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Introduction

Sincethe first percutaneous coronary intervention, 24 years ago, the field of interventional
cardiology has continued to grow rapidly. Although PTCA has demonstrated superiority
to medical therapy in alleviating angina, restenosis and acute closure of the treated
vessel remained major limitations. Stent has improved both problems by preventing
residual dissection, elastic recoil and negative remodeling. However, the occurrence
of restenosis after stenting remains unresolved. Furthermore, in-stent restenosis has
become a new enemy in the ficld of interventional cardiology, since the conventional
treatment of in-stent restenosis is rather disappointing with high restenosis rates (around
30 — 70%). Therefore, the holy grail to overcome this immense enemy went unabated.
Intracoronary brachytherapy is a powerful therapy to prevent restenosis after percutaneous
transluminal coronary intervention. The purpose of this thesis is to explore the
mechanism of action of intracoronary radiation and the problems related to this
procedure. For this purpose, three-dimensional intravascular ultrasound (IVUS) and
quantitative coronary angiography (QCA) were applied as investigational tools.

This thesis consists of 2 parts; the first part deals with the positive aspect of intracoronary
brachytherapy which explains its increasing application (Chapter 2) and its mechanistic
interpretation {Chapters 3-7). The second part reports on the dark sides of intracoronary
brachytherapy (Chapters 8-12).

The first chapter presents an overview of intracoronary brachytherapy. The feasibility of
its routine use is discussed in the second chapter.

From chapter 3 to chapter 7, the morphological changes within the irradiated vessel
wall segments and its edges were studied by means of ECG-gated volumetric IVUS and
QCA. In chapter 3, volumes of the vessel lumen and the total vessel were compared
between segments that had radiation plus balloon angioplasty, radiation plus stenting,
control balloon angioplasty, and control stenting. In chapter 4, the non-injured edge of
irradiated segments was investigated using ECG-gated volumetric IVUS analysis. The
data presented in Chapter 5 show the relationship between plaque growth and tensile
stress as well as actual dose delivered to the adventitia. In Chapter 6 and 7, the new
methodology and the usefulness of QCA in the setting of intracoronary brachytherapy,
which has a potential to increase the lumen and vessel size, are described. In chapter
7, both the sensitivity and specificity of positive remodeling assessed by QCA and
compared to the gold standard: IVUS analysis are reported.
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In Chapter 8 to 12, the deleterious effects of coronary brachytherapy were investigated;
edge effect, late thrombotic occlusion, delayed restenosis, black hole, and late stent
malapposition. Those problems need to be solved in order to propose intracoronary
brachytherapy as a treatment modality.
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Coronary Brachytherapy

Regar E, Wardeh AJ, Kozuma K, van Essen D,
van der Giessen W, Knook AHM, Serruys PW

Introduction

Restenusls remains the major limitation of percutaneous, catheter-based intervontional therapy. The endovascular application of radioactivity
represents a relatively new and promising toel to overcome this limitation, This chapter summarizes the clinical expertience and gives an overview
of the current practice.

Definition

Brachytherapy is derivod from the Greok "Bpoyug” {brachy} meaning short and "fepomeie” (therapy) meaning treatment to describe the
application of radicactivity by a sealed source at a very short distance to the target tissue, e.g. by intracavitary or interstitial source placement,
Racently, the term vascular brachytherapy has been introduced to describe endovascular radiation therapy.

Rationale

Radiotherapy has baen proven successful in the treatment of hypertrophic scars, keloids, heterotopic bone formation, ophthalmic pterygia years1-
3 and solid malighancless. In nen-malignant diseases, radiation inhibits efficiently fibroblastic activity, witheut influencing the normal healing
process, and without causing significant morbidity during leng term follow-up of up to 20 yoars.

Brachytherapy has the physicai benefit that very high doses of radiation can be delivered diroctly or almost directly te the target,

First human experiences

The first clinical trial was Inltiated In 1890 in pationts with In-stent restenosls of femorcpopliteal arteries using gamma (Ir-192) radiotherapys.
Human coronary arterles were treatod for the first time by Condado et al. In 19385: De novo lasions where treated by balloon angloplasty followed
by gama-radiation (Ir-192). No restenosis was observed after Bmonths6. Also in 1997, Teirsteln demonstrated the effectiveness of gamma
therapy for the treatment of In-stert restenosis?, whilst Verln reported the feasibillty of beta sources after balloon angicplasty8. Today, a variety of
controlled clinlcal trials, which are summarized below, provide information for both, gamma and bota-radiation treatment.

Basic radiation physics

Radioactivity

Radicactivity is the spontaneous process in which an unstable nuciaus, which has elther too many or toe few noutrons, tums to 2 stablo state
(ground state} whereby superfluous energy [s released.

Tha release of energy Is called radiation, which can be eloctromagnetic waves, llke gamma, or particle rays, fke alpha, beta or neutron rays, This
process is often calied the "disintegration” of an atom. Mathematically the activity can be expressed by the numbar of disintegrations dN within a
time interval dt (A=6 dN/dt). In the intemational system (S1) of units this quotient is called the hecgquerel (Bq).

DECAY

For most atoms the activity Is proportional to the number of atoms (A=AN). The proportionality constant is called the decay constant, This leads to
the decay law, At=AOexp(d At), and k=In2/T1/2 wheraby T1/2 Is called the "physical half.ife ime®, belng the time that the erlginal activity of a

nuelide has been reduced with a factor two, The physical half-life time Is characteristic for nuclids (gistinct nuclear specles) and isotopes (varlous
forms of an element).

BIOLOGICAL HALF-LIFE

Blological hali-life is 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.

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 [n a
tissue s 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
tima span, also called "dwell time”.
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Chapter 1

RADIATION DOSE RATE

Deso rate is the dose of radlation per time (dellvered or recelved). The dose rate delivered by a source depends on the activity of the source and
the radionuclide it contains. Currently, all removable vascular brachytherapy sources deliver energy at high dose rate, while radioactive stents
deliver energy at low dose rates.

EQUIVALENT DOSE

The blological effects of the absorpted radlation are dependent on the type of radiation and the type of tissue. This Is expressed by woighting
factors for the typo of radiation and for the spacific organ or tlssue. After correction the dose is called the oquivalent dese. In the fleld of radiation
protection measurements It Is this dose to be used.

ISODOSE

Bascription of a locus where the absorbed dose ks the same at any point.

CURRENTLY USED ISOTOPES

The most important physical properties of currently used Isctopes in vascular brachytherapy are listed below,

Ieotops  Emristion Moaw, Energy e Snerpe Holf-life
S qarmc 612 ke 315w Fadoe
G0 Deba 2EF ke G0 W EE wedrs
p o MOk 890wl Midae

gamma radlation consists of photons, beta radiation of eloectrons.

These isotopes show Important physical differences. Baslcally,

GAMMA RADIATION

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

X-RAY RADIATION

X-rays are comparabie to gamma radiation, Thoir physical characteristics are similar, however, their origin is different, While the photonts of
gamma radiation originate from the nucleus, the photons of x-rays orlginate from the electron orbit.

BETA RADIATION

Beta particles are lightwelght high-energy olectrons, with either positive or negative charge. Whon bata particies, which travel only finite distances
withln tissues. are slowed down by nuclel interactions, they give rise to high poenetration X-rays, called Bremsstrahiung.

The interaction of photons with other materlal is lower than the Interactions with electrons. That means, the energy transfer to other material is
lass mtonsive for gamma than for bota radiation. In the setting of brachytherapy, this has two major conseguences.

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 te heta sourcas.

b) Radiation exposure: the exposure to the staff Inside and -bocause of deep tissue penetration- outslde the cathetarization laboratory is
much higher during treatment with gamma radlation than beta radiation, In consequence, staff should leave the cathaterlzation
taboratory during radiation treatment and additional shiekling faciities have te be Implamented.

Mechanisms of action

Cell biological effects

Absorbed radlation can cause damage Ih a tissue either directly by ionization or indirectly by Interacting with other molecules to produce free
radicals, which will subsequently damage the critical target. Approximately 80% of the radiation damage is caused by these free radicals. The
maost critical target is DNAS, In consaequence, early and late toxlc effects In normal tissue are mainly caused by cell death,
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Those 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 repalred between fractionated doses or during low dose rate oxposure1C. Furthermore,
there seems also to be Inverse dose rate effects in demonstrated in human cells most probably by blocking cells in the mitosis (G2) phase of the
cell cycle by at low dose rate (approx. 6mGy/min), which is known to be more radiosensitive, thereby causing more cell death,

Experimental data

In injured vascular tissue, radiation deses of 12-20 Gy appuar to be efficaclous In Inhibiting neointimal formatien?12-14. The local mechanlsms of
action are complex, dose dependent and peorly understood, Possible high dose radiation effects Include seloctive Inactivation of smooth muscle
cells and myofibroblasts15, or complete elimination of thelr proliferative capacity at doses =20 Gy. Application of lower dose could mean, that
restonosls would onfy be dolayed for the periad of time necessary for the population of smooth muscle cells to regenerate, Furthermors, fow-dose
radiation (4-8 Gy) even promotes cellular growth16 possibly by growth factor reloase17.

Clinical data

Balloon angloplasty foliowed by irradiation predominantly shows an Increase In minimat lumen diameter at the treated segment at follow-up6, This
is in contrast to standard balleon angioplasty, where late [umen loss caused by neeintimal growth and wvessel shrinkage Is the usual

responsat8,19. Irradiation inhibits nasintimal growth20, may prevent shrinkage after balloon angioplasty2? and even promete positive remodeling
at the treated segments22.

Candy wrapper effect

In contrast, edge segments show an Increase in plaque volume without adaptive remodeling23,20,24, causing the “edge effect” or "candy
wrapper effect”, first described by Albiere et al.25 (Figure).

Figure 1.The "candy wrapper effect” induced by implantation of a radioactive stent.

a) pre-procedural anglegram, b) direct stenting with an ACS radicactive stent (4.0/20mm at 12 atm)

¢) final anglogram d) angiegram at & months follew-up, showing narrowing at the proximal and distal edge of the stent.
Geographic Miss

In concordance with known ceil biclogical effocts and arimal data, low dose radiation at the extremities of the source and angioplasty Induced

vessel injury, reforred as "geographlc miss" seems to play a koy role in edge rostonosls and treatment failure for (beta) brachytherapy26,27
{Flgure2).

Figure 2.
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Chapfter 1

QCA Analysis: Restenosis Rate [

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

Association between geographlc miss and restenosts rate

QCA = quanitative coronary analysls, IRS = iradlated segment, not Injured = not Injured edge segment.

Contemporary application modalities and devices

Vascular brachytherapy can be performed by catheter-based systems. radiation balloons (both high dose rate) er radloactive stents (low doso
rate). In the U.S two systems, the Novosto Beta-Cath and the Cordis Checkmate have the FDA approval up to now, In Eurcpe, the foliowing
systams are actually In clinical use.

THE CHECKMATE SYSTEM (CORDIS):

Radlation type: Garnma (1921r)

Delivery catheter: Multlumen, non-centering catheter (Blind fumen for source train), compatible with 7F guiding catheter and 0.014 Inch guide
wire.

Durmmmy ribben: 22 nen-radivactive seeds ih a nylor sheath. X-ray markers at each end.

Source: 182Ir seed traln, Treatment length 23mm (6 seeds), 39mm {10 seeds) and 55mm (14 soeds). Non-radloactive, X-ray markers at each
and.

Source dellvery unit: Hand cranked afterioader for mechanically advancing and withdrawing of the source ribben.

THE BETA-CATH SYSTEM (NOVOSTE):
Radiation type: Beta (90Sr/80Y}

Defivery catheter: 5F Multilumen, non~contering catheter (two closed lumen for radiation source train and fluld return lumen; one open iumen for
gulde wire) compatible with 8F guiding catheter and 0,014 inch guide wire, X-ray markers at each end.

Durmmy ribbon: Passive source tralns with X-ray markers at each end.

Source: 90S51/80Y seed traln. Treatment length 30mm {12seeds), 40mm (16 seeds) and 60mrn (24speds). Non-radloactive, X-ray markers at each
end,

Source dellvery unit: Hand held afterloader for hydraullc advancing and withdrawing of the source rbbon (sterlle water),

THE GALILEQ SYSTEM (GUIDANT)
Radlation typo: Beta (32P)

Celivery cathater: Multilumen, centering balloon-catheter (spiral design) compatible with 7F guiding catheters and 0.014 Inch gulde wire. Balloon
length 32mm and 52mm, balloon diameter 2.5mm, 3.0mm and 3.5mm. X-ray markers at the extremities of the balloon.

Dummy ribbon: AAARRA-

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.

Source delivery unit: High dese rate afterloador with computer controlled advancing and withdrawing of the source wire, Delivery system
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Coronary Brachytherapy

calculates the treatment time automatically and performed automated pullback of the source (stepping procedure).

The first and principal step in deciding on a brachytherapy system is the question of radiation type. The clinically and pracﬂcélly most relevant
advantages and disadvantages are as follows:

Gamma radiation

Prois:

T Effective in randomized, deuble bling, placebo-controlied trials
 Deap tissue penetration (ldeal for large vessel dlameters)
 No attenuatlon by stent struts (ideal far Instent restenosis)
Conis:

& Extenslve shielding required {Z5mm lead)

4 High radiation exposure for patient and staff

& Staff has to leave cathetarization laberatory

® Long dwell times (8-20 min}

Beta radiation

Prois:

T Simplo shieiding by means of thick plastics

T Shert dwelf imes (3-10 min)

¥ Radiation exposure to the patient only local

i Radiatlon exposure to staff is neglighle

T Staff can remain in the catheterization laboratory

Conis:
6 Lack of data conceming its efficacy except in-stent restenosis
¢ Probable not able to treat vessels with diameters >4 mm ({with existing devices)
4 Inhomogenlclty of the dose {evtl. centering device required)
& Partlally shielded by stents and caiclfied plaques

& Dese distribution calculations of beta smitters are mere complicated.

Radiation protection and safety considerations

Radioactive material cannot be tumed off. Therefore, secura control of the radloactive Inventory and surveillance of staff and patients Is of special
concern.

Regulatory considerations
For transportation, storage and handling of nuclear scurces, European countrles reguire varlous‘!iclenses_ aceording to individual nucloar 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
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Chapfer 1

abtained which is mostly litked to speclfic room conditions and expertise of the persennel. Mandatory key persennel Includes a radiation
oncologist, a medical physlclst, a radiatlon safety officor and a cardiologist. Clinical responsibility lies with the radiation oncologist, 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 spacified In two
diractives (96/28/EURATOM: 97/3/EURATOM) and are now being Incorporated Into natlonal laws, Radiation protection is determined by two

prirciples: exposure must be Justified by showing that It confers more banefit than detriment and expesure should be as low as reasonable
achievable.

MONITORING

Individual personnel doslimeter badges allowing for offective dose equivalent reading are mandatory In controlled areas Ike catheterization

laboratories. Radioactivity can bo further assessed by two baslc instruments, the portable Geiger-M, ller (GM) countar and the ionlzation chamber
survay meter.

SOURCE

Every source must be Inspected on receipt, which invelves 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. The time necessary to transfer the source In a special delivery device (plg) to the
faboratory must be taken into account by treatment protocols. The storing facilltios must provide sufficient shielding not enly for the gamma (1921r)
sources, but also for the beta (90S1/90Y and 32P) sources, which produce significant Bremstrahlung. 32P has a half-life of 14 days only. In

consequence, 32P sources have to be exchanged every two weeks, 905r/90Y sources require a yearly check especlally for the mechanical
conditien of the souree,

CATHETERIZATION LABORATORY DESIGN AND EQUIPMENT

Actual shielding requirements are catheterization laboratory specific depending on slze and configuration of the procedure reom and the adjacent
tooms. Prnciplally, when werking with gamma radlation, speclal shlelding (minimum thickness 25mm lead) I$ required in the procedure reom to
block the gamma rays (e.g. moblle shields of approx. 200kg positioned ¢lose to the patient). The control room must be protocted by a moblle lead
shield. Qutside the laboratory, the level of exposure must be estimated and regularly monitored in adjacent rooms,

Beta radiation requires ne specific shielding of the catheterization laboratory or adjacent reoms.
PATIENT SAFETY

Principal risks related to infracoronary radiation include

t damage to the artery wall with consecutive perforation and/or aneurysm formation. This risks seems to be dose related (>308y) and
low6,28-31.

1 accelerated corcnary artery disease as known side-sffect of high dose radlation (>35 Gy) for the freatment of necplasms32-34.
Intermediate doses (3040 Gy) have shown a low risk of cardiac disease during long term follow-up35s,

1 radlation-induced carcinogonesis. 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 (0.9., arteries, velns, cardlac muscle, and pericardium) have a low spontaneous carcinogonicity rate.

Technical risk related to intracoronary radiation

The main technical risks refated to Intracoronary radiation Is the fallure to smoothly deploy and retrieve the source. Therefore, proper source
passage into the target coronary artory 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 repositioning of the dellvery catheter If necessary,

STAFF SAFETY

Every source Is brought into the catheterization laboratory in a shielding device {pig). The shlelding device can be a source of radiation. The
operatorls hand dosée can be reduced by not touching the shielding devico. During delivery into the coronary artery and retrieval, the source is
unshielded for a few seconds. Again, the operatorls dose Is reduced by not touching the treatment catheter and keeping distance, Direct finger
contact with a high dose rate source is hazardous. Durlng treatment with gamma radiation, all persennel with exception of the radlation oncologist
must leave the cathotarization laboratory in order to Imit their exposure to radiation.
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Coronary Brachytherapy

Procedure performance

Intravascular radlation treatment requires a substantial commitment and coliaboration between the Intorventional cardiologist and the radiatlon
oncolegist. Prior 1o every brachytherapy procedure, the radiation oncolegist and the medical physicist have to bo informed, The radiation
oncologist must be able to review the patientls anamnesis and physical condition for proper treatrment planning, the medical physicist guarantees
secura source transportation,

Patient selection

INDICATIONS

Up to date, there exists no established indication for brachytherapy. Potentlal Indications Include all circumstances with elevated sk for
restenosis after conventional catheter based Intervention such as long lesions, sapheheous veln grafts, small coronary arteries, [n-stent
restencsis, multivessel disease, diabetic patients and renal Insufficiency patients, In the US, FDA approval Is limited to the treatment of in-stent
rastenosis.

CONTRAINDICATIONS

Contraindications are previous radictherapy of the chest, previcus Intracoronary brachythorapy, pregnangy, genetic radiation sensltivity disorders
(e.g. atada-telangioctasia).

Patient preparation - medication

Pre-procedural treatment raquires no particular medication for brachytherapy other than antiplatelet regimen for routine angioplasty procedures:
Asplrin (75mg-300mg) and ticlopldine or clopidegrel must be starded at least 24h before the procedure, whereby we prescribe 2 loading dose of
750mg, followead by 250mg twice a day for ticlopldine and a loading dese of 300mg, followed by 75mg daily for clepidogrel. Beta-blockers, caicium
antagonist and oral nitrates should be sdministered as usually prescribed.

At the bogin of the procedure, we routinely administer neurcleptics and analgesics, Repeat bolus is given during the procedure, If needed, This is
espacially helpful when using an afterloading technique, as it prolongs procedural time and creates slgnificant lschemia during radlation in the
majorlty of the patients. Furthermora, we administer 325mg aspirn Intravencusly and 10 000 (U heparin Immediately after arterial sheath
placement, Activated clotting time (ACT) Is checked overy 30 minutes aRter the flrst bolus injection in order to malntain ACT > 300 sec. Additional
haparin is given If necessary.

During the procedure, GP libllla receptor blockers are given dellbarately In patients with unstable angina, periprocedural Intracoronary thrombus
formation or dissection.

Equipment set-up and special arrangements of the operating room
For the angiopiasty procedure, a standard angloplasty set and evantualiy additional ablative devices (e.g. atherectomy cathoter) is needed.

For brachytherapy, the cathaterizatlon laboratory must have appropriate shielding as described in section 5.2. The radiation oncolegist preparos
the brachytherapy device (e.g check for mechanical Integrity, flushing of the system, dummy source, etc). We rocommend for this purpose an
exira sterlle table and lght. A bali-out box must be in the procedure room, typically conslsting of an assortment of long-handled instuments for
grasping a source and of a shielded container {load for gamma radiation, plastic for beta-radlation source) to safely place the source.-Radlation
detectors te survey the environment during the procedure and contamination monltors for source ieakage are needed, At loast two timers must be
avallable to allow for correct dwedll time and to minimize treatment errors.

During & gamma radiation procedure, additional sterile gowns and gloves should be open on a tabls In the treatment room for cases of
emergency when staff members need to rapidly approach the patlent.

Access method

Wae prefer the standard fermoral approach for optimal guide support using a 8F sheath and guiding catheter.
Angiography

TERMINOLOGY

Brachytherapy as now treatment with complex mechanisms of action urges detailed angiographic nent and necesslitates the intreduction
of 2 new terminology.

1 Target segment (Figure 3)

The target segment is defined by the preximal and distal margin of the obstructed segment.
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Figure 3.

Branch

T Injured segment (Figure 4}

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

Figure 4.
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T Irradiated segment (Figure 5)

Figure 5.
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The Irradiated segment Is defined as the segment encompassed by the inner edge of the radiopaque markers of the source train or the length of
the radioactive stent.

It Is of note, that the effective irradlated segment recelving full prescribec therapeutic radlation dose (>90% isodose rate) is sfighity shorter 2s 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 compiicated, as
is requires the knowlatge of the Individual dose-proflles for @ach isotope and source design (Flgure 6).

Figure B.
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T Edge segments (Figure 7)

Figure 7.

Branch

Edge segments are the vessel segments at the extremities of the radlation source (catheter-based source, radicactive stent or balloon}, which do
not receive full therapeutic radiation dose. The lengths of the edge segments is dependent on the Isodose profile of the individual source.

1 Vessel segment {Figure 8)

Figure 8.
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Vesso!

Side
Branch

The vessel segment is the coronary segment bordered by angiographleally visible sldebranches which encompass the orlginal lesion, alt
angioplasty devices and the radiation source.

7 Geographic miss segment (Figure 9)

Figure 9.

tn coronary brachytherapy, It is defined as a mismatch botween injured and irradiated segment; Geographical miss Is present when the entlre
fongth of the injured segment is not completely coverad by the Irradiated segmant.

GENERAL REQUIREMENTS

Anglography should be done In biplane views. At the start of the procedura, two projections are selected with more than 30degrees difference in
rotatlon and avoiding foreshortening and side branch overlapping. The entire procedure should be flmed In identical projections. The metloulous

documentation of all angloplasty devices and the radlation source in place with contrast medium, using the same projections, Is essential (Flgure
10).

Figure 10,
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Angiographic documentation of a brachytherapy procedure. All angiograms should be petformed in the same projoction. Angloplasty deovicos
(here: doflated balloon) and source should be filmed with contrast to allow for precise anatomdcal orientation.

Inadeguate angicgraphic documentation, hampering the identification of tho imadiated ard the injured segrment s seen in up 10 50% of the cases
enrolled in brachytherapy trials.

PRIMARY ANGIOGRAPHY

Primary anglography |dentifies the culprit lesion, the *target segment® and the “vessel segment”. Basic ¢onsiderations are;
i vessel slzo {dose prescription? radloactive stent seloction)
T lesion accessibility for the source (dimensions, stiffness?)
7 lesion position (ostial leslons virtually have geographic miss as source positioning with a proximal safety margin is not possible}
'l strategy of angioplasty prior to radiation
T leslon length (source long enough to cover complete injured segment?)
1 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. Eventually necessary addltional
shlglding {gamma radlation) has to be considered. The image Intensifier has to be positioned in such way, that the lead shiglding can be placed
closely to the patient.

Angioplasty

Prior angieplasty might consist in debulking (directional or rotational atherectomy, lasar), stent Implantation or "simple® balleon inflation and Is
performed In conventional taechnique. Any Instrumentation has to be fllmed at the site of treatment surrounded by contrast medium I identical
projections! It Is important, that angloplasty 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

‘Tha treated coronary artery is usually 2-5 cm of length, with a dlameter of 3-5 mm and a vessel wall thickness of 0.5-3 mm. The radiation dose
glven to the vessel wall should probably target the medla as well as the adventitla delivered 2t 0.5-5mm from the scurce. Dose prescription and
source selection are performed in close collaboration with the radiation oncolegist. Dose s prescribed in rolation to the long axis of the source
(e.g. at 2mm)}.

CATHETER BASED AFTERLOADING SYSTEMS
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 shouid be selectod in that way, that

1 the vassel segment, which has been "touched" by any angioplasty device and

1 the vessel segment which shows macroscople injury Is completely covered

1 thera Is sufficient safety margin at the preximal and distal end of the source to guarantee ful} dose radlation of the treated segmant.
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In practice, we select the length of a source train with a "safety margin® of 1 seed to be outside the Injured segment at each end (Bota~-Cath
system, Checkmate system) (Figure11),

Figure 11.
Safefy Margin

Vossel

Correct Source

Lengthand
Pk Position

Correct seloction of the source length and positioning. The source should be longer than the injured segment to guarantee full dose radiation. The
source has to be positioned with a proximal and distal safety margin, The length of the safety margin (here: one seed) is dependent of tho source
design and isotope.

RADIOACTIVE STENTS

Tho dose Is given by the radioactivity and dose rate of the stent. Stent dlamoter Is conventionally selected according to the vessel glameter {stent
1o reference vessel diameter ratiot.1). The radioactive stent has fo be longer than the lesion accounting for the dosefall of at the extremities of
the stent.

Radiation treatment

The radlation oncologlst propares the brachytherapy device. Meanwhile it might be helpful for the operator to review the anglograms. This allows
for a precise image of tha "injured segment” relative to landmarks such as side-tranches. If necessary (gamma radiation), lead shielding devices
have to be instalied.

CATHETER BASED AFTERLOADING SYSTEMS

The guiding catheter should be comrectly positioned at the coronary estium: If it is to deep it will obstruct flow and may craep further Inte 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
accormmodating the dummy sourco Is carefully advanced Into the vessel, Most radlation dellvery catheter are fragile without Inserted ribben, it
may easily kink during insertlon, If stented leslons arg treated, Is has to be avoided particularly In tortuous vessels to avold that the catheter
becomes caught on the stent struts, An anglogram with the dummy source In place should be done. If angiography confirms correct pesitioning
with complete coverage of the Injured segment and safoty margins, the radiation encologist removes the dummy source, connects the afterloader
device to the catheter and delivers the source. Some systems may require the withdrawal of the guide wire. Tho radloactive source must bg
filmed In place with contrast medium repeating the projections used for angloplasty. Care should be taken to not over tighten the O-ring and Y-
connestor while attempting to obtain good quality contrast Injections, as thls may crimp the delivery catheter and obstruct movement. During
radiation delivery, all "unnecessary” persennel has to leave the procedure room, At the end of the dwell time, the radiation oncologlsts removes
the souree, In case of long dwell times (10-20min), the contrast madium should be withdrawn into the delivery syringe pricr to Infection down the
corenary artery after withdrawal of the source to avoid thrombotic embolization. While remeving the dellvery catheter, care should be taken not to
push the gulde to far distally into the vessel. A final angicgram should confir good anglopiasty result and the absence of dissections andfor
thrombus,

RADIOACTIVE STENT IMPLANTATION

Radioactive stents are premounted on a balleon (Figure12a), The stent (and balloon) is enclesed by a separate shleld, After positioning the
guiding catheter and the guide wire, the radloactive stent systems Is Introducad in monorail technique by means of 2 speclal shlelded introducing
system. It is of note, that this device design nevitably creates geographlc miss, as the implantation balioon is always longer than the stant
(Figure12b). Thus edge injury at the extremitles of the balloon {Figure12c) Is always prone to receive low-dose radlation (Figurat2d-f).

Figure 12.
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Radicactive
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To minimize geographic miss, diract stenting should be performed, whenever possible. High pressure balloen Inflation should be performed to
assure stent expansion. Prodilatation and pestdilatation have to be aveided, as thoy camy additional risk of geographic miss at the extremities of
the stent. if pre-dilatation Is necessary, a balioon shertor than the stent should be used to limit the irjured segment and allow for complete
coverage by the stent. If postdilatation is necessary, a short (9mm) ballson should be praferred. Care has to be taken, to perform balloon inflation
strictly Inside the stent. Images flmed In a magnified field (5 inch) with digltal zoom enhancement might be used to visualize the stent edges.
Lesions with marked vessel tapering requiring proximal postdilatation should be avoided. Lesions within toriuous vessels or substantially caleifled
lesions should also be avolded, In these lesions, It might be impossible to advance the stent, resulting finally In "uneccessary® and
“unsuccessfully* radiation exposure of pationt and staff,

How to aveid geographic miss

T Source length > lesicns lengthl

T Select a projection without foreshortening and side branch overlap

T Flim any Instrumentation with contrast medium to allow for anatomical orlentation
1 Flim any Instrumentation in the same projection and respiratory positlon

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

T Use proximal (or distal) side branches withln the vessel segment as Index anatomical landmarks to assess the distances to the markers of the
angicplasty balloon and the inner part of the radiopaque source markers

T Conslder proximal and distal safety margins, calculated from the Inner part of the radiopaque source markers
T Do not parform brachytherapy before a satisfactory angloplasty result
T Avaid instrumentation {g.g. additional stonts} after brachytherapy

T Listen to your radiation oncologist!

Complications

Procedural complications

Procedurai complications include all complications typically linked to the angloplasty/debulking procedure. When using radicactive stents, all
complications typical for convantional stenting have to be taken into account. Most complications rejated to brachytherapy by removable sourses
aro causod by the relatively high profile and stiffness of the delivery catheter:

1 myocardial ischamlza with angina and/or ECG changes, which, might necessitate fractlonation of the dose (approx. 4% of the patients)
and
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T dissection after manipulation of the delivery catheter {(approx. 10% of lasions)

Furthermere, radiation increases local thrombogenicity36, which promotes Intracoronary thrombus formation durlng active treatment (approx, 4%
of feslons). In these cases, GP |Ib/lla inhibitors should begiven delberately.”

Procedural Emergencies
Catheter based line sources:

Prolenged retrieval reprosents one of the most serous technical events which ¢an produce unwanted dose 10 the patient and staff. In that first
o5, the entire troatment cathoter should be withdrawn and placed into the bail-out box. If that is not successful, an attempt should be made to
mave the source into a larger diameter artery whilst calling for emergency surgery.

Balloon based fluid or gaseous sources;

Radicactive fluld fllled balloons might leak ¢r burst and splil their contentis Into the patientls biood stream. The radioactive material need to be
physlologlcally cleared fram the patient before an unacceptable doso s deliverod to any tissue. Gaseous 133Xe Is rapidly exhaled and presents
mirimum radiation hazard to the patient,

In all cases of emergency, the physicistls responsibillty is to remain focusod on safely rotrieving the sources and minimlzing unnecessary
axposute 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 likety and unlikely occurrences.

Postprocedural care

Tho arterlzl sheath is withdrawn Immodiately after the procedure and the access site sealed with a closure device (Perclose or Anglaseal), In
case of a difffcult arterial punciure with substantial fibrosis, the sheath is removed & hours after the procedure and the artory manually
compressed. All patients must recolve effective antiplatelet therapy for at least 6 months. in our institution, we prescribe aspirin indefinitely in
sombination with iclopidine (250mg twice a day) or clepldegrel (75mg daily) for 12 months. This Is essential to avoid late thrombotic occlyslon,
which has boen observed with an incidence of 0-9.2% in the early phase of catheter-based brachytherapy (Figure13)37,38 most probably due to
delay in endethelialization which might increase the chance of subacute thrombosis.

Figure 13.

Incidence

incidence of late thrombotic occlusion In brachytherapy trials

Summary of clinical trials

Catheter-based line-sources

Gamma radiation therapy Is the only treatment so far showing to reduce restenosls In randomized, double biind, placebo-controlied triais
(Figure14, Table1)7,28,38-40.

Figure 14, Reduction of restenosis and target vessel

revascularization rate by brachytherapy
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Table 1, Results of placebo-controiled gamma radiation trials at 8-month follow-up,

Study No Gy Lesionlength Source  Restenosis MACE
pis mm Rate

SCRIPPS 53 8-301t <30 Ir-192 17 15
Placcbo 54 43

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 83091 <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.

* Dosce at 2 mun from the source, 11 to E.E.M.

Mast of the ongolng trials uso catheter-based p-radlation sources29,41,42 (Table2 and Table3). Overall, the Inltial target has been the treatment
of de nove coronary stenosis. However, recent design trials have included pationts with restenotic leslons.

Table Z. Intracoronary brachytherapy trials

Study No Dose Lesion criteric Lesion length Source  Sponsor
pts Gy mm

ARREST 50  <8,<35** Denovo <=05 Ir-192  Vascular Therapies

ARTISTIC 50 12,15, 18} Instent restenosis <=25 Ir-192  Vascular Therapies

BERT 20 12 14,16* Decnovo <=13 S2/Y-50 Novoste

BERT 1.5 31 12,14, 16t Denovo <20 32/Y-90 Novoste

Betmcath 1456 0,14,18%  Denovo, <20 St/Y-90 Novoste
Restenotic

BetaWRIST 50 20.61 Instent restenosis <=47 Y-80  Boston Scientific

BETTER 150 20% De novo, <=3 P-32  Radiance
restenotic

BRIDGE 100 0, 20* De novo <=15 P-32  Guidant

BRIE 13 14,187  Denovo, <20 Sr/Y-90 Novoste
Restenotic

Compassionate 22 16,201 Instent restenosis <30 Sr/Y-90 Novoste

Use Rotterdam

CURE 30 204 De novo <22 Re-188  Columbia University

Dwose Finding 181 9,12,15,18% Denovo <15 Y80  Schneider

GAMMA-1 252 D.8-307T  Tnstent restenosis <=43 Ir-192  Cordis

GAMMA-2 125 144 Instent restenosis <=45 Ir-192  Cordis

GAMMA-3 280 14% Instent restenosis <=45 Ir-192  Cordis

Gengva 15 18% De nove <29 Y-90  Schneider

GRANITE 100 14+ Instent restenosis <=45 1192  Cordis

INDIRA 800 0, 11== De novo, <=30 Ir-192 Cordis
Inatent restenosis

INFIBIT 360 0, 20% Inytent Testenosis <44 P-32 _ Guidant

IRIS 37 5-12- e novo, <28 P32 Isostent
Restenotic

29



Chapter 1. -

LongWRIST 120 0.15%  Instent restenosis >80 Ir-192  Cordis

MARS 35 20 Gy* De navo <20 Re-188  Mallinckrodt
PERTH 100 18% Instent restenosis 20-80 Re-188 Roval Perth Hospital
PREVENT 37 0.28,35, 42* Denovo, <22 P-32  Guidant
Restenotic, ’
Instent restenosis
P32 Dose 162 45-92»  Denovo. <28 P-32  Isostent
Response Restenotic,
Instent restenosis
P32 Dose 50 2292+ De naovo, <15 P-32  Isostent
Response Restenonc
Cold Ends
P32 Dose 50 71-126=  Denove, <15 P-32  Isostent
Response Restenotic
Hot Ends
Radiation Stent 30 52-106=  Denove, <13 P32 ACS
Safety Trial Restenotic
RENO 1800 14-20%  Denovo, Not limited Sr/Y-90 Novoste
Restenotic,
16-22%  Instent restenosis
SCRIPPS-1 35 0, 8-30%t  Restenotic <30 ir-192  Cordis
SCRIPPS-2 100 0, 8304t Instent restenosis <63 Ir-192  Cordis
SCRIPPS-3 500 0, 14+ Instent restenosis <81 Ir-192  Cordis
SMARTS 180 124 De novo <=25 Ir-192  Vascular Therapies
START 476 0,16,201 Instent restendsis <20 SrY-90 Novoste
START 40/20 206 16,207  Instent restenosis <20 Sr/Y-90 Novoste
SVG WRIST 120 0, I3+ SVG <=45 [-192  Cordis
Venezuela 21 19-55***  De novo, <30 Ir-192  Non commercial
Restenotic
WRIST 130 0. 15+  Instent restenosis <47 Ir-192  Cordis

No pts = number of patients, * at 0.5 mm into the vessel wall, ** with IVUS guidance, *** at 1,5 mm
from the source, + at 2 mm from the source, 11 to E.EM., - Cumulative dose over 100 days delivered
to 1 mm depth outside the stent surface, »» at 3 mm from the source, } at 1 mm from balloon surface, 14
at media. :

Table 3, Results of beta radlation trials at 6-menth follow-up.

Study No Gy Lesion length  Source length Source Restenosis MACE
: S pts mm mm Rate
Geneva 15 13% <20 29 Y-90 40 33
BERT 20 12,14, 16% <=13 30 St/Y-90 15 15
BERT 1.5 35 12,14.16* <20 30 SrY-99 11 9
BetaWRIST 30 20,64 <=47 29 Y-90 34 34
Placebot+ 71 76
BRIE 149 14, 18* <20 30 Sr/Y-90 34 34
Dose Finding 181 9,12,15,18** =135 29 Y-90 9Gy 9 16
Study Y-90 18Gy 26 13
PREVENT 96 16,20, 24+ <22 27 P-32 22 26
Placebo 50 32
START 396 18, 20* <20 30 St/Y-50 29 18
Placebo 45 259
Compassionate 18 16, 20* <30 30 Sr/Y-90 53 47
use Rotterdam

MACE = major cardiac events. No pts = number of patients. * Dose at 2 mm from the source,
F Dose at the inner arterial surface, ** Dose at 1mm from balloon, -++ dose at 1'mm into vessel wall.
+ 50 placebo pts from WRIST.

Radioactive stents

The clinical trials utilizing radloactive stents have been disappainting despite effective prevention of necintimal growth with the stent. Clinical and
anglographic outcome has been hampered by restenosis at the edges of the radioactive stent; coined the "candy wrapper” effect25. This
unfavorable phenomanon occurred imespective of the stent design (cold end, hot end) or the dose rate (high activity vs. low activity) (Tablo4}.

Table 4, Results of 32P radicactive stents at 6-month follow-up.
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Study No pts Stent activity  Lesion length  Restenosis TLR
uCi mm Rate

IRIS 1A 32 0.5-1.0 <15 31 21

IRIS 1B 25 0.75-1.5 <15 50 32

IRIS Heidelberg 11 1,5-3.0 <15 54 N/A

IRIS Rotterdam 26 0.75-1.5 <28 17 12

P32 Dose Response 40 6.0-12 <28 44 25

Rotierdam

P32 Dose Response 23 0.75-3.0 <28 52 52

Milan 29 3.0-6.0 41 41
30 6.0-12 50 50
40 12-21 30 30

N/A = not available, No pts = number of patients, TLR = target lesion revascularization.

Limitations

Low radiatlon doses (4-8 Gy} may stimulate neolntimal proliferation, This could be due to the fact that growth factors are synthesized de novo and
secreted by surviving cells. These growth facters might promate the proliferation of smooth muscle cells.

Delayed depletion of some cells (adventitial cells, fibroblast) could lead to subsequent re-population, whereby smooth muscie cells from the
media could be progrossively replaced by flbroblaste and extracellular matrix, leading o flbrosls, as has boon previously described in animat
oxperiments., Persistent dissections after beta-radiation have been observed at 8-month angiographical follow-up. Geographical miss, where the
injured area [s not completely coverad by the Irradiated area, is a major cause for edge restenosls. The Incldence of gecgraphical miss ranges
from 18 tlll 34%. In case of geographlcal miss a restenosls rate of 38% was sean, versus 9% when thare was no geographlcai miss, Geographical
miss increases the chance of restenosis rate up to 4 times. Edge restenosis has been observed at the edges of the treated area. It appears to
eceur when the area injured by the balloon [s larger than the irradlated area. Delayed restenosls was seen in the Condado, SCRIF‘FS and WRIST
trial,

Future directions

Endovascular radlotherapy demonstrated to be safe and feaslble ovor an short and mid-term perspective. There are still several unanswered
questions which should be deflned befere determining the potentlal of this new technigue. Flrst, the use of B- or y- sources or a combination of
hoth. Secondly, the use of centering or non-centering devices, Furthar, to determine the best vehicle for radiation: solld {wire or train of seeds),
liquid {{llled-baliocn) or gaseous. Finally, the target tissue must be defined as well as the minlmal effective dose to be delivered. Hopafully, after
the completeness of the ongeing trials in Eurcpe as well as in the USA, many of these Issues will be answered.
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ABSTRACT

Aims: Intracoronary radiation is a promising therapy potentially reducing restenosis
following catheter-based interventions. Currently, limited data on this treatment are
available in selected patient populations. The feasibility and outcome in daily routine
practice however is unknown.

Methods and results: The population consists of 100 consecutive patients (pts) with
significant stenoses in 108 major epicardial arteries or bypass grafts. Intracoronary
B-radiation was performed using a 90Strontium (Novoste Beta-Cath™) System. Mean
age was 59+10years, 72 were males,14 diabetics, 29 had prior myocardial nfarction, 45
multivessel disease, 27 unstable angina. Lesions were located in native arteries in 94%. The
lesion type was B2 and C in 73%, RD 3.02+£0.58mm and lesion length 24.3+15.3 mm. 37%
were de novo, 44% in-stent restenotic lesions, 10% showed total occlusion. §-radiation was
performed successfully in all lesions following successful angioplasty (75% stent , 21%
balloon, 3% laser, 1% atherectomy) using a source length of 30mm in 36%, 40mm in 61%
and 60mm in 3% of lesions. In 21 lesions a pullback procedure was done. Mean prescribed
dose was 19.842 5Gy at 2Zmm from the center of the source axis. Complete coverage of
the treated segment was possible in all but 9 lesions. Procedural complications were
as follows: Fractionation of irradiation due to servere angina in 4 patients. Non flow-
limiting thrombus formation occurred in 4 lesions, dissections in 9 lesions. During hospital
stay, no death, acute myocardial infarction, or repeat revascularization was observed. At 6
months clinical follow-up, 17 patients experienced major adverse cardiac events (3 g-wave
myocardial infraction, 14 target vessel revascularization).

Conclusion: In unselected clinical routine patients intracoronary catheter-based
B-radiation therapy after angioplasty is safe and feasible with a high acute procedural
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success. No major radiation-induced complications were observed. The clincal follow-up
showed a low event rate for a patient population with complex lesions.
Key words: Brachytherapy, angioplasty, safety, radioisotopes

INTRODUCTION

Although balloon angioplasty and stent placement have become the predominant modes
of coronary revascularization, restenosis remains the major limitation for catheter-based
therapies. Restenosis rates in short type A and B lesions are reported to be 30%-40%
for conventional balloon angioplasty and 15-30% for stents 2. Coronary radiation is a
promising therapy potentially reducing restenosis. Current concepts for coronary irradiation
include external radiation 3, radioactive balloons *, radioactive stents 7 and afterloading.
Currently, limited data on this treatment are available in selected patient populations *19.
The safety and feasibility in daily routine application however are unknown. We report
on the acute procedural and clinical success in an unselected patient population using a
#Strontium/Yttrium source in patients undergoing routine angioplasty.

METHODS

Patients:

The patient population consisted of consecutive patients with angina and/or objective
evidence of ischemia, who had angiographic documented coronary artery disease.
Patients were included after successful treatment with conventional angioplasty
and/or debulking procedures. Patients with impaired left ventricular function (LVEF
<30%), undergoing or having prior chest radiotherapy, acute myocardial infarction or
angiographic evidence of fresh thrombus (filling defect proximal to or involving the
stenosis) prior to radiation therapy were excluded. All included patients had given
written informed consent.

Angioplasty and radiation procedure:

Angioplasty was performed using routine procedures with commercially available systems
and 8F guiding catheters by femoral approach. The position of all balloons, stents or debulking
devices was documented angiographically. After the initial catheter-based procedure, the
absence of dissection, thrombus or spasm prior to placement of the Beta-Rail delivery
catheter™ was assured by contrast injection after a waiting period of 5-10 minutes.
Pre-interventional medication included non-enteric aspirin (325mg) and intravenous
heparin (10 000 to 15 000 IU), in order to keep the activated clotting time >300sec during
procedure. Post-interventional medication consisted of chronic aspirin and antiplatelet
therapy (clopidogrel 75mg daily after a loading dose of 300mg at the day of procedure)
for 3-7 months.
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Intracoronary beta-irradiation was performed using a **Strontium/Yttrium source with
a non-centering catheter (Novoste Beta-Cath™). Following successful angioplasty,
the Beta-Rail delivery catheter was advanced over the guide wire into the vessel
so that the radiopaque markers on the delivery catheter were equidistant from the
center of the injured segment, with a margin of at least 7mm proximally and distally.
After withdrawal of the gnide wire, the source train was transported hydraulically 10
the distal end of the delivery catheter. The position of the source was documented
angiographically. At the end of the calculated radiation time, the source was withdrawn
and the Beta-Rail™ delivery catheter was removed over the guide wire. The dose was
prescribed at 2Zmm from the source axis and adapted to the vessel diameter. Dosage
calculation and the delivery of the radioactive seeds was carried out by a radiation
oncologist. The length of the source train was 30mm, 40mm or 60mm. If the injured
segment could not be covered completely with one source, a pullback procedure was
performed. The source train was first positioned to cover the distal portion of the
injured segment, then withdrawn to cover the proximal portion of the injured segment.
Proximal positioning of the delivery catheter was performed using a dummy source
train and overlay imaging technique. An ECG-gated video-loop, showing the distal
source position was projected on the actual fluoroscopic image, done in the same
projection, table position and expiration position of the patient. The delivery catheter
was placed in such a way, that the radiopaque marker indicating the proximal end of
the distal source overlapped with the distal marker of the proximal dummy source.

After exact positioning, the dummy source was removed hydraulically and the active
source train inserted.

Success:

Procedural success was defined < 30% residual stenosis post procedure before removal
of the guiding catheter and a successful radiation therapy procedure. Brachytherapy
success was defined as complete (>90%) delivery of prescribed radiation dose, including
dose interruption and resumption. Clinical success was defined as procedural success
without the occurrence of major adverse cardiac events (MACE: Death, myocardial
infarction, target vessel Re-PTCA or coronary artery bypass grafting (CABG)) during
hospital stay.

Angiography:

On line quantitative coronary amalysis was performed using the CAAS II system
(Pie Medical, Maastricht, NL)*'. All angiograms were evaluated after intracoronary
administration of nitrates. The minimal lumen diameter (MLD) was determined by edge
detection, reference diameter (RD) was automatically calculated by the interpolated
method. The percent diameter stenosis (DS) was calculated from the minimal lumen
diameter and the reference diameter.

39



Chapter 2

Follow-up
Clinical follow-up has been performed within 210 days after the radiation procedure for
the occurrence of MACE.

Statistical analysis

All statistical analysis was performed with commercially available software (SPSS 9.0,
SPSS Inc. Chicago, Illinois). Data are presented as mean + standard deviation, median and
interquartile range or proportions. Survival analysis was done using the Kaplan-Meier method.

RESULTS
In 100 prospectively included patients 108 arteries were treated.

Patient characieristics
Patient baseline characteristics are given in TABLE 1. The population showed typical
age, gender and coronary risk factor distribution. Twenty-seven patients presented with
unstable angina (of whom one had acute myocardial infarction), 29 had prior myocardial
infarction and 45 showed severe coronary artery disease with significant lesions in
several epicardial arteries.

Lesion characieristics and angiographic data

Lesions were located in 102 native arteries (36 LAD, 28 LCx, 38 RCA) and in 6 venous
bypass grafis. 40 were de-novo lesions whereas 68 lesions were restenoses, of which 47
were in-stent restenotic lesions. Lesion type was A in 4 lesions, Bl in 17, B2 in 46 and
C in 33 lesions, of which 12 showed total occlusion. Lesion length was 24.3£15.3mm,
with 90% lesions longer than 10mm. RD was 3.02+0.58mm and MLD 1.09+0.18mm
resulting in a mean DS of 77.2+13.4%. Final RD was 3.13£0.56mm, the final MLD
2.47+0.21mm and final DS 21.2+ 7.8%.

Angioplasty procedure

Angioplasty was performed in all lesions (n=108) . In 4 lesions debulking was used prior
to balloon angioplasty and irradiation (3 laser, 1 directional atherectomy). Angioplasty
consisted of balloon inflation in 25 lesions and stent implantation in 79 lesions. Stenting
was performed electively in 80%, due to insufficient angioplasty result in 9% and due
to dissection after balloon dilatation in 11%. In 39 lesions direct stenting was performed.
The procedural success rate was 92%.

Brachytherapy success
Intracoronary beta-irradiation was possible in all lesions, resulting in a brachytherapy
success rate of 100%. Mean prescribed dose was 19.8£2.5Gy. To cover the injured
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vessel segment, a long source of 60mm was used in 3 lesions and in 21 lesions a pullback
procedure was done (TABLE 2). Complete coverage with a safety margin of at least
7mm proximal and distal to the injured segment could be achieved in 99/108 lesions,
thus causing geographic miss in 8.3% of the lesions.

Irradiation had to be fractionated in 4 patients due to severe angina and ECG changes
indicative of myocardial ischemia. Non flow-limiting thrombus formation, successfully
treated with GPIIb/Illa inhibitors occurred in 4 lesions. Dissections were observed
after manipulation of the delivery catheter in 9 lesions. Of these, 3 were Type B
and C dissections, necessitating stent implantation, 6 were non flow-limiting Type A
dissections not requiring further treatment.

Clinical success :

After the procedure and during hospital stay, no death, acute myocardial infarction, or
repeat revascularization was observed. One patient, which underwent the procedure for
acute myocardial infarction showed a raise in creatinine kinase up to 723 IU/L Thus,
clinical success rate was 91%. Median time to hospital discharge after the procedure was

Table 1:
Patient baseline characteristics

Data are presented as mean = standard deviation or proportions of patients (n=7100)

Mean age {years) 59410
Gender (male) 72
Angina status
Stable angina (CCS 1-4) 73
Unstable angina 27
Cardiovascular risk factors
History of smoking 46
Diabetes mellitus 14
History of hypertension 39
History of hypercholesterolemia 58
Prior myocardial infarction, related to target vessel 29
Extent of vessel disease
One vessel disease 55
Two vessel disease 32
Three vessel disease 13

CCS Canadian Cardiovascular Society
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Table 2:
Radiation procedure

Data are presented as mean * standard deviation or proportions of lesions (n=108)

Source length {mm)

30 36.1
40 61.1
60 2.8
Pullback procedure (%) 18.0
Radiation dose {(Gy)
16.1 6.7
18.4 61.0
207 29
23,0 24.8
253 4.8
Dwell time {min) 3.3410.44
Table 3:

in hospital major adverse cardiac and clinical events

Data are given as numbers (no) of events, no patient experienced multiple events

Event Ne of events
Maijor adverse cardiac event (MACE)

Death o]

Qewave myocardial infarction 1"

CABG o

Repeat PTCA 0
Clinical event

Pericardial tamponade 1

Renal ingufficiency 2

Isolated CK elevation

CABG coronary artery bypass graft
PTCA percutaneous transluminal coronary angicplasty
CK creatinine kinase

* One patient underwent the angioplasty procedure for acute myocardial infarction

2 (1;2) days. One patient, treated for a type C lesion in the medial RCA with direct stent
implantation (slotted tube stent 3.0/20mm) followed by irradiation with a 30mm source
developed pericardial tamponade after the procedure which was caused by an exit of the
PTCA guide wire prior to irradiation. It could be successfully treated with pericardial
drainage. The patient was discharged 4 days after the procedure. Two patients developed
acute transient renal insufficiency after the procedure resolving after forced hydration in
combination with furosemide. The firrther hospital stay of these patients was uneventful,
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Table 4:
Major adverse cardiac events at 6 months follow-up
Data are given as numbers (no} of events and ranked {ranking} as follows: death, q-wave myocardial

infarction, CABG, repeat PTCA.

Event No of events Ranking
Death 0 0
Quwave myocardial infarction 3 3*
CABG 2 2
Repeat PTCA 13 12

CABG coronary artery bypass graft
PTCA percutaneous transluminal corcnary angioplasty

* One patient underwent the angioplasty procedure for acute myoecardial infarction

one left the hospital 4 days, the other 10 days after the procedure. Four patients
developed isolated mild creatinine kinase elevation (mean 374+123 IU/1 } within 24h
after the procedure without chest pain or ECG changes (TABLE 3).

Follow-up

During 6 months clinical follow-up, 17 patients experienced major adverse cardiac

events, which are given in TABLE 4. Event-free survival is given in FIGURE 1. In the

patient population which developed restenosis more females (40%) and diabetics (30%)

were found than the total group. 14/17 patients underwent stenting at the index procedure

(11 elective, 2 dissection, 1 insufficient angioplasty result) with 6 patients receiving stent-
in-stent implantation. Two patients received a radiation pullback procedure. Restenosis

was focal in 9 patients and located at the proximal (n=1) , the distal (n=3) or both

extremities (n=5) of the index lesion.

DISCUSSION

Study population

This study describes the clinical outcome of intracoronary beta-irradiation in a large
number of unselected patients. This is indicated by the relatively high proportions of
patients with multivessel disease, restenosis, Type B2 and C lesions and the lesion
length. Thus, our series is more likely to reflect "real world" lesions in a tertiary care
center than the highly selected patient populations in previously reported trials. The
generalizability of study results plays an important role on the background that the
number of centers licensed for intracoronary radiation therapy is growing rapidly since
the first patient in Europe has been randomized in 1997 at our centre.
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Feasibiiity in the "real worid”

Brachytherapy was applied routinely with excellent success rate. The prescribed radiation
dose could be delivered to all lesions. Special care was taken to cover the complete
injured vesse]l segment in order to avoid "geographic miss”, the deleterious effect of
balloon induced injury and low dose radiation at the extremities of the source train '%.
To overcome this potential limitation of intracoronary irradiation, sequential pullback
or combination of source trains with different length was performed in a relatively high
proportion of patients.

Procedural complicaiions

No acute or subacute major adverse cardiac events or irradiation induced major
complications were scen. The procedural costs, however, raised substantially from
a mean of 3200.- Euro for conventional coronary angioplasty procedures (1/2000 -
5/2000) to 4100.- Euro. Thus, the cost-effectiveness of intracoronary brachytherapy
still needs to be proven.

Our findings are in accordance with previous published data ° on various afterloading
techniques. In some of these series, however, irradiation induced adverse events were
reported. Using a 192 Iridium source, Condado describes successful gamma-radiation
delivery in all 21 patients following balloon angioplasty, however, one patient developed
prolonged coronary spasm, an other patient suffered subacute thrombosis 1, whereas in
another series of 26 patients with restenotic or in-stent restenotic lesions no in hospital
adverse events were seen ® . In a larger patient cohort (n=130) undergoing randomized
gamma irradiation for in-stent restenosis, 2 patients in the placebo and 2 patients in
the radiation group required fractionation of radiation due to angina and ischemia, 2
patients required vascular access site repair and 8% of patients had CKMB elevation .
Similarily, dose fractionation due to ischemia was required in 11/50 patients receiving
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Figure 1

Event free survival at 6 months follow-up (Kaplan -Meier). TLR indicates target lesion revascularization and
includes repeat PTCA and CABG. MACE indicates major adverse cardiac events. Events are given ranked
as follows: death, g-wave myocardial infarction, CABG, repeat PTCA.
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beta-afterloading with a centered device for in-stent restenosis '*, indicating insufficient
distal perfusion with the centering balloon during irradiation as it was also seen in
4/15 patients in the Geneva series ', In our study with a non-centered device, dose
fractionation was necessary in 4/108 lesions only.

Thrombus:

The most frequently seen possible irradiation associated events were thrombus formation
and dissections. In our series, in 4 lesions intracoronary thrombus formation during
the procedure could be visualized as a contrast filling defect by angiography. In all 4
lesions, thrombus formation was not flow-limiting, All patients received intravenously
GP IIblla inhibitors for 12h, their in-hospital course was uneventful, without evidence
for (sub-jacute thrombosis.

Dissection:

In 9/108 lesions dissections were documented angiographically at the end of the
irradiation procedure. In 3/9 lesions, further preventive stent implantation was performed
. However, the prognostic impact of non flow-limiting dissections in patients
undergoing brachytherapy in poorly understood. Previous case series (16 patients each)
with acute dissection following balloon angioplasty and intracoronary beta-irradiation
have shown that these dissections persist in approximately 50% of the patients ' at six
months follow-up. Persisting dissections were not associated with a change in angina
status or any acute or subacute clinical sequelae . In contrast 2/6 patients presenting
sudden thrombotic events after balloon angioplasty and beta irradiation showed a Type
B dissection after the procedure . No correlation between persistence of dissection and
the prescribed dose was seen 5.

Mid-term outcome

In our series, the mid-term outcome seems comparable to randomized studies despite
a higher a priori restenosis risk of our study population. Two patients experienced
myocardial infarction, possibly caused by increased thrombogenicity and prolonged
wound healing reported in experimental 2*** and clinical series 2. Clinically driven target
vessel revascularization has been performed in 15% of the patients. This is as expected
somewhat higher than recently reported 11% for skort, de-novo lesions treated with beta-
irradiation .

In unselected patients intracoronary catheter-based B-radiation therapy after angioplasty
is safe and feasible with a high acute procedural success. No major radiation-induced
complications were observed. The clinical follow-up showed a relatively low event rate
for a patient population with complex lesions.

Limitations
This is a non-randomized, non placebo controlled mono-centre experience. We evaluated
only one type of beta radiation delivery catheter, thus these results can not be
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extrapolated to other radiation (e.g. centering) delivery systems or other (¢.g. gamma)
sources. These data are restricted fo the in mid-term outcome (6 months). Possibly
radiation induced delayed restenosis needs to be further investigated. The small number
of events in this study does not allow to identify patient or lesion related factors
predicting adverse procedural outcome.
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ABSTRACT

Aims

We sought to compare the effect of intracoronary B-radiation on the vessel dimensions in
de novo lesions using three-dimensional IVUS quantification after balloon angioplasty
and stenting.

Methods and Results

Forty patients (44 vessels; 28 balloon angioplasty and 16 stenting) treated with
catheter-based B-radiation and 18 non-irradiated control patients (18 vessels; 10 balloon
angioplasty and 8 stenting) were investigated by means of three-dimensional volumetric
IVUS analysis post-procedure and at 6-3 months follow-up.

Total vessel (EEM) volume enlarged after both balloon angioplasty and stenting
(+37 mm? versus +42 mm®, p=NS), but vessel wall volume (plaque plus media) also
increased similarly (+33 mm?® versus +49 mm?®, p=NS) in the irradiated patients. Lumen
volume remained unchanged in both groups (+3 mm? versus -7 mmn?, p=NS). In the stent-
covered segments, neointima at follow-up was significantly smaller in the irradiated
group than the control group (8 mm? versus 27 mm?, p=0.001, respectively), but the total
amount of tissue growth was similar in both groups (33 mm? versus 29 mm?®, p=NS).
Conclusions
Intracoronary B-radiation induces vessel enlargement after balloon angioplasty and/or
stenting, accommodating tissue growth. Additional stenting may not play an important
role to prevent constrictive remodeling in the setting of catheter-based intracoronary
B-radiotherapy..
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We investigated the effect of intracoronary B-radiation in de novo lesions using 3D-TVUS
after balloon angioplasty (BA) and stenting. Consecutive patients (28 BA and 16
stenting) treated with B-radiation and 18 non-irradiated patients (10 BA and 8 stenting)
were investigated. Total vessel (EEM) and vessel wall (plaque+media) volume increases
were similar after both BA and stenting leaving the lumen volume unchanged. In the
stent-covered segments, neointimal hyperplasia was smaller in the irradiated group than
control, although the total tissue growth was similar. BA and/or stenting followed by
intracoronary -radiation induces vessel enlargement accommodating tissue growth.

Key Words
Coronary angioplasty, stent, brachytherapy, intravascular ultrasound
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INTRODUCTION
The safety and feasibility of catheter-based intracoronary v or P-irradiation has been
established in clinical trials(1-3). Randomized studies have demonstrated the reduction
of restenosis in patients with restenotic lesions(4,5). Recently, B-irradiation has shown to
inhibit the recurrence of restenosis(6)Popma ACCIS 2000 presentation, START trial). A
non-randomized study using B-radiation to treat de novo coronary lesions has also shown
promising results in the reduction of restenosis rate after balloon angioplasty(7}. It is of note
that European experiences have been more oriented to B-radiation for de novo lesions, whereas
in the U.S., most efforts have been focusing on the y-radiation for in-stent restenosis(8).

Restenosis after angioplasty is caused by two components: vessel remodeling and
neointimal formation. Data from experimental models have demonstrated the inhibition
of neointimal formation and of constrictive negative remodeling after intracoronary
radiation{9-12). Recently, these findings were confirmed in human coronary arteries using
sophisticated three-dimensional volumetric intravascular ultrasound (IVUS) (13). In this
era of stent implantation, the effect of brachytherapy in stented arteries deserves careful
evaluation, and one small study has suggested that an increase in plaque volume occurred
after brachytherapy mainly outside the stent(14).

The aim of the present study was to investigate the effect of intracoronary f-radiation
on the vessel dimensions of de nove lesions after balloon angioplasty and stenting using
three-dimensional IVUS quantification.

METHODS

Patients
From April/97 to May/99, 64 de novo lesions (57 patients) were consecutively treated
with catheter-based intracoronary B-radiation using the Beta-Cath System™ (Novoste
Corp., Norcross, GA). IVUS analyses of 10 vessels (7 patients) were not included in
this study due to the implantation of multiple overlapping stents outside the irradiated
segments because of the inability to define the region of interest. Additional 10 vessels
(10 patients) were not included because 3-dimensional-IVUS analysis was not performed
either post-procedure or at follow-up (3 patients had severe restenosis, 1 patients met
IVUS crossing failure at baseline, 3 presented thrombotic occlusion, and 3 other patients
refused follow-up angiograms). The control group consists of 18 patients successfully
treated with conventional balloon angioplasty (n=10) or single stent implantation (n=g)
during the same period. In these patients, the radiation delivery catheter was also
introduced in the target coronary arteries, but a dummy source was used instead of
radioactive source as placebo groups for brachytherapy trials.

The study population consists of 40 irradiated patients (44 vessels; 28 treated with
balloon angioplasty and 16 treated with stenting) and 18 non-irradiated placebo patients
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(18 vessels). Patients presented with angina pectoris or positive stress testing. Patients
with myocardial infarction within 72 hours prior to treatment or left ventricular ejection
fraction < 30% were not included in this study. Angiographic inclusion criteria consisted
of a reference vessel diameter > 2.5 mm and < 4.0 mm and a lesion length < 20 mm.
Only slotted tube stents were used for this study.

The Medical Ethics Committee of the University Hospital Rotterdam Dijkzigt
approved the protocol of intracoronary radiation. All patients gave written informed
consent.

Radiation System

The source train of the Beta-Cath™ System consists of a series of 12 independent
cylindrical seeds, which contain pure B-emitting **Sr/”%Y, and is bordered by 2 gold
markers (30mm total length of radioactive seeds). The profile of the catheter is 5 French
and the source train is not centered. The radiation sources remain at the treatment site for
approximately 2-4 minutes to deliver a predetermined dose at 2mr from the centerline
of the axis of the source train. Prescribed radiation doses were 12Gy (8 vessels), 14Gy
(12 vessels), 16 Gy (9 vessels), and 18Gy (15 vessels).

Procedure

All patients received aspirin (250 mg/day) and heparin IV (10.000 IU) during
the procedure and additional heparin was given to maintain the activated clotting
time >300sec. Stented patients also received ticlopidine (250mg/day) or clopidgrel
(75mg/day) for at least one month. Balloon angioplasty was performed according to
standard clinical practice. After successful angioplasty, intracoronary P radiation was
performed as previously described, (1) and repeat angiography and IVUS pullback were
carried out. If the result was suboptimal (> 30% diameter stenosis), or if the patient
was assigned to provisional stenting, the stent was implanted with high-pressure post-
dilatation and IVUS guidance. Finally, repeat angiography and IVUS were carried out.
Intracoronary isosorbide dinitrates (200 pg) were administered immediately prior to
each of the IVUS pullbacks. At follow-up (6-8 month), further IVUS analysis of the
treated vessel was performed.

IVUS image acquisition and quantitative analysis

The coronary segment subject to 3-dimensional reconstruction was examined with a
mechanical IVUS system (CVIS, Boston Scientific Corporation, Maple Grove, MN)
with a sheath-based IVUS catheter incorporating a 30 MHz single-clement transducer
rotating at 1800 rpm. ECG-gated image acquisition and digitization was performed
by a workstation designed for the 3-D reconstruction of echocardiographic images
(EchoScan, Tomtec, Munich, Germany). Description of this system has been reported
in detail elsewhere(15-17). In brief, the steering logic of the workstation considered the
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heart rate variability and only acquired images from cycles meeting a predetermined
range and coinciding with the peak of the R wave.

A Microsoft Windows™.-based contour detection program, developed at the
Thoraxcenter, was used for off-line volumetric quantification ADDIN ENRfu (18).
Briefly, this program constructed longitudinal sections from the data set and identified
the contours corresponding to the lumen, media and stent boundaries. Volumetric data
were calculated by the formula: V=23"_ A * H, where V = volume, A = area of EEM
(external elastic membrane), lumen, stent or plaque in a given cross-sectional ultrasound
mmage, H = thickness of the coronary artery slice, that was reported by this digitized
cross-section, and n = the number of digitized cross-sectional images encompassing
the volume to be measured. Checking and editing of the contours of the planar images
were performed by two independent experienced analysts (KK, MC). Intra-observer
variability assessed by analyzing IVUS volumetric studies at least 3 months apart
has been reported:-0.4 & 1.1% in lumen volume, -0.4 + 0.6% in total vessel (EEM)
volume and -0.3 = 1.0% in vessel wall (plaquetmedia) volumes using motorized
ECG-gated pullback(17). The application of this system has been reported in clinical
studies(13,14,19,20).

The methodology to define the segment of interest has also been described
previously(13,14,21). An angiogram with contrast injection was performed after
positioning the radiation delivery catheter in the study group and a deflated balloon in
the control group during the procedure. By the use of the Rubo DICOM Viewer (Rubo
Medical Imaging, Uithoom, The Netherlands), each angiographic sequence showing
the radiation delivery catheter or the deflated balloon during contrast injection can be
displayed on the screen with ECG tracing. By selecting those frames in the same part
of the cardiac cycle, we were able to define the location of the radiation source train,
balloon inflations and their relationship with anatomical landmarks. Typically, the aorto-
ostial junction, stent and/or side-branches were used as landmarks. The anatomical
landmark closest to either of the balloon markers was used as a reference point. During
the subsequent IVUS imaging, this reference point was recognized and used for selecting
the area of interest: a 30-mm long segment irradiated by the radicactive or sham source
train. At follow-up, correct matching of the region of interest was assured by both the use
of the same IVUS motorized pull-back system and comparison of the longitudinal view
to that of post-procedure. In the radiation group, a 26-mm segment which we considered
as fully irradiated was selected by excluding both 2-mm ends of the 30-mm segments
between the 2 gold markers, because this radiation source has an acute dose fall-off
starting at the last seeds(22). Similar analysis was performed in the control group. In
stented vessels, a specific analysis only within the segment covered by the stent was also
performed.

Total vessel (EEM), lumen and stent volumes were calculated from the contours of
each cross-sections by the software as stated above. In-vivo measurement of neointimal
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formation after stenting has been previously validated(23). The assessment of external
elastic membrane in stented patients has been reported(14). When the EEM boundary
was not visible in a single cross-sectional view, the computer interpolated it from the
contours of the immediately previous and following cross-sections. In addition, the
use of three-dimensional reconstruction with multiple longitudinal views facilitated the
visualization of vessel structures outside the stent. In all cases, the stented segment was
covered by the radiation or dummy source.

Since it is usually impossible to distinguish the intima and media by IVUS, vessel
wall volume (plaque plus media), tissue growth inside stent and vessel wall volume
outside the stent was calculated as the representatives of tissue growth.

Vessel wall volume (plaque plus media) = Total vessel (EEM) volume

— Lumen volume

Tissue Growth Inside Stent = Stent volume — Lumen volume within stent

Vessel wall volume outside the stent = Total vessel volume of stent-covered segment

— stent volume

In order to assess the volumetric changes of the vessel structures after 6-8 months,
the delta value for each measurement was calculated (delta (A) = follow-up — post-
procedure). To eliminate the influence of the vessel size and the length of the analyzed
segment, percent change (delta volume / post-procedure volume) was also calculated.

Remodeling of the vessel wall was considered when total vessel (EEM) volume
increased or decreased, compared to post-procedure measurements by at least two
standard deviations (% 1.2%) of the intra-observer variability. By using this technique,
the potential intrinsic error of the method may be avoided(24,25).

Statistical analysis

Quantitative data are presented as mean = standard deviation. The comparisons
between the volumetric data were performed using the two-tailed, paired or unpaired
Student’s t-test. Categorical data were compared by means of Fisher’s exact test. A value
of p<0.05 was considered statistically significant.

RESULTS
Baseline clinical characteristics were similar between irradiated and control patients

(Table 1). Lesion location was also similar between the irradiated and control groups
(RCA 34% vs 39%, LAD 41% vs 39%, LCX 25% vs 22%, respectively).

Clinical data
No death and myocardial infarction was observed in the study populations. Restenosis
(Ydiameter stenosis > 50% by quantitative coronary angioplasty) was observed in 6
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Table 1. Baseline Patient Characteristics

Radiation Control p value
(n=40) (n=18)
Age 56+10 58+9 NS
Sex (male, %) 32 (80%) 14 (78%) NS
History of MI 26 (65%) 9 (50%) NS
Diabetics 4 (10%) 2(11%) NS
Hypertension 14 (35%,) 3(17%) NS
Dyslipidemia 20 (50%) 7 (39%) NS
History of smoking 26 (65%) 11 (61%) NS
Family history of CAD 17 (43%) 24 (44%) NS
Angina CCS III/V1 14 (70%) 14 (78%) NS

CAD= Coronary artery disease, CCS= Canadian Cardiovascular Society Angina Class,
MI= myocardial infarction

Table 2. Volumetric IVUS data

Radiation Control
Balloon Stent Bailoon Stent
n=28 n=16 n=10 n=8
Analyzed length 258202 258£02 24.8+1.2 26.0+0
Stent length 16.0£3.2 152417
Lumen volume
Post 216 £91 217+ 64 228+ 145 215+87
Follow-up 219+102 210+73 203 +138 173 £ 64
p-value 0.7 0.4 0.024 0.006
Total vessel volume
Post 390 £122 456 +131 411 +186 443 £ 126
Follow-up 426 + 139 498 £ 158 408 £ 194 430 £123
p-value 0.002 0.003 0.8 0.3
Vessel wall volume
Post 174 £ 48 23076 18370 228 +£55
Follow-up 207 £58 288 +92 206 £93 25672
p-value <0.001 <0.001 0.09 0.009
Stent volume 140 + 47 126 £41
NIH within stent 818§ 27x14

NIH = neointimal hyperplasia
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out of 28 lesions (21%) in the irradiated balloon group and 4 out of 16 lesions (25%)
in the irradiated stent group. Target lesion revascularization rates were 14% in the
balloon group and 25% in the stent group. In the control group, 2 lesions (20%) in the
balloon group and 2 lesions (25%) in the stent group presented restenosis. Target lesion
revascularization rates in the control groups were 10% and 12.5%, respectively.

Balloon versus $Stent within the irradiated segment

There was no difference of baseline characteristics between balloon and stented patients.
Volumetric data are demonstrated in Table 2. In the irradiated patients, EEM volume and
vessel wall volume increased significantly by the paired t-test in both balloon and stented
vessels during follow-up as shown in Figure 1. The degree of EEM volume increase was
similar between the balloon group and the stent group (+36.6 mm? versus +42.3 mm’,
p=NS). Accordingly lumen volume remained unchanged in both groups (215.9 mm® to 219.4
mm® in the balloon group, 217.2 mm?® to 210.1 mm?, in the stent group, p=NS for both
groups). Similar correlations of the % changes in lumen dimensions, tissue growth and vessel
enlargement have been observed between balloon treated and stented vessels (Figure 2).

irradiated versus Conirol
Percent changes in IVUS parameters are presented in Figure 3. In both balloon
angioplasty and stenting vessels, positive remodeling (enlargement of the EEM volume)

Velumetric Changes of the irradiated patients

*
TVV 390 1 122 mm? A 436 mm? 426 £ 139 mm? p=10.002

p=NS§

Wall V174148 mm? A +33mm ¥ 207 + 58 mm® p<0.001

Wall V239 £ 76 mm? A +49 mm?* 288 % 92 mm? p<0.001
oo e —

P
AT mm?

Stent

p=N§
TVV 456 £ 131 mm? A+42 mm3* 498 £158 mm®  p=0.003
* No statistical differcnee between balloon and stent
Figure 1

Volumetric changes of the irradiated patients after balloon angioplasty and stenting.
Data are compared by the paired t-test.
TVV = total vessel volume (bordered by external elastic membrane),
Wall V = vessel wall volume (intima-+media)
LV = lumen volume
* = No statistical difference between ballcon angioplasty and stenting
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Figure 2

Correlations between the changes in lumen change, total vessel volume, and tissue growth in the irradiated
vessels.

Upper left panel: Correlation between % changes in lumen volume and total vessel volume. Significant
relationships have been observed both in the balloon group (=0.77, p<0.001) and in the stent group (=0.76,
p=0.001).

Upper right panel: Correlation between % changes in total vessel volume and vessel wall volume.
Significant correlations have been observed both in the balloon group (r=0.57, p=0.002) and in the stent
group (1=0.63, p=0.009).

Lower panel: Correlation between % changes in lumen volume and vessel wall volume. No correlation has
been observed either in balloon or stent group.

dTVV = change In total vessel volume (bordered by external elastic membrane),

dWall V = change in vessel wall volume (intima+media)

dLV = change in lumen volume

was observed more frequently in the irradiated group than in the control group (68%
vs 30%; p=0.044, in balloon treated vessels, 88% vs 25%; p=0.005 in stented vessels).
In the balloon treated segments, vessel enlargement fully compensated the vessel wall
volume increase so that lomen even increased (+3.4%) in the irradiated vessels (Figure 3).
In stented vessels of irradiated patients, vessel wall volume increased despite inhibition
of tissue growth inside stent (Figure 3), owing to the total vessel volume increase. Thus
lumen reductions were more pronounced in the control vessels than in the irradiated
vessels after both balloon angjoplasty and stenting (Figure 3).
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% Volumetric Changes in IVUS parameters
Irradiated versus Control

o, Lumen  Total vessel Vesselwall o, Llumen  Tofalvessel Vesselwall

: p=0.002 20 p=0.003
151 p=0.051 1 159 p=0.010
10 10 4 89

5+ 115 A5 4 |
i ] :
2 20 185
' Radlat {n=28) W Centrol (n=10) | 2 Radlation (n=16) ® Control (n=8):
Balloon treated vessel Stented vessel

Figure 3
Percent volumetric changes in [VUS parameters within fully irradiated segments. Comparison between
rradiated and control vessels.

% Volumetric Changes in IVUS parameters
Covered versus Uncovered Sepments in the Stented Vessels

% P=NS§
30 1 274

20 - P=N3

B stont covered |
C uncovered

-10 - 7%
Lumen Total vessel Vessel wall
Figure 4
Percent volumetric changes in TVUS parameters in stented vessels. Comparison between stent-covered and
uncovered segments within fully irradiated segments.

Tissue growth within Stent-covered Segments
Neelntimal hyperplasia and vessel wall velume outslde the stent

mem?
m -
a0 4
i
20 - i @ Plaque cutside the stent

O] Neointims

Radiation Control

Figure 5
Tissue growth (neointimal hyperplasia and vessel wall volume increase outside the stent) within stent-
covered segments. Comparison between irradiated and non-irradiated vessels.
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Neoinfimal hyperplasia and vessel enlargement in stented vessels
Percent reduction in lumen volume in segments not covered by the stent was similar to
that in the irradiated segments covered by stent (-3.1% versus —7.8%, p=NS) as shown
in Figure 4. Total vessel (EEM) volume and vessel wall volurne also increased similarly
in both segments.

In the stent-covered segments, tissue growth inside stent at follow-up was significantly
smaller in the irradiated group than in control group (8.027.9 mm?® versus 26.8+13.8
mm?, p=0.001, respectively), although total amount of tissue growth was similar in
both groups (Figure 5). Different pattern of the tissue growth distribution was observed
between irradiated and non-irradiated vessels. In the irradiated vessels, tissue growth
mainly occurred outside of the stent (25.1 out of 33.1 mm?), whereas most of the tissue
increase in control vessels was represented by tissue growth inside stent (26.8 out 0 29.2
mm®) as demonstrated in Figure 5.

DISCUSSION

This 3-D volumetric IVUS study demonstrates that catheter-based p-radiation induces
vesse] enlargement after both balloon angioplasty and stenting comparing with control.
Positive remodeling was the main mechanism of preserving lumen volume after balloon
angioplasty in the irradiated patients. In the stented vessels, neointimal formation was
inhibited and lumen preserved in the irradiated segments. However vessel wall volume
significantly increased outside the stent in the irradiated vessels.

It has been reported that vessel shrinkage is mainly responsible for restenosis after
conventional balloon angioplasty(26-29). It has been shown that intracoronary radiation
inhibited neointimal proliferation in most of experimental models(30-33). In addition,
experimental data have also suggested that radiation have an effect on vessel remodeling
by modifying cell responses in the adventitia. (11,12) In the irradiated group, 35 vessels
(80%) had an increase in total vessel (EEM) volume. The thinning of adventitial layer
by radiation may be one of the explanations for this phenomenon, although it is still
controversial(33,34).

In stented segments, the change in lumen volume was similar to that in non-stented
segments in the irradiated vessels. Furthermore, lumen was preserved regardless of the
stent presence. These findings suggest that coronary stent is not necessary for lumen
maintenance in the setting of catheter-based radiation. Considering the fact that the
combination of stent and radiation has been associated with late thrombosis(34-36)
and late stent malapposition(37), the implantation of coronary stents in the setting of
intracoronary radiotherapy may be discouraged, unless it is in a bail-out situation.

Judging from the results in the stented vessels, it seems that tissue grows only outwards
after intracoronary irradiation and results in enlargement of the total vessel (Figure 5).
It has been suggested that intravascular radiation decreases myofibroblast differentiation
in the adventitia and reduces cell proliferation without affecting apoptosis(12). Fareh
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has reported that B-radiation caused vascular smooth muscle cells to remain G /G, phase
and the growth arrest was maintained over 5 days. It has also been reported that the
migratory function may be more radiosensible than their proliferative response(38). In
our previous report, the average delivered dose at the adventitia was only 5 Gy using
the same system. Therefore, it may be possible that considerable segments receive lower
dose than the effective dose for the inhibition of tissue growth, while those doses are
sufficient for the inhibition of migration in this study. The presence of stent metal keeps
stimulating the cellular response when the effect of radiation diminishes one week after
the procedure(11). It has been shown that migration of smooth muscle cells into the
mtima did not contribute to lesion growth during the second week after injury(39). Thus,
the second wave of cellular proliferation may not be inhibited by the catheter-based
radiation, and tissue proliferation may be more frequent on the outer layer of the media
close to the adventitia rather than intima in the irradiated vessels when migration of
proliferative cells are inhibited. Further immuno-histochemical investigation is necessary
to elucidate the mechanism of this finding.

Limitations

In human studies, it is almost impossible to distinguish the intima and media using
IVUS. The enlargement of the echogenic marker at outer layer of media is assumed as
positive remodeling.

This study is not based on the actual dose calculated by the distance from the center
axis to adventitia. Heterogenic distribution of the delivered dose, which is related with
a plaque growth, has been previously demonstrated in the setting of catheter-based
B-radiation ADDIN ENRfu (20). Accurate dosimetry will provide important information
to the mechanism of remodeling and plague increase process.

Studies using IVUS are limited in cases where severe restenosis is present. However,
only 3 patients were not included in this study because of this reason. Vessels with
multiple stents (n=10) were excluded from analysis, since multiple stent deployment
with overlapping or gap between stents may be a confounding factor in the mechanistic
interpretation of our results.

CONCLUSIONS

Intracoronary B-radiation induces vessel enlargement after balloon angioplasty and/or
stenting, accommodating tissue growth. Additional stenting may not play an important
role to prevent constrictive remodeling in the setting of catheter-based intracoronary
B-radiotherapy.
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Three-Dimensional Intravascular Ultrasound Assessment of
Noninjured Edges of B-Irradiated Coronary Segments
Ken Kozuma, MD; Marco A. Costa, MD; Manel Sabaté, MD; L Patrick Kay, MBChB;

Johannes P.A. Marijnissen, PhD; Veronique LM.A. Coen, MD; Pedro Serrano, MD;
Jurgen M.R. Ligthart, BSc; Peter C. Levendag, MD, PhD: Patrick W. Serruys, MD, PhD, FACC

Background—The “edge effect.” late lumen loss at the margins of the treated segment, has become an important issue in
the field of coronary brachytherapy. The aim of the present study was to assess the edge effect in noninjured margins
adjacent to the irradiated segments after catheter-based intracoronary B-irradiation,

Methods and Results—Fifty-three vessels were assessed by means of 3-dimensional intravascular uitrasound after the
procedure and at 6- to 8-month follow-up. Fourteer: vessels (placebo group) did rot receive radiation (sham source),
whereas 39 vessels were irradiated. In the irradiated group, 48 edges (5 mm in length) were identified as noninjured,
whereas 18 noninjured edges were selected in the placebo group. We compared the volumetric intravascular ultrasound
measurements of the noninjured edges of the imradiated vessels with the fully irradiated nonstented segments (IRS,
n=27) (26-mm segments received the prescribed 100% isodose) and the noninjured edges of the vessels of the placebo
patients. The lumen decreased (6 mm®) in the noninjured edges of the irradiated vessels at follow-up (P=0.001). We
observed 2 similar increase in plague volume in all segments: noninjured edges of the irradiated group (19.6%),
noninjured edges of the placebo group (21.5%). and IRS (21.0%). The total vessel volume increased in the IRS in the
3 groups. No edge segment was subject to repeat revascularization,

Conclusions—The edge effect occurs in the noninjured margins of radiation source train in both irradiated and placebo
patients, Thus. low-dose radiation may not play an important role in this phencmenon, whereas nonmeasurable device
injury may be considered a plausible altemative explanation. (Circulation. 2000;102:1484-1489.)

Key Words: brachytherapy & angioplasty B ultrasonics

he “edge effect,” a lumen loss at the segments adjacent to

the treated site, is a new phenomenon in the field of
interventional cardiology. Although it may also oceur after
conventional treatment (ie, stent implantation), it has be-
come an important issue after the introduction of ntracoro-
nary brachytherapy in clinical practice,

Recently, the edge effect was reported in patents who
received radioactive steats with intermediate activity (3 to 12
pCi). Neointimal formation was inhibited in 2 dose-
dependent manner within the stented area, but proliferation
and unfavorable remodeling were demonsirated at the stent
margins .* The authors dubbed this angiographic finding as
the “candy-wrapper” effect, Further, the edge effect bas been
observed in patients weated by means of catheter-based
B-radiation.** In a 3-dimensicnal (3-D) volumetric intravas-
cular ultrasound (TVUS) investigation, our group cbserved a
decrease in Jumen volume at the edges of the irradiated
segment due to an increase in plaque volume not accommo-
dated by vessel enlargement® In all 3 reports, the authors
hypothesized that the edge effect was due to the combination

of low-dose radiation and balloon-induced injury in the
segments adjacent to the rradiated site. Indeed, the potential
stimulatory effect of low-dose radiation after injury has been
demonstrated in animal studies.57

In consideration that the coronary segments adjacent to the
irradiated site will invariably receive a lower dose of radia-
tion to some extent. an Iimportant issue remains to be
clarified: Does the edge effect also occur in noninjured
segments? To address this issue, we (1) assessed the midterm
(6 to 8 months) geometrical change of the noninjured edge
segmerts in the irradiated coronary vessels and (2) compared
these edge segments with both irradiated segments (IRS) and
nonirradiated (sham source), noninjured coronary segments
by means of a volumnetric 3-D IVUS assessment.

Methods

Stady Population

From April 1997 to March 1999, 36 de novo lesions of 30 patients
were treated with catheter-based intracoronary B-radiation with the
Beta-Cath Systern (Novoste Corp), IVUS analyses of 10 vessels (7

Received Febroary 7, 2000; revision received April 20, 2000; accepted May 8, 2000,

From the Thoraxcenter (LK., MAALC.. M.S,, LK., P.S., IM.R.L.. P.W.5.), University Hospital Rotterdam Dijkzige, the Netherlands; and Daniel den
Hoed Cancer Center (J.P.AM.,, V.L.M.AC,, P.CL.), Roticrdam, the Netherlands,
Correspondence to P.W. Sermrys, MD, PhD, FACC, Department of Interventional Cardiology, University Hospital Ronterdam Dijkzigt, Thoraxcenter
Bd408, Dr Molewaterplein 40, 3015 GD Rotierdam, the Netherlands, E-mail serruys @card.azr.nl

© 2000 American Heart Association, Inc.
Circulation is available at http://www.circulatioraha.org

71



Chapter4

paticnts) were not included in this study due to the implantation of
multiple stents overlapping cutside the rradiated area. In addition,
3-D IVUS analysis was not cartied out either after the procedure or
at follow-up in 7 vessels (7 patients): 2 had severe restenosis (1
diffuse restenosis, 1 in-stent restenosis, not related to their edges), 3
presented with thrombotic occlusion, and 2 other patients withont
recurrent angina refused follow-up angiography, The placebo group
consists of 14 patients who were successfully treated with conven-
tional balloon angioplasty or single-stent implantation during the
same period. In these patients, the radiation delivery catheter was
alse introduced inte the target coronary arteries, but 2 dummy source
train was used instcad of radiocactive source according to
randomizaton,

Thus, the study population consists of 36 irradiated patients (39
vessels) and 14 noniradiated placebo patients (14 vessels) who
underwent successful 3-D ECG-gated IVUS analysis irumediately
after the procedure and at follow-ap, Patients were treated due to
ischemia-related symptoms or positive stress testing, Those with
myccardial infarction within 72 hours before the treatment or a left
ventricalar ¢jection fraction of <0.30 were ot included in the study.
Angiographic inclusion criteria consist of a reference vessel diameter
of >2.5 mm and <4.0 mm and 2 lesior: leagth of <20 mm.

The Medical Ethics Committee of the University Hospital Dijkigt
approved the use of intracoronary radiation. All patients gave written
informed consent.

Radiotherapy System

The source train of the Beta-Cath System consists of a scries of 12
independent cylindrical sceds that contain pure f-emitting ®Sr/Y
and is bordered by 2 gold markers (30 mm in length). The
longitudinal distance of the “full” prescribed dose (100% isodose)
coverage measured with radiochromic films is ~26 mm (Novoste
Corp. data on file, personal communication). The profile of the
catheter is 5F, and the source train is not centered,

Procedure

All patients received aspirin (250 mg/d) and heparin TV (10 000 IU)
before the procedure, whereas stented patients also reccived ticlopi-
dine (250 mg/d) for 30 days. Heparin was administered to maintain
the activated clotting time at =300 seconds. Balloon angioplasty
(BA) was performed according te standard clinical practice. After
successful angioplasty, intracoronary S-irradiation was performed ag
previously deseribed.? and repeat angiography and IVUS motorized
pullback were carried out. If stenting was indicated due to a residual
stenosis of >30% diameter stenosis or dissection, a stent was
implanted with high-pressure postdilatation and TVUS guidance.
Finally, repeat angiography and IVUS were carried out. Intracoro-
nary nitrates were administered immediately before each of the
IVUS pullbacks, At follow-up (6 to & months), further TVUS analysis
of the treated vessel was performed. The preseribed doses were 0 Gy
(14 vessels), 12 Gy (8 vessels), 14 Gy (9 vessels), 16 Gy (9 vesscls),
and 18 Gy (13 vesscls),

IVUS Image Acquisition Analysis System

The methodology of 3-D IVUS image acquisition and quantitative
analysis has been described previously®? In brief, the segment
subject to 3-D reconstruction was examined with a 30-MHz, single-
element mechanical transducer IVUS system (ClearView. CVIS;
Boston Scientific Corp). ECG-gated 3-D IVUS Image acquisition
and digitization were performed with a computerized workstation
(EchoScan; TomTec).'® IVUS images were acquired that coincided
with the peak of the R wave, which eliminates the artifacts caused by
the movement of the heart during the cardiac cycle. The IVUS
wransducer was withdrawn in 0.2-mm steps with an ECG-triggered
puliback device.

A Microsoft Windows—based contour detection system. devel-
oped at the Thoraxcenter, was used for 3-D volumetric quantifica-
tion,”! This program constructed 2 longitudinal sections from the
data set and identified the contours that correspond to the lumen,
media, or stent boundaries. Volumetric data were automatcally
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Figure 1. Isodose rate contour map and radiation source train.
Left, Isodose rate contour map at a depth of 1.89 mm (10
mGy/s contour intervals) as described by The National Institute
of Standards and Technology. This depth (1.89 mm) Hlustrates
an isodese model to resemble radius of coronary artery wall.
Longitudinal dose fall-off may be extrapolated from this graphic.
Right, Radiation source train. Central part of source train

(26 mm) receives approximately full dose.

caiculated with the following formula: V=2"., A XH, where V is
volume: A is the area of external elastic membrane, lumen, or plaque
in a given cross-sectional ultrasound image; H is slice thickness of
the cross section (0.2 mm): and o is the number of digitized
cross-sectional images that encompass the volume to be measured,!!
Offline analyses were perforred by 3 independent cxperienced
analysts (KK, M.C., M.S,) who checked and edited all of the
contours of the planar inages. The accuracy of this method has been
validated in vitre {phantom) and in vivo.!2 Intraobserver and inter-
observer variabilities of this system have also been determined
clinical protocols.” Intragbserver variability assessed with analysis of
the IVUS volumetric studies at intervals of =3 months has been
reported: —0.4£1.1% in lumen volume, —0.4=0.6% in total vesse]
volume, and —0.3+1,0% in plague volume with ECG-gated motor-
ized pullback.

The methodology to define the treated segment in the irradiated
patients has been previously deseribed.® An angiogram was per-
formed during contrast injection after positioning of the delivery
catheter, and the relation between anatomic landmarks and the 2
radiopaque markers of the radiation source was noted, Typically, the
aorto-ostial junction, side branches, stent, of & combination were
used as Jandmarks. During the subsequent TVUS imaging pullback.
this reference point was recognized and used for sclection of the
30-mm-long segment where the radiation source train was placed
and both 3-mm distal and proximal edges (36-mn-leng segment in
total). At follow-up, correct matching of the region of interest was
performed by comparing the Jongitudinal reconstruction with that
after the procedure, The longitudinal distance of the 100% isodose is
=26 mm, as illustrated in Figure 1. Thus, we defined the target
irradiated segments (IRS) as the segments covered by the 26-mm
full-activity central portion of the radiation source train and the edges
of the IRS a8 the adjacent (distal and proximal) 5-mum coronary
segments, which consisted of 2 mm inside the gold markers and
3 mm proximal or distal including the gold markers (Figure 1).
IRS-containing stents (n=12) were excluded from the analysis.

The 5-mm edge segments scleeted in our study received low-dose
radiation because S-emitting *St™Y source has an acute fall-off of
delivery dose related to the distance.’4 For instance, the highest
preseribed dose in our study was 18 Gy, and the caleulated
longitudinal dose per millimeter from the 100% isodose boundary is
expected t© be 155210 Gy at I mm, 11,0210 Gy at 2 mm,
5.5+0.5 Gy at 3 mm. 2.4*1.0 Gy at 4 mm, and <1 Gy at 5 mm,

To select the noninjured segments, all locations of deflated
balloons, stent delivery system, inflated balloons. and radiation
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source train were recorded in the angiogram. The deflated balloon,
stent delivery system. and delivery radiation catheter were also
filmed during contrast injection. All angioplasty balloons used in this
study had 2 radiopaque markers in both extremities, Each cine frame
of angiograms that show the position of inflated balloon, deflated
balloon markers, stent delivery system, and the radiation source train
can be displayed simultancously on the separated screen during
offline amalysis with the Rubo DICOM Viewer (Rubo Medical
Imaging). A continuous ECG recording was also displayed. which
permitted the selection of images in the same moment of the cardiac
cycle. By identifying the relationship between landmarks and device
radiopaque markers, we were able to select only the balloon- or
stent-injured fully iradiated coronary segment (covered by the
26-mm central portion of the radioactive source train). Therefore, all
of the injured edge segments were excluded. At follow-up, it was
also possible to determine the noninjured edge segments according 1o
the same method. because all of the follow-up cine films were taken
in the same views as before and after the procedure, This angio-
graphic analysis was performed independently by 2 cardiologists
(K.X., M.C.). Qnly the edges, which both investigators regarded as
noninjured segments, were finally considered to be noninjured edges.
There was only 10% disagreement in the definition of injured
irradiated cdge segment with this methodology. The 3-mm stent
cdges were also considered to be injured segments, becasse the
balloon of the stent delivery system may protrude ~2 to 3 rom
outside the stent.

Quantitative 3-D IVUS Analysis

Total vesscl volume {TVV) deterrnined with external elastic mem-
brane boundaries and lumen volume (LV) were measured. Plague
volume (PV) was automatically calculated by subtracting LV from
TVV, To assess the volumetric changes of the vessel structures after
6 to § months, the A value for cach measurement was caleulated
(A=folicw-up—postprocedure). To eliminate the influence of the
vessel size and the length of the analyzed segment, which affects
volume caleulations, percent A change (A volume/postprecedure
volume) was also caleulated.

“Remodeling” was defined as a continuous process that involved
any positive or megative changes in TVV.!S In the present study,
remodeling of the vessel wall was considered when TVV increased
or decreased compared with postprocedure measarerncnts by 22
SDs (x1.3%) of the intraobserver varability. By using this tech-
nique, the petential intrinsic errer of the method may be avoided.'s17

Statistical Analysis

Quantitative data are presented as mean®SD. Comparisons between
postprocedure and follow-up IVUS parameters were compared by
paired Student’s 7 test, Comparisons of the IVUS data amony the 3
groups (noninjured edge of the irradisted vessels, IRS, and nonin-
jured edge of the placebo group) were performed by 1-way ANOVA.
Bonferroni’s test was applied for comparison between groups. The
difference between proximal and distal edges was compared by
2-tailed Student's £ test, The correlation between percent change in
plague volume and prescribed dose, corrected by the mean total
vessel area at the edges based on 3-D IVUS measurement, were
tested by Pearson’s comelation. A value of P<00.05 was considered
statistically significant.

Results
Baseline clinical, demographic. and angiographic character-
istics were similar between irradiated and placebo patients
{Table 1). No myocardial infarction or death was observed in
this population during the 6- to 8-month follow-up. Target
lesion revascularization was performed after follow-up an-
giography in 6 vessels in the irradiated group (16%) and 2
vessels in placebo group (14%). The noninjured edges were
not involved in any of the restenotic lesions that required
further intervention in both groups.

TABLE 1. Clinical and Lesion Characteristics

Imadiated Group  Placebo Group
{n=35) n=14) 4
Clinigal
Age, ¥ 5749 579 NS
Male, n (%) 27 {75) 13(93) NS
Coronary risk, n (%)
Smoking history 282 11{79) NS
Dysfipidemia 21 (58) 7450} NS
Diabetes melitus 411 2{14 NS
Hypertension 14 (39) 2{14) NS
Famlly history 1747) 7 {50) NS
Unstabele anging, n (%) 13{38) 5(36) NS
Muitivessel disease, n (%) 12{33) 17 NS
Lesions
Treated lesions, n 39 14
Vessel location, n (%)
LAD 15 (38) 5{43)
10x 13(26) 321 NS
RCA 14(36) 3(36)
Stant implantation 12(31) 7 {39 NS
Maximum balleon size, mm 3.63+06 3.63x0.5 NS

LAD Indicates left anterior descending coronary artery: LCx, left circumfiex
coronary artery; and RCA, right coronary artery.

Forty-eight edge segments (20 distal and 28 proximal
edges) and 27 irradiated segments without stents were ana-
lyzed with 3-D volumetric IVUS in the irradiated population.
Thirty edges were excluded from this analysis. The reasons
for exclusion were ostial location of the proximal end of the
source (n=11), overlapping of 1 of the edges with large side
branches (>2.0-mm diameter) (n=>5) or stent (n=6), injury
of 1 of the edges by angioplasty balloon (n=4}, and lack of
follow-up IVUS analysis with the ECG-gated motorized
pullback (n=4).

In the placebe group, 18 edges (11 distal and 7 proximal
edges) were examined with 3-D volumetric IVUS. Ten edges
were excluded because of ostial location of the proximal end
of the dummy source (n=6), overlapping of 1 of the edges
with large side branches (n=1). and injury of 1 of the edges
(o=3}.

All 3-D IVUS volumetric measurements of PV, TVV, and
LV are listed in Table 2. Some degres of atherosclerosis
(=15% plaque burden) was observed in most of the nonin-
Jjured edges in the postprocedure IVUS analysis. but no edge
(radiation or placebo group) had >50% plaque burden.
Compared with the postprocedure measurement, there was a
significant increase in PV in the noninjured edges of the
irradiated vessels (APV =4 mm®) at follow-up. Because TVV
on average decreased by ~2 mm?® (P=NS), LV decreased at
follow-up in the noninjured edge of the irradiated vessels
(ALV=~6 mm®). In the placebo group, there also was a
tendency of plaque increase at follow-up (APY=4 mm"} in
the noninjured edge of the placebo group (P=0.06}.
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TABLE 2. Velumetric Measurement of 2-D WUS

Nonnjured Edge
Irradiated Vessel Noninjured Edge Placeho
IRS {n=27} {n=48) (=18
Post Foliow-Up Past Follow-Up Post Follow-Up
PV, mm? 19636 234--59* 32x15 B=16" 2714 3115t
W, mm? 4412136 4801591 8132 7931 6521 5724
Ly, mm? 245+101 247114 4522 42+21§ 3815 3716

*P<0.001, TP=0.08, $P=0.004, §P=0.001.
Post indicates post procedure.

Comparisons among the geometric changes of the 3 groups
(IRS, noninjured edges of the irradiated vessels. and nonin-
jured edges of the placebo group) are demonstrated in Figure
2. The percent increase in PV was similar among IRS,
noninjured edges of the imadiated vessels, and those of
placebo group (+21.0% versus +19.6% versus +21.5%,
respectively). TVV increased in IRS significantly among the
3 groups (+9.4% at IRS: —1.0% at noninjured edges of the
irradiated vessels: +3.8% at noninjured edge of the placebo,
P=0.021). The difference was observed only between IRS
and noninjured edges of the irradiated vessels by post hoc test
{P=0.017). Percent changes in LV were different (+1.7%
versus —~10.0% versus —2.5%, respectively, P=0.049)
arnong the 3 groups. LV tended to decrease in the noninjured
edges of irradiated patients compared with IRS (P=0.053),

Comparisons between the geometric changes of the prox-
imal and distal noninjured edges are shown in Figure 3.
Although there was no statistical difference in geometric
change between distal and proximal edges. the percent
increase in PV tended to be greater in the proximal edges than
in the distal edges (+27.0% versus +9.2%).

Finally, there was no correlation between the percent
increase in PV and prescribed dose corrected by mean vessel
arca at the edges (P=0.76, r=—0.045).

Discussion
This is the first study to investigate the geometric changes of
noninjured margins of endovascular catheter—based radiation
therapy. The edge effect. a decrease in lamen voluroe at
follow-up, was observed in the noninjured edges of the
irradiated vessels (Table 2). However, plague proliferation
induced by Jow-dose radiation may not fully accovnt for the
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Figure 2, Comparisons of percent volume changes among IRS
and roninjured edges of both iradiated and plagebo patients.
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occurrence of this phenomenon, because plaque volume
increased similarly in the noninfured edges of placebo group
(Figure 2).

Lumen loss was observed in the noninjured edges of the
irradiated group, The decrease in LV observed in these
edges was mainly due to the lack of positive vessel
remodeling (ie. no remodeling)s to accommodate the
plaque increase, whick occurred similarly in all analyzed
segments, Likewise. the lumen also decreased (2.5%) in
the noninjured edges of the control group. but in this case
we observed some degree of vessel enlargement (3.8%
increase in TVV), The facilitation of favorable positive
remodeling's promoted by radiation may explain the pres-
ervation of lamer dimension (1.7% increase in LV) ob-
served only in the IRS. Both phenomena, positive remod-
eling stimulated by intravascular radiation after balloon
angioplasty and different patterns of vascular remodeling
(positive, negative, or no remodeling) in nonirradiated
coronary segments, have been reported previously,18+20

Although the stimulatory effect of low-dose radiation on
plaque proliferation bas been demonstrated in injured
animal arteries.>’ no enhanced plague growth was ob-
served in the noninjured edges compared with placebe.
Plausible e¢xplanations for the PV increase in the nonin-
jured edges of both irradiated and placebo groups would be
the nonmeasurable vessel injuries caused by the guiding
catheter (ic. deep engagement) during the procedure or the
devices that cross coronary segments (guidewires, stents,
balloons, TVUS catheter, and the 5F radiation delivery
catheter). Indeed, a tendency of greater plaque increase
was observed in the proximal edges, where these types of
injury may occur more frequently, although it might have
been hypothesized that the 5F radiation delivery catheter
could induce higher injury to the distal part due to the
tapering of the vessel.

It is nevertheless important to emphasize that this phenom-
enon occurred I segments not injured by balloon inflation,
which may highlight the importance of the use of a less
aggressive approach: the avoidance of deep catheter engage-
ment, guidewire entrapment, or rough device introduction
against resistance, especially in tortuous vessels. To avoid
device-induced injury, low-profile and more flexible radia-
tion delivery catheters will be a worthy development for
catheter-based brachytherapy.
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Figure 3, Comparisons of percent volume changes between
praximal and distal edges in iradiated vessels.

The 10% lumen loss observed in the edges of the irradiated
vessels had no clinical impact, because no repeat revascular-
ization was performed due to noninjured edge stenosis.
However, this finding may have important implications if
plaque grows locally (ie, 1- or 2-mm short segment) or Jumen
reduction occurs in small or diffuse diseased vessels in the
general treated population,

In conclusion, the edge effect occurs after catheter-based
B-irradiation in the margins that were not injured by balloon
inflation. This phenomenon was basically due to plague
growth without vessel remodeling. Our findings suggest that
low-dose radiation may not be implicated as the canse of the
edge effect and that clinically nonassessable device injury
would be considered as a plausible explanation for this
phenomenon. Clinically, the edge effect observed in our
midterm follow-up IVUS study did not represent a drawback
of the catheter-based intracorenary B-radiation.

Study Limitations

The number of the placebo patients was relatively small.
However, the use of the “state-of-the art™ 3-D IVUS technol-
ogy in our study may overcome this limitation. because a
smaller number of patients are necessary to demonstrate
statistical differences in studies with volumetdic IVUS
parameters.*!

Minor inaccuracy in the sclection of the segments of
interest cannot be completely ruled out, although the meth-
odology applied in the present study was the most appropriate
at this time, Ideally, intervention devices that incorporate
IVUS imaging elements would be the solution for this
drawback.

In a buman clinical study, it is not possible to guantify the
degree of vessel injury (ie, injury score),™ which would
provide further insight about this issue.

The acmal dose received at irradiated and edge segments
may have some implications in the geometric changes of the
cdges and would be interpreted as a limitation of our
investigation. However, the study was not aimed at establish-
ing a threshold of dose to be delivered to the irradiated target
site, because an adjacent coronary segment will invariably
receive low dose of radiation.

The 6- to 8-month follow-up period of this study may be
too short to demonstrate the long-term arterial response 1o the
radiation treatment. Increased risk of accelerated atheroscle-
rosis progression after radiation therapy for malignancy has

been reported,*** Further, a recent report has shown that
continuous low-dose rate irradiation delivered by radicactive
stent promotes “atheromatous” neointimal formation.**
Therefore, a question still remains to be elacidated: Does
endovascular radiation have any influence on the progression
of atherosclerosis, especially in the adjacent nontarget irradi-
ated segments?
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Relationship between tensile stress and plaque
growth after balloon angioplasty treated with and
without intracoronary beta-brachytherapy
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Aims We investigated the influence of tensile stress on
plaque growth after balloon angioplasty with and without
beta-radiation therapy.

Methods and Results Thirty-one consceutive paticnts
successfully treated with balloon angioplasty were analysed
qualitatively and quantitatively by means of an ECG-gated
three-dirnensional intravascular ultrasound post-procedurc
and at follow-up. Eighteen patients were irradiated with
catheter-based beta-radiation (P°Sr/”°Y source) and 13 were
not (control). Studied segments were divided into 2 mm
subscgments, Thus 184 irradiated and 111 non-irradiated
subscpments were included. Tensile stress was calculated
according to Laplace’s lJaw. The radiation dose was calcu-
lated by means of dose~volume histograms. Plaque growth
was positively correlated to temsile siress in both the radi-
ation and control groups (r=0-374, P=0-0001 and r=0-305,
P=0-001}. Low-dosc subscgments (<6 Gy} had a significant
correlation (r=0-41¢, P=(-0001) whereas no corrclation

was observed in the cffective-dose subsegroents (=6 Gy).
Multivariatc analysis identified temsile stress as the only
independent predictor of plague increase in non-irradiated
subscgments, whereas actual dose and plaque morphology
were stronger predictors in irradiated subsegments.

Conclusion The results of this study suggest that plaque
growth is related to tensile stress after balloon angioplasty.
Intracoronary brachytherapy may alter the biophysical
process on plague growth when the prescribed dosc is
effectively delivered.

(Eur Heart J 2000; 21: 2063-2070, doi:10.1053/euhj.
2000.2465)

© 2000 The European Society of Cardiology

Key Words: Tensile stress, balloon angioplasty, intra-
coronary radiation, intravascular ultrasound, plaque
growth, dosc—velume histogram,

See page 1994 for the Editorial comment on this article

Introduction

Intracoronary brachytherapy is a novel techmique to
prevent restenosis after percutaneous coronary inter-
vention. A significant reduction in re-restenosis after
intravascular radiation therapy of in-stent restenosis has
been reported recently™. In addition, this mode of
therapy has been applied in the treatment of de novo
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of Interveational Cardiclogy, University Hospital Rotterdam
Dijkzigt, Thoraxcenter Bd418, Dr Molewaterplein 449, 3015 GD
Rotterdarm, The Netherlands,

coronary lesions®, since experimental and clinical
work has shown that radiation favourably affects both
vascular remodelling and neointimal proliferation after
angioplasty®™ .,

Mechanical stimuli, such as the foree exerted by blood
pressure on the vessel wall, may evoke various signal
transductions (i.e. calcium/natrium ion channels, renin—
angiotensin systems, integrins) in wvascular smoocth
muscle cells and to stimulate extraceliular matrix for-
mation'*'. Accordingly, tensile stress, together with
shear stress, may contribute to atherosclerosist'™'?,
The clinical confirmation of these hypotheses requires
laborious and sophisticated methodology™ and has
yet to be investigated. Furthermore, whether these bio-
physical factors still infiuence neointimal formation after
balloon injury when coronary vessels are treated with
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intracoronary radiation, a therapy suggested to inhibit
neointimal formation in a dose-dependent manner!!>-15%,
remains to be determined.

We endeavoured to investigate the influence of tensile
stress on plaque growth after balloon angioplasty in a
population treated with beta-radiation therapy using
3-D intravascular ultrasound volumetric analysis.

Method
Population

Thirty-one consecutive patients successfully treated with
balloon angioplasty were enrolied in this study. Eighteen
patients underwent catheter-based intracoronary
beta-radiztion therapy using the Beta-Cath System®
(Novoste Corp), 13 patients (the control group) were
treated with conventional balloon angioplasty without
radiation during the same period. The irradiated
patients were randomly assigned to three different pre-
scribed doses (12, 14 and 16 Gy) 2 mm from the axis of
the source. The radiation source train consists of a series
of 12 independent 2-5 mm long cylindrica) seeds. which
contain the radioisotope *°St/™Y sources, and are
bordered by two gold radioopaque markers, distal and
proximal, separated by 30 mrm.

Inclusion criteria were age 18 to 80 years: evidence of
ischagmia; reference diameter of 2-5 to 3-3 mm: lesion
length <20 mm: single vessel disease; de novo lesion.
Patients treated with any other percutaneous device
(i.e. cutting balloon, directional coronary atherectomy,
rotational atherectomy, laser ablation. or stents) or
those taking any specific medication under investigation
were not mcluded. Only patients with scheduled or
completed 6-month angiographic and intravascular
ultrasound follow-up were included in the analysis.

Intravascular ultrasound image acquisition

The coronary segment subject o 3-D reconstruction was
examined with a mechanical intravascular ultrasound
system (CVIS, Boston Scientific Corporation, Maple
Grove, MN, U.S.A)) with a sheath-based intravascular
ultrasound catheter. incorporating a 30 MHz single-
element transducer rotating at 1800 rpm. ECG-gated
image acquisition and digitization was performed by a
workstation designed for the 3-D reconstruction of
echocardiographic images (EchoScan, Tomtec, Munich,
Germany). A description of this system has been
reposted in detail eisewhere™"\ In brief, the steering
logic of the workstation was heart rate variability and
acquired images from cycles meeting a pre-determined
range of periods and coinciding with the peak of the R
wave.

The methodology to define the segment of interest to
be analysed has also been described previously®>21,
An angiogram was performed with contrast injection
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after positioning the radiation delivery catheter and a
deflated balloon at the site of the procedure. By the use
of the Rubo DICOM Viewer (Rubo Medical Imaging.
Uithoorn, The Netherlands), each angiographic se-
quence showing the radiation delivery catheter or the
deflated balloon during contrast injection were displayed
on the screen with simultaneous ECG tracing. By select-
ing frames at the same part of the cardiac cycle, we were
able to define the location of the radiation source train,
balloon inflations and their refationship with anatomical
landmarks, Typically, the aorto-ostial junction and/or
side-branches were used as landmarks. The anatormical
landmark closest to either of the balloon markers was
used as a reference point. During the subsequent intra-
vascular ultrasound imaging, this reference point was
recognized and used for selecting the arca of interest: 2
30 mm long segment irradiated by the radioactive source
train or the balloon injured segment. At follow-up.
correct matching of the region of interest was assured by
both the use of the same intravascular ultrasound mo-
torized pull-back systern and comparison of longitudinal
image reconstruction with that post-procedure, In the
radiation group. a 26mm segment was selected by
excluding both 2 mm ends of the 30 mm whole segments
between the two gold markers; this radiation source had
undergone an acute dose fall-off, In the control group,
segments up to 26 mm long were selected in the same
manner and treated by balloon.

Intravascular ultrasound quantitative
analysis

A Microsoft Windows®-based contour detection pro-
gram, developed at the Thoraxcenter. was used for
off-iine volumetric quantification®®. Briefly, this pro-
gram constructed longitudinal sections from the data set
and identified the contours corresponding to the lumen
and media boundaries. Volumetric data were calculated
by the formula: V=2%., A; * H, where V=volume,
A=area of external elastic membrane, lumen, or plague
in a given cross-sectional ultrasound image, H=
thickness of the coronary artery slice reported in this
digitized cross-section, and n=the number of digitized
cross-sectional images encompassing the volume to be
measured. Checking and editing of the contours of the
planar images were performed by two independent
experienced analysts. Intra-observer variability assessed
by analysing intravascular ultrasound volumetric studies
at least 3 months apart has been reported: — (-4 1-1%
in lumen volume, — (-4 & 0-6% in external elastic mem-
brane volume and — 0-3 % 1-0% in plaque volumes using
motorized ECG-gated pullback!™, The application of
this system has been reported in clinical studies!®®=122,

Coronary segments were divided into 2 mm long
subsegments (each of them presenting 10 cross-
sections — 0-2 mm/siice)”. The independence of each
subsegment is assured by the use of an ECG-gated
pullback device (02 mm/step)P521,



Tensile stress and plague growth after balloon angioplasty

Lumen, plague and total vessel (external elastic mem-
brane) volumes were quantified in each subsegment.
Change (deltas) in plaque volume was calculated as
follow-up minus post-procedure plaque volume.

Intravascular witrasound qualitative analysis

All individual cross-sections were analysed qualitatively
by two independent investigators blinded to the volu-
metric results. Thus. the type of plaque was defined in
every cross-section. as intimal thickening. soft. fibrous,
mixed (soft—fibrous, soft—calcific and fibrous—calcific)
and diffuse calcified as proposed by Di Mario er al.P%.
Each subsegment was categorized as normal (<0-3 mm
intimal thickening), soft, hard (fibrous and mixed) or
diffuse calcified, when at least 80% of the cross-sections
within the subsegments were of the same type, as
described previoushy™. In those cross-sections, which
contained a calcium arc up to 90°, the contour of the
external elastic membrane was interpolated from the
contours of the slice immediately proximal and distal to
the cross-section in question. Subsegments with side-
branches involving >90° of the circumferential arc in
more than 50% of the cross-sections or those categorized
as diffuse calcified were excluded from the quantitative
analysis. Dissection was defined as a tear parallel to the
vessel wall in the intravascular ultrasound images®: a
plaque-free vessel wall was characterized by local wall
thickness <0-5 mmP% occupying <180° of the cross-
section. These qualitative data should also meet the 30%
criteria which characterize a subsegment,

Tensile stress

Tensile stress was calculated from the law of Laplace:
T8=P * t/d, where P was the distending pressure (mean
blood pressure), r the lumen radius and d the wall
thickness as described previously™ . Blood pressure was
obtained from the arterial line after the introduction of
the sheath and before administration of any vasodilating
agent. Lumen radius was automatically caleulated
from cross-sectional areast!” using the formula,
radius ., =Varealn in each cross-section, assuming a
circular model. Mean wall thickness was calculated from
the difference in the local radius between the total vessel
and the lumen.

Dose calculation

The actual dose received by each subsegment of the
target vessel was calculated by means of dose~volume
histograms™!. This method is based on volumetric
guantitative three-dimensional intravascular ultrasound.
The distances between the centre of the catheter and
both the lumen—intma and media—adventitia interfaces
were calculated in 24 pie-slices (157 in all cross-sections

Table 1 Baseline characteristics. Values were non-

significant
. Radiation grou Control group

Variable SST i (@=13)
Age, years 573=99 597 & 87
Gender, male 14 (78%) 13 (100%)
Hypertension 3 (44%) 4(31%%)
Diabetes 2{11%) 2{15%)
Dyslipidaemia 11 (61%) 7 (54%)
Family history 9 (50%) 7 (54%)
Smoking history 12 (67%%) § (62%)
Previous MI 1{6%) 5(39%;}
Angina status, CCS 3/4 10 (56%) 1077
Target lesion site

LAD 8 (44%) 5 (48%)

RCA 4(23%) 4(31%)

LEX 6(33%) 4(31%)

MI=myocardial infarction; CCS=Canadian Cardiovascular
Society angina class; LAD=left anterior descending coronary
artery; RCA=rght coronary artery; LCX=left circumflex
coronary artery.

Table 2 Intravascalar unlirasound quantitative and
qualitative data

Vatiables Radiation greup Control group P value
No. of subsegments 154 111
Baseline TVV {ram?) 32:0+9-1 303119 s
Baseline PV {mm"®) 15061 14163 ns
Plague morphoelogy

Intimal thickening 22 (12%) 26 (23%)

Soft 49 (27%) 39 (35%) 0-G02

Hard 113 (61%) 46 (41%)
Disgection 55(29%) 35 (32%) ns
Plaque-free wall site 121 (66%) 58 (32%) 0027
DVypadv 537 4 248 0

TVV=total vessel volume; PV=plaque volume; DVadv=the
minimum dose received by 90% of the adventitia volume.

corresponding to the irradiated area (30 mm length of
the source train). The prescribed dose and the accurate
geometric data obtained from three-dimensional
intravascular ultrasound with ECG-gated motorized
pullback. enabled the cumulative curve of the dose—
volume histogram for a pre-defined volume (i.e. adven-
titiz) to be obtained, From this curve, the minimum dose
received by 90% of the adventitia volume (DVgAdv)
was caleulated. The methodology and feasibility of this
dosimetry approach to vascular brachytherapy has been
reported previously™".,

In order to investigate the influence of radiation dose
on plaque growth and its interaction with tensile stress,
we categorized irradiated subsegments into a low dose
group (DVyAdv <6 Gy) and an effective dose group
(DVgoAdv =6 Gy). This cut-oflf point was based on
previous observations from our group and others®>,
that have shown that plaque growth was inhibited when
at least 6-8 Gy was delivered at the adventitia.
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Table 3 Comparison of variables among low dose, effective dose and control groups

Variables Effective dose Low dose Control P value
Ne. of subsegments 74 110 111
Baseline
radiug {(mm) 1-37 £ 04 1-76 = 07 1:55 £ 0-8 0001
wall thickness (mm}) 127 %05 125404 120 %05 ns
mean pressure (mmHg) §72£177 1002142 92-6= 152 0-002
Tensile stress (kKN/m?)
Baseline 183134 243 =180 203 =1147 0011
Follow-up 184101 179 % 10:9 180 £10:6 ns
Statistical analysis plaque and a higher incidence of plagque-free wall sites

Data are presented as mean =+ SD. Differences in quan-
titative intravascular ultrasound data among three
groups (non-irradiated, low-dose, effective dose) were
assessed by one-way analysis of variance (ANQVA).
Comparisons between two groups were petformed by
the use of unpaired Student’s t-test. Univariate and
multivariate Bnear regression analyses were performed
to determine the relationship between tensile stress and
plague growth and to examine the influence of other
local factors; intravascular ultrasound-derived (types of
tissue, presence of dissection and plaque-free wall site.
and total vessel volume post-treatment) and dosimetric
variables (DVy,Adv). Tensile stress was expressed as a
logarithm in order to be ranged properly. All tests
except the post-hoc test were two-tailed and a P value
<0-05 was considered statistically significant. The
Bonferroni correction was applied for comparison
between each group when three groups were compared.

Results

Baseline characteristics

Two hundred and thirty four subsegments were defined
in 18 patients in the radiation group and 130 subseg-
ments were analysed in 13 patients in the control group.
Fifty subsegments in the radiation group and 19 subseg-
ments in the control group were excluded from the final
analysis due to either ostial location (n=8), diffuse
calcified plaque which precluded the quantification of
the total vessel volume (n=30) or side branches involv-
ing >90° of the circumferential arc in more than 50% of
the cross-sections {(n=31}. Therefore, 184 irradiated sub-
segments and 111 control subsegments were the subject
of the study. Baseline characteristics are demonstrated in
Table 1. There was no difference between the groups.

Intravaseular ultrasound data - volumetric
analysis and qualitative data

Baseline intravascular ultrasound data are presented in
Tables 2 and 3. Irradiated subsegments have harder
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(Table 2). When the irradiated group is divided into two,
those receiving the low-dose and those receiving the
effective dose, low-dose subsegments have a higher
radins and arterial pressure than effective dose and
non-irradiated  subsegments. Therefore subsegments
receiving low-dose radiation have higher tensile stress at
baseline (Table 3).

Plaque increased in both the irradiated and non-
irradiated groups (31 64mm’ vs 19 %43 mm?
P=ns, respectively). However, subsegments receiving
<6 Gy (n=110) at the adventitiz had a significantly
higher plaque increase compared to effective dose
(=6Gy. n=74) and non-irradiated subsegments
(m=111) (Fig. 1).

Influence of tensile siress on plague growth

Axn example of subsegment analysis with intravascular
ultrasound parameters and tensile stress is demonstrated
in Fig. 2. In both the radiation and control groups.
changes in PV were positively correlated with tensile
stress as shown in Fig, 3. When dividing the irradiated
group into low and effective doses, a similar correlation
between tensile stress and plaque increase was observed
in the subsegments receiving a low dose of radiation. but

p = 0-002

p=001 p=0-008

41

Figure 1 Changes in plaque volume among non-
irradiated (@, n=111), low-dose (&, <6 Gy, n=110) and
cHective-dose (I, =6 Gy, n=74) subscgments,
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A

Mean (2-zom. sub-segment)

Radius 14 mm

Wall thickness 0-8 mm

Tenstle stresa 9 EN/m®

™vv 24 mrn? e 30 mm®

PV 12 mm® b 14 mm®

B

Mean (2-mm sub-segnaent)

Radiug 13 mm

‘Wall thickness 1-9mm

‘Tensile stress 5 KN/

VvV 30 mm® ——» 26 mm®
21 zom® ——= 17 oo’

Area (mm?)

Post-procedure

Follow-up

Figure 2 An example of the results by 3-D longitudinal reconstruction of intravascular ultrasound
cross-sectional images using ECG-gated pullback. Upper outside panels: Longitedinal images post-
procedure (left) and follow-up (xight). Upper inside pancls: Parameters used in the present study (A and
B). TVV=total vessel volume; PV=plaque volumec. Lower pancls: Charts display the subscquent
volumetric quantification at post-procedure (feft) and follow-up (right). The arca values of the lumen
(lower linc) and total vessel (apper ling) form the boundarics of the grey zone, which represent the
plaque—media complex, and a single line depicts the absolute area valuc of plaque-media complex. The
zones between 2 lines (A and B) correspond to the data shown in the upper inside pancls.

not in the effective dose group (Fig. 4). Although tensile
stress values at baseline were different among three
groups (low dose, effective dose and control). tensile
stress decreased to similar values at follow-up (Table 3).

Predictors of plaque growth

Results of univariate and multivariate linear regression
are shown in Table 4. Tensile stress was the only
predictor of plaque growth in non-irradiated coronary
subsegments in the multivariate model, However, in the
irradiated group DVyeAdv. and plaque morphology
were stronger independent predictors of plaque increase
than tensile stress.

Discussion

This study demonstrates for the first time that local
plagque growth is related to tensile stress after balloon

angioplasty. Tensile stress was positively correlated with
an incregse in plague volume in subsegments receiving
low or no doses of radiation. Further, this biophysical
parameter was the only independent predictor of plaque
increase In the non-irradiated subsegments. However,
the influence of tensile stress on plaque formation was
blunted by the eflective dose of radiation (Fig. 4).
Under physiological conditions and in experimental
atherosclerosis, local tensile stress, which is dependent
on lumen radius and wall thickness, has been suggested
to stimulate atherosclerotic plaque formationl'®13:31-32],
The results of the present investigation suggest that
tensile stress represents an adaptive factor in the resto-
ration of wall stress by stimulating plaque growth!!>13-331
after balloox angioplasty. when plaque is disrupted and
the balance between lumen size and wall size is lost. This
hypothesis may be supported by previous experimental
observations showing that: (1) tensile forces induce
signal transduction in smooth muscle cells!'®, although
the mechanoreceptor is still unknown: (2} mechanical
strain promotes smooth muscle cell growth. when these
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Figure 3 Correlation between the change in plaque volume and temsile stress in all the subsegments.
dPV=change in plague volume. Tensile stress is expressed as a logarithm. Left: Correlation in all the
irradiated subscgments (radiation group, n=184). Right: Correlation in the non-irradiated subscgments

(control group, n=111).

35 35
R =0-195
30~ p=NS§ 30
25~ 25
20 - 20
ﬂa 15— ‘“E 15
8 10 E 10
= g
z 0 S
0 [¢]
-5 -5
-0 -10
, L H
15 ! | | ! ] | 15 | ] | | | ]
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
Log tensile stress Log tensile stress
Effective-dose group Low-dose group

Figure 4 Correclation between the change in plaque volume and tensile stress in the irradiated sobsegments.
dPV=change in plague volume. Tensile stress is expressed as a logarithm. Left: Corrclation in the
effective-dose (=6 Gy) subsegments (n=74). Right: Corrclation in the low-dose (<6 Gy) subsegments

(n=110).

cells are in the proliferative phenotype (L.e. after balloon
infury)'-*: (3} wall temsion may stimulate mRNA
expression of matrix metalloproteinase in human
coronary arteriest> 24,

Another observation of the present study was that the
influence of tensile stress on plaque volume change was
abolished in subsegments receiving effective doses (IDv90
=6 Gy) of radiation. Radiation inhibits formation of
myofibroblast scar surrounding the injury site and elicits
changes in intracellular molecules: DNA is considered
the critical target damaged by ionizing radiation by both
direct and indirect processes. These molecular changes
ultimately ptevent negative vascular remodelling and
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plaque formation in the clinical comtext™. In the
multivariate model, one may observe that tensile
stress, although still an important predictor of plaque
proliferation, lost its power in the irradiated group. It
should be taken into account that more than half of
the subsegments (n=110) received lower than the
¢ffective dose of radiation and that tensile stress was not
a predictor of plaque increase when only effectively
irradiated subsegments were considered. These findings
may be explained by the potential modification of
the arterial wall mechanoreceptors responses by
radiation. This speculative explanation requires further
investigation,
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Tabie 4 Univartate and multivariate analysis for the predictors of plague growth
Radiation group Control group
Variables Univariate Muitivariate Univariate Multivariate
P Beta P 95% CI r Beta P 95% CI
Constant 7-43 ns 4:38/10-49 0-05 ns ~1-51/1-61
Plaque hard 00001 — 362 0-0001 — 546/ —178 ns ns
Digsection 0-0001 ns ns ns
Thin wall site ns ns
Total vessel volume ns ns
Tensile stress 0-00¢1 006 4038 (+003/0-115 0-007 09 0007 0-03/0-16
DVpadv 0-00¢1 — 064 0-0001 —(-98/— 029 NIA
The type of plaque characterized by intravascular Conclusions

ultrasound was also negatively correlated with increase
in plaque volume (Table 4). Tissue characterization by
intravascular ultrasound. as defined in the present study,
has been shown to have a high histopathological corre-
lation®® ), The diminished lipid contents and lower
cellularity characteristics of mature plaques (fibrous or
calcified lesions) may explain the diminished prolifer-
ative response of hard plagues as characterized by
intravascular ultrasound®l,

The findings that subsegments receiving <6 Gy had a
higher plaque increase than non-irradiated subsegments
are in accordance with recent clinical and experimental
reports showing the somewhat paradoxical induction of
plaque formation by low-dose radiation™#!43, The
higher value of baseline tensile stress in the low-dose
subsegments may in itself have impacted on the higher
plaque growth. However, it is nevertheless important to
note that the dose of radiation was the strongest inhibi-
tory factor of plaque growth (Teble 4), which may
highlight that radiation inhibits plaque proliferation in a
dose-dependent manner*>14],

Limitations

In the present study, coronary pressure was not obtained
by intra-coronary sensor tip wire, but by measuring the
aortic pressure through a sheath. Coronary pressure
used in the present study may be inaccurate where
residual pressure gradient induced by non-significant
stenosis exists either proximal to the lesion or in the
lesion. Also tensile stress calculation is based on the
assumption that the lumer is circular. Further investi-
gation using a finite element model and coronary pres-
sure guide wire will be necessary to confirm the concept.

The contribution of tensile stress to the toral plaque
growth may be small (approximately 10%). Since rest-
enosis is a multi-factorial process that has not been fully
elucidated vet, other local factors (ie. shear stress and
inflammatory markers) may also have considerable
impacts in the mechanism of restenosis.

The results of this study suggest that local plaque growth
is related to tensile stress after balioon angioplasty.
Intracoronary brachytherapy may alter this biophysical
process on plaque growth when the prescribed dose is
effectively delivered.

The Wenckebach prize was awarded to Dr Serruys by the Dutch
Heart Foundation for brachytherapy mesearch. The authors are
indebted to Nico Bruining, PhD, for a technical assistance in
methodology.
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OBJECTIVES

BACKGROUND

METHODS

RESULTS

CONCLUSIONS

The aims of the study were to determine the incidence of relocation of the minimal luminal
diameter (MLD) after beta-radiation therapy following balloon angioplasty (BA) and to
describe 2 new methodological approach to define the cffect of brachytherapy on treated
COTonAry stenoses.

Luminal diameter of coronary lesfons may increase over time following angioplasty and
pradiatation. As a result, the MLD at follow-up may be relocated from its location
preintervention, which may induce misleading results when 2 restricted definition of the
target segment by quantitative coronary angiography (QCA) is performed.

Patients treated with BA followed by intracoronary brachytherapy according to the Dose-
Finding Study constituted the study population. A historical cohort of patients treated with
BA was used as conwol group. To be included in the analysis, an accurate angiographic
documentation of all instrumentations during the procedure was mandatory. In the trradiated
patients, four regions were defined by QCA: vessel segment (V8), target segment (TS),
injured segment (INS), and irradiated segment (IRS).

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

Relocation of the MLD is commonly demonstrated after BA and brachytherapy, and it
should be taker into account during the analysis of the results of radiation clinical trials. {J

Am Coll Cardiol 2000;36:1536—4%) © 2000 by the Americzn College of Cardiology

During the past 10 years the efficacy of percutaneous
interventions in preventing restenosis has been assessed by
the use of quantitative coronary angiography (QCA) (1~4).
This technique of analysis has become the gold standard for
the assessment of coropary angiograms in the context of
scientific research due 1o 1ts superior accuracy and objectivity
as compared to visual and hand-held caliper measurements;
in additien, it possesses 4 better inter- and intra-observer
varizbility (5,6). Consequently, the percent diameter steno-
sis has become the usual output of this analysis, and the
value of 50% has gained widespread acceptance to define the
presence of restenosis in the treated coronary segment (7),
Intravascular wtrasound (IYUS) studies demonstrated that
restenosis after balloon angioplasty (BA) is mainly due to
neointimal hyperplasia and vesscl shrinkage at the site of the
injury (8-10).

Pioneers in intracoronary radiation therapy have demon-
strated that in a majority of patients the luminal diameter at
the site of the treated lesion may increase during the
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Netherlands; +Cardialysis B.V,, Rotterdam, The Netherlands; $University Hospital,
Geneva, Switzerland; and §O.L.V. Hospital Cardiovascular Center, Aalst, Belgium.
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beachytherapy research in the cathererization laboratory.
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accepred June 21, 2000,

follow-up, rather than decrease (11). Three-dimensional
IVUS analysis has shown that this phenornenon is induced
by positive remodeling of the vessel wall at the site of the
irradiated segment (IRS) (12). As a result, the minimal
lumina] diameter (MLD) of coronary segments treated with
brachytherapy following percutaneous interventions may be
relocated at follow-up from its location pre-intervention. A
restricted definition of the target segment by QCA could
induce misleading results and make any comparison to
previous nonradiation studies unfair. This study was in-
tended to 1) determine the incidence of the relocation of the
MLD after beta-radiation. therapy following successful BA
and 2) to desaribe 2 new methodological approach to
analyze and report accurately the effect of brachytherapy on
the treated coronary artery.

METHODS

Patient selection. Patients eligible for the study were those
successfully treated with BA followed by intracoronary
radiation according to the Boston Scientific/Schneider
Dose-Finding Study (13). The purpose of this trial was to
determine the effect of various doses of beta-irradiation on
coronary artery restenosis after BA with or without stent
implantation in patents with single de novo lesions of
pative coronary arteries. The isotope selected was the pure
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Abbreviations and Acronyms
BA = balloon angioplasty
Gy =gy
INS = injured segment
IRS = imdiated segment
IVUS = inwavaseular ultraseund
MLD = minimal luminal diameter
QCA = quantitative coronary angiography
TS = target segment
VS = vessel segment

beta-exnitting *°Y, and patients were randomized to receive
doses of 9,12, 15 or 18 gray (Gy) at 1 mm tissue depth. The
delivery of radiation was carried out by the use of the
Schneider-Saverwein Intravascular Radiation System (14),
In brief, this system comprises 1) a fexdble coil made of
titanfum-coated pure ytuivm affived at the end of a thrust
wire between proximel and distal tungsten markers; 2) a
centering catherer, which is 2 segmented balloon consisting
of four intercormected compartments and which allows the
source lumen to be centered relative to the arterial lumen;
ard 3) a computerized afterloader that allows automated
advancement and positioning of either the dummy or the
active source (14).

QCA analysis and definitions. The QCA. analysis was
performed off-line by an independent core laboratory (Car-
dialysis, Rotterdam, The Netherlands). All angiograms
were evaluated after intracoronary administration of ni-
trates, Analysis was performed by means of the CAAS IT

analysis system (Pie Medical BV, Maastricht, The Nether-
lands). Calibration of the system was based on dimensions
of the catheters unfilled with contrast medium. This
method of analysis has been previously validated (4,15,16).
The arez of interest was selected after reviewing all cinefiims
performed during the index procedure. Any angiographic
sequence showing the lesion preintervention, posidons of
angioplasty balloon: and radiation sowrce can be displayed
simultaneously on the screen using the Rubo DICOM
Viewer (Rubo Medical Imaging, Ulthoorn, The Nether-
lands}, The clectrocardiographic (ECG) tracing is also
displayed in any angiographic sequence. By selecting frames
in the same part of the cardiac cycle, we were able to define
the location of the radiation source and angioplasty balloon
relative to the original lesion. The analyst defined a coronary
segment bordered by angiographically visible side branches
that encompassed the original lesion, angioplasty balloon
and radiation source. This segment was defined as the
“vessel segment” (VS) (Fig. 1). The MLD was determined
in the V§ pre-intervention by edge detection and was
averaged from the two orthogenal projections. Reference
diameter was automatcally calculated for the VS by the
intezpolated method (4). The percent diameter stenosis was
caleulated from the MLD and the reference diameter (7).
At the time of the procedure, all angioplasty balloons,
when deflated, were filmed in place with contrast injection
in the same projections as were the V5. After successful BA,
intracoronary brachytherapy was performed. Both the loca-
tion of the centering balloon and the active wire in place

figure L (A) Targer segment (TS) is between proximal and distal margin of the target Jesion, automatically defined by the quantitative coronary
angiography system. Vessel segtment (V) is bordered by visible side branches, which encompass the target segment (T'5) and the pasition of the angioplasty
balloon and rmdiation source. (A7) Original lesion in the middle part of the right coronary artery before intervention, (B) Injured segment (INS) is defined
as the segment encompassed by the most proximal and most distal marker of the angioplasty balloon. (B') Arrows indicate the markers of the deflated
angioplasty balloon filmed in place with a contrast injection. (C) The segment encompassed by the inner part of the two tungsten markers of the radiation
delivery system defined as the irmdiated segments (IRS). (C) Asrows indicate the inner parts of the radiation source tungsten markers filmed with a contrast

injection,
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PRE

POST

Subsegment
analysis

Computer
defined
analysis

FUP

Figure 2. (A} Subscgmental analysis before procedure. Vessel segment (VS) was automatically divided into 5-mm subsegments by the CAAS I system.
The original lesion is located at segment No, 5 preprocedure as the arrow indicates. (A7) Computer defined analysis preprocedure, (B) Subsegraental analysis
at postprocedure, Minimum lumen diameter is located at segment No, 6 (arcow). (B') Computer-defined analysis postprocedure, (C) Subsegmental analysis
at follow-up. Minimum lumen diameter is located at segment No. 7 (arrow). {C") Computer-defined analysis at follow-up.

were fllmed in the same projections as performed previously.
The proximal side branch within the VS was used as an
index anatomical landmark. The CAAS software computed
distances from this proximal sidebranch to 1) the inner part
of the proximal mngsten marker, 2} the proximal marker of
the angioplasty balloon, 3) the proximal margin of the
obstruction segment, 4} the distal margin of the obstruction
segment, 5) the distal marker of the angioplasty balloon, and
6) the inner part of the distal tungsten marker. The “target
segment” (T'S) was encompassed by the proximal and distal
margin of the obstructed segment. The segment encom-
passed by the most proximal and most distal marker of the
angioplasty balloon defined the “injured segment” (INS).
The segment encompassed by the inner part of the two
tungsten markers defined the IRS (Fig. 1). All regions of
Interest were superimposed on the pre-, post-procedural and
follow-up angiograms. “Geographical miss” was defined for
those cases in which the entre length of the INS was not
fully covered by the IRS (17).

Using the software of the CAAS system, the analyst is
able to perform a subsegmental analysis within the VS, The
segment is zutomatically divided inte subsegments of equi-
distant length (on average, 5.0 £ 0.3 mm). The subsegment
containing the MLD was taken as the index segment, and
this enabled relocation of the MLD to be defined (Fig. 2).
“Relocation pre-post” was defined as those cases in which
the MLD of the VS post-treatment was located in a
different subsegrment in the two orthogonal projections from
that of the index procedure. “Relocation post-fup” was
defined as those cases in which the MLD of the VS at
follow-up was located in a different subsegment in the two
orthogonal projections from that of the post-procedure.
“Relocation pre~fup” was defined as those cases in which the

MLD of the V8 at follow-up was located in a different
segment in the two orthogonal projections from that of the
index procedure (Fig. 2).

Addidenally, the analyst computed the MLD in every

region of interest and calculated the acute gain, the late loss
and the frequency of >50% diameter stenosis on 2 regional
basis. “Acute gain” was defined as MLD posttreatment
minus MLD preintervention. “Late loss” was defined as
MLD posttreatment minus MLD at follow-up. “Resteno-
sis” was defined as diameter stenosis >50% at follow-up.
Control group. A historical cobort of consecutive patients
treated with BA from the BENESTENT II trial {18) and
presenting with matched views and correct angiographic
documentation was used as the contro] group. The VS, TS,
and relocation of the MLD were defined in this cohorr as
described above.
Statistical analysis. Data are presented as mean * 8D or
proportions. To compare qualitative variables, the chi-
square test was carried out. To compare quantitative vari-
ables, the Smdent £ test was performed. All tests were
two-tailed, and a value of p < 0.05 was considered staris-
teally significant.

RESULTS

Baseline chavacteristics, One hundred and eighty-one pa-
tients were included in the dose~finding study. Of these, 51
patients received a stent. The remaining 130 patients meated
with BA alone followed by beta-radiation were eligible for
the study. By comparing the technician worksheet with the
angiograms recorded, the analyst was able to identify those
patients for whom all balioon inflations and source post-
tioning were filmed and all rarget views matched. Using this
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Table 1. Baseline Chamcteristics

Table 2. Location of the Relocated MLD

Dose-
Finding Control
Group Group
{0 = 65) o= 179)
Age (yrs) 64x9 62+ 10
Gender (male) 46 (70.7%) 137 (76.5%)
Treated artery
Left anterior descending 28 (43.1%) 80 (44.7%)
Left circumflex 7 {10.8%) 22 (12.3%)
Right coronary 30 (46.1%) 77 (43%)
Coronary risk facters
Systemic hypertension 35 (53.8%) 89 (49.7%)
Diabetes mellitus 12 {18.5%) 27 (15%)
Smoking 33 (66.1%) 123 (68.7%)
Hypercholesterolemia 38 (58.5%} 98 (54.7%)
Famnily history 23 (35.4%) 60 (33.5%)
Dose
9 Gy 18 (27.7%) -
12 Gy 11 (16.9%) —
15 Gy 20 (36.2%) -
18 Gy 16 (24.6%) -

All'p = NS. Gy = gray.

systematic approach, 65 patients who did not accomplish
these technical requirements for performing an accurate
QCA were excluded from the study. Thus, the study
population comprised the 65 patients presenting with com-
plete and correct angiographic documentation, All patients,
regardless of the dose prescribed (%, 12, 15, or 18 Gy at
1 mm tissue depth), were pooled together.

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

Inadence and location of the relocation of the MLD.
Relocation pre-post of the MLD was defined in 36 patients
(55.4%) in the dose-finding cohort and in 62 patients
(34.6%) in the conwrol group (p = 0.005); relocation
post-fup was defined in 37 patients (56.9%) in the dose-
finding cohort and in 59 patients (33.0%) in the control
group (p = 0.001); and relocation pre-fup was defined in 51
patients (78.5%) in the dose-finding cohort and in 47
patients (26.3%) in the control group {p < 0.0001). Geo-
graphical miss was identified in two patients (3%). At

Table 3. QCA Data From the Four Predefined Segments

Relocation  Relocation  Relocation
Pre-post Post-fup Pre-fup
(0 = 36) (n =37 (n = 51)
Within INS-TRS 19(5299%)  23(52.2%) 24 (47)
Outside INS-IRS 9(25% 10027  18(353%)
Within IR$-outside INS 6 (16.6%) 4 (10.8%) 8 (15.7%)
Within INS~outside TRS 2(5.5%) 0 (0%) 1(2%)
{geographical miss)

INS = injured segroent; IRS = irmdiated segment.

follow-up, 45 padents (69.2%) presented with an increase in
the value of MLD at TS, whereas 20 patients (30.8%)
dernonstrated either a decrease (18 patients) or no change (2
patients) in the value of MLD at TS. The location of the
MLD in cases of relocation is presented in Table 2. This
new MLD was most commonly located within the IRS and
INS, followed by those regions within the VS but cutside
the TRS and the INS. Typically, when the new MLD was
located outside the INS and IRS, distal subsegments were
most often involved rather than the proximal ones (88% vs.
12%, respectively).

Methodological implications of the relocation of the
MLD. The QCA dara derived from the analysis of the
predefined regions are shown in Table 3.

DISCUSSION

Incidence and causes of relocation of the MLD. This
study demonstrates that the relocation of the MLD is a
common phenemenon in coronary segments treated with
BA followed by intracoronary beta-radiation therzpy. Al-
though relocation of the MLD at follow-up was signifi-
cantly more frequent in the irradiated group, control pa-
tients treated with “plain old balleon” angioplasty also
demonstrated a notable incidence of relocation. This phe-
nomenon was noted after radiation was witnessed in previ-
ous studies showing that the restenosis process affected the
entire vessel segment, which was dilated, and not just the
obstructed segment (19,20). To cvercome this problem, the
Total Occlusion Study of Canada (TOSCA) group devised
the concept of “target lesion work length,” defined as the
length of contiguous target segment exposed to balloon
inflation. (21). In addition, the relocation of the MLD may
explain the mismatch between geood angiographic results of

TS NS 1243 Vs

MLD pre (mm) 10602 106 + 02 106 =02 106+ 02
MLD post {msm) 217 %05 199 + 0.4 200 % 0.4 191 + 0.4
MLD fap {mm) 236 £05 197 %03 197 05 1,84+ 0.3

DS fup 203+11 33211 33411 379+ 10
Acute gain (msm) 112+ 0.4 053 =04 094+ 04 0.85 % 0.4
Late Toss (mm) -0.18 = 0.4 0.01 % 0.4 0.03 * 0.4 0.07 =03
Restenosis tate, (%) 2630 507 6099 9(15.8)
Segment lengeh (mm) 50%03 187 £ 42 29£35 369 %84

D§ = diameter stenosisy fup = follow-up; IN§ = injured segment; IRS = irm

port-intervention; TS = target segment; VS = vessel sogment,

o4

diated segment; MLD = minimal lumina] diameter; pre = pre-intervention; post =
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previous radiation trials and the poor dlinical outcome (ie.,
high target vessel revascularization rates) observed in these
studies (22).

Further, because changes in the reference diameter may
occur during the follow-up period, the use of the percent
diameter stenosis measurements is questionable as an accu-
rate estimate of lesion severity (19,20). In this regard, two
thirds of our study population demonstrated an increase in
the value of the preintervention MLD. In the radiation
group, increase of vessel dimensions at the site of the index
MLD may play an important role in the relocation of the
ML

Previous three-dimensional TVJS observations demon-
strated that the vessel wall enlarges after catheter-based
radiation therapy either following conventional BA or stent
implantation {12,23). This vessel enlargement was able to
accommodate the mean increase in plague volume, resulting
in a net increase in the irradiated luminal volume at
foliow-up.

In our study, the MLD was mainly relocated within the
TRS and the INS 2nd outside the INS and the IRS (typically
at distal segments). In such regions, the presence of pre-
exsting plaques that became angiographically apparent or
that progressed after the treatment and tapering of the vessel
may have accounted for the relocation of the MLD. In
addition to these causes of relocation, we cannot exclude the
influence of the natural atherosclerotic process on this
phenomenon in the context of patients with coronary risk
factors by inducing development of new coronary lesions in
any of the predefined regions of interest.

Methodological consequences of relocation. When the
analysis was restricted to the TS, this lumen gain at
follow-up resulted in a negative mean. late loss and a very
low restenosis rate (3.1%). The TS represents a region that
was injured by the balloon and theoretically presented with
the peak stress and vessel stretch after BA. Further, this
segment was fully covered by the radiation source in all
cases. Thus, the results of the analysis of the TS may
demonstrate the effect of brachytherapy under optimal
conditions. On the other side of the spectrum, when the
analysis included the entire VS, both the late loss and the
restenosis rate were significantly higher (Tzble 3). This
latter analysis was performed it most of the historical trials
aimed to determine effectiveness of new therapeutic agents
on the restenosis process after BA (24-27). This tradidonal
approach is driven by the concern that hemodynamic effects
(Le., flow-limiting lesion), symptoms, and outcomes are
Likely related to the location of the new ML, irrespective
of precise anatomic concordance with its locadon pre-
intervention. The mericulous analyses proposed are likely to
yield new insights on the pathophysiology of this new
therapy, and we believe that these are highly recommended
during feasihility in vivo and in viwo studies. In clinical
radiation trials, the taditional VS approach should be the
common anglographic end point, and further analyses of the
above-defined regions of interest may complement the

results of the study. In this regard, the efficacy of the therapy
itself would be determined by the results at the TS, whereas
the effectivencss of the radiation therapy would be defined
for the entite VS, which imcludes both the desired (ie.,
lumen enlargement) and the side effects {i.c., edge resteno-
sis),

Study limdtations. The definition of relocation of the
MLD depends dedisively ox the accurate documentation, of
all steps followed during the procedure. This was accom-
plished in only 50% of the cases treated with BA in the dose
finding study and in 44% of the historical control group.
The QCA data presented in this study represent only the
results of the pooled cohort of patients enrolled in the dose
finding study, and not the entire population.
Conclusions. Relocation of the MLD is 2 common phe-
nomenon after successful BA followed by intracoronary
beta-radiation, This feature may induce controversial results
related to the methodology used in the QCA analysis and
should be considered when reporting the results of subse-
quent radiation studies. The new methodological approach
proposed may be useful to determine both the potentialities
and the limitations of this new technique.

APPENBDIX

The partcipating centers and investigators of the Dose-
Finding Study Group are listed along with the number of
included patients in parentheses.

University Hospital, Gemewa, Switzeriand (57); Vil
Verin, MD, Touri Popowski, MD, Patrice Delafontaine,
MD, John Kurtz, MD, Igor Papitov, PhD, Sergey Airfian,
MD, Philippe Debruyne, MD, Jose Ramos de Olival, MD.

Cardiovascular Center, Onze-Licve-Vrvouw Zichenbuss,
Aalst, Befginm (54); William Wijns, MD (Principal Inves-
tigator), Bernard de Bruyne, MD, Guy Heyndricks, MD,
Lue Verbeke, MD, Marleen Piessens, PhD, Jo De Jans,
MSc.

University Hospital, Essen, Germany {26): Dietrich Baum-
gart, MD, Wolfpang Sauerwein, MD, Raimund Erbel,
MD, Clemens von Birgelen, MD, Michael Haude, MD,

University Hospital, KGel, Germany (22): Markus Lins,
MD, Simon Ruediger, MD, Gyorgy Kovacs, MD, Thomas
Mardn, MD, Herrmann Gunhild, MD, Wilhelm Roland,
MD, Peter Kohl, MD.

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

Data monitoring. Thomas Thaler, MD (Boston, Scientif~
ic).

Angiographic core-laboratory and data analysis. Yvonne
Teunissen, PhD (Clinical Trial Manager), Astrid Spierings,
MSc, Connie Van der Wiel, MSe, Gitte Kloek, M8,
Clemens Disco, PhD.

Critical Events Committee. faap Dekkers MD, Patrick
Serruys, MD, PhD.
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Sensitivity and specificity of QCA in detecting coronary
arterial remodeling after intracoronary brachytherapy:
A comparison to serial volumetric 3-D IVUS analysis
Can we detect positive remodeling by luminography?

Ken Kozuma', Evelyn Regar’, Nico Bruining', Willem van der Giessen’,
Eric Boersma', David P. Foley'!, Pim J de Feyter, Peter C. Levendag?,
Patrick W. Serruys’

1. Department of Cardiology, Thoraxcentre Erasmus Medical Center Rotterdam, Rotterdam,
The Netherlands 2. Daniel den Hoed Cancer Center, Rotterdam, The Netherlands

Abstract

Background. After the introduction of intracoronary brachytherapy, enlargement of
lumen (negative late loss) has been demonstrated. The aim of the study is to analyze the
sensitivity and specificity of QCA parameters to detect a positive vessel remodeling as
compared to TVUS after intracoronary B-radiation.

Methods. Twenty-seven patients (27 vessels) treated with balloon angioplasty followed
by catheter-based intracoronary B-radiation with *St/*"Y source were assessed by both
QCA and 3D IVUS with ECG-gated pullback. Irradiated segments were analyzed for
total length (30 mm) or each 5~-mm subsegment.

Results. Change in MLD was not a predictor for the positive remodeling in both
total irradiated segmental and 5-mm subsegmental analysis; 54.3% ROC curve area
(95%CI: 30% - 79%, p=NS), 39% sensitivity, 44% specificity, and 55.9% ROC curve
area (46% - 66%, p=NS), 55% sensitivity, 54% specificity, respectively. Changes in
mean and maximal diameter were not significant parameters to detect positive vessel
remodeling as well. When only central subsegments were analyzed, change in MLD was
a significant predictor: 63.3% ROC curve area (52-75%), sensitivity 55%, specificity
64% (p=0.029).Conclusions. Lumen enlargement detected by QCA does not always
mean a positive vessel remodeling after intracoronary radiation. IVUS analysis may be
necessary to investigate the mechanism of restenosis after balloon angioplasty followed
by catheter-based radiation.

Keywords: intracoronary brachytherapy, quantitative coronary angiography, 3D IVUS,
vessel remodeling, balloon angioplasty
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INTRODUCTION

For more than a decade, quantitative coronary angiography (QCA) has been the gold
standard for the assessment of coronary stenosis because of its accuracy and objectivity
as compared to visual and hand-held caliper measurements (1-3). After the introduction
of intracoronary brachytherapy, the QCA methodology for the assessment of irradiated
coronary had to be adjusted to this new mode of therapy because of the existence of
new region of interest; target segment, injured segment, radiated segment and vessel
segment(4). In the recent report using catheter-based beta-radiation, enlargement of
lumen (negative late loss) has been demonstrated in a subset receiving 18 Gy with balloon
angioplasty alone(5). Previously we have reported vessel enlargement accommodating
plague increase in the volumetric 3-D intravascular ultrasound investigation(6). In that
report, the lumen remained unchanged at follow-up as an average. In other words, half of
the irradiated segments responded to the radiation with a lumen enlargement. Therefore
intracoronary radiation has a potential to increase the lumen diameter(3, 7).

The aim of the study is to analyze the sensitivity and specificity of QCA parameters
to detect a positive vessel remodeling as compared to IVUS after intracoronary beta
radiation.

k]

METHODS

Patients

The study population consists of 27 patients of 27 vessels. All consecutive patients who
underwent balloon angioplasty followed by catheter-based intracoronary B-radiation with
03r/MY source and IVUS imaging with ECG-gated pullback were included. Patients
presented with angina pectoris or positive stress testing. Patients with myocardial
infarction within 72 hours prior to treatment or left ventricular ejection fraction < 30%
were not included in this study. Angiographic inclusion criteria consisted of a reference
vessel diameter > 2.5 mm and < 4.0 mm and a lesion length < 20 mm.

The Medical Ethics Committee of the University Hospital Rotterdam Dijkzigt approved
the protocol of intracoronary radiation. All patients gave written informed consent.

Radidation System

The source train of the Beta-Cath™ System consists of a series of 12 independent
cylindrical seeds, which contain pure B-emitting *Sr/°Y, and is bordered by 2 gold
markers (30mm total length of radioactive seeds). The profile of the catheter is 5 French
and the source train is not centered. The radiation sources remain at the treatment site for
approximately 2-4 minutes to deliver a predetermined dose at 2mm from the centerline
of the axis of the source train. Prescribed radiation doses were 12Gy (8 vessels), 14Gy
(5 vessels), 16 Gy (9 vessels), and 18Gy (5 vessels).
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Procedure

All patients received aspirin (250 mg/day) and heparin IV (10.000 IU) during the
procedure and additional heparin was given to maintain the activated clotting time
>300sec. Stented patients also received ticlopidine (250mg/day) or clopidgrel (75mg/day}
for at least one month. BA was performed according to standard clinical practice.
After successful angioplasty, intracoronary P radiation was performed as previously
described (8), and repeat angiography and IVUS pullback were carried out. Intracoronary
isosorbide dinitrates (200 pLg) were administered immediately prior to each of the IVUS

pullbacks. At follow-up (6-8 month), further IVUS analysis of the treated vessel was
performed.

QCA analysis

QCA analysis was performed off-line by an independent analyst. All angiograms were
evaluated after intracoronary administration of nitrates. The analysis was performed by
means of the CAAS II analysis system (Pie Medical BV, Maastricht, The Netherlands).
Calibration of the system was based on dimensions of the catheters unfilled with
contrast medium. This method of analysis has been previously validated(2, 3). The MLD
(minimal lumen diameter) was determined by edge detection and was averaged from
the two orthogonal projections. Reference diameter was automatically calculated for the
irradiated segment by the interpolated method.

Using the software of the CAAS system, the analyst is able to perform a subsegmental
analysis within the region of interest. The segment is automatically divided into
subsegments of equidistant length (5.0£0.3 mm).

Additionally, the system computed the mean lumen diameter, maximal lumen diameter
and MLD in every subsegment. Late loss was defined as MLD post-treatment minus
MLD at follow-up.

IVUS image acquisttion and quantitative analysis

The coronary segment subject to 3-dimensional reconstruction was examined with a
mechanical TVUS system (CVIS, Boston Scientific Corporation, Maple Grove, MN)
incorporating a 30 MHz single-element transducer rotating at 1800 rpm. ECG-gated
image acquisition and digitization was performed by a workstation designed for the 3-D
reconstruction of echocardiographic images (EchoScan, Tomtec, Munich, Germany).
Description of this system has been reported in detail elsewhere(9-11). In brief, the
steering logic of the workstation considered the heart rate variability and only acquired
images from cycles meeting a predetermined range and coinciding with the peak of the
R wave.

A Microsoft Windows™-based contour detection program, developed at the Thoraxcenter,
was used for off-line volumetric quantification ADDIN ENRfu (12). Briefly, this
program constructed longitudinal sections from the data set and identified the contours
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corresponding to the lumen and media boundaries. Volumetric data were calculated by
the formula: V= Enix} A, * H, where V = volume, A = area of EEM (external elastic
membrane), lumen or plaque in a given cross-sectional ultrasound image, H = thickness
of the coronary artery slice, that was reported by this digitized cross-section, and
n = the number of digitized cross-sectional images encompassing the volume to be
measured. Checking and editing of the contours of the planar images were performed
by two independent experienced analysts (KK, ER). Intra-observer variability assessed
by analyzing IVUS volumetric studies at least 3 months apart has been reported: -0.4
+ 1.1% in lumen volume, -0.4 % 0.6% i total vessel (EEM) volume and -0.3 *+ 1.0%
in vessel wall (plague + media) volumes using motorized ECG-gated pullback(11). The
application of this system has been reported in clinical studies(6, 13-153).

Definitions

Total vessel volume (TVV), lumen volume (LV)}) and plaque volume (PV) were calculated
from the contours of each cross-section by the software as stated above. In order to
assess the volumetric changes of the vessel structures after 6-8 months, the delta value
for each measurement was calculated (delta (A) = follow-up — post-procedure). To
eliminate the influence of the vessel size, percent change (delta volume / post-procedure
volume) was also calculated.

Remodeling of the vessel wall was defined when total vessel (EEM) volume increased or
decreased, compared to post-procedure measurements by at least two standard deviations
(& 1.2%) of the intra-observer variability. By using this technique, the potential intrinsic
error of the method may be avoided(16-18).

Selection of the region of interest

The segment of interest was selected for QCA after reviewing all cinefilms performed
during the index procedure. Any angiographic sequence showing the lesion of pre-
intervention, post-intervention, follow-up, and the position of radiation source may
be displayed simultaneously on the screen using the Rubo DICOM Viewer (Rubo
Medical Imaging, Uithoorn, The Netherlands). The ECG tracing is also displayed in any
angiographic sequence. By selecting frames in the same part of the cardiac cycle, we
were able to define the location of the radiation source relative to the original lesion
(30-mm in length). Sidebranches were used as index anatomical landmarks. Distances
from this proximal or distal sidebranches to the inner part of the proximal and distal
gold markers were computed by the CAAS software. The segment encompassed by
the inner part of the 2 radio-opaque markers defined the irradiated segment (IRS)
(Figure 1). All regions of interest were superimposed on the post-procedural and
follow-up angiograms.

The methodology to define the segment of interest angiographically using this technique
has been described previously(19).
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v il

Figure 1

Selection of region of interest

At the time of procedure, radiation source surrounded by contrast was flmed (central upper panel).

From the position of the source related to anatomical landmarks and the distance from them, irradiated
segments were selected on IVUS (left side panel).

At follow-up, same segrments were identified on angiogram and IVUS by using the anatomical landmarks
(central lower panel and right side panel).

By applying the same methodology using the Rubo DICOM Viewer and CAAS system,
we were able to define the location of the radiation source train with anatomical
landmarks on IVUS (Figure 1). IRS was selected based on the anatomical landmarks
and the distances from them calculated by the 3D reconstruction system post-procedure.
At follow-up, correct matching of the region of interest was assured by both the use
of the same IVUS motorized pull-back system and the comparison of the longitudinal

view to that of post-procedure. Thus methodology for IVUS has been described in detail
previously(6, 20, 21).

Statistical analysis

Quantitative data are presented as mean + standard deviation. The comparisons between
the volumetric data were performed using a two-tailed Student’s t-test. Categorical data
were compared by means of Fisher’s exact test. Linear regression analysis was used
to investigate the relationship between QCA and IVUS parameters. Sensitivity and
specificity were calculated to show the true positive and true negative probability of
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positive remodeling (+2.4% increase in TVV). Receiver operator characteristic (ROC)
curves were constructed to investigate the diagnostic power of the variable. A value of
<0.05 was considered statistically significant.

RESULTS

irradiated segment analysis (30 mm in length; n=27)

QCA and IVUS data per patient are presented in Table 1. When change in MLD by QCA
was used for the detection of positive remodeling, a ROC curve area of 54.3% (95%CTl:
29.7% to 78.9%), a sensitivity of 38.9% and a specificity of 44.4% were observed
(p=NS). Interpolated reference diameter and maximal diameter of the target vessel did
not show significant results as well.

Subsegmental analysis (n=138)
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Figure 2
Correlation between QCA parameters and change in TVV (subsegmental analysis)
DTVYV = change in total vessel volume, dmean = chaoge in mean diameter of the sub-segment, Dmaxd- change
in maximum diameter of the subsegment, dmld = chapge in minimum lumen diameter of the sub-segment
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Table 1. QCA and IVUS data per patient (n=27)

post 6M p-value
QCA parameters
Reference diameter 2.9320.71 2.954£0.62 0.81%
Max [umen diameter 3.75+0.84  3.6510.60 0.62
Min lumen diameter 2.0620.68 1.8840.63 0.08
%diameter stenosis 31.5£7.9 35.0+£18.1 0.27
IVUS parameters
Lv 247541084 249.1x121.5 0.88
™V 445311456 481.6x165.0 3.004
PV 197.7456.6 232.5166.9 .001

Table 2. Subsegmental analysis (n=138)

post &M p-value
QCA parameters
Mean lumen diameter 2.832+0.71 2.812£0.61 0.55
Max lumen diameter 3.23+0.78 3.18%0.65 0.34
Min lumen diameter 2.46+0.69 2.43£0.63 0.40
IVUS paramecters
LV 4344224  43.2121.8 0.88
TV 78.9+289  85.1%31.0 0.001
(247 35.5+15.7  41.8%16.3 0.001
Mean lumen diameter 3.25+0.77  3.2640.71 0.86
Max lumen diameter 3.60£0.83 3.85£0.77 0.34
Min lumen diameter 291073  2.88x0.88 0.70
Mean wall thickness 1.1920.43 1.37+0.41 0.001
Max wall thickness 1.5240.50 1.70+0.47 0.001
Min wall thickness 0.86+0.37  1.06+0.37 0.001%

Table 3. Predictive Values of Positive vessel remodeling
(subsegmental analysis)

ROC  p-value

area

95%C!  Sensitivity Specificity

All subsegments (n=138)
Delta mean diameter
Delta max diameter
Delta MLD

Centrai part (m=94)
Delta mean diameter
Delta max diameter
Delta MLD

Segments where MLD originally located (n=27)

Delta mean diameter
Delta max diameter
Delta MLD

571 0.182
563 0.202
559 0231
62.0 0.048
581  0.184
63.3 0.029
63.6  0.266
557 0.639
700 G101

48-67 58%
47-66 80%
46-66 55%
50-74 55%
45-7C 56%
52-76 55%
40-87 36%
47-66 29%
48-92 57%

54%
54%
54%

84%
64%
64%

80%
80%
70%
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Subsegmental QCA and IVUS data are shown in Table 2. Twenty-four subsegments were
excluded from the final analysis because of diffuse calcified (n=14) or side branches
that involved >90° of circumferential arc in >30% of the cross sections (n=10). There
were significant increases only in TVUS derived parameters: TVV, PV and any of wall
thickness (mean, max and min). Only poor correlation was observed between QCA
parameters and change in TVV (Figure2). According to the ROC curve analysis, change
in MLD derived from QCA was not a good indicator of positive remodeling with a
sensitivity of 55% and a specificity of 54% (Table 3). Changes in mean and maximal
diameter were not significant parameters to detect positive vessel remodeling as well.

40 ) o o 40 o & =1
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z 07
K-}
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-3 o = <
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407 pegoo1 - 407 peo.001 R
56 25 0 25 50 25 0 25 50
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Figure 3

Correlation between change in LV and TVV (left side panel) and LV and PV (right side panel)

R=0.593 . o A7 Lumen enlargement due to
50- P<0.001 o 1 A: TVV increase > PV increase
22| B: TV increase + PV decrease
254 C: TVV decrease < PV decrease
z %
30 ;
<
8
-257 o
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; ' . Teme o e o
=50 -25 0 25 50
dtvy
Figure 3

Correlation between change in TVV and PV
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Since the radiation source has an acute dose fall off, both extreme subsegments
receive lower dose than central part of the irradiated segments(18). When only central
subsegments were analyzed, ROC curve area and sensitivity and specificity were better
than total subsegments (Table 3).

LV quantified by 3-D IVUS correlates with change in TVV (r=0.562, p<0.001). Change
in mean vessel wall thickness showed a significant but only a weak correlation with
change in TVV (r=0.265, p=0.002). To investigate the Iumen determinant, Pearson
correlation analysis was performed (Figure3 and 4). Change in lumen volume was
partially correlated to the changes in both TVV and PV. Change in TVV is also
associated with delta PV. Zone A, B and C in Figure 4 represents lumen enlargement.
Majority of subsegments showing lumen increases places in zone A, which demonstrates
positive vessel remodeling accommodating tissue growth.

Segments where MLD was inifially located (n=27)

It has been reported that relocation of MLD is more frequent in brachytherapy than
conventional balloon angioplasty(4). In the current study, relocation of MLD from pre-
procedure to post-procedure has occurred in 74% of vessels. Between post-procedure
and follow-up, the rate of relocation was 82%. Since MLD is used as a target of the
treatment, only segments where MLD was initially located were examined. Changes in
mean diameter, maximal diameter and MLD of the segments were not an indicator of
positive vessel remodeling as well as the total subsegmental analysis (Table 3).

DISCUSSION

The aim of this study is to investigate the usefulness of QCA in understanding the
mechanism of prevention of restenosis by intracoronary brachytherapy. This study
demonstrates that parameters derived from QCA are not sufficient to establish the presence
of the positive vessel remodeling after balloon angioplasty in the setting of catheter-based
B-radiation (**St/*"Y source). However, mean diameter and MLD were significant indicators
for a positive vessel remodeling when fully irradiated segments were considered.

In animal experimental models, it has been emphasized that intracoronary radiation
inhibits neointimal proliferation(22-24). However, experimental data have also suggested
that radiation have an effect on vessel remodeling by modifying cell responses in the
adventitia (25, 26). Whether intracoronary radiation mainly affects positive remodeling
or inhibition of tissue proliferation remains to be investigated. It is also a point of debate
in human IVUS investigations. Positive vessel remodeling accommodating neointimal
ingrowths after 6 months has been demonstrated using 3-D IVUS quantification{6),
whereas total vessel area and plaque area remained unchanged i another study(27).
In the present study, total vessel volume and wall thickness derived from IVUS was
partially correlated to the lumen change (Figure3). Therefore, the contribution of
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vessel remodeling and tissue proliferation to the lumen preservation may have different
patterns depending on the individual and local elements (local dimensions, delivered
dose, plaque morphology and degree of injury). In addition, central part of irradiated
segments showed higher sensitivity and specificity with significant ROC curve area in
changes in MLD and mean diameter. This finding may demonstrate that higher dose
radiation have an effect to reduce the variability of the response, which lead to the vessel
enlargement. Dosimetric analysis would be required to address this issue.

QCA has been a standard research tool for more than a decade, providing accurate and
reproducible measurements. Most of clinical trials on restenosis after coronary intervention
have used angiographic measurements {minimal lumen diameter and % diameter stenosis)
for their angiographic end points. However, we recently reported that QCA methodology for
the assessment of irradiated coronary arteries had to be adjusted to this new mode of therapy
because of the existence of various regions of interest (target segment, injured segrment,
radiated segment and vessel segment)(4). In addition, lumen enlargement with negative
Iate Iumen loss has been rarely reported before the introduction of coronary brachytherapy;
Dose-finding study using *°Y source has shown lumen enlargement after catheter-based
beta-radiation following balloon angioplasty for the first time(5). There are some important
aspects in understanding the mechanism of lumen enlargement detected by QCA. First,
radiation can potentially induce positive vessel remodeling (i.e. TVV increase) and medial
thinning or thickening (i.e. changes in PV). These various changes in vessel wall and
morphology may be one of the reasons for the complexity of vessel response after balloon
angioplasty followed by intracoronary radiation (Figure 4). Second point may be the
delivered dose of this B-emitting source (*Sr/Y source). Indeed, dose in homogeneity
within the irradiated segments was observed . the previous study(28). In that report, plagque
volume at follow-up (comparable to wall thickness at follow-up) was associated with actual
dose, which is widely ranged over the entire irradiated segments. In the present study, central
fully irradiated segments showed better sensitivity and specificity. These findings suggest
that actual delivered dose may be a major determinant of vessel remodeling. It is of note
that the actual dose delivered to the adventitia cannot be assessed by QCA. Third, highly
frequent relocation of MLD in the present study may also support the variability of the
response. This result suggests that the comparison between post-procedure and follow-up
is assessed in different positions in most of the cases. Finally, another factor influencing
the poor prediction of positive vessel remodeling may be an inaccuracy of edge-detection
method of QCA. Especially immediately after the procedure, poor correlation between QCA
and IVUS results has been reported because of complex lumen morphology after balloon
angioplasty(29). Therefore, lumen increase detected by QCA may not be fully explained by
positive vessel remodeling.
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Limitations

Small inaccuracies cannot be completely ruled out because of axial movement of
the radiation source during the cardiac cycle. However, 3-dimensional reconstructed
volumetric IVUS analysis with ECG-gated pullback used in the present study is the
most precise method currently available in terms of selection of region of interest by
¢liminating the artifacts from the cardiac movement. By using this technique, we have
demonstrated the behavior of the irradiated vessels comparing the vessel geometry
at follow-up with post-procedure(6, 30). To investigate the mechanism of action of
radiotherapy, this comprehensive technique representing the entire segment of interest
may be more relevant instead of assessing single cross-sectional image or angiographic
results, since relocation of MLD frequently occurs after balloon angioplasty followed
by intracoronary beta-radiation(4). However, it is nevertheless important to note that
the common angiographic end points (i.¢. restenosis rate) would be enough to assess
the effectiveness of intracoronary brachytherapy in clinical protocols, considering that
discrete lesions at follow-up can be well detected by QCA(29).

CONCLUSIONS

Lumen enlargement detected by QCA does not always mean a positive vessel remodeling
after intracoronary radiation. IVUS analysis may be necessary to investigate the
mechanism of restenosis after balloon angtoplasty followed by catheter-based radiation.
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Geographic Miss
A Cause of Treatment Failure in Radio-Oncology Applied to
Intracoronary Radiation Therapy

Manel Sabaté, MD; Marco A. Costa, MD; Ken Kozuma, MD; 1. Patrick Kay, MBChB;
Willem J. van der Giessen, MD, PhD; Veronique LM A. Coen, MD; Jurgen M.R. Ligthart, BSc;
Pedro Serrano, MD; Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PhDD

BackgroundA recognized limitation of endovascular S-radiation therapy is the development of new stenosis at the edges
of the irradiated area. The combination of injury and low-dose radiation may be the precursor of this phenomenon, We
translated the radio-oncological concept of “geographic miss™ to define cases in which the radiation source did not fully
cover the injured area. The aims of the study were to determine the incidence and causes of geographic miss and evaluate
the impact of this inadequate treatment on the outcome of patients treated with intracoronary S-radiation.

Methods and Results—We analyzed 50 consecutive patients treated with B-radiation after percutaneous coronary
intervention. The prescribed dose ranged between 12 and 20 Gy at 2 mm from the source axis. By means of quantitative
coronary angiography. the iradiated segment (IRS) and both edges were studied before and after intervention and at
G-month follow-up. Edges that were injured during the procedure constituted the geographic miss edges. Twenty-two
edges were injured during the intervention, mainly because of procedural complications that extended the treatment
beyond the margins of the IRS. Late loss was significantly higher in geographic miss edges than in IRSs and uninjured
edges {0.84+0.6 versus 0.15+0.4 and 0.09:0.4 mm, respectively; P<0.0001). Similarly. restenosis rate was
significantly higher in the injured edges (10% within IRS. 40.9% in geographic miss edges. and 1.9% in uninfured edges:

P<0.001).

Conclustons—These data support the hypothesis that the combination of injury and low-dose B-radiation induces

deletericus outcome. (Circulation. 2000;101:2467-2471.)

Key Words: geographic miss m radicisotopes m balloon m angioplasty W stents m angiography m restenosis

E ndovascular radiation therapy is 2 novel technique aimed
at preventing restenosis after percutancous coronary
intervention.™* Radiation can be delivered to the coronary
artery by means of catheter-based systems or radicactive
stents.* A potential drawback of this treatrzent is the devel-
opment of new stenotic lesions at both edges of the irradiated
segment (IRS). This so-called “edge effect” was originally
deseribed afier high-activity (>3 upCi) radioactive stent
implantation.>6 However, this phenomenon is not exclusive
to radioactive stents and may also affect coronary segments
treated by means of catheter-based systerns,” The pathophys-
iology of the edge effect may be the result of vessel wall
injury®-1¢ concomitant with iow-dose radiation at the edges of
the irradiated arez,'''* In radio-oncology. the term to define
acause of treatment failure due to low dose was coined by the
Manchester Clinic as “geographic miss.” In such cases. a
small part of the treatment zone has cither escaped radiation
or been inadeguately irradiated becanse the total volume of

the tumor was not appreciated and hence an insufficient
margin was taken.'® This concept is translated in interven-
tional cardiology to define those coronary segments that were
injured bat received low-dose radiation. Typically, this phe-
nomenon occurs when the edges of the IRS, where, by
defmition, the dose is rather low, are injured.

The aims of the study were (1) to determine the incidence
and causes of geographic miss in the treatment of patients
with intracoronary B-radiation by use of a catheter-based
system and (2) to evaluate the impact of this inadequate
treatment on the angiographic outcome of these patients,

Methods

Patient Selection

We retrospectively analyzed 50 consccutive patients treated at our
institution with catheter-based S-radiation by means of the Beta-Cath
system (Novoste Corp), Patients included in the radiation protocol
were those with objective signs of ischemia and presence of
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significant de novo lesions {n=39} or recurrent in-stent testenosis
(n=11). A detailed description of the radiation systerms has been
reported elsewhere.'* The radiation source train consists of a series
of 12 cylindrical sceds that contain the radioisotope **S¢/™Y sources
and is bordered by 2 gold radiopague markers separated by 30 mm, !4

Procedure

The medicat cthics commitice of our instimtion approved the
investigational use of B-radiation, and all patents signed an in-
formed consent form. Percutaneous intervention was performed
according to standard clinical practice. Typically, coronary lesions
were treated initially with balloon angioplasty (BA). After successtul
BA, the target coronary scgment was irradiated, This could be
followed by additional stent implantation when clinically indicated.
Lesion length measured on average 11424 mm, the mean balloon
length was 20,023 mm. and the number of balloon inflations was
2.9%1.6. Patiems received aspirin (250 mg) and heparin (10 000 TU
IV) at the initiation of the procedure. and an additional dose of
heparin was administered to maintain the activated cloming time
>300 seconds. After the procedure. aspirin was continged indefi-
nitely. In paticnts who also received stent implantation, ticlopidine
was initiated and continued for =15 days after the procedure. The
radiation dose was prescribed at 2 mm from the source axis. The
prescribed dose for the treatment of de nove lesions was randomly
assigned to 12, 14, or 16 Gy for protocol requirements. For the
treatment of in-stent restenotic Iesions, the prescribed dose was 16 or
20 Gy if the reference diameter, by quantitative coronary angiogra-
phy (QCA), measured =3.25 mm or >3.25 mm, respectively. The
mean dwell time to deliver these doses was 143+44 scconds.

Definitions

The IRS was defined as the area encompassed by the 2 gold markers
of the radiation source train, It was identified or angiography by a
contrast injeetion with the source in place. The edges of the IRS were
defined as the 5-mm-long scgments proximal and distal to the
angiographic location of the geld markers, The edges that were
touched by the angioplasty balloon or received new stent implanta-
tion during the procedure were defined as geographic miss cdges.
because they represent injured sepments receiving low-dose radia-
tion. Uninjured edges were those that were not taumatized during
the intervention. To determine whether the cdges of the IRS were
injured, a few steps were foliowed: during the procedure, cvery
balloen inflation or additional stent impiantation was flmed in the
same projection, as was the radiation source, This approach atlowed
us the correct matching of the cine films in the offfine analysis.
Either cine loop showing balloon inflation, stent implantation, and
radiation source may be displayed simultancously on the screen with
the Rubo DICOM Viewer (Rubo Medical Imaging). ECG tracing is
also displayed in either cine Joop. By seleeting those frames in the
same part of the cardiae cycle, we were able 1o define the lacation of
the radiation source rejative to the injured arca.

QCA Analysis

The IRS and both edges were analyzed by QCA before and after
intervention and at 6-month follow-up. Al angiograms were cvalu-
ated after intracoronary administration of nitrates. The offline anal-
ysis of 2 orthogonal projections was performed by means of the
CAAS II analysis system (Pie Medical BV). Calibration of the
system was based on dimensions of the catheters not filled with
contrast medium. This method of analysis has been previousty
validated.’3-17 The following QCA parameters were computed in the
IRS and both edges: minimal luminal diameter (MLD), which was
computer defined: reference diameter, which was obtained by an
interpolated method'*~17; and percentage diameter stenosis. Binary
restenosis was defined in every area as diameter stenosis =>50% at
follow-up. Acute gain was defined as MLD after treatment minus
MLD before intervention, Late loss was deficed as MLD after
treatment minus MLD at follow-up. Relative late Joss was defined as
Tate loss divided by reference diameter.’s
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Statistical Analysis

To comparc continious variables between IRS. geographic miss
edges, and uninjured edges. 1-way ANOVA with post hoc analysis
for multiple comparisons was performed. Unpaired Student’s £ test
was performed to compare continuous variables berween proximal
and distal geographic miss edges and between paticnts in whom the
gcographic miss was induced by balleon dilatation or stent implan-
tation, To compare the binary restenosis between groups, the ¥ test
was performed, Al tests were 2-tailed, and a value of P<X0.05 was
considered statistically significant.

Results

Baseline Characteristics

Fifty irradiated coronary arteries and 100 edges in 50 patients
were ¢ligible for the study. However, 26 edges were excluded
because of the ostial location of the proximal end of the
source in the right coronary artery (n=12) or overlapping of
1 of the edges with side branches (n=14). Thus. finally. 74
edge areas and 50 TRSs were studied. Mean age was 55329
years, and 38 patients (76%) were male. Smoking was the
most frequent coreaary risk factor. involving 33 patients
{66%). followed by dyslipidemia in 27 patients (54%) and
hypertension in 24 patents (48%). Eight patients (16%) were
diabetic. The left anterior descending coronary artery was
treated in 21 patients, the left circumflex in 10, the right
coronary artery in 18, and 2 saphenous vein graft in 1, Twelve
patients received a stent in a bailout situation.

Incidence and Causes of Geographic Miss
Geographic miss was observed in 22 edges (31.9%) induced
by balloon dilatation {n=13) or additional stent implantation
(n=9). The remaining 51 edges (68.9%) were defined as
vninjured edges. The location of the geographic miss was in
the proximal edge in 11 patients {(50%) and in the distal
margin in 11 patients (50%). The following reasons were
responsibie for this phenomenor: (1) development of proce-
dural complications that extended the treatment beyond the
margins of the IRS {unexpected geographic miss, n=9); (2}
lack of availability of a longer radiation source (=30 mm) in
patients with diffuse recurrent in-stent restenosis in whom
radiation was given on a compassionate-uss basis (n=%8); and
(3) lack of accurate matching: ie, the injured segment from
previous balloon inflations was not appropriately covered by
the source (n=3). An example of 2 patient with geographic
miss induced by a balloon djlatation in the proximal margin
is depicted in Figure 1.

QCA Analysis

QCA data are presented in the Table. As expected, IRSs
demonstrated. on average, a higher acute gain than both
mjured and umnjured edges. However, geographic miss
edges presented. on average, with significantly higher late
loss and relative late loss. Restenosis was demonstrated in 5
cases {10%) within the IRS. in 9 cases {(40.9%) in the
geographic miss edges. and in 1 case (1.9%) in the uninjured
edges (P<<0,001). No difference in the pattern of the late loss
between the 3 areas was observed in de nove lesions
compared with recurrent in-stent restenotic lesions (Figure 2),
In the geographic miss edges, 4 edge restenoses (44%) were
located at the proximal edges. whereas the other 5 (56%)
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were located at the distal edges. Mean relative late loss was
comparable between those edges, with geographic miss
located proximal or distal to the IRS (0.31x0.2 versus
0.34£0.2, respectively: P=N8S). Those edges in which the
geographic miss was duc to additional stenr implantation
presented, on average, higher acute gain than those due to
batloon dilatation {0.70%0.4 versus 0.21£0.3, respectively:
P=0.005}, Howevcr, mean late loss and mean relative late
loss were comparable between both causes of geographic
miss (0.95£0.9 mm and 0.36+0.3. respectively, after stent
versus 0.77x0.3 mm and 0.30x0.1 after balloon dilatation;
both P=NS§).

Discussion
This study reports on the initial experience of our center with
the use of intracoronary B-radiation, By means of a careful

Figure 1. Geographic miss Induced by
balloon dilatation, A, Lesion located in
proximal segment of left anterior
descending coronary artery. B, Balloon
dilatation performed during intervention
{black arrowheads indicate area injured by
balioon}. C, Radiation source train in
place. Irradiated area is delimited by gold
markers (white arrowheads). D, Final
result: proximal traumatized edge present-
ed a residual type B dissection. E, At
6-moenth follow-up: obvious reduction in
uren at geographic miss edge.

retrospective angiographic analysis of all patents treated with
the same radiation system, we soughr to define the effect of
the injury on those areas located at the margins of the source
where the delivered dose is potentally rather low. Up to
31.9% of the patients presented with the predefined technical
error, called geographic miss. This comcept requires the
concurrence of 2 conditions: low-dose radiation and injury.
Any other clinical situations that do not include both condi-
tions cannot be calied geographic miss, For instance, (1) the
effect of injury on coropary segments not being irradiated
{(proximal or distal to an IRS bat in areas in which the
caleulated dose is almost 0) should fall into the category of
normal restenotic process; (2) the effect of low-dose radiation
in areas that have not beea injured may be defined as the pure
radiation edge cffect. becanse in intracoronary radiation, the

GCA Data
IRS Geographic Miss  Uninjured Edges

(n=50} Edges (n=22) n=>52) 4
MLD before intervention, mm  1.20%0.3 2.02=086 2.10=0.6 <0.0001
MLD after intervention, mm 2.02+04 24305 232+0,6 0.01
MLD at follow-up, mm 1.57%0.5 1,59=06 202+0.5 0.006
Reference diameter, mm 269+0.6 2.50:0.6 25507 NS
%D$ before Intervention, % 54.9+13 19.8+14 179111 <0,0001
%03 after intervention, % 28.4+8 19.9+10 20811 0.0003
%03 at follow-up, % 333=x11 44.3x22 243210 <{.0001
Acute gain, mm 0.81=04 04104 001203 <0001
Late loss, mm 0.15x04 0.84+06 0.09=0.4 <0.0001
Relative Jate loss 0.06+0.1 0.32:02 0.02x0.1 <<0.0001

%DS indicates diameter stenosis. Dafa are mean:=S0.
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[ InStont

E Do novo

IRS  Goographlc Not-Injured
miss
{n=50} (n=22) {ne=52)

Figure 2. Difference in late loss between IRS, geographic miss
edges, and uninjured edges, De novo lesions and in-stent reste-
nosis demonstrated same degree of late loss between 3 groups.

edges of any IRS will always receive low-dose radiation; and
(3} finally, the effect of a full prescribed dose on segments
preseating with or without injury is the situation in which the
physician may be able to irradiate (with full dose) the entire
injured segment and include some uninjured margin. A key
issu¢ in the definition of geographic miss is to define those
segments receiving a low dose, These may vary between
systems and sources used. With the Beta-Cath system, the
iongitudinal distance of the 100% isodose is 26 mm. Because
the B-emitting *St/**Y has an acute falloff of dose related to
the distance.' the last 2 mm within the markers of the source
should be considered as having received a lower than pre-
scribed dose. In fact, the dose received at 1 mm from the
100% isodose is 86% of the prescribed dose, and at 2 mm,
60% of the prescribed dose (inmer part of the gold marker). At
3 mm. the dose is 30% of the prescribed dose; at 4 mm, 13%
of the prescribed dose: and at 5 mm, 5% of the preseribed
dose. We defined the IRS as the segment encompassed by the
2 gold markers. which included the last 2 mm within the
markers with a lower than prescribed dose (up to 60% of
the prescribed dose). By this definition, late loss and reste-
nosis rate were significantly lower than those of the injured
edges (analyzed from the inner part of the geld marker).
Furthermore. the 5 cases of restenosis within the IRS were
located at the site of the initial MLD. These results may
reflect the fact that the dose at these last seeds of the source
was high enough to avoid the edge effect after the edges had
probably been injured during the procedure. especially when
a 20-mm-{ong balloon was used. Thus, the region receiving a
low dose may be defined, for this system and source, as the
5-mm-long segment located 2 mm farther from the 100%
isodose boundary, that is, beyond the inner part of the gold
marker. In this regard. we believe that the injury should be
compietely restricted to the segment of the 100% isodose
curve of the radiation source (26 mm) and that the last 2 mm
at both extremitics of the source and within the gold markers
may be considered relatively but probably ot completely
safe. Finally, any injured segment covered by or beyond the
gold marker (up to 5 mm) must be considered to be at high
risk of faifure at follow-up,

From the perspective of these findings and future technical
developments in the field, the following recommendations are
advisable. Filming every single balloon inflation performed
during the procedure would allow one to define the injured
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arca. More than ever. tenacious atication to detail in position-
ing the radiation catheter encompassing the entire injured
area must be mandatory. The development of longer sources
{>30 mm) would allow one to treat diffuse lesions and
completely cover those areas in which an extension of the
treatment was indicated because of procedural complications.
Equally, the use of online QCA. in the decision-making would
avoid appreciation errors due to visual assessment of the
target arca and subsequent underestimation or overestimation
of balloon lengths. Finally, the selection of the most suitable
fluoroscopic projections (eg, less foreshortening, no overlap-
ping) would avoid crrors in the quantification of the region of
interest.

The facts that the locations of most of the restenoses were
in geographic miss edges and that late loss in those areas was
unexpectedly high must raise an alarm about the deleterious
effect of the combination of injury and low-dose radiation.
This hypothesis may be supported by the fact that the late loss
observed in those injured edges is higher than that reported in
recent clinical trials after either BA or stent implantation?0.21
and higher than that demonstrated in the uninjured edges.
Balloon overstreteh injury has been used as an experimental
model to study the restenosis process.$-1° The response of the
vessel wall to injury involves both neointimal hyperplasia®®
and vessel remodeling. 1042= The stimulatory effect of low-
dose radiation after BA on smooth muscle cell proliferation
has been reported previously,” In the low-dose radiation
group of this swine model (10 Gy), necintima was composed
of smooth muscle cells, with a marked increase in nflamma-
tory celis and less medial and intimal fibrosis than in the
higher-dose groups (15 and 20 Gy) and the control group. It
was suggested that at low dose, inadequate fibrosis was
induced to prevent effective smooth muscle cell migration
and to act as a diffuse barxier for mediators of chemotaxis.
chemokinests, and cellular profiferation.’ Similarly, after
low-activity radioactive stent implantation (1 uCi) in a
porcine model, neointimal hyperplasia was significantly
greater than that after nonradioactive control stents.!® If
ongoing intravascular studies reveal that edge restenosis is
mainly due to plaque increase, the former hypotbesis that at a
low dose, inadequate medial and intiroal fibrosis to avoid
migration and proliferation predominates may become a
plausible explanation. Conversely, if negative remodeling is
the main contributor to the lumen loss. the excess of inflam-
matory cells demonstrated at low dose may be responsibie for
subsequent adventitial fibrosis and vessel shrinkage. The
development of the so-called “candy wrapper™ after radioac-
tive stent implantation® may represent the clinjcal paradigm
of the combined deleterions effect of low-dose radiation and
injury, The latter is secondary to the angioplasty balloon used
for predilatation and postdilatation of the radicactive stent, In
this regard. a higher balloon-to-artery ratio was associated
with the presence of this phenomenon.®

Future wials must address the benefit of new technical
developments in the ficld (use of square deployment bal-
loons: hot-end. cold-end stents®: longer sources with smaller
radiation delivery catheters) to minimize the impact of injury
at the edges afier either radicactive stent— or catheter-based
systems,
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Study Limitations

In this study. only 1 type of radiation delivery catheter using
the B-source “St/™Y was evaluated. Thus, the effect of either
other catheter-based systerns using centering balloons and
different souwrces or the y-radiotherapy on the geographic
miss edges cannet be extrapolated from our results.

The actual dose at the margins of the radiation source has
not been calculated, A low dose at these edges was assumed
because the isotope *Sr/™Y demonstrates an acute falioff
related to the distance from the 100% isodose boundary.'

This angiographic stady was aimed at defining the concept
and the clinical implications of the geographic miss. To
defire the mechanism of the unexpectedly high late loss and
the correlation between radiation dose and plaque extent at
the margins of the IRS, intravascular ultrasound studies must
be carried out.

Tke location of the segment receiving a low dose may vary
between systems and sources, Thus, the confidence margin to
be taken may vary accordingly.

The position of the source relative to the various balloon
inflations was assessed by comparing still frames at the same
part of the cardiac cycle from cineangiograms performed
the same projections. However, small inzccuracies in the
definition of the IRS and the edges. derived from the axial
movement of the radiation source during the cardiac cycle,
camnot be completely ruled out.

This stady was not placebo-controlled. Thus, the effect of
the sham source on the balloon-injured coronary segroents
has not been determined.
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ABSTRACT

Background: Limited data are available on intracoronary brachytherapy for de novo
applications and the long-term (2-year) outcome after B-radiation is still unknown.
Methods and results: The population consists of 50 consecutive patients. Intracoronary
B-radiation was performed using a *Sr/Y (Novoste Beta-Cath™) System (n=30) or 32P
{Guidant) System (n=20). Clinical data were obtained by clinic visit or telephone contact
as required per protocol (mean 26.0 3.5 months). No deaths were observed in this
population. In hospital and 30 days events were rare (1 patient of non-Q MI). During the
first 6 months, TVR rate was 22%. The incidence of MI still increased after 6 months.
Two years after the index procedure, 6 patients (5 non-Q MI and 1 Q MI) had suffered
this event. Between 6 months and 1 year, one patient underwent TVR subsequent to ML
Three patients (6%) underwent TVR between [ and 2 years. Event free rates from death
or MI were 96.0% at 6 month, 89.8% at 1 year, and 87.7% at 2 year. MACE free survival
rates were 89.9% at 6-month, 71.2% at 1 year, 69.1% at 2 year.

Conclusion: Conventional 6-month follow-up may not be long enough for clinical
radiation studies, considering that late occurrence of clinical event is not negligible.
Key words: Brachytherapy, angioplasty, stent, long-term, late thrombosis

Background

Feasibility and short-term safety of catheter-based intracoronary 7y or B-irradiation
has been demonstrated in clinical trials'*. Randomized studies using intracoronary
v-radiation have reported a significant reduction of restenosis and neointimal proliferation
in patients with in-stent restenosis*®. Recently, B-irradiation has also shown to reduce
the recurrence rate of restenosis®™. Although the overall clinical benefit of radiotherapy
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over placebo in SCRIPPS trial was sustained after 3 years, it is important to note that
a considerable angiographic late lumen loss was observed in the irradiated vessels®.
The outcome after catheter-based P-irradiation over 1-year is still unknown. Incidental
reports of late side-effects of radiation therapy such as late onset of thrombotic occlusion®
or progression of tissue growth'? ! have raised concern.

The aim of the present report is to document the long-term (2-year) clinical outcomes
of patients treated with intracoronary catheter-based -radiation therapy in a single center.

METHODS

Patients

From April/97 to Sep/98, 50 patients (50 lesions) were consecutively treated with
catheter-based intracoronary B-radiation using the Beta-Cath System™ (Novoste Corp.,
Norcross, GA) with ¥Sr/*Y source or the Guidant intracoronary radiation system
(Guidant Corp., Houston, TX) with **P source. Thirty patients were enrolled in the BERT
trial and 20 were included in the PREVENT trial. Inclusion and exclusion criteria have
been reported"’. Baseline demographic data are summarized in Table 1. The Medical
Ethics Committee of the University Hospital Rotterdam approved the protocols and all
patients gave written informed consent.

Radiation systems and procedure

The source train of the Beta-Cath™ System consists of a series of 12 independent
cylindrical seeds, which contain pure B-emitting **Sr”%Y, and is bordered by 2 gold
markers (30mm total length of radioactive seeds). The profile of the catheter is 5 French
and the source train is not centered. The radiation sources remain at the treatment site for
approximately 2-4 minutes to deliver a predetermined dose at 2mm from the centerline
of the axis of the source irain. Prescribed radiation doses were randomized to 12Gy (10
vessels), 14Gy (10 vessels), 16 Gy (10 vessels). The Guidant radiation system includes
a 0.018-inch nitinol wire with 27 mm of **P source at ifs tip. The centering catheter is
a double-lumen catheter with a short monorail tip and a spiral balloon, with diameters
of 2.5, 3.0 and 3.5 mm, which centers the source within the lumen. The duration of
the treatment is calculated based on prescribed dose, which is also calculated from the
mean reference vessel diameter by IVUS measurement. Prescribed radiation doses were
randomized to 28Gy (6 vessels), 35Gy (9 vessels), 42Gy (5 vessels) at 0.5-mm depth
into the vessel wall.

All patients received aspirin (250 mg/day) and heparin IV (10.000 I¥) during the
procedure and additional heparin was given to maintain the activated clotting time >300sec.
Stented patients also received ticlopidine (250mg BID) for 1 month. After successful
angioplasty, intracoronary B radiation was performed as previously described 7.
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Table 1. Baseline Characteristics

BERT (n=30) PREVENT (n=20})
Age 575 559
Male 21 (70%) 15 (75%)
Unstable angina 10 (33%) 7 (35%)
Coronary risk
Hypercholesterolemia 12 (40%) 12 (60%)
Diabetes 6 (20%) 1 (5%)
Hypertension 8 (27%) 5(25%)
Smoking 14 (47%) 12 (60%)
Family history 15 (50%) 4 (20%)
Lesion
Restenotic lesion ] 4
LAD 15 6
LCX 7 4
RCA 8 6
Use of stent 8 8
Lesion length (mm) 13+ 4 I1£2

Follow-up

Clinical data were obtained by clinic visit or telephone contact as required per protocol
(2 weeks, 1, 3, 6, 9, and 12 months) and at 24-month (mean 26.0 + 3.5 months, range
22 to 30 months). All patients were requested to return for repeat coronary angiography
at 6 months. Repeat revascularization was performed only if the patient had recurrent
symptoms or if exercise tests demonstrated the presence of ischemia.

Myocardial infarction (MI) was defined as the presence of new Q waves (Q MI) or
elevation of CPK to greater than two times the baseline with the MB fraction greater
than twice the normal value defined by the clinical laboratory (non-Q MI). Target lesion
revascularization (TLR) was defined as repeat revascularization (coronary angioplasty
or bypass surgery) for restenosis involving the target site. Target vessel revascularization
(TVR) was defined as revascularization (angioplasty or bypass surgery) of the target
vessel because of the presence of significant stenosis. Major adverse clinical events
(MACE) were defined as the composite of death, MI (Q and non-Q wave), and TVR.
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Table 2. Cumulative clinical events

30 days G6-month  l-year > l-year

Ranking

Death 0 (0%) 0 (0%) G{0%) 0(0%)
Death or MI 1(2%) 2 (4%) 5(10%) 6 (129%)
Death, MI, or TLR 2 (4%) 11(22%)  12(24%) 13 (26%)
Death, ML, or TVR 2 (4%) 12 (24%) 14 (28%) 16 (32%)
No MACE 48 (96%) 38(76%) 36 (72%) 34 {68%}

Total count of events

Death 0(0%)  0{0%)  0(0%)  0(0%)
MI 1Q2%) 2(4%)  5(10%) 6(12%)
TLR 1(2%)  10Q20%) 11{(22%) 13 (26%)
TVR 12%) 11(22%) 12 (24%) 15 (30%)
Non-TVR 0(0%)  2(4%)  3(6%) 3 (6%)
Thrombotic event (VE) 0(0%)  102%) 1Q%)  1(2%)

Statistics
Kaplan-Meier analysis was performed for the long-term survival rates. Differences

between balloon treated and stented groups and between *°Sr and *P sources were
compared with the use of Log-rank test.

RESULTS

Cumulative clinical events with ranking and total event counts are listed in Table 2. No
deaths were observed in this population. In hospital and 30 days events were rare (1
patient of non-Q MI). Besides myocardial infarction, one patient was readmitted to the
hospital 2 months after the procedure because of ventricular fibrillation. Angiogram at
6 months revealed total occlusion of the treated segment. During the first 6 months, the
mmcidence of restenosis followed by TVR was 22%. The incidence of MI still increased
after 6 months. Two years after the index procedure, 6 patients (5 non-Q MI and 1 Q
MI) had suffered this event, mainly due to late thrombotic occlusion (n=5, 10%) of the
irradiated target vessel (Figure 1). Two patients (12.5% of stent population) out of 5 who
experienced late thrombosis had received a stent, and the other 3 had received balloon
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Figure 1
A case of late thrombotic occlusion occurred at 17 months after irradiation

Figure 2
A case of late target vessel revascularization 2 years after irradiation
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angioplasty (8.8% of balloon population). Between 6 months and 1 year, the rate of TVR
did hardly change (one patient underwent TVR subsequent to MI), but 3 patients (6%)
underwent redilatation of the irradiated segments between 1 and 2 years. Of these, one
patient suffered an inferior non-Q wave MI at 9 months. One underwent re-dilatation of
the index lesion at 1.4 years after radiation and the other received TVR at 2.7 years fora
dista] lesion but located in the irradiated segment (Figure 2).

According to the Kaplan-Meier analysis, freedom from death or MI were 96.0% at 6
month, 89.8% at 1 year, and 87.7% at 2 year (Figure 3). MACE free survival rates were
89.9% at 6-month, 71.2% at 1 year, 69.1% at 2 year (Figure 4). Survival curves for
groups treated with stents or balloon angioplasty are also included in Figure 3 and Figure
4. The outcomes of patients treated with *Sr and *P sources were similar (p=NS).

100
" L)

ok mm % 012%
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Myocardial infarction J
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Figure 3

Event free rates from myocardial infarction in total population, balloon treated patients, and stent implanted
patients. There was no significant difference between bafloon angioplasty and stenting (p=0.19).
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Figure 4

Event free curves from composite MACE in total population, balloon treated patients, and stent implanted
patients. There was no significant difference between balloon angioplasty and stenting (p=0.30).
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DISCUSSION

The objective of this study was the assessment of long-term (2-year) events after
intracoronary B-radiation therapy. The main finding in the current study was a considerable
event rate after 6 months mainly due to late ML

MI considerably increased after 6 months in the study. All of these cases were associated with
late thrombotic occlusion of the irradiated vessels. It has been shown that the rate of MI after 6
months in both conventional balloon angioplasty and stenting were rather rare (0.3% and 0.8%
increases between 7 months and I year in BENESTENT trial, respectively)'. Our results
confirmed previous reports showing increased thrombogenicity induced by the radiation®*.
Retrospectively, the duration of ticlopidine regimen of 1-month was not long enough in
our series. Prolonged anti-platelet therapy up to 2 years may improve the outcome of
patients treated with catheter-based radiotherapy". However, only few data are available from
brachytherapy trials employing this longer antiplatelet therapy, extending beyond 1-year.
MACE free rate of 69.1% at 2-year in the current study may be comparable to that of
radiation group (61.5%) in the previous report using y-radiation for in-stent restenosis’®.
Considering that treatment of in-stent restenosis without radiation has a higher MACE
rate, the ments of the radiation therapy in the present study population may be less than
the population with in-stent restenosis. In fact, when only stented patients are taken into
account, the outcomes after brachytherapy (MACE free rates of 60.3% at 1- and 2-year)
seem worse than conventional stenting in BENESTENT trial (76.6% at I-year, 75.8% at
2-year)™2. Conversely the outcomes (MACE free rates of 76.2% at 1-year and 73.0% at 2-year)
of balloon treated patients after brachytherapy seems better than conventional treatment
with balloon angioplasty only (68.4% at 1-year, 67.6% at 2-year)'>. It has been shown that
intracoronary radiation inhibits neointimal hyperplasia and constrictive remodeling in most of
experimental models and clinical studies' . Since stents eliminate not only the remodeling
component of the restenotic process but also the adaptive enlargement observed with radiation
after balloon angioplasty, their role in the setting of catheter-based radiation therapy may be
questionable®. It is of note that systematic angiographic follow-up in these pilot studies may
increase the TVR and total event rates™. Whether these relatively high events are related to the
radiation treatment itself remains to be investigated in large randomized trials.

One important concern in the field of intracoronary radiation is the potential for late
proliferative response. In the current study, only 2 patients received repeat coronary
intervention because of restenosis later than 1 year although their initial follow-up of
angiograms at 6 months did not show restenosis. It is nevertheless important to note that
both experimental and clinical studies have demonstrated delayed lumen deterioration after
both catheter-based radiation and radioactive stenting®!*!!.

Conclusions

Conventional 6-month follow-up may not be long enough for clinical radiation studies,
considering that late occurrence of clinical event is not negligible.
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Radioactive Stents Delay but Do Not Prevent In-Stent
Neointimal Hyperplasia

1. Patrick Kay, MBChB; Alexander J. Wardeh, MD; Ken Kozuma, MDD David P. Foley, MBBCh, PhD;
AH. Marco Knook, MD; Attila Thury, MD; George Sianos, MD;
Willem J, van der Giessen, MD, PhD; Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PhD

BackgroundRestenosis after conventional stenting is almost exclusively caused by neointimal hyperplasia. £-Particle—
emitting radioactive stents decrease in-stent neointimal hyperplasia at 6-month follow-up. The purpose of this study was
to evaluate the 1-year outcome of P radioactive stents with an initial activity of 6 to 12 uCi using seral quantitative
coronary angiography and volumetric ECG-gated 3D intravascular ultrasound (IVUS).

Methods and Results—Of 40 patients undergoing initial stent implantation, 26 were event-free after the 6-month follow-up
period and 22 underwent repeat catheterization and IVUS at 1 year: they comprised half of the study population.
Significant luminal deterioration was observed within the stents between ¢ months and 1 year, as evidenced by a
decrease in the angiographic minimum lumen diameter (—0.43+0.56 mm: P=0.028) and in the mean [umen diameter
in the stent (—0.55%0.63 mm: P=0.001); a significant increase in in-stent neointimal hyperplasia by IVUS
(18.16%12.59 mm® at 6 months to 27.75+11.99 mm® at 1 year: P=0.001) was also observed. Target vessel
revascularization was performed in 5 patients (23%). No patient experienced late occlusion, myocardial infarction, or
death. By 1 year, 21 of the initial 40 patients (65%) remained cvent-free.

Conclusions—Neointimal proliferation is delayed rather than prevented by radioactive stemt impiantation. Clinjcal
outcomme 1 year after the implantation of stents with an initial activity of 6 to 12 uCi is not favorable when compared

with conventional stenting. (Circulation. 2001;103:14-17.)

Key Words: radioisotopes m restenosis m stents m angiography

mplantation of *P radioactive stents with activities ranging

from 3.0 to 12 pCi in coronary artery lesions has been
reported to inhibit neointimal hyperplasia within the stent at
G-month follow-up.' The major limitation of this therapy is
significant renarrowing at the steat edges, which is called the
“candy wrapper” or “edge effect.”™ Catheter-based radiation
significantly reduces the recurrence of restenosis 6 months
after percutaneous transluminal coronary angioplasty for
in-stent restenosis, but 3-year follow-up reveals greater lumi-
nal deterioration in +-radiation—treated patjents.>* Such find-
ings indicate the need for longer follow-up beyond the
traditional 6 months in patients treated with intracoronary
radiation. The purpose of this study was to assess late results
after the implantation of radicactive stents using repeat
catheterization with quantitative coronary angiography and
3D intravascular ultrasound (IVUS) at 1 year.

Methods

Patient Population

The European P Dose-Response Trial was a nonrandomized mul-
ticenter trial evaluating the safety and efficacy of implanting radio-
active stents with activity Jevels of 3 to 12 pCi in single, native

coronary artery lesions. All stents were implanted in de novo lestons,
exeept for 1 case of in-stent restenosis, For the purposes of this
analysis, this case was excluded, Other inclusion and exclusion
criteria. as well ay immediate and 6-month results, were previousty
reported.> Only paticnts undergoing 6-month angiographic and
VIS follow-up who did not experience major adverse cardiac
events during the first 6 months were included. The study was
performed In accordance with the Declaration of Helsinki and the
European Guidelines for Good Clinieal Practice. Ethical approval
was provided by the Medical Ethical Committee of the University
Hospital Rotterdam. All patients gave written, informed consent,

Radioactive Stent

The BX Isostent (“P) (Tsostent Inc), which 5 1§ mm in length and
3.0 or 3.5 mm in diarneter, was used. The initial activity of the stents
was measured and, thereafter, the date at which the radioactivity
would have decreased to 6 to 12 wCi was calculated.

Procedure and Clinical Follow-Up

Procedural details have been published previouslys All patents
received either 250 my of telopiding BID or 75 mg of clopidogrel
per day for 3 months after stent implantation and §0 mg of aspirin per
day indefinitely. Revascularization was performed on the basis of
clinical symptoms and/or evidence of ischemia on exercise testing,
Clinical end points were death, Q-wave myocardial infarction,
non—Q-wave myocardial infarction (creatine kinase-MB rise >2
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TABLE 1. Basefine Characteristics of the 22 Patients Studied
Male sex 20(91)
Age,y 57 (38~73)
Risk factors

Previous MI 12 {55)
Diabetes mellitus 314
Hyperfipidemia 18 (82)
Hypertension 9{41)
Smoking 8(36)
Family history 7(32)
CCS class 3/4 15 (68)
Treated vessel
LAD 12(55)
LOx 5(22.5)
RCA 5(22.5)
Lesion type
A 2(8)
B1 10 [@5.5)
B2 8 (36.5)
c 2
Lesion length, mm 10=3

Values are n (%), mean (range), or mean=S$D, M indicates myocardial
infarction; CGS, Canadian Cardigvascular Soclety; LAD, left anterior descending
coronary artery; LOx, left circumfiex artery; and RCA, right coronary artery.

times normal upper limit), target vessel revascularization. non-target
vessel revascularization, and carly and late thrombotic occlusion of
the target vessel.

Angiographic and IVUS Procedures

Angiography in multiple prejections was performed before the
procedure, after stenting, and at 6-month and 1-year follow-up. The
stented vessel segments were examined with quantitative coronary
angiography (CAAS 11 analysis system.®? Pie Medical BV) and
mechanical IVUS (CardioVascular Imaging System). IVUS images
were acquired to coincide with the peak of the R wave by nsing an
ECG-triggered pullback device with 2 stepping motor at 0.2 mm/
step. This system eliminates the artifacts cansed by the movement of
the heart during the cardiae cycle.® The ECG-gated image acquisition
and digitization was performed by a workstaton designed for 3D
reconstruction {EchoScan, Tomtec). A Microsoft Windows-based
contour detection program was used for the volumetric 3D analysis.®

Core Laboratory Analysis Procedures

Quantitative coromary angiography using at least 2 orthogonal
projections was performed. For analytical purposes, the following 3
regions of interest were defined: (1) stont, (2) target lesion, and
(3) target vesscl. The stent included only the radioactive stent. The
target lesion was defined as the stent and 5 mm proximal and 5 mm
distal to the edge. The target vessel was defined as the target lesion
and the remaining segments of the treated vessel, Target lesion
restenosis was defined os >50% diamcter stenosis, located within
the target lesion, at follow-up.® Edge restenosis was defined as
>50% diameter stenosis. located at the proximal and/or distal edge.
at follow-up.

Quantitative TVUS analysis of the stent and 5 mm proximal and
distal to the stent was performed. Lumen and stent boundaries were
detected using a minimum cost algorithm. Total stent and lumen
volumes were calculated as previously described.* Neointimal vol-
ume was calevlated as stent volume mirus lominal volume. Feas-
bility, reproducibility, and interobserver and intraobserver variability
of this system have been validated in vitro and I vivo.®

Statistical Analysis

Data are presented as mean+SD. Continuous data were compared
using repeated measures ANOVA, or a 2-tafled Student's  test as
appropriate.

Results

Baseline demographics and lesion characteristics are shown
in Table 1. Between 6 months and 1 year, target lesion
revascularization and target vessel revascularization were
performed in 4 patients (18%) and 5 patients (23%), respec-
tively. No late occlusion was seen. No patient died or
experienced myocardial infarction. In total. 21 of 40 patients
(53%) were event-free through the I-year follow-up.

Quantitative Coronary Angiography and

IVUS Measurements

Quantitative coropary angiography data, presented as a sub-
segmental analysis of the stent area and the edges, are shown
in Table 2. A significant decrease in the minimum and mean
lumen diameters was noted between 6 months and I year
(P=0.028 and P=0.001, respectively) compared with both
edges. The late loss of mean lumen diameter was significantly
larger after 6 months than before 6 months. Furthermore, in
11 patients (50%), the minimum [umen diameter at the edge
at 6 months was detected within the stent at 1 year (“migra-
tion™ from the stent edge to within the stent). Lesion progres-

TABLE 2. Subsegmertal Quantitative Goronary Angiography Analysis

Late Loss
Baselineto & 6 Months to P Between
Baseline 6 Months 1 Year Months 1 Year Total Periods

Minimum lumen diameter, mm

Proximal gdge 292053 223073 2.08=0.50 0.68=*0.801 015051 0.84 0.060

Stent 250=0.47 236047 1,83+0.52* 0,14=0.52¢ 0.43+056¢ 057 016

Distal edge 2.29=0.67 217=0.58 2.08x049 0.362:0.49t 0.09£043F 045 0.9
Mean lumen diameter, mm

Proximal edge 3,19x0.56 2.73x0,57 2.50:=0.40° 0.39x0.62§ 0.22051) 0,61 0.33

Stent 3.12:20.42 3.00+0.58 254041 0.03%0.62§ 0.55=0.63| 0.68 0.041

Distat edge 254056  2.57x0.56 2.36x0.50 0.12+0.48§ 016052 028 0.9
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Figure 1. Mean neointimal area in stent at 6 months ) and 1
year {4} using VUS.

sion to >50% diameter stenosis was observed in 5 patients,
This was due to a progression of in-stent restenosis in 4
patients and a progression of a proximal stent-edge lesion in
the otker.

IVUS was completed in 19 patients; omissions were due to
equipment failure* or patient clinical instability.! IVUS anal-
ysis demonstrated a significant increase in neointimal hyper-
plasia between 6 months and 1 year {18.16=12.59 mm’ to
27.75+11.99 mm*, increase of 52.8%; P=0.001). maicly in
the mid and distal portions of the stent (Figure [). An increase
in neointimal hyperplasia >25% (range, 25% to 360%)
occurred i 12 cases (63%), as shown in Figure 2. No change
in fumen volume was noted at the stent edges between 6
months and 1 year.

Radiation Doses

The radioactive stents had a mean activity of 8.6x1.6 uCi at
implantation and delivered 58%10 Gy to a depth of 1 mm
from the stent at 100 days, with a dose rate of >15¢Gy/k,
There was no correlation between stent activity or delivered
dose and changes in minimum or mean lumen diameter at
6-month or i-year follow-up.

Discussion
A worrying late progression of in-stent neointimal hyperpla-
sia was observed between 6 months and 1 year after the
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implantation of radicactive stents, Jeading to target vessel or
lesion reintervention in 5 of 26 patients (19%) whe had been
event-free at 6 months, The event-free rate at 1 year after the
implaztation of 6 to 12 uCi radioactive stents was 21 of 40
patients (53%). which compares poorly to the expected
outcome after the implantation of a nonradioactive stent.!®

In contrast to the tissue growth seen in malignancy, the
DNA synthesis that occurs after nonradioactive stenting in
experimental models terminates after 6 weeks,!! At this time
point, the activity of the radioactive stent used in this stady
would have been sufficient to inhibit cellular proliferation.
Thereafler, the majority of lumen deterioration occurs in the
first 3 months after conventional stent implantation, with
minimal change between 6 months and 1 year.'*'* and actual
regression of neointimal hyperplasia between 1 and 3 years
after stenting.'s This latter phenomenon has been attributed to
a reduction in the proteoglycan content of hyperplastic
tissue.'s Accordingly, the findings reported here of “break-
through™ or “rebound” hyperplasia causing further [umen
deterioration between 6 months and 1 year must be inter-
preted as being specific to the effects of radicactivity,
presumably due to a fall- off in radiation levels. The obser-
vation that the radioactive stent may provide a substrate for
atherosclerosis may weil have been predicted by Carteretal's
porcine model.”?

Because no significant stenosis progression was cbserved
at the stent edges among our patients, the candy wrapper
effect may be considered a short-term healing response w©
vessel wall injury beyond the stented vessel segment com-
bined with the effects of low-dose radiatien,'®!*

Unexpected late luminal deterioration has also been re-
ported between 6 months and 3 years among patients treated
by catheter-based ~-radiation after repeat intervention for
in-stent restenosis {mean loss of 0.37 mm with 4 of 17
patients [26%] progressing to restenosis [diameter stenosis
>50%]). compared with no major changes in the placebo
group* The difference in the time frame of this virtal
“rebound hyperplasia™ between radioactive stenting and
catheter-based y-radiation therapy may be a function of the
biological effects of and response to the type and dosage of
radiation administered, Altematively, late loss may also have

Figure 2, Cumulative distribution curve of
percent changes in late neointimal growth
after 6 months, as measured by VUS.
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occtrred between 6 months and § vear and remained subclin-
ical in the catheter-based study.

Conclusions
Neointimal hyperplasia is delayed rather than prevented by
radioactive stent implantation. The combination of this phe-
nomenon of rebound hyperplasia with the established phe-
nomenon of edge restenosis calls into guestion the clinical
applicability of radioactive stenting using current approaches.
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ABSTRACT
Background Recent trials in humans have given us insight into some of the consequences
of infracoronary radiation. We describe a new observation noted on intravascular
ultrasound (IVUS): that of intraluminal echo-lucent tissue, dubbed the ‘black hole’,
noted at 6-month follow-up.
Methods and Results We analyzed 128 consecutive patients enrolled in brachytherapy
protocols. The control group (C) consisted of individuals who underwent PTCA with
(n = 48) and without (n = 22) stent implantation. Radiation groups included those who
underwent low activity (LA) (n = 18), high activity (HA) (n=26) and cold — end (CE} (n
= 18) radioactive stenting. The Novoste Betacath (n = 39} and Guidant (n = 27) catheter-
based radiation systems were also employed. At 6 — month follow — up echo-lucent
tissue was identified in a total of 28 cases (22%). Angiographic restenosis occurred in
17 cases (61%). Of those lesions with restenosis echo-lucent tissue compnsed 50% of
the neo-intimal hyperplasia. No echo-lucent tissue was seen in the control group or in
the LA group. HA and CE radioactive stents were most commonly associated with echo-
lucent tissue (incidence 35% and 39% respectively). All occurred at the proximal or
distal edges of radiation. Echo-lucent tissue was seen in all groups treated with catheter-
based radiation with and without stenting. Atherectomy was performed on 4 lesions.
Pathology demonstrated smooth muscle cells scattered in extracellular matrix containing
abundant proteoglycans and an absence of elastin and mature collagen.

Conclusions This paper is the first to describe atherectomy samples extracted from
humans after radioactive stent implantation. Also it is the first to link the IVUS finding
of echolucency noted after intracoronary radiation with tissue rich in proteoglycans
while poor in mature collagen and elastin
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CONDENSED ABSTRACT

Using IVUS we describe an echo-lucent ‘black hole” following intracoronary radiation.
Radiation groups (n=128) included those who underwent radioactive stenting and
catheter-based radiation. In total 28 ‘black holes’ (22%) were identified (radioactive
stents (>6.01LCi) =37%, catheter-based radiation =17%). Angiographic restenosis was
a feature in 61% of these cases. Of those lesions with restenosis echo-lucent tissue
was on average responsible for 50% of NIH. Atherectomy was performed on 4 lesions.
Pathology demonstrated smooth muscle cells scattered in extracellular matrix containing
abundant proteoglycans and an absence of elastin and mature collagen.

Key words: ultrasonics, radiation , proteoglycan.

ABBREVIATIONS

IVUS - intravascular wltrasound
LLCi - microCurie

NIH — neointimal hyperplasia
SMC — smooth muscle cell
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Intracoronary radiation, a therapeutic modality aimed at decreasing restenosis, has been
investigated in both animals and humans for several years. With the advent of human
trials we have started to understand the consequences of this treatment. These include
non - healing dissection!, late occlusion® and positive remodeling®. We describe a
further new finding: an echo-lucent area within the lumen of the coronary artery, noted
using intravascular ultrasound (TVUS). This phenomenon has been dubbed the ‘black
hole’. We describe the finding in terms of IVUS characteristics and present data on its
incidence in various subgroups treated conventionally and with radiation. Finally we
describe the pathological findings of this entity.

METHODS

We analyzed 128 consecutive patients enrolled in brachytherapy protocols, who had
completed 6 - month follow-up that included angiography with IVUS. These protocols
included individuals who had undergone catheter — based radiation using the *Sr / *°Y
Betacath™ (Novoste, Norcross, Ga) and **P Guidant (Santa Clara, CA) systems. The
radioactive stent group comprised those who received 0.75 — 1.5uCi (n = 18), 6.0 —
12.0uCi (n = 26) and ‘cold —end’ (n = 18) stents (Isostent™ Inc., San Carlos, CA, USA).
The control group included individuals who underwent PTCA with (n=48) and without
stent implantation (n=22).

Catheter — based radiation

The Novoste Betacath and the ** P Guidant B-radiation systems have been described in
detail elsewhere >4. We followed certain steps to ensure the correct identification and analysis
of the irradiated segment post intervention and at 6 — month follow - up. First, an angiogram
was performed afier positioning the delivery catheter and the relationship between anatomical
landmarks and the two gold markers were noted. Typically, the aorto-ostial junction and the
side branches were used as landmarks. The Jandmark closest to either of the gold markers
was used as a guide. During the motorized IVUS pullback, all side branches were counted
and the guiding landmark was identified. The correct selection of the marker was confirmed
by visualizing the position of the IVUS probe during a contrast injection. At follow-up, we
selected the same region of interest and compared it with that after treatment.

Radioactive stent

The properties of low (0.75 — 1.5uCi) and higher activity (6.0 — 12.0uCi) radioactive
stents and procedural characteristics specific to their implantation have been described
elsewhere®. All stents were implanted with a stent to artery ratio of 1.1:1. *Cold - end’
stents were 27.3mm in length and available in diameters of 3.0 & 3.5 mm. The distal
and proximal 5.7mm of the stent was non-radioactive, whereas the central 15.9mm had
an activity of 3.0-24.0 uCi (see Figure 1).
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5.7mm 15.9 mm 5.7mm.
+—3.0-24.0uCi—

s.a
Figure 1 *

Cold-end stent with central radioactive segment and proximal and distal non-radioactive segments

Figure 2

Left coronary angiogram performed at 6-month follow-up. Proximal in-stent restencsis is seen in a
6-12uCi stent implanted in the circumflex artery (left frame).

IVUS performed at 6 month follow-up demonstrating homogeneous black tissue from 6 to 1 o’clock (right frame).

Figure 3
a. Baseline longitudinal IVUS reconstruction of freshly implanted stent.
b. Longitudinal reconstruction of the same trangverse IVUS image seen in Fig 2. This
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IVUS Acquisition

We used a mechamcal 30MHz IVUS system (ClearView, CVIS, Summyvale, CA).
Motorized pullback was performed at 0.5mm/sec. We examined the entire segment
subjected to radiation, plus the associated 10mm proximal and distal edges. For
radioactive stents this imcluded 10mm proximal and distal to the final stent strut. Images
were stored on S-VHS tape for later analysis. Findings were verified by 3 independent
observers, who were blinded to whether images were from control or radiation cases.

IVUS definition of echo-lucent tissue

Lesions with the echo-lucent tissue had the following characteristics: a homogeneous
black appearance without backscatter. Images with ring-down or other artefacts
were excluded as were intraluminal echodense structures with associated attenuation.
Exclusion of other causes of relative echolucency such as contrast®, thrombus’ or a
lipid lake® was performed. Lesions were discrete and readily distinguishable from
conventional neointimal hyperplasia (Fig. 2, 3). After radioactive stenting all lesions
were observed adjacent to stent struts.

Definitions

The following dimensions were measured in each group: total vessel area (TVA),
lumen area (LA), the area of echo-lucent tissue and the percentage of neointimal
hyperplasia (NIH) caused by the echo-lucent tissue in the cross-section of greatest
stensosis. Restenosis at 6~-month follow-up was defined using standard angiographic
criteria after off-line quantitative coronary angiography (diameter stenosis > 50%).

Medication

All patients received clopidogrel for between 1 month (conventional stenting) and 3-6
months (stenting plus catheter — based radiation or radioactive stenting), plus life-long
aspirin.

Immunohistochemistry

For immunostaining, sections were preincubated with 0.3% hydrogen peroxide and
Protein Block Serum-Free (X0909, Dako Corp, CA). A mouse monoclonal antibody
against o-smooth muscle actin (1:5000 dilution, Dako) was used to identify smooth
muscle cells. Polyclonal antibodies against biglycan (LF-51) and decorin (LF-122) were
used for identification of proteoglycans (antibodies kindly provided as a gift from Larry
Fisher, NIH, Bethesda, Maryland). Before incubating with proteoglycan antibodies,
sections were first incubated with 1U/L chrondroitinase ABC (code #100332, Seikagaku
Corp., Tokyo, Japan} for 15 minutes at 37°C to detach glycosaminoglycan side chains
from the protein core; this procedure intensifies staining®. All primary antibodies were
incubated overnight in a humidified chamber at 4°C. After rinsing in PBS, the primary
antibody was labeled by a biotinylated link antibody directed against mouse using a
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peroxidase based LSAB kit (Dako). Positive staining (brown reaction product) was
visualized with a diaminobenzidine (Dako). After immunostaining, the sections were
counterstained with Gill’s hematoxylin, dehydrated in a graded series of alcohols, rinsed
in xylene and mounted in Permount (Fisher Scientific).

RESULTS

At 6 — month follow - up 28 discrete areas of echo-lucent tissue (‘black hole’) (22%)
were identified. No echo-lucent tissue was seen in the control group or in the low
activity radioactive stent group. Angiographic restenosis was present in 61% of cases
where echo-lucent tissue was present. Of those lesions with restenosis, echo-lucent
tissue was on average responsible for 50% of neointimal hyperplasia. More severe
stenosis was more frequently observed in the 6.0-12.0uCi and cold-end radioactive stent
groups (mean stenosis = 63.1% = 24.1) compared with catheter-based techniques (mean
stenosis = 37.2% + 20.5), p=0.005. Mean length of the echo-lucent tissue was 4.0mm *
1.6mm (range 2-8mm).

Radioactive stent

Higher activity and cold-end radioactive stents were most commonly associated with
echo-lucent tissue (Table 1). All occurred at the proximal and distal margins of radiation
within the stent or at the stent edges. By definition this fall-off in radiation occurred in
the final 1-2mm of 6.0-12.0uCi stents and in-stent for cold-end stents. Bilateral echo-
Iucent tissue was seen in 5 out of 7 cases that presented with restenosis 6 months after
cold-end stent imoplantation. In four of theses cases the proximal edge was more severely
affected.

Catheter-based

Echo-lucent tissue was seen in all groups treated with catheter-based radiation with
and without stenting. These tended to be smaller lesions than those seen in the
radicactive stent group (Table 1). After catheter-based radiation only one of the echo-
lucent tissues described involved geographical miss (area of injury associated with a fali-
off in radiation)'®.

Pathology features

Atherectomy was performed on 4 individuals (AtheroCath - Bantam™, DVI, Guidant,
Temecula, CA, USA). Macroscopic assessment of the tissue samples showed two types
of tissue: dark yellow, often containing pieces of stent strut and white more fibrotic
appearing tissue (Fig. 4A). Microscopy revealed tissue containing smooth muscle cells
in abundant extracellular matrix (myxoid change) with two distinct regions (Fig.4B, C)
and containing abundant proteoglycans (Fig.4D). Region 1 (Fig 4E) was more cellular
in nature, contained collagen and elastin (Fig 4C), and was not distinguishable from
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Location. % BHA of NIH  Restenosis (QCA)
Radicactive
stent
6-12 uCi (n=26)
1 P edge 96 Y
2 P edge 100 Y
3 D edge 56 N
4 P edge 64 Y
5 P edge 100 Y
6 P edge 48 Y
7 D edge 71 Y
8 P edge 52 N
9 D edge 68 N
cold-end (n=18)
10 P In stent*® 100 Y
11 D In stent* 42 N
12 P In stent® 50 N
13 D In stent* 26 Y
14 P In stent® 48 Y
15 D In stent™ 38 N
16 P In stent® 51 Y
Guidant CBS
(0=16)
17 In-stent 26 Y
18 In-stent 34 N
19 Out of stent 45 Y
Betacath CBS
(n=18)
20 In stent 48 N
21 In-stent 26 Y
22 In-stent 26 N
23 In-stent 56 N
Guidant: no %BHA. of NIH Restenosis
stent
(n=11)
24 34 Y
25 90 N
Betacath: no
stent (n=21)
26 27 Y
27 16 Y
28 18 Y

CBS=catheter-based radiation plus stenting. P=proximal. D=distal. * at junction of radioactive

and non radicactive segment of the stent. NIH=neointimal hyperplasia.

%BHA of NTH = % of NTH caused by echo-lucent tissue.
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Figure 4

Fig. 4A Gross macroscopy of atherectomy specimen, showing that darker more yellow tissue overlics stent
strut Temmants (arrow), with a cover that is white in appearance.

Fig. 4B. Hematoxylin-Eosin stain showing two distinct regions; region 1 being more cellular than region 2.

Fig. 4C. Elastin stain, showing that region 1 consists of a more elastin and collagen rich tissue as compared
to region 2.

Fig. 4D. Alcian Blue stain showing that the extracellular matrix contains large amounts of proteoglycans,
most of which is hyalwronic acid (differential stain, not shown).

Fig. 4E. Detail of region 1, showing tissue that is similar in appearance to normal restenotic tissue,

Fig. 4F. Detail of region 2, showing sparse and pyknotic cells.

Fig4G (Movat stain) and Fig 4H (H&E). Porcine model with 3uCi stent at 6 months. Extensive NIH
congisting of SMCs in a proteoglycan matrix.

\'%.

P S

[pny—
s

Fig 5A. Immunoperoxidase stained section showing a-actin positive smooth muscle celis.
Fig 5B. Immunoperoxidase stained section showing strong matrix positivity for biglycan,
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normal restenotic tissue. Region 2 (Fig 4F) was more sparsely populated showing

pyknotic nuclei, with some of the extracellular matrix having a coagulated or dense

appearance (fibrinoid change). The latter was thought to be tissue constituting the echo-
lucent tissue.

The area of the myxoid, proteoglycan rich matrix was thought to constitute the black
hole. Three of the four biopsies were stained for a-actin (Fig 5A) to confirm presence of
smooth muscle cells and for biglycan (Fig 5B), which is the dominant proteoglycan in

restenotic lesions®. All three biopsies were strongly postive for biglycan and one biopsy

stained for decorin was weakly positive.

DISCUSSION

Echo-lucent tissue (‘black hole”) noted at 6 ~ month follow-up was uniquely
associated with intracoronary radiation. More common after radioactive stent (>6.0uCi)
implantation, it was frequently located adjacent to the stent struts in areas of radiation fall-
off, where it was associated with greater restenosis than the catheter-based techniques.
Echo-lucent tissue may be a dominant cause of restenosis as seen in 4 patients (1,2,5 and
10). Overall it appeared to contribute to approximately 50% of the restenotic burden
associated with NIH seen at 6-month follow-up. The lesion may be missed on IVUS
examination due to its echolucency, caused by tissue rich in proteoglycans and poor in
mature collagen and elastin.

What is unclear is the cause of such lesions. Certainly irradiation is associated with
proteoglycan accumulation in various tissues'~?, Hehrlein has noted that the increase
in neointimal volume in arteries treated with external beam radiation (EBR) was
predominantly due to enhanced extracellular matrix production. This study suggested
that the accumulation of extracellular matrix after stent deployment was augmented by
external beam radiation and that excessive matrix formation was a determinant of failure
of radiation therapy to prevent restenosis. The atherectomy samples of the current paper
reflect changes seen in Carter’s porcine model? with radioactive stents (Fig 2G & H).
Carter has reported myxoid changes in low, intermediate and high activity stents (30%,
60% and 37% respectively) while no myxoid change was seen in control stents (personal
communication, 2000). This would indicate that the echo-lucent tissue is a general
response to irradiation-of damaged vascular tissue.

The matrix seen is rich in biglycan proteoglycan; biglycan secretion by smooth muscle
cells in culture has been shown to be controlled by TGF-B****. Therefore it is likely
that radiation may induce greater TGF- production that results in excessive biglycan
production and formation of echo-lucent tissue on IVUS.

O’Brien® and colleagues suggest that biglycan may bind apoE and apoB in atherosclerotic
mtima. They also raise the possibility that apoE may act as a bridging molecule that
traps apoA-I-containing HDL in atherosclerotic intima. Taken together these findings
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are consistent with the hypothesis that biglycan may contribute to the pathogenesis of
atherosclerosis by trapping lipoproteins in the artery wall.

Atherectomy samples taken at points where echo-lucent tissue is seen on IVUS shows
aberrant nuclear morphology, suggesting ongoing cell death. This process continues
to take place long after stent radioactivity has decreased to background levels. This
indicates that radiation indeed has long-term effects. The presence of fibrinoid change
may also be indicative of delayed healing, as was also seen in Carter’s report.

With time the echo-lucent tissue becomes more discernible on IVUS due to its echodense
cap (Figure 3). This cap is also seen on pathology showing collagen and elastin - rich tissue.
This may be in keeping with a phenotypic change in the SMCs, allowing them to produce
collagen and elastin - rich matrix typical of mature NIH with a lack of proteoglycan.

Conclusion

This paper is the first to describe atherectomy samples extracted from humans after
radioactive stent implantation. Also itis the first to link the IVUS finding of echolucency
noted after intracoronary radiation in various modalities with tissue rich in proteoglycans
while poor in mature collagen and elastin

Limitations

Atherectomy was only performed in 4 patients and the findings described here will need
to be substantiated with greater numbers. The issue of radioaction dosimetry is complex
and fundamental, however is beyond the scope of this report.
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Intravascular Ultrasound
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ABSTRACT: We report a case of late stent malapposition occurring 6 menths after intra-
coronary beta-irradiation detected by three-dimensional intravascular nltrasound. in spite of
eood apposition immediately after the procedure. Volumetric guantification revealed that stent
volume remazined unchanged, whereas total vessel volume increased by 13% after 6 months
within the stent area. The increase of the vessel volume took place mainly in the proximal part

of the steat, where the malapposition was located.

J INVAS CARDICL 1999;11:651-655

Key words: angioplasty, brachytherapy, intravascuiar ultrasound, vessel remodeling

Experimental studies have shown that endovascular
radiation reduces neointima formation.™ In humans,
three randomized trials have reported a reduction in
restenosis rate after successful reintervention followed
by intracoronary brachytherapy for the treatment of in-
stent restenosis, ™ Early safety of this new therapy has
veen demonstrated.™ Although 2- and 3-year follow-
up of patients treated with gamma-radiation has been
reported,'™" long-term safety of radiation has been
questioned.

In humans, radiation has bees shown ro prevent
vessel shrinkage.” inhibit ncointimal formation.™ or
induce vessel enlargement that eventually accommo-
dates an increase in plaque.” The importance of vessel
enlargement in patients receiving stents has not been
investigated.

We report a case of late stent malapposition occur-
ring 6 months after intracoronary beta-irradiation
demonstrated by three-dimensional intravascular
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ultrasound {IVUS), in spite of good apposition imme-
diately after procedure.

Case report. 4 §0-year-old male with Canadian
Cardiovascular Society class III angina pectoris was
referred to our institution jor pereutancous translumi-
ral coronary angioplasty (PTCA). Coronary angio-
graphy revealed a severe stenosis in the proximal
segment of the left anterior descending coronary artery
(LAD} (Figure IA4). Quantitative coronary angio-
graphy (QCA) was performed off-line (CAAS II system,
Pie Medical, Maastricht, The Netherlands). Lesion
length measured 14.9 mm, minimal luminal diameter
(MLD) 1.20 mm, reference vessel digmeter 3,15 mm,
and percentage of diameter stenosis 61%. Although he
had a previous myecardial infarction, left ventriculog-
raphy revealed no hypokinesia with an estimated ejec-
tion fraction of 54%.

Strategy. The patient was enrolled in a study 1o eval-
uate safety and efficacy of beta~irradiation following
PTCA using the Guidant Intravascular P-32 Radiother-
apy System (Guidant Corporation Vascular Interven-
tion, Houston, Texas)." The Medical Ethics Committee
of the University Hospital Dijkzigt approved the use of
intracoronary radiation, and the patient has given writ-
ten informed consent. The strategy was to perform a
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Table 1. IVUS volumetric 3-D reconstruction analysis

Bascline Follow-up Difference

179.7 188.1 +8.4

Lumen volume (mm?*)

Stent volume {mm®) 179.7 181.1 +1.4
EEM volume (mm”) 351.8 4026 +50.8
Plague volume {mm*) 172.1 2145 +42.4
Mean lumen area (mm?) 9.9 10.5 +0.6
Mean stent area {(mm®) 9.9 10.1 +0.2
Minimum lumen arca (mm?) 7.8 8.0 +0.2
Mean EEM area (mm®) 19.4 22.1 +2.7
Minimum EEM area ({mm®) 18.3 18.5 +0.2

EEM = exrernal elastic membrane

direct stent deployment without pre-dilatation followed
by irradiation of the target segment. The Source Deliv-
ery Unit is a computer-controlled, source wire-handling
device that delivers localized beta-radiation to a coro-
nary artery at 0.5 mm into the vessel wall.” The radia-
tion dose was randomly assigned to the patient. The
Guidant P32 Sowrce Wire is a 0.018" guidewire with a
27-mm long bela-emitting source in its tip. The Center-
ing Catheter is a multi-lumen, spiral-designed balloon
catheter with a rapid-exchange tip, designed to operate
using 4 atmospheres of pressure (Figure IB).

Procedure. The left coronary artery was cannulat-
ed with a Judkins left § French (Fr) guiding catheter
(Cordis Corporation, Warren, New Jersey) using the
standard femoral approach. The lesion was crossed
with a (.0147, 315-cm long Hannibal* wire (Schneider,
Biilach, Switzerland) which was placed distally in the
LAD. Subseguently, @ 3.5 x 18 mm Multi-Link* stent
(Guidant Corporation, Santa Clara, California) was
directly implanted. A balloon post-dilatation of the tar-
get lesion was performed using a 4.0 x 15 mm Tacker®
bailoon (Cordis, Miami, Florida) inflated to 14 atmos-
pheres. IVUS images were then obtained using a 2.9
Fr mechanical ulirasound catheter operating at 30
MHz (CVIS, Sunnyvale, California). The size of the
centering balloon was chosen based on mean vessel
reference diameter (mean of proximal and distal refer-
ence diameter) defined by IVUS. 4 3.05 mm centering
balloon was then placed over the wire at the target
site. The radiation sources remained at the treatment
site in order to deliver a prescribed dose of 4200 <Gy
at 0.5 mm into the vessel wall (Figure 1B). The deliv-
ery unit based on mean reference vessel diameter auto-
matically calculates the dwell time. After
intracoronary irradiation, an ECG-gated IVUS pull-
back at 0.2 mm/step was performed with the same sys-
tem. The stent was well-apposed with a minimal lumen
area (MLA) of 7.8 mn?® (Figure 2C). No edge tear was
detected by IVUS, OCA revealed & MLD of 2.79 mm,
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Figure 1. (A} Pre-procedure angiogram shows the stenosis in the
proximal segmens of the left anterior descending artery; (B} cen-
tering balloon inflated during irradiation; (C} post-procedure
anglogram {arowhead indicates the location where stent malap-
position appeared gt follow-up); (D) 6-month follow-up
angiogram (arrowhead fdicates the stent malapposition site).

located at the proximal portion of the stent, and resid-
ual perceniage stenosis of 16% (Figure 1C). The
patient’s hospital stay was uneventful and he was dis-
charged 2 days after the procedure on aspirin (250
mg/day) and ticlopidine (250 mg twice a day for 15
days). Six months later, the patient returned to the
catheterization laboratory for angiographic and IVUS
control as part of the protocol. The patient had no
complaints and the stress test was negative. The
angiogram {QCA) revealed no signs of restenosis (Fig-
ure ID) with an MLD of 2.34 mm, located owtside the
stent, and a diameter stenosis of 33%. Luminal diame-
ter ai the site of malapposition was 2.98 mm. Six-
month IVUS images, using the same system, revealed
no neointimal formation throughout the stent. However,
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Figure 2. (A) Longitudingl view of 3-1 mtravescular witrasound (TVUS) image reconstruction ae baseling; (A”) schematic model of 3-D
IVUS image reconstruction at baseling; (B) longitudinal view of 3-D reconstruction TVUS image at follow-up (arrowhead indicates the
malapposition site); {B’) schematic model of 3-D reconstruction IVUS image ar follow-up; (C) post-procedure IVUS cross-sectional
image at the site where stent malapposition appeared at follow-up; (C?) schematic model of TVUS cross sectional image at baseline; (1)
TVUS eross-sectional image ar follow-up (arrowhead indicates o space behind the stent ac 2-5 o’clock — stent malapposition); (D7)
Schernatic model of IVUS cross-sectional image ax follow-up; (E) graphic of external elastic membrane (EEM) and stenr areas at baseling
{upper line: EEM area, lower line: stent area); {F) graphic of EEM area and stent avea at follow-up (upper line: EEM area, lower line:
stent area) (arrowhead indicates the local EEM area increase from nearly 20 mm? to more than 25 mm?).

a malapposition of the proximal end of the stent with-
oul compromising the lumen was observed (Figure
2D) by IVUS. Contrast injection filled the cavity
behind the stent, confirming the presence of malappo-
sition during IVUS imaging. Based on clinical status,
no further intervention was performed.

Intravascuolar ultraseund measurements. A/ [¥TUS
images were analyzed off-line by 3 investigators in a
“blind" approach. An ECG-gated image acquisition
and digitization workstation (EchoScan, TomTec,
Munich, Germany) was used for three-dimensional
IVUS image reconstruction, Volumetric quantification
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was performed by means of a Microsoft Windows*-
based contour detection program developed at the Tho-
raxcenter.” This program constructs two longitudinal
sections from the data set and identifies the contours of
the lumen, media and stent boundaries. Ninety-four pla-
nar cross-sections of the stented segment were carefully
checked and edited by 2 cardiologisis. The feasibility
and intra- and inter-observer variability of this system
have been previously reported. ™ The reproducibility of
measuremenis of the external elastic membrane (EEM)
in stented segments has been also demonstrared.”

The results of two-dimensional and three-dimensional
analysis are shown in Table 1. Figure 2E, and Figure
2F. Total vessel volume increased by 31 mm' (13%) after
6 months, paratiel to an increase in plague volume of 42
mm' (20%). However, the magnitude of the plague in
growth was not sufficient to completely fulfill the gap left
between stent struts and vessel wall, The calculated dif-
ference was 7 mm’. No neointimal formation was found
in the malapposed stent site, which revealed a lumen
C3A4 of 8.0 mnr’ (Figure 2D). The increase of the vessel
volume took place mainly in the proximal part of the
stent, where the malgpposition is located (Figure 2F).
Stent volume of the proximal enlarged segment (6.9 mm
in length) remained similar (61 mm' at baseline versus
68 mm’ at 6 months), whereas total vessel volume
increased from 140 mm* to 179 mm’ after 6 months. The
stent malapposition was also demonstrared on the longi-
wrdinal view of the three-dimensional reconstruction
(Figure 2.

Discussion. This is the first case report which
demonstrates an unexpected lawe (at 6 months) stent
malappositior after intracoronary radiotherapy
revealed by three-dimensional IVUS, despite the good
apposition of the stent post-procedure. Volumetric
analysis demonstrated 2 vessel enlargement without 2
concomitant increase or decrease in the stent volume.

Stent malapposition has been related to an increased
risk for subacute thrombosis.™ Thrombotic events late
after stenting followed by radiation have been recently
reported.™* However, the relationship between late
thrombosis and stent malapposition late after
brachytherapy remains to be elucidated in large TVUS
studies.

Meerkin et al. demonstrated that EEM area did
not change during the follow-up period after beta-
radiation.” However, the analysis of single planar
cross-sectional images may have underestimated the
possibility of positive vaseular remodeling in their
study. On the other hand, a volumetric three-dimensional
IVUS study has demonstrated that radiation promotes
positive vessel remodeling by showing an inerease of
the EEM volume (40 mm') at 6 months after intra-
coronary beta-radiotherapy.™ In additicn, Condado et

162

al. have reported on the occurrence of coronary
aneurysm formation, which illustrates an exaggera-
tion of vessel remodeling after high doses of gamma
brachytherapy.” In this case, we also observed an
enlargement of the total vessel volume {51 mm?),

Although some previous reports showed acute
recoil of the Palmax-Schatz stent, ™ mbular stents are
not believed to recoil or expand chronically. ™™ Thus,
the Multi-Link stent used in this case is not expected to
change its volume after 6 months.™ Then. considering
the inability of self-expansion of a rigid tubular stent,
the increase of the total vessel volume may play an
important role in the mechanism of stent malapposition
formation late after the treatment. The use of seif-
expandable stents in the setting of intracoronary radio-
therapy may be an alternative to avoid this problem
due to their ability to expand chronically.”

Besides vessel enlargement, we should also consider
the possibility of tissue or non-cellular structure (throm-
bus or lipid lakes) occupying the space behind the stent
after the procedure. Such structures mey not be detected
by post-stenting IVUS and may diminish after 6
months. The “killing” effect of radiation (necrosis or
accelerating apoptosis) and dissolution, disruption or
embolization of these non-cellular structures may play a
role in this phenomenon. These hypotheses should be
further investigated by large population studies.

In conclusion, this report illustrates an unexpected
finding following coronary stenting: late stent malap-
position. Whether this finding is related to the combi-
nation of radiation and stent placement remains to be
elucidated. Further studies with serial IVUS analyses
should be performed in order to clucidate the patho-
physiclogy and clinical impact of this finding.
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Summary and Conclusions

Intracoronary Brachytherapy
What have we learnt from our personal experience?

Interventional cardiclogy is a rapidly growing field in medicine. Most new treatment
developments have been defined by large multicenter randomized trials in the name
of ‘evidence-based medicine’. In the field of intracoronary brachytherapy, most of the
information provided by these trials is related to the use of catheter-based y-radiation
for in-stent restenosis. In Europe, most of the experience and mechanistic information
in this field have been obtained from the treatment of de novo lesions using B-radiation.
Consequently, the perception of the bright and dark sides of this new treatment modality
might be slightly different, or at least perceived in a different manner.

In this thesis, changes in vessel morphology were investigated in both the bright and
dark spectrum of the results with this mode of therapy. The first chapter is an overview
of intracoronary brachytherapy.

In chapter 2, the feasibility of intracoronary brachytherapy is presented. Although, the
procedures for brachytherapy are more complicated than the balloon angioplasty and
stenting, we demonstrated the high success rates of brachytherapy in the daily practice of
interventional procedures. Subsequently, chapters 3 and 4 present the main mechanisms
for preserving the lumen after catheter-based intracoronary radiotherapy. Plaque growth
was observed in the irradiated and non-irradiated segments as well as both in the
central and edge parts. The difference between the radiation group and non-radiation
group was found to be the degree of vessel remodeling rather than the inhibition
of tissue proliferation. Similar behavior was also demonstrated between stenting and
balloon angioplasty when the vessel was irradiated, although the stent is supposed to
be beneficial for the prevention of restenosis. This finding may be interesting in
order to clarify the effects of radiotherapy. In chapter 5, tensile stress, one of the
biophysical factors affecting vessel wall morphology, was introduced to show the
concept of biophysical factors and their contribution to the restenosis process. The most
interesting finding of this study was that a higher radiation dose (>6 Gy) delivered to
the adventitia eliminates the effect of tensile stress, which may suggest the presence
of mechanoreceptors in the vessel wall and their abolition by the radiation. QCA
methodology for the evaluation of catheter-based radiotherapy was used and the data
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are presented in chapter 6. Because of more frequent migration of the MLD after
intracoronary radiation, specific segments need to be reported to assess the effect of
intracoronary brachytherapy. IVUS may be necessary to assess the vessel remodeling
induced by intracoronary radiotherapy. However, it is mmportant to note that clinical
decisions are usually made according to angiographic results of entire vessel segments.
Therefore, in chapter 7, the validity of QCA to detect vessel remodeling was investigated
since positive vessel remodeling is frequent after balloon angioplasty followed by
intracoronary radiation.

In the second part, unexpected phenomena observed in the clinical trials studying
the effect of brachytherapy are reported. Although intracoronary brachytherapy is a
powerful and increasingly applied therapy to prevent restenosis, several limitations and
complications that limit the application of this mode of therapy need to be investigated
and solved. In chapter 8, the so called “edge effect” was investigated for the first
time using a specific QCA methodology. Combination of low-dose radiation and injury
induced by balloon or stent was responsible for the higher lumen loss and higher
restenosis rate than expected at the edges of the trradiated segments in the setting of
catheter-based P-radiation. The term “geographical miss™ was introduced from radio-
oncology to define that the cause of this treatment failure was due to the inappropriate
radiation dose on the injured segments. In chapter 9, we report the long-term follow-up of
patients treated with catheter-based B-radiation. In this study, considerable occurrence of
myocardial infarction after 6 months was observed mainly due to thrombotic occlusion
of the target vessel. Delayed healing as a result of the radiation is thought to be the
principal cause of this phenomenon. Although long-term antiplatelet therapy (more than
2 years) may solve this problem, target vessel revascularization rates (comparable to the
balloon arm of BENESTENT trial) were higher than expected. The study presented in
chapter 10 demonstrates a delayed restenotic response after radioactive stenting. Lumen
loss occurred more after 6 months than before 6 months within a stent, while the vessel
humen remained unchanged after 6 months at the stent edges. This finding may suggest
that restenosis could be delayed for the period of time necessary for the population
of smooth muscle ceils to regenerate by using a lower radiation dose. Specific IVUS
findings at follow-up of patients receiving brachytherapy was coined “Black hole” by
one of our experienced technicians. Proteoglycan rich extracellular matrix was observed
in the specimens of the “black hole” sites obtained by atherectomy. Half of the lesions
that had “black hole” developed restenosis. This new finding and its possible genesis
is reported in Chapter 11. In chapter 12, late stent malapposition which is one of the
consequences of vessel remodeling is reported. This complication may result in the
presence of bare stent material for a long time. This finding may also be a factor which
causes late thrombosis after B-radiation.

Intracoronary brachytherapy is an evolving therapy to prevent restenosis after
percutaneous coronary intervention, particularly for the patients with in-stent restenosis.
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Summary and Conclusions

However, potential benefits and adverse effects of radiation still remain to be investigated
in specific clinical trials, since the occurrence of restenosis currently reported in clinical
trials appears to be higher than expected. The restenotic process after radiation is very
complex and remains poorly understood. The studies reported in this thesis addressed
some of these factors which may help to elucidate its specific mechanisms and have
raised several problems of intracoronary radiation. Further investigations may help this
therapy to develop into one of the standard procedures in interventional cardiology.
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Samenvaftting en conclusies

Intracoronaire brachytherapie
Wat hebben we geleerd van onze persoonlijke ervaring?

De interventiecardiologie is een snel groeiend vakgebied in de geneeskunde. De
meeste nieuwe ontwikkelingen zijn omschreven door grote gerandomiseerde multicentra
onderzoeken. Op het gebied van intracoronaire brachytherapie is de meeste informatie,
verkregen door deze onderzocken, gebaseerd op het gebruik van catheter-gebaseerde
gamma bestraling voor de behandeling van in-stent restenose. In Europa is de meeste
ervaring en begrip van werkingsmechanisme in dit gebied verkregen voor de behandeling
van de novo lesies met beta bronnen. Daaruit volgend kunnen de perceptie van de lichte
en donkere zijden van deze nieuwe technologie iets anders zijn, of op zijn minst op een
andere manier waargenomen zijn.

In dit proefschrift zijn de veranderingen in vaatmorfologie onderzocht in zowel de
lichte als de donkere zijden van deze behandeling. Het eerste hoofdstuk toonde een
overzicht van de intracoronaire brachytherapie.

In hoofdstuk 2 werd de toepasbaarheid van intracoronaire brachytherapic voor
de dagelijkse praktijk gepresenteerd. Alhoewel brachytherapie procedures nog steeds
moeilijker zijn dan de gebruikelijke ballon angioplastiek en stent implantatie, toonde
dit hoofdstuk aan dat brachytherapie een hoog succespercentage heeft in de dagelijkse
praktijk. Hoofdstukken 3 en 4 demonstreerden vervolgens de voornaamste mechanismen
voor het behouden van lumen na catheter-gebascerde radiotherapie. Plakgroei werd
waargenomen in zowel de bestraalde als de niet-bestraalde segmenten, en ook in zowel
de centrale als de randen gedeeltes. Het verschil tussen de bestraalde en de niet-
bestraalde groep bleck meer te berusten op de graad van vaat remodelering dan op de
inhibitie van weefselproliferatie. Een vergelijkbaar resultaat werd ook gedemonstreerd
tussen stent implantatie en ballon angioplastiek indien het vat vervolgens werd bestraald.
Deze vondst kan erg interessant zijn om het werkingsproces van de radiotherapie te
verduidelijken. In hoofdstuk 5 werd de spanmingsstress (tensile stress), een van de
biofysische faktoren, welke een effekt heeft op de vaatwand morfologie, geintroduceerd
om het concept van biofysische faktoren en hun contributie aan het restenose proces
aan te tonen. De meest interessante waarneming van deze studie was dat een hogere
bestralingsdosis (>6 Gy) bezorgd op de adventitia het effect van de spanningsstress
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elimineert, hetgeen mogelijk suggereert dat er mechanoreceptoren op de vaatwand
bestaan, welke geélimineerd worden door radiotherapie. Een nicuwe QCA methodologie
werd voorgesteld voor catheter-gebaseerde radiotherapie in hoofdstuk 6. Omdat er vaker
een relokatie van de MLD optreedt, moeten specifieke segmenten gerapporteerd worden
om het effekt van intracoronaire brachytherapie vast te stellen. In hoofdstuk 7 werd
de validiteit van de QCA om vaatremodelering vast te stellen onderzocht, aangezien
positieve vaat remodelering frequent optreedt na ballon angioplastiek gevolgd door
intracoronaire bestraling. IVUS zou noodzakelijk kunnen zijn om vaat remodelering,
veroorzaakt door intracoronaire radiotherapie, vast te stellen. Het is echter belangrijk
te vermelden dat klinische beslissingen meestal plaatsvinden aan de hand van de
angiografische resultaten van de segmenten van het vat.

In het tweede gedeelte werd een onverwacht fenomeen gerapporteerd, welke werd
waargenomen in de klinische studies. Alhoewel mtracoronaire brachytherapie een
krachtige behandeling is voor de preventie van restenose en steeds vaker wordt toegepast,
zijn er verschillende complicaties en bevindingen, die deze behandeling beperken, welke
onderzocht en opgelost dienen te worden. In hoofdstuk 8 werd het randen effect (edge
effect) voor de eerste keer onderzocht met een specificke QCA methodologie. Een
combinatie van een lage bestralingsdosis en vaatwandbeschadiging door een ballon of
stent was verantwoordelijk voor een hoger dan verwacht lumen verlies en restenose
percentages aan de randen van de bestraalde segmenten in het kader van catheter-
gebaseerde beta bestraling. De term “geographical miss™ van de radio-oncologie werd
geintrodoceert om te omschrijven dat de oorzaak van dit falen van de behandeling
veroorzaakt werd door een inadequate bestraling van de beschadigde segmenten.
Hoofdstuk 9 rapporteerde de lange termijns resultaten van patiénten behandeld
met catheter gebaseerde beta bestraling. Een flink aantal myocardinfarcten werden
waargenomen 6 maanden na bestraling, welke voornamelijk veroorzaakt werd door een
thrombotische occlusie van het bestraalde vat. Een vertraagde genezing ten gevolge
van de bestraling lijkt de voornaamste veroorzaker van dit fenomeen te zijn. Alhoewel
anti-plaatjes behandeling gedurende een lange tijd (> 2 jaar) dit probleem zou kunnen
oplossen, 1s de vaat revascularisatie percentage van het behandeld vat (in vergelijking
met de ballon tak van de BENESTENT studie) hoger dan verwacht. In hoofdstuk 10
werd een vertraagde restenotische response na het plaatsen van een radioactieve stent
waargenomen. Lumen verlies in de stent tradt vaker op na meer dan 6 maanden na stent
implantatie, dan in de eerste 6 maanden na stent implantatie. Het lumen verlies aan de
randen daarentegen bleef ongewijzigd na 6 maanden. Dit kan suggeren dat de applicatic
van een lage bestralingsdosis de restenose alleen zou vertragen voor de tijdsperiode dat
de populatie van gladde spiercellen nodig heeft om te regenereren. Het “zwarte gat”
werd beschreven door onze ervaren technicus voor een specifieke IVUS waameming
bij de follow-up van brachytherapie. Proteogiycaanrjke extracellulaire matrx werd
waargenomen in monsters van “zwarte gaten” gebieden, welke verkregen werden door
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atherectomie. De helft van de lesies, welke “zwarte gaten” hadden, ontwikkelden zich
later in restenose. Deze nieuwe vondst werd gerapporteerd in hoofdstuk 11. In hoofdstuk
12 wordt een van de consequenties van vaat remodelering gerapporteerd, te weten late
stent malappositie, welke kan resulteren in het bestaan van blootgelegde staal gedurende
lange tijd. Dientengevolge kan deze vinding gerelateerd zijn aan de late thrombose na
bestraling.

Intracoronaire brachytherapie is een robust en progressieve therapie ter preventie van
restenose na een percutane coronaire interventie. Potenti€le voordelen en bijwerkingen
van bestraling dienen echter nog steeds onderzocht worden in klinische protocolien,
aangezien restenose vaker dan verwacht voorkwam in klinische studies. Het restenose
proces na bestraling is erg complex en moet nog opgehelderd worden. Dit proefschrift
kaartte enkele van deze faktoren aan en heeft verschillende problemen van intracoronaire
brachytherapie aan het daglicht gebracht. Ik hoop dat deze onderzoeken er toe kunnen
bijdragen dat deze bestralingsbehandeling zich kan ontwikkelen tot een van de standaard
behandelingen in de interventiecardiologie.
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