the majority of the lesions despite application of
high balloon pressures.

Angiographic Results

IVUS guidance of stent optimization resulted in an an-
giographic residual lumen diameter stenosis of 3+12%
and is comparable to the latest studies published by Co-
lombo et al'* and Hall et al,'> which show a mean residual

TaBLE 5. Intravascular Ultrasound Measurements of Late Lumen Loss, Neointimal Ingrowth, and Change

in Plaque Area at Different In-Stent Locations

Stent Sites
Proximal (n=70) Medial (n=64) Distal (n=71) Tightest (n=72) All* (n=72)
Late lumen loss, mm? 1.7+25 21+25 1.6+2.4 1.8+2.3 1.8+2.0
Neointimal area, mm? 1.7+2.2 2.3+26 1.9x24 25+2.4 2.0+1.9
Neointimal area, % 1720 24+27 20+20 26+25 2020
Maximal neointimal thickness, mm 0.3+0.4 0.5+0.4 0.3+0.3 0.6+0.7 0.4+0.4
Absolute change in plaque area, mm? 2.2+41 2.7+3.6 1.7+4.2 NAt 2.4+31
Relative change in plaque area, % 10+18 1519 1020 NAT 14+20

Values are mean=SD.
*Average of all stent sites for each lesion.

TNot available because of different location of the tightest in-stent site at baseline and at follow-up.
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TABLE 6.

Intravascular Ultrasound Measurements in Articulated and

Nonarticulated Single Stents in the Midsection of the Stents

Articulated (15-mm)

Nonarticulated (14-mm)

Stent (n=34) Stent (n=19)
Acute stent result
Lumen area, mm? 7.5+2.4 10.7+2.6 .0001
Follow-up
Lumen area, mm? 6.5+2.6 7.4+3.3 NS
Late lumen loss, mm? 1.2+2.2 2.8+2.3 .035
Neointimal area, mm? 1.3+2.2 3.0+£2.2 .013
Neointimal area, % 18+28 32+25 NS

Values are mean=+SD.

diameter stenosis of 0+14% and 1+10% achieved with
comparable definition of IVUS criteria for optimal stent
deployment. Although the present study includes only a
relatively small number of consecutive patients, the reste-
nosis rate of 15.3% appears remarkably low, particularly
when considering the fact that 40% of all patients pre-
sented with restenosis as the primary stent indication.
These data compare favorably with the results of the
STRESS and BENESTENT studies'¢!7 and are compara-
ble to the 19% restenosis rate in another series after IVUS-
guided stenting.'$ This might be the result of achieving a
maximal acute lumen gain through IVUS-guided stenting.
This concept was previously introduced by Kuntz and col-
leagues 920 for angioplasty in general and is currently the
only clinically available approach to enhance late lumen
dimensions, because effective methods to reduce tissue
proliferation within the stent are still under investigation.
Despite the given correlation between acute gain and late
10ss,20 the mean late lumen loss in this series with en-
hanced initial gain is only slightly higher than in the
STRESS and BENESTENT studies, resulting in a higher
net gain and a lower loss index.

Ultrasound Assessment Within the Stent

The stent expansion achieved by the use of IVUS guid-
ance led to a mean area stenosis of 7%, reaching up to
15% at the tightest stent site. The acutely achieved stent
expansion remained unchanged during follow-up at each
stent site, indicating a lack of any significant stent com-
pression as shown in previous angiographic and ultrasound
studies.'222 A change in vessel area within the stent oc-
curred in ~20% of the analyzed sites, with no correlation
to the corresponding lumen area. This shows that vessel
remodeling in the stented segment does not affect the lu-
men. Neointimal ingrowth represented the only relevant
mechanism of in-stent restenosis in this series of patients.
This result is in accordance with the results of animal stud-
ies showing an exaggerated intimal hyperplasia after stent-
ing in the pig model?2+ and with previous clinical obser-
vations.!212225 Despite a large variability in the spatial

TABLE 7.

distribution and amount of neointimal formation, there was
a strong correlation between late lumen loss and neointi-
mal area. The volumetric assessment showed a 20% re-
duction in stent lumen volume by neointimal ingrowth.
This result in a nonselected consecutive series of patients
compares favorably with the results of the Washington
Center group, which showed a 20% reduction in patients
without restenosis and 48% in patients with restenosis, and
may be due to the larger relative stent expansion achieved
in our series (93% versus 77%).22 Regardless of the stent
type (articulated or nonarticulated), the site with the largest
lumen loss due to neointimal formation was located in the
midportion of the stent. This finding has been reported
before for articulated Palmaz-Schatz stents.2¢ The articu-
lation site, with its lack of mechanical support and more
severe injury to the intima, was thought to be the main
cause of excess neointima formation.2¢ Our results, how-
ever, suggest that other, more lesion-specific factors, such
as enhanced cellular proliferation at the center of the target
lesion, are responsible for this overly proportional neoin-
timal ingrowth. The observed trend toward a lower intimal
proliferation in type A lesions also suggests a relation be-
tween plaque characteristics and the degree of cellular pro-
liferation response after stenting.

Ultrasound Assessment of the Reference Segments
The response of the adjacent reference segments not
covered by the stent is of major interest because high-
pressure dilation in this region may lead not only to acute
dissections but also to severe barotrauma, triggering a cel-
lular hyperplastic reaction.232427 A major advantage of ul-
trasound guidance during stent optimization consists in the
detailed knowledge it provides of the true vessel dimen-
sions and plaque burden adjacent to the stent, which allows
a precise sizing of the balloon used for high-pressure in-
flations.23 This appears to be the reason that dissections
outside the stent could be avoided in this series. Moreover,
the minimal late lumen loss found in this series only within
the proximal reference segments, which paralleled a slight
increase of plaque area, may be interpreted as the result of

Intravascular Ultrasound Measurements at Follow-up in

Lesions With and Without Restenosis According to Angiographic

and/or Ultrasound Criteria

No Restenosis Restenosis
(n=61) (n=11) P
Stent CSA, mm? 9.6+3.2 9.1x1.6 NS
Lumen area at follow-up, mm? 8.5+3.3 3.9+25 <.001
Neointimal area, mm? 1.5+1.4 54+29 <.0001
Neointimal area, % 15+14 57+27 <.0001

Values are mean+SD.
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TaBLE 8. Intravascular Ultrasound Measurements of Stent Volume,
Lumen Volume, and Neointimal Volume in 26 Patients Investigated
With a Motorized Pullback System at Baseline and at Follow-up

Total Proximal Medial Distal
Stent volume after implantation, mm?® 138+32 47.0+11 4612 45+14
No restenosis (n=22) 138+31
Restenosis (n=4) 140+40 e L. .
Stent volume at follow-up, mm?® 14045 48+12 47+13 45+14
No restenosis (n=22) 142+36
Restenosis (n=4) 13934 S o .
Lumen volume at follow-up, mm?® 11247 39+15 3616 3717
No restenosis (n=22) 124+40
Restenosis (n=4) 43+31 . C ..
Neointimal volume, mm? 28+37 9+12 11+15 8+11
No restenosis (n=22) 1819
Restenosis (n=4) 9664 . L L.
Relative neointimal volume, % 20+23 18+24 23+26 18+23
No restenosis (n=22) 13+14
Restenosis (n=4) 65+28

Values are mean=SD.

a less traumatic high-pressure dilation strategy. These ob- Schatz stents) did not cause different lumen dimensions at

servations have interesting clinical implications, because
it is still not known to which vessel region the stent cov-
ering should ideally be extended to minimize the risk of
restenosis. Despite an average plaque burden of 47%
within the reference segments, without angiographic evi-
dence of lumen narrowing reflecting the Glagov effect,
there was no evidence for a significant progression of the
disease during the follow-up period.

Limitations of the Study

The relatively small number of patients eligible for
analysis in this study may render it difficult to generalize
the results and to apply them to other patient populations
with possibly different lesion characteristics, eg, smaller
target vessels. However, this study represents a consec-
utive series of patients treated with a standardized pro-
tocol of IVUS guidance according to the criteria used in
the MUSIC study.'" Only a limited number of cross sec-
tions within the stented segment, ie, the proximal, medial,
and distal stents, could be analyzed serially because not
all patients were investigated with a motorized pullback
system at baseline and at follow-up. Because the volu-
metric assessment performed on those patients analyzed
twice by means of a motorized pullback shows similar
results compared with the general study population, it
seems unlikely that the analysis of more in-stent sites
would have led to different results. The mode of lesion
classification used in this study also represents a limita-
tion because it was performed in most patients after stent
placement, which may have altered the echo reflective-
ness of the compressed plaque material. For this reason,
a crude classification of plaques was used that was based
solely on the presence or absence of shadowing of the
ultrasound beam. An a priori analysis of every lesion be-
fore stent placement would allow a better understanding
of specific lesion differences during stent placement.

Conclusions

The results of this study of a consecutive series of pa-
tients undergoing IVUS-guided stenting clearly show that
in-stent restenosis is exclusively due to neointimal in-
growth and not to stent compression. Furthermore, differ-
ent stent designs (articulated or nonarticulated Palmaz-

follow-up. Despite the application of high-pressure bal-
loon inflations generally involving the reference segments
with a plaque burden at baseline of nearly 50% of the
vessel area, there was no relevant change of reference lu-
men dimensions at follow-up. This result may be of clin-
ical relevance for the definition of optimal stent length.

Appendix

An optimal stent expansion was defined as follows:

1. Complete apposition of the stent against the vessel wall.

2. Minimal in-stent lumen area =90% of the averaged refer-
ence lumen area or =100% of the smaller reference lumen area.
In stents with a minimal lumen area =9.0 mm?, this parameter
had to be =80% of the averaged reference lumen area or =90%

of the smaller reference lumen area.

3. Lumen area at the proximal stent entrance =90% of the

proximal reference lumen area.
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Introduction

Restenosis remains the major limitation of percutaneous,
catheter-based interventional therapy. The endovascular appli-
cation of radioactivity may offer a preventive treatment strategy.
Since the first clinical trial, conducted in 1990 in patients with
in-stent restenosis of femoropopliteal arteries using gamma (Ir-
192) radiotherapy?, a substantial number of controlled clinical
trials have been completed. Coronary gamma radiation was first
applied in Venezuela? and randomized clinical trials were first
conducted in the U.S. In Europe, most experience has been
gained with beta-radiation, the gamma radiation has been used
in a few centers and few patients®. Important reasons are the
strict regulatory requirements regarding shielding, storage and
transportation of these sources.

Over the last year, a number of points have become evident in
coronary application of radiation. First, radioactive stents do
not show overall beneficial therapeutic effect. Second, beta-
brachytherapy seems to be as effective as gamma-
brachytherapy in the mid-term follow-up (1 year). Third,
vascular brachytherapy is effective for the treatment of in-
stent restenosis, but its effectiveness in lesions with new
stent implantation is ambiguous. For the coming years, the
questions regarding the duration of anti-thrombotic
treatment, the long-term outcome and the benefit in de-novo
lesions in patients at very high risk for restenosis have to be
answered. This chapter summarizes the clinical experience
and gives an overview of the current practice.

Definition

Brachytherapy is derived from the Greek “Bpoyyvc” (brachy)
meaning short and “Oepomera” (therapy) meaning treatment
to describe the application of radioactivity by a sealed source
at a very short distance to the target tissue, e.g. by intracav-
itary or interstitial source placement. Recently, the term
vascular brachytherapy has been introduced to describe
endovascular radiation therapy.

Rationale

Radiotherapy has been proven successful in the treatment of
hypertrophic scars, keloids, heterotopic bone formation,
ophthalmic pterygia and solid malignancies’. In non-
malignant diseases, radiation inhibits efficiently fibroblastic
activity, without influencing the normal healing process, and
without causing significant morbidity during long term
follow-up of up to 20 years.

Brachytherapy has the physical benefit that very high doses of
radiation can be delivered directly or almost directly to the target.
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Basic radiation physics

Radioactivity

Radioactivity is the spontaneous process in which an unstable
nucleus, which has either too many or too few neutrons, turns
to a stable state (ground state) whereby superfluous energy is
released.

The release of energy is called radiation, which can be in the
form of electromagnetic waves, like gamma radiation, or of
particle rays, like alpha, beta and neutron rays. This process
is often called the “disintegration” of an atom.

The activity (A) can be expressed by the quotient of the
number of disintegrations (dN) within a time interval (dt).
The mathematical expression for the activity is:

A = -dN/dt with the unit bequerel (Bq) according to the inter-
national system (SI) for units. This unit replaces the formerly
used unit curie (Ci) whereby 1 Ci = 37 10% Bq.

Decay

For most atoms the activity is proportional to the number of
nuclei (A=AN). The proportionality constant is called the
decay constant. This leads to the decay law, A=A exp(-At),
and 7»=ln2/T1/2 whereby Ty is called the “physical half-life
time”, being the time that the original activity of a nuclide
has been reduced with a factor two. The physical half-life
time is characteristic for nuclids (distinct nuclear species)
and isotopes (various forms of an element).

Biological half-life
Biological half-life is used for the time needed by the body to
eliminate one-half of an administered amount of any
substance by regular process of elimination. This time is
approximately the same for both, stable and unstable
isotopes of the same element.

Effective half-life

In case radioactive material is ingested in the human body,
both, physical and biological half-live, have to be considered.
Combination of both half-lives gives the effective half-life,
which can be expressed by 1/Tl/Zeff = 1/T1/zphy + 1/Tl/2hiol'
Half-lives can be replaced by the physical and biological
decay constants: A = lphy + Myorr

Absorption - radiation dose

The released energy during transformation of an unstable
atom into a stable atom is absorbed in tissue. The quantity of
absorbed energy in a tissue is called the “dose” with the SI
unit Gray (Gy=J/kg). The dose is strongly dependent of the
type of radiation (activity and decay) and the time span, also
called “dwell time”.
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Radiation dose rate

Dose rate is the dose of radiation per time (delivered or
received). The dose rate delivered by a source depends on the
activity of the source and the radionuclide that it contains.
Currently, all vascular brachytherapy sources deliver energy at
high dose rate.

Dose

Biological effects of the absorbed radiation are dependent on
the type of radiation and the type of tissue, which is
irradiated. The unit of the dose is joules per kilogram (Jkg™*)
and is called Sievert (Sv).

Radiation weighting factor (W_)

A correction factor that indicates the harmfulness of the type
of radiation involved.

Tissue weighting factor (W,)

The tissue-weighting factor indicates the sensitivity of an
organ/tissue to radiation.

Equivalent dose (H,).

The equivalent dose is a quantity used for radiation
protection purposes. It takes into account the probability of
effects. It is defined as the product of the averaged absorbed
dose in a specified organ or tissue (D;) and the radiation-
weighting factor (W,).

H; = WD,

Effective dose (Hp).

The sum of the products of the equivalent dose to the organ
or tissue (HT) and the tissue weighting factor (WT) applicable
to each of the body organs or tissue that are irradiated.

H =W W.D,.

Isodose

Descriptive of a locus at every point of which the absorbed

dose is the same.

Currently used isotopes

The most important physical properties of currently used
isotopes in vascular brachytherapy are listed below.

Isotope Emission Max. Energy Av. Energy Half-life
921¢ gamma 612 keV 375 keV 74 days
90Sr/%0Y beta 2270 keV 970 keV 28 years
32p beta 1710 keV 690 keV 14 days
Py beta 2270 keV 970 keV 64 h

18Re beta 2130 keV 780 keV 69 days

These isotopes show important physical differences. Basically,
gamma radiation consists of photons, beta radiation of electrons.

Gamma radiation

Gamma rays are photons originating from the nucleus of a
radionuclide, which take the form of electromagnetic
radiation. A heavy unstable nucleus will emit an alpha
(heavyweight charged particle, which can travel only very
short distances within tissues) or beta particle followed by
gamma radiation. Gamma rays may have either 1 or 2 discrete
energy values or a broad spectrum of many energy values.
They penetrate deeply within tissues.

X-ray radiation

X-rays are comparable to gamma radiation. Their physical
characteristics are similar, however, their origin is different.
While the photons of gamma radiation originate from the
nucleus, the photons of x-rays originate from the electron
orbit. X-rays used in catheterization laboratories have an
energy level of maximal 125 kVp.

Beta radiation

Beta particles are lightweight high-energy electrons, with
either positive or negative charge. When beta particles, which
can travel only finite distances within tissues, are slowed
down by nuclei interactions, they give rise to high
penetration X-rays, called Bremsstrahlung.

Major differences between gamma
and beta radiation

The interaction of photons with other material is much lower

than the interactions with electrons. That means, the energy

transfer to other material is less intensive for gamma than for
beta radiation. In the setting of brachytherapy, this has two
major consequences.

a. Dwell time: to obtain a defined dose in a tissue at a
certain distance from a source, gamma sources require
much higher activities or much longer dwell times in
comparison to beta sources.

b. Radiation exposure: the exposure to the staff inside and -
because of deep tissue penetration- outside the catheteri-
zation laboratory is much higher during treatment with
gamma radiation than beta radiation. In consequence,
staff should leave the catheterization laboratory during
radiation treatment and additional shielding facilities
have to be implemented.

The clinically and practically most relevant advantages and

disadvantages are as follows:
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Gamma radiation

PRO’S:

e Effective in randomized, double blind, placebo-controlled
trials

® Deep tissue penetration (ideal for large vessel diameters)

e No attenuation of Ir -192 gamma radiation by stent struts
(ideal for in-stent restenosis)®°.

CON’S:

® Extensive shielding required (25mm lead)

e High radiation exposure for patient and staff
o Staff has to leave catheterization laboratory
® Long dwell times (8-20 min)

Beta radiation

PRO’S:

e Simple shielding by means of thick plastics

® Short dwell times (3-10 min)

e Radiation exposure to the patient only local

® Radiation exposure to staff is negligible

e Staff can remain in the catheterization laboratory

CON’S:

e Lack of data concerning its efficacy except in-stent
restenosis

© Probable not able to treat vessels with diameters >4 mm
(with existing devices)

* Inhomogeneity of the dose (evtl. centering device required)

e Partially shielded by stents and calcified plaques

e Dose distribution calculations of beta emitters are more
complicated

Mechanisms of action

Cell biological effects

Absorbed radiation can cause damage in a tissue either
directly by ionization or indirectly by interacting with
other molecules to produce free radicals, which will subse-
quently damage the critical target. Approximately 80% of
the radiation damage is caused by these free radicals. The
most critical target is DNA, in consequence, early and late
toxic effects in normal tissue are mainly caused by cell
death.

These biological effects are independent of the radiation type
(gamma, beta or X-rays) whereas total radiation dose and
dose rate are of major importance, since damage caused by
radiation can be repaired between fractionated doses or
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during low dose rate exposure!!. Furthermore, there seems
also to be an inverse dose rate effect in human cells most
probably by blocking cells in the mitosis (G2) phase of the
cell cycle at low dose rate (approx. 6 mGy/min), which is
known to be more radiosensitive, thereby causing more cell
death.

Experiments with human cells addressed long-term effects of
radiation. Human aortic cells show a significant decrease in
their clonogenic potential after radiation. Modulation of the
subsequent repopulation of the surviving cells under the
assumption that the repopulation kinetics were similar to
those in non-irradiated cells, revealed a delay by factors of
approximately 6 to 8. This would shift the time to restenosis
from a median of 6 months in non-radiated cells to median
values from 36 months (for 13 Gy) to 43 month (for 15 Gy)*2.

Experimental data

In injured vascular tissue, radiation doses of 12-20 Gy
appear to be efficacious in inhibiting neointimal formation**
15, The local mechanisms of action and time course are
complex, dose dependent and poorly understood. Possible
high dose radiation effects include an anti-angiogenic
effect® and decrease of smooth muscle cells!’ on the adven-
titia, selective inactivation of smooth muscle cells'® and
myofibroblasts'?, or complete elimination of their prolifer-
ative capacity at doses >20 Gy. Application of lower dose
could mean, that restenosis would only be delayed for the
period of time necessary for the population of smooth
muscle cells to regenerate. Furthermore, low dose radiation
even promotes cellular growth. Low dose radiation (+2 Gy)
has been shown to potentiate cellular metabolic activities®®
and hormesis (immunologic response) in various tissues
(splenocytes?!, thymocytes??, macrophages?® and
hematopoietic cells?#). Furthermore, in experimental studies
of endovascular brachytherapy it was shown that relatively
low-doses (+10 Gy) caused a paradoxical increase in tissue
response?2,

Long-term experiments in normal porcine coronary arteries
after balloon injury and beta radiation showed that
neointima formation is not inhibited at 6-month follow-
up?”28, Unresorbed thrombus was an important contributor of
augmented neointima formation. The adventitia showed
thickening with substantial collagen accumulation?. Fatal
subacute and late thrombosis was seen at 5 days, 7 days,
3 months and 4 months after the index procedure. The animals
had received the combination of aspirin and ticlopidin for
30 days after the index procedure and continued aspirin
therapy until sacrifice?.
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Summary of clinical trials

Over the last years, radiation has been applied in various ways
to human coronary arteries, using different sources and mode
of applications. This includes catheter-based line sources,
radioactive stents, radioactive wire?, liquid filled balloons®.
The latter have been used in few patients only, whereas there
is considerable clinical experience with catheter-based line
sources and radioactive stents. A comprehensive overview has
been recently published!.

Catheter-based line sources

Clinical trials (Figure 1) have been completed for both,
gamma (Table 1) and beta radiation (Table 2), and for
different lesion types.

Table 1. Results of placebo-controlled gamma radiation trials at 6-
month follow-up.

Study No Gy  Lesion length ~ Source Restenosis ~MACE
pts mm Rate
SCRIPPS 53 8-30tt <30 Ir-192 17 15
Placebo 54 48
WRIST 130 15* <47 Ir-192 22 35
Placebo 60 68
Long WRIST 120 15* 36-80 Ir-192 46 N/A

Placebo 78 N/A

GAMMA-1 252 8-3011 <45 Ir-192 33 28
Placebo 55 44

GAMMA-2 125 14* < 45 Ir-192 34 30
MACE = major cardiac events, N/A = not available, No pts = number of
patients.

* Dose at 2 mm from the source, 11 to E.E.M.

Table 2. Results of beta radiation trials at 6-month follow-up.

Study No Gy Lesion length Source ~ Source Restenosis MACE
pts mm__length mm Rate
Geneva 15 18t <20 29 Y-90 40 33
BERT 20 12,14, 16* <15 30 Sr/¥-90 15 15
BERT 1.5 35 12,14, 16% <20 30 Sr/Y-90 11 9
BetaWRIST 50  20.6%* <47 29 Y-90 34 34
Placebo+ 71 76
BRIE 149 14, 18* <20 30 S/N-90 34 34
Dose 181 9,12,15,18** <15 29 Y9096y 9 16
Finding Study Y-90 186y 26 13
PREVENT 96 16, 20, 24++ <22 21 P-32 22 26
Placebo 50 32
START 396 18, 20* <20 30 Sr¥-90 29 18
Placebo 45 259
Compassionate 18 16, 20* <30 30 SN0 53 47

use Rotterdam

MACE = major cardiac events, No pts = number of patients. * Dose at
2 mm from the source,

t Dose at the inner arterial surface, ** Dose at 1mm from balloon,
++dose at 1mm into vessel wall. + 50 placebo pts from WRIST.

Figure 1.
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Overview over clinical brachytherapy trials with catheter-based
line sources.

SINGLE CENTER EXPERIENCES AND REGISTRIES
Human coronary arteries were treated for the first time by
Condado et al. in 1995: De novo lesions where treated by
balloon angioplasty followed by gamma-radiation (Ir-192).
No restenosis was observed after 6 months 2. Also in 1997,
Verin reported the feasibility of beta sources after balloon
angioplasty®2.

The BERT trial used beta-radiation (90Sr/Y) in 23 patients
after successful balloon angioplasty. Follow-up quantitative
coronary angiography at 6 month showed a late loss of
0.05mm and a restenosis rate of 15%?333.

BETA WRIST registry examined the beta-emitter 90-yttrium
for the prevention of recurrent in-stent restenosis in 50
consecutive patients, which underwent percutaneous translu-
minal coronary angioplasty, laser angioplasty, rotational
atherectomy, and/or stent implantation followed by radiation
with a 90-yttrium centered source. At 6 months, the binary
angiographic restenosis rate was 22%, and the target vessel
revascularization rate was 34%3.

The RENO registry is a large post marketing surveillance
registry. At 47 centers in Europe and Israel 1032 patients
were prospectively included for treatment with standard
angioplasty (balloon, stent, laser, rotational and/or direc-
tional atherectomy) followed by beta-radiation therapy (90-
Sr/Y source, Beta-Cath, Novoste). At 6-month follow-up, the
MACE rate was 18.7% (with 1.9% death, 2.6% AMI (Q or non-
Q), 16.3% target vessel revascularization) and the composite
endpoint of late thrombosis 5.4%?.

The GRANITE registry is the only multicenter gamma radiation
trial conducted in Europe. A low-dose iridium-192 source was
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used 96 in patients undergoing percutaneous revascular-
ization for in-stent restenosis. At six month, event-free
survival was 70%, the angiographic restenosis rate 32%?.
Three-year follow-up is pending.

RANDOMIZED CLINICAL TRIALS

Randomized, double blind, placebo-controlled trials have
been completed for both, gamma and beta radiation, and for
different lesion types (Figure 2).

Gamma radiation trials: The SCRIPPS trial demonstrated first
the effectiveness of 192-Ir gamma therapy for the treatment
of in-stent restenosis in 55 randomized patients®’. The results
were confirmed by the multi-center GAMMA-1 trial.
252 patients with in-stent restenosis were included to receive
192-Ir radiation or not3®.

The WRIST trial included 130 patients with in-stent restenosis
to receive 192-Ir radiation or not*.

Beta radiation trials: The PREVENT trial used a centered beta-
emitting (32) P source wire. 105 patients with de novo (70%)
or restenotic (30%) lesions who were treated by stenting
(61%) or balloon angioplasty (39%) received 0 (control), 16,
20, or 24 Gy. Angiography at 6 months showed a target site
late loss index of 11+36% in radiotherapy patients versus
55+30% in controls (P<0.0001). Restenosis rates were signif-
icantly lower in radiotherapy patients (22% versus 50%;
P:=0.018) as were target lesion revascularizations (6% vs.
24%; P:<0.05)%0.

The START trial is a multicenter (50 sites in North America and
Europe), randomized, placebo-controlled, trial, evaluating the
safety and effectiveness of the Beta-Cath System using Sr-90
in 476 patients with recurrent ISR following successful

coronary intervention. The restenosis rate within the vessel
segment was reduced by 36% (control, 45.2% vs. irradiated,
28.8%), MACE was reduced by 31%; target vessel revascular-
ization was reduced by 34%.

The multicenter BRIDGE trial randomizes patients with de
novo lesions to receive or not receive beta-radiation therapy
(32-P, centered device) following successful stent implan-
tation. Antithrombotic treatment is prolonged to 11-month
aspirin and clopidogrel. Enrollment is finished.

CLINICAL OBSERVATIONS

Positive vessel remodeling

Balloon angioplasty followed by irradiation predominantly
shows an increase in minimal lumen diameter at the treated
segment at follow-up?. This is in contrast to standard balloon
angioplasty, where late lumen loss caused by neointimal
growth and vessel shrinkage is the usual response*!42,
Irradiation inhibits neointimal growth*?, may prevent
shrinkage after balloon angioplasty** and even promote
positive remodeling at the treated segments*. Promotion of
positive vessel remodeling is dose dependent?®.

Candy wrapper effect

In contrast, edge segments show an increase in plaque
volume without adaptive remodeling***#® causing the “edge
effect” or “candy wrapper effect”, first described by Albiero et
al.* (Figure 3).

Geographic miss

In concordance with known cell biological effects and animal
data, low dose radiation at the extremities of the source and
angioplasty induced vessel injury, referred as “geographic
miss” seems to play a key role in edge restenosis and

Relative Risk and 95%CI of
Restenosis Rate

SCRIPPS
WRIST

Long WRIST |
GAMMA-I
BETA-WRIST
START
PREVENT

ials for
In-stent restenosis

Brachytherapy Better Placebo Better

Fig 2a. Angiographic restenosis

Figure 2. Outcome of randomized brachytherapy trials at 6-month follow-up

Relative Risk and 95%CI of TVR

*TLR

SCRIPPS*
WRIST

Long WRIST
GAMMA-I*
BETA-WRIST
START
PREVENT

Brachytherapy Better Placebo Better

Fig 2b. Target vessel revascularization (TVR)
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Figure 3.

Candy wrapper: Angiogram of a right coronary artery with a significant lesion in the left circumflex artery (I) before intervention, (II) after
implantation of a radioactive stent (ACS radioactive stent, Guidant, see thin arrows) and (III) at 6 months follow-up: Significant lumen

narrowing at the proximal and at the distal extremity of the stent (thick arrows), referred as “edge effect” or “candy wrapper”.

treatment failure for (beta) brachytherapy®*-*? (Figure 4;
Figure 5). This is conformed by experimental studies which
could demonstrate that the edge effect is associated with the
combination of periprocedural vessel injury and radioactive
dose fall-off at the extremities of the source®.

LONG-TERM OUTCOME

Progressively, long-term follow-up data of patients, which
had received intracoronary brachytherapy, are becoming
available. Major concerns are possible late catch-up with
increased lumen loss at the treatment site, delayed restenosis
and delayed major adverse clinical events.

The three-year follow-up of the SCRIPPS trial demonstrated an
decrease in mean minimal luminal diameter between
6 months and 3 years from 2.49+0.81mm to 2.12+0.73 mm in
(192) Ir patients, whereas the minimal lumen diameter was
unchanged in placebo patients. This angiographic finding,

Figure 4.
Geographic Miss and Restenosis Rate
QCA Analysis: Restenosis Rate [[l]

I

Irradiated segment Geographical miss Not-injured
(n=55) (n=23) (n=56)

Sabat¢ et al. Circulation 2000

Association of restenosis 6 months after coronary beta-
radiation therapy and geographic miss. The restenosis rate in
the geographic miss segments is significantly higher than in
the irradiated segment and the non-injured reference segments
(39% vs. 9% and 1%).

Figure 5.

Clinical example of geographic miss during treatment of a in-stent restenosis in a right coronary artery (I). The position of the angioplasty
balloons is documented at maximum inflation (II). Positioning of the source with radioopaque markers at the proximal (C) and at the distal
(D) end (90Sr/90Y, BetaCath system, Novoste) (III). Line A indicates the most proximal balloon position, line B indicates the most distal
balloon position within the coronary. The source is chosen to short to cover the injured area (between line a and line B), causing distal
geographic miss (GM, IV).

31




Chapter 3

however, was not associated with clinical events. The target-
lesion revascularization was significantly lower in the (192) Ir
group (15. 4% versus 48.3%) as was the restenosis rate (33%
versus 64%)%.

A two-year follow-up is available of the (192) Ir WRIST and
BETA-WRIST patients. Irradiated patients had significantly
lower rates of target vessel revascularizations than the
placebo WRIST patients at 2 years. Beta (odds ratio 0.22, 95%
confidence interval 0.09 to 0.58) and gamma (odds ratio
0.30, 95% confidence interval 0.12 to 0.74) radiation were
independent predictors of event-free survival at 2 years.
However, between 6 months to 2 years, significant rates of
target vessel revascularization (14%) were noted in both
radiation groups, yet no revascularization was required in
placebo WRIST patients (p <0.05)°.

Analysis of the one-year outcome of the Thoraxcenter RENO
patients revealed a major-adverse event-free survival of 66%
at one year. MACE consisted in target vessel revascularization
and delayed myocardial infarction (Figure 6). In this small
patient population (n=100), late thrombosis with consec-
utive myocardial infarction occurred not exclusively in
patients with freshly implanted stents and not only after
discontinuing clopidogrel medication®®.

Figure 6.
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Thoraxcenter RENO patients: Event free survival at 12 months
follow-up (Kaplan -Meier). TVR indicates target vessel revascu-
larization and includes repeat PTCA and CABG. MACE indicates
major adverse cardiac events. Events are given ranked as follows:
death, Q-wave myocardial infarction, CABG, repeat PTCA.

LATE THROMBOTIC OCCLUSION: ASSOCIATION
WITH ANTITHROMBOTIC REGIMEN AND NEW
IMPLANTED STENTS

Early in the clinical phase, a new phenomenon became
apparent, that of late thrombotic occlusion®’. Possibly causes
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are increased thrombogenicity and prolonged wound healing
reported in experimental series!4%%9,

Initial clinical trials prescribed a combined antithrom-
botic treatment (aspirin and clopidogrel or ticlopidin) of
237 or 43° weeks after the index procedure. In the beta
WRIST and in the 192Ir WRIST a late total occlusion rate
of 12% and 8% is reported. Most patients presented with
a clinical event within the first 6 months after the index
procedure®. A pooled analysis from the data from the
SCRPPS, WRIST and GAMMA-1 trials revealed that new
stents and lesion length were predictors for late throm-
bosis with an event®®.

In consequence, prolonged combined antithrombotic
treatment was recommended. The START trial recommended
90 days of antiplatelet treatment. However, one patient in the
radiation group experienced subacute stent thrombosis at
244 days. In the WRIST PLUS trial clopidogrel and aspirin were
prescribed for 6 months. The late thrombosis rate was 2.5%,
at 6-month follow-up®® (Figure 7).

Figure 7.
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* Costa et al. Circulation 1999

Incidence of late thrombotic vessel occlusion after catheter-
based brachytherapy.

In accordance with the pooled analysis of gamma trials, the
multivariate analysis of the large RENO patient population
revealed the implantation of new stent as predictor for late
thrombotic events after beta radiation. Additional predictors
were age, initial chronic total occlusion target, and
geographic miss®.

The evolving clinical important question is the duration of
platelet inhibition and whether or when to stop clopidogrel
prescription. We recommend combined antithrombotic
medication for 12 months after intracoronary radiation
treatment.
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Radioactive stents

The results of radioactive stents were disappointing and could
not be favorably influenced by modification in design and
activity8:60:61.62.63.66.67 The outcome at 6 months showed a
high rate of clinical events and restenosis (up to 50%),
preferably at the edges of the stent®?, called the “candy
wrapper”.

Actual application modalities
and devices

Vascular brachytherapy is actually routinely performed by
catheter-based systems, while radiation balloons are used in
few clinical studies. In the U.S two brachytherapy systems
have FDA approval for the treatment of in-stent restenosis,
the Novoste Beta-Cath and the Cordis Checkmate system
(gamma radiation, 192 Ir)°.

In Europe, actually no gamma radiation system is commer-
cially available; the 2 following beta-radiation systems have
CE mark approval.

The Beta-Cath System (Novoste):

Radiation type: Beta (°°Sr/°Y)

Delivery catheter: 3.5F Multilumen, non-centering
catheter (two closed lumen for
radiation source train and fluid return
lumen; one open lumen for guide wire)
compatible with 7F guiding catheter
and 0.014 inch guide wire. X-ray
markers at each end.

Passive source trains with X-ray
markers at each end.

Dummy ribbon:

Source: 9Sr/%Y jacketed seed train. Treatment
length is 40mm (16 seeds) and 60mm
(24seeds). Non-radioactive, X-ray
markers at each end.

Hand held afterloader for hydraulic
advancing and withdrawing of the
source ribbon (sterile water).

The Galileo System (Guidant)

Radiation type: Beta (32P)

Delivery catheter: Multilumen, centering balloon-catheter
compatible with 7F guiding catheters and
0.014 inch guide wire. Balloon length
32mm and 52mm, balloon diameter
2.5mm, 3.0mm and 3.5mm. X-ray
markers at the extremities of the balloon.
Passive source trains with x-ray markers.

Source delivery unit:

Dummy ribbon:

Source: 32P wire (0.018inch). Source length is
20mm, sealed at the wire tip. Non-
radioactive X-ray markers are placed to
bracket 80% therapeutic dose range of
the wire proximally and distally to the
source®.

High dose rate afterloader with computer
controlled advancing and withdrawing of
the source wire. Delivery system calcu-
lates the treatment time automatically
and performes automated pullback of the
source (stepping procedure).

Source delivery unit:

Radiation protection and
safety considerations

Radioactive material cannot be turned off. Therefore, secure
control of the radioactive inventory and surveillance of staff
and patients is of special concern.

Regulatory considerations

For transportation, storage and handling of nuclear sources,
European countries require various licenses according to
individual nuclear laws.

In general, the institute or hospital needs a license for using
radioactive material. Within the institute or hospital a local
permission has to be obtained which is mostly linked to
specific room conditions and expertise of the personnel.
Mandatory key personnel includes a radiation oncologist, a
medical physicist, a radiation safety officer and a cardiol-
ogist. Clinical responsibility lies with the radiation oncol-
ogist, though he may delegate practical aspects to others.

Practical safety considerations

In Europe, standards for the protection of patients, health
workers and the public against exposure to radiation have
been specified in two directives (96/29/EURATOM:
97/3/EURATOM)®7° and are now being incorporated into
national laws. Radiation protection is determined by two
principles: exposure must be justified by showing that it
confers more benefit than detriment and exposure should be
as low as reasonable achievable (ALARA principle).

MONITORING

Individual personnel dosimeter badges allowing for effective
dose equivalent reading are mandatory in controlled areas like
catheterization laboratories. Radioactivity can be further
assessed by two basic instruments, the portable Geiger-Miiller
(GM) counter and the ionization chamber survey meter.
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SOURCE

Every source must be inspected on receipt, which involves
visual inspection in the shielding, calibration to verify the
exact level of activity and, in line-sources, checking the
number and activity of sources.

STORAGE

Sources must be stored securely and held under lock and key.
Storing facilities must be provided with sufficient shielding,
taking into account that “°Sr/*°Y sources from the Beta-cath
system produce Bremstrahlung. Pretreatment checks and calli-
brations of the source are mostly performed in the storing
facilities. 2P has a half-life of 14 days only. In consequence,
32P sources have to be exchanged every four weeks. 9°Sr/*Y
sources require a yearly check especially for the mechanical
condition of the source. The time necessary to transfer the
source in a special delivery device to the laboratory must be
taken into account by treatment protocols.

CATHETERIZATION LABORATORY DESIGN AND
EQUIPMENT

Actual shielding requirements are catheterization laboratory
specific depending on size and configuration of the procedure
room and the adjacent rooms. The radiation levels of the X-
rays require approximately 4mm lead shielding in the walls.
Beta radiation requires no additional specific shielding of the
catheterization laboratory or adjacent rooms.

Gamma radiation requires special shielding (minimum
thickness 25mm lead) of the procedure room and the control
room to block the gamma rays (e.g. mobile shields of approx.
200kg positioned close to the patient). Outside the
laboratory, the level of exposure must be estimated and
regularly monitored in adjacent rooms.

PATIENT SAFETY

Principal risks related to intracoronary radiation
include

e damage to the artery wall with consecutive perforation
and/or aneurysm formation. This risk seems to be dose
related (>30Gy) and low?333471.72,

accelerated coronary artery disease as known side-effect of
high dose radiation (35 Gy) for the treatment of
neoplasms’>7>. Intermediate doses (30-40 Gy) have shown
a low risk of cardiac disease during long term follow-up’®.

radiation-induced carcinogenesis. This risk appears to be
low at least in beta radiation as the dose beyond the
immediate target lesion is low and the exposed tissues
(e.g., arteries, veins, cardiac muscle, and pericardium) have
a low spontaneous carcinogenicity rate.

34

Technical risk related to intracoronary radiation

The main technical risks related to intracoronary radiation is
the failure to smoothly deploy and retrieve the source.
Therefore, proper source passage into the target coronary
artery should be routinely tested by deploying and retrieving
a dummy source. A dummy source allows also for control of
the treatment position within the coronary artery and reposi-
tioning of the delivery catheter if necessary.

STAFF SAFETY

Every source is brought into the catheterization laboratory in a
shielding device (pig). The shielding device can be a source of
radiation. The operator’s hand dose can be reduced by not
touching the shielding device. During delivery into the
coronary artery and retrieval, the source is unshielded for a few
seconds. Again, the operator’s dose is reduced by not touching
the treatment catheter and keeping distance. Direct finger
contact with a high dose rate source is hazardous. During
treatment with gamma radiation, all personnel with exception
of the radiation oncologist must leave the catheterization
laboratory in order to limit their exposure to radiation.

Procedure performance

Intravascular radiation treatment requires a substantial
commitment and collaboration between the interventional
cardiologist and the radiation oncologist. Prior to every
brachytherapy procedure, the radiation oncologist and the
medical physicist have to be informed. The radiation oncol-
ogist must be able to review the patient’s anamnesis and
physical condition for proper treatment planning, the medical
physicist guarantees secure source transportation.

Patient selection
INDICATIONS

Based on the outcome of the randomized clinical trials FDA
approval is limited to the treatment of in-stent restenosis in
the U.S. The findings of several clinical trials point to a
possibly elevated risk for thrombotic events in patients
receiving radiation therapy in newly implanted stents.
Potential indications in all circumstances with elevated risk
for restenosis after conventional catheter based intervention
such as long lesions, sapheneous vein grafts, small coronary
arteries, diabetic patients and renal insufficiency patients
still need to be established.

CONTRAINDICATIONS

Contraindications are previous radiotherapy of the chest,
previous intracoronary brachytherapy, pregnancy, genetic
radiation sensitivity disorders (e.g. ataxia-telangiectasia).
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Patient preparation - medication

Pre-procedural treatment requires no particular
medication for brachytherapy other than antiplatelet
regimen for routine angioplasty procedures: Aspirin
(75mg-300mg) and ticlopidine or clopidogrel must be
started at least 24h before the procedure, whereby we
prescribe a loading dose of 750mg, followed by 250mg
twice a day for ticlopidine and a loading dose of 300mg,
followed by 75mg daily for clopidogrel. Beta-blockers,
calcium antagonist and oral nitrates should be adminis-
tered as usually prescribed.

At the begin of the procedure, we routinely administer
neuroleptics and analgesics. Repeat bolus is given during the
procedure, if needed. Furthermore, we administer 325mg
aspirin intravenously and 10 000 IU heparin immediately
after arterial sheath placement. Activated clotting time (ACT)
is checked every 30 minutes after the first bolus injection in
order to maintain ACT > 300 sec. Additional heparin is given
if necessary.

During the procedure, GP IIbIIIa receptor blockers are given
deliberately in patients with unstable angina, periprocedural
intracoronary thrombus formation or dissection.

Equipment set-up and special
arrangements of the operating room

For the angioplasty procedure, a standard angioplasty set and
eventually additional ablative devices (e.g. atherectomy
catheter) is needed.

For brachytherapy, the catheterization laboratory must have
appropriate shielding as described in section 5.2. The
radiation oncologist prepares the brachytherapy device (e.g
check for mechanical integrity, flushing of the system, dummy
source, etc). We recommend for this purpose an extra sterile
table and light. A bail-out box must be in the procedure room,
typically consisting of an assortment of long-handled instru-
ments for grasping a source and of a shielded container (lead
for gamma radiation, plastic for beta-radiation source) to
safely place the source. Radiation detectors to survey the
environment during the procedure and contamination
monitors for source leakage are needed. At least two timers
must be available to allow for correct dwell time and to
minimize treatment errors.

Access method

We prefer the standard femoral approach for optimal guide
support using a 7F sheath and guiding catheter.

Angiography
TERMINOLOGY

Brachytherapy as new treatment with complex mechanisms of
action urges detailed angiographic assessment and necessi-
tates the introduction of a new terminology.

e Target segment (Figure 8)

The target segment is defined by the proximal and distal
margin of the obstructed segment.

Figure 8.
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e Injured segment (Figure 9)

The macroscopic injured segment is defined as the segment
encompassed by the most proximal and most distal position
of the angioplasty device (e.g. rotablator burr) or marker of
the angioplasty balloon and all visible vessel injury as
assessed by flouroscopy.

e Irradiated segment (Figure 10)

The irradiated segment is defined as the segment encom-
passed by the inner edge of the radiopaque markers of the
source train.

It is of note, that the effective irradiated segment receiving
full prescribed therapeutic radiation dose (>90% isodose
rate) is slightly shorter as a result of the dose fall-off caused
by the limited size of the source train. The exact delineation
of the effective irradiated segment is complicated, as is
requires the knowledge of the individual dose-profiles for each
isotope and source design (Figure 11).

The Galileo-system takes the dose fall-off into account. The
radioopaque markers of the dummy wire do not indicate the
proximal and distal end of the source, but the length of the
full-dose segment.
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Figure 9.
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* Edge segments (Figure 12)

Edge segments are the vessel segments at the extremities of
the radiation source, which do not receive full therapeutic
radiation dose. The length of the edge segments is dependent
on the isodose profile of the individual source.

e Vessel segment (Figure 13)

The vessel segment is the coronary segment bordered by
angiographically visible side-branches which encompass the
original lesion, all angioplasty devices and the radiation
source.

e Geographic miss segment (Figure 14)

In coronary brachytherapy, it is defined as a mismatch
between injured and irradiated segment: Geographical miss is
present when the entire length of the injured segment is not
completely covered by the irradiated segment.
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Figure 12.
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GENERAL REQUIREMENTS

Angiography should be done in biplane views. At the start of
the procedure, two projections are selected with more than
30 degrees difference in rotation and avoiding foreshortening
and side branch overlapping. The entire procedure should be
filmed in identical projections. The meticulous documentation
of all angioplasty devices and the radiation source in place
with contrast medium, using the same projections, is
essential (Figure 15). Inadequate angiographic documen-
tation, hampering the identification of the irradiated and the
injured segment is seen in up to 50% of the cases enrolled in
brachytherapy trials.

PRIMARY ANGIOGRAPHY

Primary angiography identifies the culprit lesion, the “target
segment” and the “vessel segment”. Basic considerations are
o vessel size (dose prescription?)

e lesion accessibility for the source (dimensions, stiffness?)

o lesion position (ostial lesions virtually have geographic miss as
source positioning with a proximal safety margin is not possible)
e strategy of angioplasty prior to radiation

e lesion length (source long enough to cover complete injured
segment?)

e side branches (in bifurcation lesions, only 1 side branch can
receive radiation)

Primary angiography also serves for decision on the “best
projection” to document the complete procedure.

Angioplasty

Prior angioplasty might consist in debulking (directional or
rotational atherectomy, laser), stent implantation or “simple”
balloon inflation and is performed in conventional technique.
Any instrumentation has to be filmed at the site of treatment
surrounded by contrast medium in identical projections! It is
important, that angioplasty is not stopped before reaching a
satisfactory result. Every instrumentation after radiation
therapy carries inevitably the risk of geographic miss.

Dose prescription and source
selection

The treated coronary artery is usually 2-5 cm of length, with
a diameter of 3-5 mm and a vessel wall thickness of 0.5-3 mm.
The radiation dose given to the vessel wall should probably
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Figure 15.
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Clinical example of correct source length and source position. Angiogram of a in-stent restenosis in a right coronary artery. The white lines
indicate the lesion as given by quantitative coronary analysis (I) Treatment by balloon angioplasty. The position of the balloon as given by
the radioopaque markers at the extremities of the balloon is documented by injection of radioopaque contrast medium (II). The injured
area is completely covered by the source (°°Sr/*%Y, BetaCath system, Novoste) (III).
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target the media as well as the adventitia delivered at 0.5-

5 mm from the source. Dose prescription and source selection

are performed in close collaboration with the radiation oncol-

ogist. Dose is prescribed in relation to the long axis of the

source (e.g. at 2mm).

Given the radioactivity and dose rate of the selected source,

dwell time is calculated in dependency of the vessel size.

The length of the source should be selected in that way, that

o the vessel segment, which has been “touched” by any
angioplasty device and

e the vessel segment which shows macroscopic injury is
completely covered

e there is sufficient safety margin at the proximal and distal
end of the source to guarantee full dose radiation of the
treated segment.

With the Beta-Cath system, we select the length of a source

train with a “safety margin” of 1 seed to be outside the

injured segment at each end (Figure 16, Figure 17).

With the Galileo system, the distal marker of the centering
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balloon should be positioned in such a way, that the distal
injured segment is covered. Then the distal marker of dummy
wire is positioned at the distal marker of the centering
balloon. The segment between the inner edges of the dummy
wire markers represents the full-dose radiation segment. After
withdrawing the dummy wire, the active wire travels
automatically 4 mm more distally than the distal marker of
the dummy wire. In consequence, the dose is 100% at the
distal end of the centering balloon. After completing the first
radiation, the line source is proximally withdrawn by
automated stepping procedure. The dose fall-off at the
proximal end of the source at the first step is compensated by
the dose fall-off at the distal end of the source at the second
step. This compensation avoids gap in the dose distribution
during the stepping procedure (Figure 18, Figure 19).

Radiation treatment

The radiation oncologist prepares the brachytherapy device.
Meanwhile it might be helpful for the operator to review the
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Figure 16.

Sty Margin

Schematic indicating the choice of a correct source length and
source position. The source is able to cover the injured area as
indicated by the balloon markers and the area with macroscopic
vessel injury by full-dose radiation. Proximal and distal there is
a safety margin of 1 seed.

angiograms. This allows for a precise image of the “injured
segment” relative to landmarks such as side-branches.
The guiding catheter should be correctly positioned at the
coronary ostium: if it is to deep it will obstruct flow and may
creep further into the coronary artery during the procedure, if
it is to far away, it may slip during the procedure and move
the source ribbon. Then the catheter accommodating the
dummy source is carefully advanced into the vessel. Most
radiation delivery catheters are fragile without inserted
ribbon, it may easily kink during insertion. If stented lesions
are treated, it has to be avoided, particularly in tortuous
vessels, that the catheter becomes caught on the stent struts.
An angiogram with the dummy source in place should be
done. If angiography confirms correct positioning with
complete coverage of the injured segment and safety margins,
the radiation oncologist removes the dummy source, connects
the afterloader device to the catheter and delivers the source.
The radioactive source must be filmed in place with contrast
medium repeating the projections used for angioplasty. Care

Figure 17.

Treatment of a lesion in the left circumflex artery (I, arrow) with °°Sr/°°Y beta radiation (BetaCath system, Novoste). The angioplasty
procedure consisted in direct stent implantation, the injured segment is assessed by means of the radioopaque balloon markers (II, arrows).
The 9°Sr/°Y beta source with non-radioactive, X-ray markers at each end (arrows) is positioned to cover the injured segment completely
with safety margins proximal and distal to the injured segment (III). The final result is given in angiogram IV.
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Figure 18.

[y )

a. Schematic of the Galileo system source and stepping procedure. A) schematic of the spiral centering balloon with the lumen for the
source B) 32-P source train. The radioopaque markers indicate the full-dose segment, receiving >80% isodose. C) Dose distribution curve
of the 32-P source D) Stepping procedure: The source is automatically withdrawn in such a way, that the overlap between distal position 1

and the more proximal position 2 allows full dose radiation treatment of the complete segment.
b. Isodose distribution curve for the 32-P source during stepping procedure.

should be taken to not over tighten the 0-ring and Y-
connector while attempting to obtain good quality contrast
injections, as this may crimp the delivery catheter and
obstruct movement. At the end of the dwell time, the
radiation oncologist removes the source. The contrast
medium should be withdrawn into the delivery syringe prior
to injection down the coronary artery after withdrawal of the
source to avoid thrombotic embolization. While removing the
delivery catheter, care should be taken not to push the guide
to far distally into the vessel. A final angiogram should
confirm good angioplasty result and the absence of dissec-
tions and/or thrombus.

How to avoid geographic miss

® Source length > lesion length!

e Select a projection without foreshortening and side branch
overlap

Film any instrumentation with contrast medium to allow for
anatomical orientation

Film any instrumentation in the same projection and respi-
ratory position

Film the dummy and active wire in the same projection and
respiratory position

Use proximal (or distal) side branches within the vessel
segment as index anatomical landmarks to assess the
distances to the markers of the angioplasty balloon and the
radiopaque source markers

Consider proximal and distal safety margins

Do not perform brachytherapy before a satisfactory angio-
plasty result
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e Avoid instrumentation (e.g. additional stents) after
brachytherapy
e Listen to your radiation oncologist!

Complications

Procedural complications

Procedural complications include all complications typically

linked to the angioplasty/debulking procedure. Most compli-

cations related to brachytherapy by removable sources are
caused by the relatively high profile and stiffness of the
delivery catheter:

e myocardial ischemia with angina and/or ECG changes,
which, might necessitate fractionation of the dose (approx.
4% of the patients) and

e dissection after manipulation of the delivery catheter
(approx. 10% of lesions).

Furthermore, radiation increases local thrombogenicity”’,

which promotes intracoronary thrombus formation during

active treatment (approx. 4% of lesions). In these cases, GP

IIb/IIIa inhibitors should be given deliberately.

Procedural emergencies

Catheter based line sources:

Prolonged retrieval represents one of the most serious
technical events which can produce unwanted dose to the
patient and staff. In that case, the entire treatment catheter
should be withdrawn and placed into the bail-out box. If that
is not successful, an attempt should be made to move the
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Figure 19.

Treatment of a lesion in the right coronary artery (I) with 32P beta-radiation (Galileo System, Guidant) The angioplasty procedure consisted
in direct stent implantation. The stent delivery system has been filmed for anatomical orientation deflated, deflated with contrast
injection, at maximum inflation and at maximum inflation with contrast injection (II). The position of the spiral balloon is assessed by
means of the X-rays markers at the extremities of the balloon (III, thin white arrows) and by contrast injection (IV). The source wire has
x-ray markers at the proximal and distal end (V, thick arrows). Radiation is delivered during an automated stepping procedure with initial
source positioning distally (V, left) followed by automated pullback (V, right) The final result is given in angiogram VI.

source into a larger diameter artery whilst calling for
emergency surgery.
Balloon based fluid or gaseous sources:

Radioactive fluid filled balloons might leak or burst and spill
their content’s into the patient’s blood stream. The
radioactive material need to be physiologically cleared from
the patient before an unacceptable dose is delivered to any
tissue. Gaseous 133Xe is rapidly exhaled and presents
minimum radiation hazard to the patient.

In all cases of emergency, the physicist’s responsibility is to
remain focused on safely retrieving the sources and
minimizing unnecessary exposure of patients and staff. To
allow for rapid and well directed action, contingency plans
must be made in advance, discussed and rehearsed for a
variety of likely and unlikely occurrences.

Postprocedural care

The arterial sheath is withdrawn immediately after the
procedure and the access site sealed with a closure device
(Perclose or Angioseal). In case of a difficult arterial puncture
with substantial fibrosis, the sheath is removed 6 hours after
the procedure and the artery manually compressed. All
patients must receive effective antiplatelet therapy for at
least 12 months. In our institution, we prescribe aspirin
indefinitely in combination with ticlopidine (250mg twice a
day) or clopidogrel (75mg daily) for 12 months. This is
essential to avoid late thrombotic occlusion, which has been
observed with an incidence of 0-9.2% in the early phase of
catheter-based brachytherapy (Figure 7)°"7® most probably
due to delay in endothelialization which might increase the
chance of subacute thrombosis.
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Limitations

Low radiation doses (4-8 Gy) may stimulate neointimal prolif-
eration. This could be due to the fact that growth factors are
synthesized de novo and secreted by surviving cells. These
growth factors might promote the proliferation of smooth
muscle cells.

Delayed depletion of some cells (adventitial cells, fibroblast)
could lead to subsequent re-population, whereby smooth
muscle cells from the media could be progressively replaced
by fibroblasts and extracellular matrix, leading to fibrosis, as
has been previously described in animal experiments.
Persistent dissections after beta-radiation have been
observed at 6-month angiographical follow-up. Geographical
miss, where the injured area is not completely covered by the
jrradiated area, is a major cause for edge restenosis. The
incidences of geographical miss ranged from 18-34%.
Delayed restenosis was seen in the Condado, SCRIPPS and
WRIST trial.
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