
Eur J Vasc Endovasc Surg 16, 284-291 (1998) 
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Objectives: to test the hypotheszs that mtravascular hght could be dehvered vza a balloon catheter for artemal photodynamzc 
therapy (PDT) 
Design: pig non-injury model 
Materials: chnzcaI catheter eqzupment. 
Methods: large Whzte pzgs (15-20pg) were photosensttzsed wtth 5-ammolaevuhmc acid (5-ALA) induced protoporphyrm 
IX (PplX) at a concentratzon of 120 mg/kg Arterial biopsws were taken at mtervals between 30 rams and 24 h and fi'ozen 
sections analysed using a CCD camera to gzve a temporal profile of fluorescence m each arterzaI layer. PDT was gzven 
to normal arterial segments vza a 4mm transparent PTA balloon inflated so as to occlude flow, but not dzstend the artely. 
Ammals were culled at 3 and 14 days and the above segments harvested. 
Results: fluorescence peaked m the advent#za, zntzma and medzal layers at 1 5, 4 and 6h respectzvely PDT at all tzme 
points produced VSMC depletzon compared wzth controls. The degree of depletton mzrrored the fluorescence profile of 
PpIX 
Conclusions: PDT can be dehvered wa a standard PTA balloon wzth a transparent channel Ttus depletes the VSMC 
population w#hm the arterzaI wall wzthout comphcatzons. Intra-artenal PDT is therefore a potentzaI therapy to reduce 
the mczdence of restenoszs post-angzoplasty. 
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Introduction probably eqmvalent,  but  the data is less accurate due  
to lack of angiographic follow-up. 

During the last two decades, percutaneous trans- The mechanisms behind the restenosls process are 
luminal angioplasty (PTA) has become estabhshed in still not  fully unders tood and it is therefore not  sur- 
the treatment of atherosclerotic coronary and peri- prising that currently there are no proven  therapeutic 
pheral arterial disease. Advances in catheter design options to prevent  it in chmcal practice. Much effort 
and improved  techniques have allowed more  complex has gone into trying to prevent  the intimal hyperplast ic 
and more distal stenoses and occlusions to be suc- response to ba l looninjury  and following Austin's post- 
cessfully treated leading to excellent immediate  "radio- mor tem studies, 7 the natural  target for such work  has 
logical" results. However ,  such results are, in some been the vascular smooth muscle cell (VSMC). In the 
cases, shor thved as it is now accepted that 12-50% of porcine restenosis model  it has been established that 
all PTAs restenose within 6 months  post-procedure.  1-4 VSMC proliferation and matrix formation are the major 
In Holmes '  report  of follow-up angiography from the contributors to neozntima formation. 8 This was initially 
PTCA Registry, 5 the restenosis rate was found to be believed to be the sole mechanism of restenosls until 
definition dependent ,  but  the overall rate was 34% more recent studies 9-15 in both animal and human  
from centres with combined repeat angioplasty rate studies have revealed a remodel lmg component .  Re- 
of 84% of all cases. Moreover,  in cases which restenose, modell ing describes changes in all vascular dimensions 
the majority do so within 3 months  with a small following injury which may  be favourable where  the 
additional number  between 3 and 6 months. 6 Reported vessel (and lumen) increase m size, or unfavourable  
restenosis rates following peripheral  angioplasty are where  there is a reduct ion in the external elastic lamina 

as well as intimal hyperplasia resulting in lumen lOSS. 9 

It is now established that remodell ing contributes more 
to restenosis than neointimal hyperplasia following 

× Please address all correspondence to M P Jenkins, Vascular Umt, 
c/o Freyer Ward, Middlesex Hospital, Mortimer Street, London angioplasty alone, but  since stenting limits the effects 
WIN 8AA U K of  remodell ing on lumen area, restenosis following 
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stenting is almost exclusively secondary to neointlmal the cooperation of the named veterinary surgeon. Six 
hyperplasia. 16 Up to 70% of coronary angioplasties Large White/Landrace crossbred pigs were an- 
are now stented, so a method of reducing neomtima aesthetised with inhaled halothane following pre- 
formation remains an important goal. medication with mtra-muscular medetomidine hydro- 

Photodynamic therapy (PDT) produces a tissue chloride at 10-20~tg/kg. Animals were intubated and 
effect by a photochemical reaction (following the inter- maintained under spontaneous respiration with a mix- 
action of light and a photosensitising agent) which ture of halothane, nitrous oxide and oxygen at 1.5%, 
allows reactive intermediates to cause cellular death. 0.5 and 41 /mm respectively. 5-ALA (Dusa, U.S.A.) 
It has already been established in work with tumours, was given in an intravenous preparation (buffered to 
that rapidly proliferating tissues show partial (but, not pH 4.8 using 8.4% sodium bicarbonate) at a con- 
absolute I7) selectivity in the uptake of photosensitiser centration of 120mg/kg in a bolus injection via an ear 
and can therefore be targeted allowing relative sparing vein. 
of normal tissues The magnitude and depth of this Animals were cleaned and draped under sterile 
effect is known to be dependent on the type of photo- con&tions. In four animals sequential arterial biopsies 
sensitiser, the light dose and the interval between the were taken from time zero to 8h (at 30 min intervals 
photosensitiser and the light, to 2h and then hourly) and in two, 24 hour samples 

Vascular PDT has been shown to be effective in were taken following sensitisatlon the day before. 
depleting the VSMC population ~n vitro ~8"~9 and in small Biopsies were taken via longitudinal groin and neck 
animal studies 2°-24 using a variety of photosensitisers, approaches for access to external iliac and carotid 
without complications of thrombosis or aneurysm for- arteries respectively and were randomised with re- 
mation. However, the limitations of small animal spect to biopsy site and time point between animals. 
models are now clear a5-27 and if vascular PDT is to One centimetre transverse sections of arteries were 
be proposed as a therapy to prevent angloplasty re- excised between ligatures, snap frozen in precooled 
stenosis in humans it must first be shown to be effective isopentane and stored in liqmd nitrogen. Care was 
in a large animal model, taken to ensure that sequential biopsies were taken 

The development of a new photosensitiser, 5-amino- from progressively more proximal sites which re- 
laevuhnic acid (5-ALA) has allowed PDT to be applied roamed perfused. 
to situations other than those requiring full thickness Three transverse frozen sections (10~tm thick) were 
necrosis 5-ALA induces endogenous porphyrin sens- cut from each block and stored at - 20°C  before 
itisation via an active metabolite, protoporphyrin IX being thawed just prior to fluorescence microscopy. 
(PpIX) which following interaction with red light pro- Fluorescence of PpIX was excited by a helium-neon 
duces cellular killing to a depth of lmm. In the treat- laser at 633nm and the signal detected between 665 
ment of malignancy, 5-ALA's depth of penetration is and 710nm by a cryogenically cooled CCD (charge- 
a disadvantage, but for vascular PDT it would be coupled device) camera fitted to the fluorescence 
suitable for treating the arterial wall while limiting microscope and linked to an IBM computer. False- 
damage to deeper tissue, colour images were generated and quantitative ana- 

For vascular PDT to be a feasible adjunctive therapy lysis performed by measuring the mean arbitrary pixel 
to prevent restensls following balloon angioplasty, count for each arterial layer. Three sections per animal 
light would have to be delivered via an endovascular per time point were analysed and nine readings taken 
technique using a laser fibre delivering hght through from each sectmn; three from each of the adventitia, 
a balloon catheter. This study aimed to measure the media and intima. Background counts were peri- 
pharmacokinetics of PpIX (the active metabolite of 5- odmcally checked to confirm adequate equipment cool- 
ALA) in the arterial system and investigate the safety ing and autofluorescence from control (time zero) 
and efficacy of endovascular light delivery for PDT in sections subtracted from each count. Mean counts for 
a swine model, each layer were then plotted for each time point. 

Methods PDT of normal arteries 

Pharmacokinetics of 5-ALA A further eight pigs were photosensitised with 120mg/ 
kg 5-ALA which was given as a bolus intravenous 

All animal studies were carried out under licence injection via an ear vein whilst under sedation Once 
(Animals (Scientific Procedures Act) 1986) and with photosensitised, pigs were kept in subdued light until 
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j 1950 sec. Post-procedure, patency was checked with a 
further angiogram and the process repeated in the 

' contralateral iliac artery. 
Arterial segments were treated at 1.5, 2.5 or 6-7h 

0 ~ ~ post-photosensitisation and control procedures - light 
~ ~ ~ alone (in an unphotosensitised animal) and balloon 

/ /  only (no light in a photosensitised animal) were per- 
b formed. Following completion, the introducer sheath 

< C was removed, the carotid ligated and the skin closed. 
/ Animals were recovered and kept in subdued light 

J/ for 24h. Aspirin (300mg) was given from 1 day pre- 
operatively until culling. 

Four animals were culled at 3, and 4 at 14 days 
postoperatively by a lethal dose of iv pentobarbitone. 
Control tissue was harvested at 3 days postoperatively. 
A bilateral retroperitoneal dissection was made to 
expose the treated iliac segments which were con- 

a d trolled with slings and clamped proximally and dist- 
ally. A 20FG intravenous catheter was inserted via a 
constant side branch and the segment pressure per- 
fused in situ with a 4% solution of formyl saline at 

Fig. 1. Schematic diagram to illustrate mtra-artemal PDT (a) Un- 100mmHg before excision. The excised artery was 
senmtlsed lhac artery, (b) artery following 5-ALA, (c) balloon catheter 
over gmdewlre deployed within artery; (d) laser fibre substituted divided into proximal, middle and distal treated seg- 
for gmdewlre, hghtmg sensltlsed arterial segment ments and stored for 16 hours m 4% formyl saline 

fixative. Two transverse histological sections from each 
segment were stained with H and E and examined by 

anaesthetised, as before, and maintained with lnhala- light microscopy (Nikon Labophot-2) to assess the 
tlonal halothane and nitrous oxide. A 5 cm longitudinal number of VSMCs per high power field (HPF). Micro- 
incision was made in the left neck and the carotid scopy images were transferred onto a 486 personal 
exposed and controlled between slings. A 7FG sheath computer via a colour camera (JVC TK-1281) and 
was introduced over a guidewire via an arteriotomy morphometnc analysis performed using a Lucla-M 
and Seldinger technique and 5000 IU of heparin given (Version 3.52a) programme. Each section was imaged 
intra-arterially. A peripheral angiogram was per- and the number of VSMCs per HPF counted in four 
formed with 10ml of Omnipaque (350mgI/ml) and fields per section at 12, 3, 6 and 9 o'clock. Counts for 
stored on an image intensifier (Siemens) to produce a PDT treated segments were averaged and compared 
"road map", and under screening, a guidewire ad- with controls 
vanced into one common iliac artery. A 4mm/4cm Sections from one block obtained at each treatment 
transparent balloon catheter (Cordis, U.K ) was ad- time point were stained with polyclonal Factor VIII 
vanced over the wire and the balloon inflated within (Dako, Denmark) using a Strep-avidin horse radish 
the common iliac artery to 4 atmospheres (to occlude, peroxide techmque as a specific marker for endothelial 
but not distend the artery) and a further anglogram cells. These were examined by light microscopy. 
performed to confirm occlusion of the artery. The Statistical analysis between treatment subgroups 
guidewire was then removed and exchanged for a and controls was by analysis of variance (ANOVA) 
laser fibre with a 4cm 200gm radial diffuser at its tip using a Statview 4.5 computer programme (Abacus 
(Rare Earth Medical, U.S.A.) which was positioned Concepts, California). Subgroups were compared 
within the balloon segment, as illustrated schem- using Fishers' PLSD post hoc test if the F-value was 
atically m Fig. 1. Red light at a wavelength of 635nm significant. 
was generated from a copper vapour pumped dye 
laser (Oxford lasers) and 50 J per cm 2 of the surface Results 
of the inflated balloon given with a 60 second break 
in light delivery after 20% of the dose. During this Pharmacokmetzcs 
fractionation period when the laser was off, the balloon 
was deflated to perfuse the limb. The irradiation time False-colour images reveal high PpIX activity (highest 
required to generate 50J/cm 2 varied between 1350- intensity) in different arterial layers at different time 
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Fig. 2. False-colour fluorescence images of transverse sections through arterial blopsms taken (a) 1 5h and (b) 7h following 5-ALA 
admlmstratlon. High adventltlal uptake is noted at 1 5h which is reduced by 7h, when maximum fluorescence is seen m the media L = 
lumen, I = mt~ma, M = media, A = adventltla 

100 [ ~- mation in any of the PDT treated or control segments. 
A transverse section of a treated and control artery is 
seen in Fig. 4 showing depletion of the VSMC popu-  

80 ~ lation in the segment which received PDT. Mean ( + 2 
S.D.) VSMC counts per HPF were 115 (17) for control 

60 - sensitised arteries; 103 (8) for laser alone treated un- 
8 sensitised arteries; and 27 (29) (p<0.0001) for arteries 

harvested at either 3 or 14 days following PDT. 
40 - Comparing PDT at different time points (drug-light 

intervals) showed that the maximal effect (as measured  
by  VSMC depletion in the media) was seen at 1.5 

20 ~ and 6-7h  post sensitisation, corresponding with the 
pharmacoklnet ic  profile of PpIX as seen in Fig. 3. From 
tissue harvested at 3 days, mean  ( + 2  S.D.) VSMC/  

0 I ~ I ,  [ ,  I p I ,  I r I ,  I ,  [ ,  r ,  I ~ 
2 4 6 8 10 12 14 16 18 20 22 24 HPF in t reatment  groups,  compared  with controls, 

Time (h) were reduced at all t ime points; 22 (19) (p<0.0001) at 
1.5h; 51 (29) (p<0.0001) at 2.5h and 11 (10) (p<0.0001) 

Fig. 3. Graph showing the temporal profile of fluorescence (ex- at 6 -7h  as seen in Fig. 5, but  depletion appeared  to 
pressed as a mean plxel count) for each arterial layer at time points 
0 to 24h following 5-ALA administration at 120mg/kg. ([]) Intlma, be most  at times corresponding to the first adventitial 
(A) me&a, (O) advent~tla peak and the later medial  peak. 

Arterial segments treated at the same drug light 
interval, but  harvested either at 3 or 14 days were 

points (Fig. 2) PpIX activity as measured  by fluor- analysed separately (Fig. 6). Mean VSMC/HPF ( + 2  
escence was seen to exhibit a double peak in the S.D.) f rom treatment  groups harvested at 3 days (8 
adventitia, initially at 1.5h and again at 4h. Fluor- (12)) and 14 days (17 (19)) were significantly (p<0.0001) 
escence peaked in the media  at 6h  and showed a reduced compared  with controls. 
s teady rise in the intima to 4h  followed by  a plateau The presence or absence of endothelial  cells was 
from 4 to 8h  (Fig. 3). assessed using polyclonal Factor VIII as a marker  

which showed complete absence of endothelial  cells 
from sections harvested at 3 days, but  repopulat ion 

Histology and morphometry of PDT treated arteries by day 14. Endothelial cell repopulat ion occurred early, 
but  VSMC depletion persisted at 14 days and no 

All animals survived to culling and there was no appreciable neoin t imalhyperplas la  occurred m treated 
evidence of thrombosis,  rupture  or aneurysm for- sections. 
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Fig. 4. Transverse haematoxyhn and eosm sections (40 x objective, hght microscopy) of a swine lhac artery (a) following treatment with 
PDT and (b) following a control laser alone lrradmtxon The arrow shows the presence of abundant VSMC nuclei m the control section 
with almost complete depletion m the PDT section. 
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Fig. 5. Bar chart showing mean cell counts per HPF for control Fig. 6. Bar chart showing mean cell counts per HPF for control and 
vessels and those exposed to PDT at 1 5, 2 5 and 6-7h following treated vessels harvested at 3 and 14 days followmg PDT at the 
sensltlsatlon from ammals sacrificed at 3 days Error bars represent same drug hght intervals. Error bars represent standard devlahons 
standard deviations (m) ALA control, ([2]) laser control, ([]) PDT (R) ALA control, ([~) laser control, ([]) PDT-3 days, ([]) PTD-14 
@ 1 5h, (~) PDT @ 25h, ([]) PDT @ 6-7h days 

Discussion the peak m the me&a being three times that of the 
mtima or adventitia. The large animal data presented 

This s tudy has established the pharmacoklnetics of 5- here, not  only shows that the peak activity level within 
ALA in the pig model,  shown that endovascular  light the media occurs between 5-8h,  but  also reveals that 
delivery is feasible and that vascular PDT results in an equivalent peak occurs in the adventitia, but  much 
medial VSMC depletion. Endothelial cell regeneration earlier. 
occurred whils tVSMC depletlon persisted and despite This has important  implications, firstly for the 
a period of endothelial denudation,  no neomtimal timing of PDT to reduce intimal hyperplasia and 
hyperplasla occurred. The pharmacokinehc studies secondly, the differential photosensitisation of the 
showed that a peak in PpIX activity in the media arterial wall raises the possiblhty that PDT could be 
occurred much  later than that expected from small used as an investigative tool for s tudying the role 
ammal  data. In Nyamekye ' s  work  23 using 5-ALA in of individual wall layers in the restenosis process 
the rat carotid model, peak PpIX activity occurred at It has already been suggested that the adventitia 
l h  post-dose m all layers, but  differred in magnitude,  plays a more important  role m restenosis than 
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previously thought, 28'29 but current techniques avail- treatment area. The development of a transparent 
able for studying the adventitia in isolation are PTA balloon has facilitated this and also established 
rudimentary. B° that the intra-arterial delivery of PDT with 5-ALA 

From the above pharmacokinetic studies, PDT was as a sensitiser is feasible and effective. Moreover, 
given at a number of time points to coincide with use of equipment currently used in clinical practice 
maximal sensitiser activity in the adventltia, then will make a clinical trial of the technique a practical 
media, and finally when activity was at a minimum, prospect with minimal modification. In the present 
The results of these experiments confirm the data study, up to 1950s were needed to produce 50 J/  
from small animal studies, i.e. that PDT can exert c I n  2 o v e r  the 4cm length of the balloon, but in recent 
an effect on the media which results in VSMC studies, optimisatlon of laser function has reduced 
depletion. Treatments at 5-7h post-dose showed a this time to 500s. 
significant reduction in the number of VSMCs within No complications were seen in any of the treated 
the media compared with controls. What is perhaps or control pigs. In particular, neither acute thrombosis 
more surprising is that PDT given at 1.5h post nor aneurysmal formation occurred. Although one 
sensitiser (coinciding with a peak in adventitlal may not expect the latter to have occurred in the 
activity) produced a similar depletion in the medial time frame studied, there is evidence that the cellular 
VSMC population. An obvious explanation for such depletion caused by PDT does not influence the 
an effect would be that the outcome as measured mechanical integrity of the arterial wall. Grant 32 has 
was far too sensitive and that PDT at any time after shown that the bursting pressure of arteries following 
photosensitlsation would produce the same effect. If PDT treatment using 5-ALA is no different from 
this was the case however, treating at 2-2.5h (with that of controls. Thrombosis, if it was going to occur, 
minimum activity in all layers) would lead to a would have been most likely in the first week, as 
comparable VSMC depletion. Although PDT at this there was denudation of the endothelial layer at 3 
time does show some depletion compared with days. All pigs were given heparin intraoperatively 
controls, it is of the order of 50% rather than 90% and aspirin perioperatively and by 14 days, marker 
depletion obtained at the other time points. The studies showed complete re-endothehalisation. It 
above variation in efficacy of PDT with time mirrors would therefore be unlikely that thrombosis would 
the fluorescence profile of 5-ALA, which lends occur later than this. 
validity to the observation that PDT at a time of Therapies directed purely at inhibiting neointimal 
selective adventitial sensitisation can cause medial hyperplasia have subsequently failed to prevent re- 
call depopulation. This may be due to a direct stenosis clinically and in large animal models. The 
effect by oxygen radicals generated in the adventltia emergence of remodelling as a concept was used as 
causing medial cell death or may be indirect, with an explanation for the failure of such therapies to 
adventitial cell death impairing nutrition of the completely abolish restenosis. Stenting inhibits both 
media, immediate negative recoil and remodelling. This work 

For PDT to be a practical adjunctive treatment to does not address the influence of PDT on the arterial 
prevent restenosis after PTA, it would have to be response to injury and remodelhng, but does show 
delivered at the time of PTA and via a percutaneous that persistent VSMC depletion can be achieved whilst 
technique. Previous vascular PDT studies have relied allowing re-endothelialisation. This may prove par- 
on external irradiation of an open artery, although tlcularly useful as a therapy to reduce the incidence 
Nyamekye et aI. 2B did experiment with an intra- of in-stent restenosis which is almost exclusively sec- 
arterial laser fibre. As well as satisfying the minimally ondary to intimal hyperplasia. 16 Currently there is 
lnvasive principles imperative in any percutaneous much interest in ionising brachytherapy as a means 
technique, intraluminal light delivery via a PTA of reducing restenosis gB-s5 and although early clinical 
balloon would solve two important problems; that results look promising, B6 the known long-term effects 
of centring and excluding blood from the treatment of ionislng irradiation may point to problems in the 
field. Vincent 31 has previously established that blood future. B7 It is possible that endovascular PDT using 5- 
significantly limited the transmission of red light, "ALA as a sensitiser is a safer but just as efficacious 
but the ability to irradiate via an inflated balloon alternative. 
effectively isolates a blood-free segment of arterial In conclusion, this study confirms the efficacy of 
wall for treatment. At the same time, the radially ~rascular PDT using 5-ALA as a photosensitiser in the 
diffusing laser fibre within the central channel of the pig model. It shows that endovascular delivery of light 
balloon leads to a relatively uniform circumferential via an appropriate PTA balloon is practical and does 

Eur J Vasc Endovasc Surg Vol 16, October 1998 



290 M.P.  Jenkins et aL 

n o t  g i v e  r i se  to  t h r o m b o t i c  c o m p l i c a t i o n s .  W e  h a v e  after coronary angloplasty. A serial mtravascular ultrasound 
study Ctrculatmn 1996, 94 3543 

s ince  e s t a b l i s h e d  t h e  e f f e c t i v e n e s s  o f  P D T  in  r e d u c i n g  15 Rub ANDERSON H, MAENG M, THORWEST M, FALK E Remodeling 
i n t i m a l  h y p e r p l a s i a  u s i n g  t h e  s a m e  t e c h n i q u e  in  a rather than neomtlmal formation explains lummal narrowing 
b a l l o o n  i n j u r y  m o d e l  a n d  a re  n o w  in  a p o s i t i o n  to  after deep vessel wall mjury Insights from a porcme coronary 

(re)stenosls model Ctrculatton 1996, 93 1716-1724 
p r o c e e d  w i t h  c l in i ca l  t r ia ls .  16 HOFFMANN R, MINTZ GS, DUSSAILLANT GR, POPMA JJ, PICHARD 

AD, SATLER LF, KENT KM, GRIFfiN J, LEON MB. Patterns and 
mechanisms of m-stent restenosls A serial mtravascular ultra- 
sound study Czrculat~on 1996, 94, 1247-1254 

] 7 BEDWELL J, MAcROBERT AJ, PHILLIPS D, BOWN SG Fluorescence 
Acknowledgements distrlbutlon and photodynamlc effect of ALA-mduced PPIX m 

the DMH rat colonic tumour model BrJ Cancer 1992, 65 818-824 
M P Jenkins is a Vascular Research Fellow funded by the Sir Jules 18 DARTSCH PC, ISCt-IINGER % BETZ E Responses of cultured smooth 
Thorn Charitable Trust Costs incurred m the above study were met muscle cells from human non-atherosclerotlc arterms and prim- 
by a grant from The Special Trustees of the Middlesex Hospital ary stenosmg lesions after photoradiatlon implications for pho- 
The authors acknowledge the International Cancer Research Facility todynamlc therapy of vascular stenoses. J Am Coil CardwI 1990, 
for the processing of all histological material 15' 1545-1550 

19 DARTSCH PC, ISCHINGER T, BETZ E. Differential effect of Photofrm 
II on growth of human smooth muscle cells from non-athero- 
sclerotic arteries and atheromatous plaques m vttro Arterio- 
sclerosls 1990, 10 616-624 

R e f e r e n c e s  20 ETON D, COLBURN MD, SI.IIM V, PANEK W, LEE D, MOORE WS, 
AHN SS Inhibition of intlmal hyperplasla by photodynamic 
therapy usmg photofrm J Surg Res 1992, 53' 558-562 

1 NOBUYOSHI M, KIMURA % NOSAKA H et al Restenosls after 21 ORTU P, LA MURAGLIA GM, ROBERTS WG, FLOTTE TJ, HASAN T 
successful percutaneous translummal coronary angloplasty' Photodynamic therapv of arteries A novel approach for treat- 
serial anglographlc follow up of 229 patients J Am Coll Cardzol men, of experimental" mtlmal hyperplasla Ctrculatzon 1992; 85 
1988, 12 616-623 1189-1196 

2 SERRUYS PW, FOLEY DP, KIRKEEIDE RL, KING SB Restenosis 22 GRANT WE, SPEIGHT PM, MACROBERT AJ, HOPPER C, BOWN SG 
xevlslted insights prowded by quantltatwe coronary anglo- Photodynamlc therapy of normal rat arteries after photo- 
graphy Am Heart f 1993, 126 1243-1267. sensitsation using dlsulphonated alun'umum phthalocyanme and 

3 JOHNSTON KW, RAE M, HOGG-JOHNSTON SA et al Five-year 5-ammolaevuhmc acid. Br J Cancer 1994, 70' 70-78 
results of a prospective study of percutaneous translummal 23 NYAMEKYE I, ANGLIN S, McEWAN J, MACROBERT A, BOWN S, 
angloplasty Ann Surg 1987, 206. 403413 BISHOP C Photodynamlc therapy of normal and balloon-inJured 

4 JOHNSTON KW Femoropophteal arteries reanalysm of results of 
balloon angloplasty Radwlo~j 1992, 183 767-771 rat carotid arteries using 5-amino laevuhnlc acid Ctrculatmn 

5 HOLMES DR, VLIESTRA RE, SMITH HE et aI Restenosls after 1995, 91 417--425 
percutaneous translummal coronary angloplasty (PTCA) a re- 24 NYAMEKYE I, BUANNACCORSI G, McEwAN J, MACROBERT A, 
port from the PTCA Registry of the National Heart Lung and BOWN S, BISHOP C Inhlbltlon of mtlmal hyperplasia m balloon- 
Blood Institute Am [ Cardzol 1984, 53 77c-81c mlured arterms with adjuvant phthalocyanme sensltlsed pho- 

6 BEATT KJ, SERRUYS PW, HUGENHOLTZ PG Restenosls after cor- todynamlc therapy Eur J Vasc Endovasc Surg 1996, 11 19-28 
onary angloplasty. New standards for Clmmal Stu&es J Ant Coll 25 MULLER DW, ELLIS SG, TOPOL EJ Experimental models of cor- 
Cardzol 1990, 15 491498. onary artery restenosls. J Am Coll Cardzol 1992, 19, 418-432 

7 AUSTIN GE, RATLIFFE NB, HOLLMAN J, TABEI S, PHILLIPS DF 26 FERRELL M, FUSTER V, GOLD HK, CHESEBRO JH A dilemma for 
Intlmal prohferatlon of smooth muscle as an explanation for the 1990s choosing appropriate experimental animal models for 
recurrent coronary artery stenosis after percutaneous trans- the prevention of restenosm. Czrculatzon 1992, 85' 1630-1631 
lummal coronary angioplasty J Am Coll Cat dtol 1985, 6 369-375 27 NYAMEKYE I, MACROBERT AJ, BISHOP CCR, BOWN SG Limitations 

8 CARTER AJt LAIRD JR, FARB A, KUFS W, WORTHAM D, VIRMANI of the rat carotid balloon de-endothehahsatlon model m arterial 
R Morphological characteristics of lesion formation and time photodynamm therapy a study using 5-ammolaevuhmc acid 
course of smooth muscle prohferatlon m a porcine prohferatlve Proceedings of the hzternatwnal Society for Optwal Engznee, tng (SPIE) 
restenosls model J Am ColI CardwI 1994, 24 1398-1405 1995, 2395 396-399. 

9 POST MJ, BORST C, KURTZ RE The relative importance of arterial 28 SHI Y, PIENIEK M, FARD A, O'BRIEN J, MANNION JD, ZALEWSKI A 
remodelling compared wlth mtlmal hyperplasla in lumen re- Adventltml remodeling after coronary arterial injury. Czrculatton 
narrowing after balloon angloplasty a study m the normal rabbit 1996, 93' 340-348. 
and hypercholesterolaemlc Yucatan mlmplg. Czrculatzon 1994, 89. 29 HHE~_NS TY, GONSCHIOR P, HOflINC B. Adventltla as a target for 
2816-2821 mtravascular local drug dehvery Heart 1996, 75 537-538 

10 ISNER JM Vascular remodelhng Honey I think I shrunk the 30 BARKER SGE, TILLING LC, MILLER GC, BEESLEY JE, FLEETWOOD 
artery Czrculatwn 1994, 89 2937-2941 G, STARVI GT et al The adventltia and atherogenesis: removal 

11 BROTT BC, LABINAZ M, CULP SC, FORTIN DF, VIRMANI R~ PHILLIPS initiates mtimal prohferatlon in the rabblt which regresses on 
HR, STACK RS Vessel remodeling after angloplasty comparative generatton of a "neoadventltIa" Atheroscleroszs 1994, 105' 131- 
anatomlc studies C~rculatzon 1994, 23 138A 144 

12 KOVACH JA, MINTZ GS, KENT KM, PICHARD AD, SATLER LF, 31 VINCENT MG, Fox J, CHARLTON G, HILL JS, MCCLANE R, SPIKES 
POPMA JJ, LEON MB Serial mtravascular ultrasound studies JD. Presence of blood significantly decreases transmtsslon of 
indicate that chronic recoil is an important mechanism of re- 630nm light. Lasers zn Medtczne and Surgery 1991, 11 399401 
stenosls following transcatheter therapy J Am Coll Cardzol 1992, 32 GRANT WE, BUONACCORSI G, SPEIGHT PM, MACROBERT AJ, 
21 484A HOPPER C, BOWN SG. The effect of photodynamlc therapy on 

13 MINTZ GS, KOVACH JA, JAVIER SP, DITRANO CJ, LEON MB the mechamcal integrity of normal rabbit carotid arteries 
Geometric remodehng is the predominant mechamsm of lafe Laryngoscope 1995, 105 867-871. 
lumen loss after coronary angloplasty Czrculatwn 1993, 88 (Suppl 33 SHIMOTAKAI-IARA St MAYBERG MR Gamma lrradmtlon rabbits 
I) 1-654 neomtimal hyperplasm m rats after arterial injury Stroke 1994, 

14 MINTZ GS, POPMA JJ, AUGUSTO DP et al Arterml remodeling 25 424-428. 

Eur J Vasc Endovasc Surg Vol 16, October 1998 



Intra-arterial PDT 291 

34 WIEDERMANN JG, MARBOE C, SCHWARTZ A, AMOLS H, W~IN- 36 TEIRSTEIN PS, MASSULLO V, JANI S et al Catheter-based ra&o- 
BERGER J Intracoronary irradiation markedly reduces restenosm therapy to inhibit restenosls after coronary stentmg N Engl J 
after balloon angloplasty m a porcme model J Am Coll Cardzol Med 1997, 336:1697-1703 
1994, 23 1491-1498 37 SCHWARTZ RS, KOMAL TM, EDWARDS, CAMRUD AR, BAILE~ KR, 

35 WAKSMAN K ROBINSON KA, CROCKER I, WANG C, GRAVANIS BROWNE K, VLIETSTRA RE, HOLMES DR Effect of external beam 
MB, CIPOLLA GD, HILLSTEAD RA, KING SB Intracoronary low- irradiation on neomtlmal hyperplasla after experunental cor- 
dose irradiation inhibits neomtima formation after coronary onary artery injury J Am Coll Cardtol 1992, 19 1106-1113. 
artery balloon mjury m the swine restenosls model Clrculatlon 
1995; 92 3025-3031 Accepted 24 March 1998 

Eur J Vasc Endovasc Surg Vol 16, October 1998 


