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Objertives. The purpose of this study was to evaluate the
efficacy of radiofrequency-powered thermal batloon angioplasty in
an in vivo porcine model.

Background. Various modes of thermal energy used adjunc-
tively during balloon angioplasty have d i the

multiple cold inflations were compared with multiple hot infla-
tions, two, tiree and four sequential hot inflations resulted in a
significantly greater increase in cross-sectional area tham an
equivalent pumber of cold mﬁamms {(p < 0.03).

to enhance the results of acute lumen dilation.

Methods. In no mal plgs, 75 peripheral arteries were difated
with a newly desi| P ed, thermal angio-
plasty balloon. All inflations were perfnrmed at 2-atm pressure for
85 5. Dilations were performed either with (hot) or without (cold)
the application of heat. Lumen di and vesset morp

Histologi ated a temperature.
dependent effect on the depth of medial necrosis and extent of
arterial wall thinning (p < 0.001) as well as evidence for uniform
alteration of elastic tissue fibers at temperatures of =60°C (p <
0.03).

Contlusians Low pressure radiofrequency thermal balloon

logy
were assessed with intravascular uiivasonography. At the end of
each study, dilated arferial segments were harvested for histalogi

giop results in a greater increase In cross-sectional area in
porcine peripheral arteries than does unonheated conventional
balloon angioplasty. The pathologic basis for this enhanced dila-

examination.

Results. Single cold ballocn inflations resulted in a 12.7%
increase in arterial cross-sectional area whereas single hot infla-
tions vesulted in a 22.9% increase (p < 0.03), Similarly, when

tion may be a temperature-dependent effect on medial necrosis,
thinning of the arterial wall or alteration of vascular elastic fibers,
alone or in combination.

(J Am Coll Cardiol 1993;21:1512-21)

Over thie last decade, p transluminal angiopl
has become an accepted therapeutic option for the treatmem
of obstructive vascular disease. Although the primary suc-
cess rate in both the peripheral and the coronary vasculature
exceeds 90%, the procedure remains limited by inadequate
primary dilation, abrupt vessel reocclusion and late resten-
osis. Efforts to deal with these problems have led to the
dovel of adsuncti i olasty techni A
the mechanical removal of tissue, direct laser ablation of
plaque and stenting of the vessel lumen. As yet, however,
these methods have not been universally successful in over-

coming the li of conv | angioplasty.
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Recently, attention has been focused on the concept of
thermally. mediated balloon angioplasty as another poten-
tially useful adjunctive technique. Thermal balloon angio-
plasty devices employing laser (1) or {2) energy
have been developed and tested in both animal and human
protocols. These devices have been reported to improve
fumen dilation over that achieved with conventional angio-
plasty and, in the case of laser balloon angioplasty, to sezl
vascular dissections (3). Most thermal angioplasty studies to
date have involved devices that produce tissue temperatures
>80°C. Little information is available on the potential utility
of thermal angioplasty using lower temperatures.

Radiofrequency energy has previously been used to cre-
ate surgical anastomoses in vascular tissue (4,5), to ablate
cardiac conduction tissue and muscle (6-8) and to recanalize
totally occluded vessels. Recenlly. a new balloon dilation
catheter has been designed that employs radiof}
circuitry and a variable output generator to heat balloon fluid
to a temperature that can be individually selected for a
variable duration. In the present study we evaluated this
device in normal porcine peripheral arteries. Specifically,
our aim was to determine: 1) the short-term efficacy of this
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tween the two plaiinum electrodes heating the ionic
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form of thermal angioplasty compared with that of conven-
tional bafloon angioplasty, and 2) the pathologic effects and
mechanism of action of the technique with a view to identi-
fying the optimal operating temperature for this device.

Methods

Overview of study design. Radiofrequency balloon angio-
plasty was performed on nghl and left caruud femordl and
iliac arteries in 18 h 1 pigs.

Distal lumen

1 5. A standard inflator (Advanced Cardiovascular Systems)
was used to inflate the balloon and monitor pressure. This
balloor reaches nominal size at 2 atm.

The intravascular ulirasound catheter (Diasonics and
Boston Scientific) consists of a 20-MHz, single-element,
mechanical imaging device enclosed in a 6F blunt tip sheath.
The catheter is connected to a console that displays two-
dimensional pictures of the structures surrounding the cath-
eler tip. Images are viewed in real time and stored onto

Each arterial segment was examined before and after balloon
dilation using intravascular ultrasonography to assess arte-
rial dimensions and morphology. All balloon inflations were
performed using 2-atm pressure, a balloon inflation time of
85 s and a mean balloon di ratio of

- [ d
vessel

vi pe for sub: review. The system is internally
calibrated to permit on-line or ofi-line measurements with a
spatial resolution <0.1 mm.

Animal preparation. Eighteen male or female adult pigs

weighing 18 1o 20 kg were premedicated with tiletamine/

1.31 = 0.07. Heated infl employing radiofrequency

energy (hot inflations) were perfermed at temperatures rang-
ing from 40° to 90°C. Balloon inflations performed without
the use of radiofrequency energy (cold inflations) served as
study controls. At the end of each study, each pig was killed
and the dilated arterial segments were pressure perfused and
isolated for histologic examination.

Equi The radiofrequency balloon catheter (Bos-
ton Scientific) consists of a 7F, triple-lumen, nylon shaft with
a 2-cm polyester balloon at the distal end (Fig. 1). Three
catheter lumens are used for passage of a guide wire, for
balloon inflation and deflation and as a channel for the
bipolar radiofrequency circuitry. A 100-W portable radio-
frequency generator (Boston Scientific) allows for a variable
output of continuous radiofrequency energy at 640 kHz. The
generated current is applied over two wires that terminate in
two platinum electrodes, | cm apart, located on the catheter
shaft within the balloon lumen. Current traveling between
the electrodes heats an ionic fuid within the balloon to 2
preset temperature up to 100°C. Temperalure is regulaxed 0

zol; (100 mg intramuscularly} and atropire (2 mg
i cuiarly), paralyzed with a connnuous mfumm of
succinylcholine and endotrach i d. A

was maintained with enflorane (Ethrane) and ventilation
provided by a volume respirator. Both external carotid and
femoral arteries were lated with 10F h ic vas-
cular sheaths by local cutdown. Heart rate and arterial
pressure were continuously monitored. Systemic anticoagn-
lation was achieved with intravenous heparin. A bolus
infusion of 200 U/kg body weight was given initially followed
by 160 U/kg per h. All experiments conformed to the guiding
prirciples of the **Position of the American Heart Associa-
tion on R h Animal Use,”” adi dby the A

in November 1984.

Protocol. In each pig, up to six separate arterial segments
{the right and left external carotid arteries, right and left iliac
avteries and right and left femoral arteries) were studied with
the foliowing protocol. The ultrasourd catheter was ad-
vanced into the vessel and baseline images were recorded.
Cn-line measurements of the lumen diameter and cross-
secnonal area were made from [he systolic stll frame

P

within 1°C by a ther

ating the { vascular d The intra-

Duration of energy output can be present in increments of

vascular catheter was then removed and a balloon catheter
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was advanced over a 0.035-in, {0.089 cm) J-tipped guide wire
so that the balloon was centered at the site of vltrasound
Forall a balloon size was chosen to
give a balloon/vessel diameter ratio of approaimately 1.3:1.
All inflations were performed at 2 atm for 85 s. For heated
dilations, radiofrequency energy was applied during the
initial 60 s of the balloon inflation; cooling of the balloon
occurred over the remaining 25 s before deflation. After
deflation, the balloon catheter was exchanged for the intra-
vascular ultrasound catheter and repeat assessments of
arterial dimensions and morphology were performed. The
vascular sheaths were flushed with heparinized saline solu-
tion after each catheter exchange. A typical study, consist-
ing of an ultrasound measurement, a bafloon dilation and a
repeat ultrasound measurement, was performed in 6 to
10 min.
Three methods were employed to ensure that the same
arterial site within each segment was used for all measure-
ments and inflations: 1) Radiopaque rods were positioned
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precise localization of the thermistor to cither the meiia or
the adventitia.

Data apalysis. The shori-term impact of heat on the
efficacy of dilation was analyzed by comparing the
ultrasound-derived initial cross-sectional area. postdilation
cross-sectional area and percent change in cross-sectional
area in vessels undergoing single hot versus single cold
inflations, as well as in those undergoing multiple hot versus
multiple cold inflations. For purposes of this analysis, the
first inflation in both the multiple hot and multiple cold
groups {i.e., a cold inflation) was alse included in the single
cold data, When analyzing the multiple inflation data, com-
parisons between hot and cold groups were made after
the same number of inflations had been performed in each
group (i.e., percent change in cross-sectional area after the
second inflation, the third inflation, and so forth, as com-
pared to the baseline cross-sectional area).

All uitrasound measurements were performed by two
experienced observers who did not know the specific dila-

under the pig to mark the site of uf tion p 1 employed. In addition, all ultrasound record-

2) catheter positions were marked on the fluoroscopic  ings were carefully reviewed by two observers to detect the

sereen; and 3) venous structures on the ul d freeze of arterial dissections. The incid of di

frame image served as landmarks. after hot and cold mﬂauons was expressed as the percent of
Four different inflation p 1s were employed, one of  inflations that resulted in di

which was used in each arterial segment, thereby creating
four groups for comparison. The single cold inflation group
included segments in which one nonheated inflation was
performed. The single hot inflation group compnscd those
segments in which only one radiofi

Pathologic changes in each arterial segment were evalu-
ated according to the following eight variables: intimal
damage, internal elastic lamina damage, medial necrosis,
dissection, delamination, elastic tissue alteration, compac-

tion or t} of the arterial wall, and thrombus (Table 1).

was performed. Within this group, arterial were
dilated at either 40°, 60°, 70° or 80°C. In the multiple cold
inflations group, two to seven inflations, none heated, were
performed in each segment. In the multiple hoi inflations
group, each segment was initially dilated with a cold inflation
that was then followed by one to six heated inflations. The
mean temp of the hot inil was 50° = 5°C (range
40° to 90°C). For both the multiple cold and multiple hot
inflation groups, arterial segments underwent serial dilation
until the cross-sectional area increased by at least 10% or a
total of seven inflations were performed.

On completion of the study, death was induced in each
animal with intravenous potassium chloride and the arterial
segments were excised and pressure perfused with 10%
buffered formatin. All dilated specimens were sent for patho-
logic analysis. After fixation, central, proximal and distal
sections of each segment were prepared for hematoxylin-
eosin and Verhoeff elastic tissue staining. Sections were
examined by two pathologists who did not know the specific
dilation protocof or the intravascular ultrasound data.

In five arterial not included in these p |
vessel wall temperature was measured with the use of a
needle thermistor. The needle was inserted into the vessel
wall before balloon inflation and heating. Simul

Delamination refers to the separation of myocyte layers.
Elastic tissue alteration refers to the straightening of the
normally buckled elastic fibers. For each variable, each
segment was given a numeric rank and intermediate grades
were assigned a value of 0.5 (i.c., 1+ to 2+ was recorded as
1.5).

Statistica. The results are presented as the mean value =
SD. Comparisons between individual groups for the contin-
uvously distributed variables were performed using either an
unpaired Student ¢ test for the normally distributed variables
or 2 Mann-Whitney test for the variables that were not
normally distributed. Comparisons between the multiple
temperature subgroups were performed using analysis of
variance. For categoric data, either the Fisher exact test or
chi-square analysis was used as appropriate. For pathologic
variables measured on an ordinal scale, a Kruskall-Wallis
analysis or a Mann-Whitney test was used. A p value < 0.05
was consldered sngmﬁcant

To d errors in intr
cross-sectional area measuremems, two cycles from each of
10 arterial were analyzed ind
by each of two different echocardlogmphcrs (observers). A
total of 80 measurements were made and input into the SAS

1 . Iy

balloon and thermistor temperatures were then recorded
during a heated balloon infle*ion. Although i d tem-

| soft (5) running on an IBM mainframe com-
puter, using the NESTED procedure. The components of

perature could be measured, this method did not permit

of cro: 1 area, exp d here as dard
deviations, were estimated to be: cycles 0.0017 cm?; observ-
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Tabdle 1. Criteria Used for Histologic Examination

Grade Definition
Intimai damage
0 Absenl
1+ Focal
2+ Diffuse
Internal elastic lamina
[ Present
1+ Focally absent
2+ Diffusely damaged or absent
Medial necrosis
Absent
i+ Involving inner third of media
2+ Involving entire media
3+ Involving cntire media and sdventitia
Dissection
Absent
(+ Extending to inner third of media
2+ Extending 10 outer third of media
3+ Extending through media into adventitia
Delaminatian
o Absent
13 Partial and focal
2+ Full thickness and diffuse
Elastic tissue
[] Siright
1+ Focally buckled
2+ Diffusely buckled
Compaction
hinni
of arterial wall}
0 Absent
1+ Involving inaer third of vessel wall
2+ Involving inner third to half of vessel
wall
3+ Involving outer hall of vessel wall
Thrombus
0 Absent
1+ Mural
2+ Partially occlusive
3+ Totally occlusive
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performed in 30 The mean for the
multiple hot inflations was 50° = 5°C (range 40° 10 99°C).
Among the four comparison groups, there were no signif-
icant differences in balloon/vessel diameter ratio, initiat
lumen cross-sectional area or distribution of carotid, femoral

and iliac During all infk the heart rate,
cardiac rhythm and sy ic blood ined sta-
ble.

Quantitative intravascular oltrasound measurements.
When single cold inflations were compared with single hot
flati both CTOSS- | area and percent
change in cross-sectional area were significantly greater in
the hot group (the respective values were 0.208 + 0.05 cm®
vs. 0.229 + 0.06 cm?, p = 0.04; and 12.7 + 19.9% vs. 22.9 =
25.0%. p = 0.03). Figure 2, A and B, demonstrates intravas-
cular ultrasound images before and after cold and hot
mﬂauom Although the size of the study group precluded
bgroup analysis, the greatest in-
CTEAsE in Cross- sect\onal area was found with the 70°C group
{12.7 = 19.9% vs. 31.2 = 21.6%). Data comparing single cold
and single hot inflations ave summarized in Table 2.

When the multiple cold and muliipfe hot indation proups.
were compared, significantly greater values for cross-
sectional area and for percent change in cross-sectional area
were noted in the hot group, as compared with the cold
group, for two, three and four inflations (p < 0.03); however,
no significant difference was seen for inflations five, six and
seven. Multipte cold and hot inflation data are summarized in
Table 3.

of arterial dissecti The incidence of arterial
dissections was based on the intravascular uitrasound im-
ages of 216 inflations in 75 arterial segments. Six inflations
were not included in this analysm because they were per-
formed ina afterad d. Among the
cold inflations, there were 3 dissections (3.8%) in 80 infla-
tmns as compared with 1 dissection (0.7%) in 136 hot

Each dilated arterial segment that uaderwent histologic examinetion was
graded according to these criteria.

ftations (p = 0.14). Balloon/vessel diameter ratios were fiot
significantly different between the hot (mean 1.31 + 0.07, all
inflations) and cold {mean .31 * 0.07, all inflations) groups.
Histologic examination. Histologic examination was per-
formed on a study subset consisting of 8 single cold inflation

ers {interobserver) 0.0009 cm®, and repli (intraob- 24 single hot inflation segments, 8 multiple cold
server) 0.0016 cm?. Theref the best of error and 20 multiple hot inflation segments.
expected in a single cross: ional area is  Fifteen segments (1 single cold, 4 slng]e hc\ and 10 multiple
0.0026 cm?. hot) were found to be itable for 4 i lysis by
two pathologists who did not have access to the dilation
| employed i I sound data.
Results ployed or the ultra

In 18 pigs, a total of 222 inflations were performed in 75
arterial segments with a balloon/vessel diameter ratio of
1.31 £ 0.07 (range 1.15 to 1.41). Single cold inflations were
performed in 47 segments and single hot inflations in 28
segments. In the single hot group, seven segments were
dilated at 40°C, eight at 60°C, six at 70°C and seven at 80°C.

In the multiple cold group, 41 inflations were performed
in 8 segments, in'the multiple hot group, 144 inflations were

Segments subjected to a single cold inflation demon-
strated smooth muscle cell nccrosis that extended, on the
average, into the inner one third of the media (mean grade
L1 £ 0.5). The outer one third of the media and the
adventitia demonstrated no significant evidence of necrosis
or disruption, and there was minimal compaction and thin-
ning of the vessel wall (mean grade 0.9 = 0.5). Of the eight
segments, six demonstrated straightening of the rormally
buckled elastic fibers, five showed diffuse absence of the
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intima, four showed focal damage or absence of the internal
elastic lamina and six showed focal or absent delamination.
Only one segment was dissected. In five of the eight seg-
ments some degree of thrombus was present.

With the application of radiofrequency energy in the
single hot inflation group, there was a significant increase in
the depth of medial cell necrosis (p < 0.001) and vessel wall

Table 2. Single Cold Versus Single Hot Inflations

JACC Vol. 21, No. 6
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Figure 2, Intravascular ultrasound images of a
porcine iliac artery segment. A, Effects of a cold
balloon dilation. At baseline (left panel), lumen
cross-sectional area was 0.19 cm®. After a cold
dilation (right panel), the cross-sectional area was
0.20 cm®, a 5% increase. B, Effects of a hot
balloon dilation. Before heated dilation, lumen
cross-sectional area was 0,21 ¢m® (left panel).
After dilation at 70°C., the cross-sectional area
was 0.33 em?, a 57% increase (right panel). The
Tumen to the right of the artery is the iliac vein. In
both A and B, the civcular white shadow in the
vessel lumen i i d
catheter artifact.

compaction and thinning (p < 0.001) with increasing temper-
atures, At each ively higher temp , COmpac-
tion and necrosis extended deeper into the wall. In general,
compaction extended into the inner third of the media at
40°C (mean grade 0.8 + 0.5), the inner half of the media at
60°C (mean grade 1.7 = 0.6), and was between half and full
thickness at 70° (mean grade 2.2 + {.6) and 80°C (mean grade
2.3 £ 0.6). Cellular necrosis involved the inney third of the

Table 3. Multiple Cold Versus Multiple Hot Inflations

Inflations
Single Cold Single Hot Infiations
(n=47) (n=28) p Value Multiple Cold Multiple Hot p Value

nflation temperature No. of segments

Cold inflation 47 Q Inflation 2 8 30

40 7 Infation 3 6 20

60° 8 Inflation 4 6 7

w ] Inflation 5 6 u

80° 7 inflation 6 4 1
Balloon/vessel 1.30 = 0.07 1.31 £ 0.06 NS Inflation ? 3 9

diameter ratio Balloon/vessel 1.31 £ 0.06 1.31 £ 007 NS

C5A tem?) diameter ratio
Before dilation 0.186 £ 0.04 0.188 = 0.03 NS Predilation CSA (cm?) 0.181 £ 0.03 0.092 = 0.4 N§
After dilation 0.208 + 0,05 0.229 = 0.06 0.04 Change in CSA (%)

Change in CSA (%) Inflation 2 638 = 10,10 21.83 = 2178 0.03
Total group 127£199 29250 0.03 Infiation 3 3.00 > 99 2015 £ 19.60 0.03
4°c 189 + 26,5 NS Infation 4 5.00 = 13.56 28.24 = 25.76 0.03
60°C 235+ 189 NS Inflation 5 170 = 2018 2. =208 0407
nwe 312215 NS Inflation 6 15.25 £ 7.50 N2 +2028 0.08
80°C 19.0 £ 34.7 NS Inflation 7 BOI015 34333830 0.09

All values are expressed as number of inflations or mean value * SD.
C8A = cross-sectional area.

All values are presented as number of inflations or mean value + SD.
CSA = cross-sectional area.
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Figure 3. Photomicrographs of porcine
carotid arieries demonstrating the effect
of & heated inflation on the width of the
arterial wall. The specimen on the right,
which was dilated at 70°C., is com-
pressed and thinned compared with the
nondilated control specimen on the left.
Verhoefl elashic tissue siain %60, re-
duced by 30%.

media at 40°C (mean grade 1.2 = 0.5}, the inner half at 60°C
(mean grade 1.6 = 0.4) and the entire media at 70° (mean
grade 2.5 * 0.6) and 80°C (mean grade 2.7 = 0.7). Adventitial
necrosis was present in both the 70° and 80°C groups, with
more extensive involvement at 80°C. There was no adverti-
tial damage in any specimen heated at <60°C.

There was also a significant effect of heat on the elastic
tissue fibers. With temperatures of =60°C, all segments
demonstrated straighteniag of the normally buckled elastic
fibers. As compared with the combined cold and 40°C
groups, this finding was significant at the p = 0.03 level.

With respect o the internial efastic lamina, there was signif-
icantly less damage with the single hot dilations {(mean grade
0.15 = 0.4) than with the single cold dilations (mean grade
0.5 £ 0.5) (p < 0.05). Intimal damage was extensive in both
groups, although then: appeared to be less intimal trauma with
the single cold inflations (p < 0.05). With respect to delamina-
tion, dissection and thrombus, there was no significant differ-
ence between the single hot and singie coid groups.

In general, as compared with the segments that under—
went a single inflation, the s d to multipl
inflations had a greater degree of internal elastic lamina
damage (p < 0.01), delamination (p = 0.01), dissection (p <
0.01) and thrombosis (p = 0.04). There was no significant
difference between single and multiple inflated segments
with respect to degree of intimal damage, effect on the elastic
fibers or the extent of compaction or medial necrosis.

Among the multiple inflation segments, there was no
significant difference between the heated and heated
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group the depth of medial necrosis appeared to increase with
increasing temperature (p < 0.01) as did the degree of wall
thinning (p = 0.05). Examples of histologic changes with
cold and hot inflations are presented in Figures 3 to 5.

Thermistor data. In the five vessels m which the wall
lemperature was d, the i re-
mained within 1°C of the balloon temperature throughom the
period of heating with a lag time of 1 to 2's.

Discussion

This study has d ated that low p radio-
frequency-powered thermal angioplasty of normal porcine
peripheral arteries results in a greater increase in lumen
cross-sectional area than that achieved with conventional
balloon angioplasty. The histologic basis underlying the
enhanced dilation appears to be a temperature-dependent
effect on the depth of medial cell necrosis, vessel wall
compacnon and alteration of elastic tissue fibers.
It is notable that
single hot inflations resulted in an 80% greater increase in
cruss-sectional area than that of single cold inflations (22.9%
vs. 12.7% increase). Although the individual temperature
subgroups were too small to precisely determine the optimal
temperature for dilation, the effect of heating was mosl

segments with respect to amount of intimal damage, internal
clastic lamina damage, delamination, medial di elas-
tic fiber straightening or degree of thrombus. However, as
with the single inflation segments, in the multiple inflation

ed in the 70°C subgroup whxch d da

146% greater i in cross: | area compared with
that in the single cold group (31.2% vs. 12.7% increase).

When multiple inflations were performed, there was a

significantly grealer dilation with two, three and four hot
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as pared with an equi number of cold
inflations, The change in cross-sectional area after five, six
and seven inflations did not reach statistical significance.
The lack of a significant heat effect with more than four
inflations may be due to an effect of multiple dilations that is
independent of heating. It may also relate to the small
number of segments in these groups.

Evaluation by intravascular ultrasound detected very few
dissections even though the balloon was routinely oversized.
This may be explained, at least in part, by the fact that these
were nonatherosclerotic vessels. No significant difference
was found between the hot and cold groups with respect to
the incidence of dissection.

Pathologic observations. There are several interesting
pathologic correlates to the intravascular ultrasound data.
1) Despite greater dilation with heated inflations, there was
no increase in the extent or presence of dissection, the
degree of vessel delamination or the extent of internal elastic
lamina damage when compared with findings after cold
inflations. In fact, heating appeared to attenuate distuplion
of the internal elastic lamina.

2) The observed straightening of elastic tissue fibers may
be associated with a loss of tissue elastic properties. The
finding that this straightening was most pronounced in the
temperature range at which the greatest dilation occurred
{€.8., 60° to 70°C) suggests that improved dilation may reflect
an alteration of these fibers, In the multiple inflation group,
we did not find a specific effect of heat on elastic tissue

igh It is possible that multipie inflations bave an
independent effect on elastic tissue straightening, thereby
making it difficult to assess the effect of heat in this situation.

3) The consistent relation found between temperature and
depth of wall injury suggests that the ability to regulate
balloon temperature may permit precise control of the de-
gree of vascular injury. This concept is further supported by
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Figure 4. High power photomicrographs of fem-
oral asteries treated with a cold inflation (left
panel) and a hot infiation at 60°C (right panel).
Pyknosis and "*wrinkling™* of the nuclei (arrows)
is present throughout the heated specimen but is
confined to the lumen (top} side of the media in
the nonheated specimen in which the outer por-
tion appears normal. Hematoxylin-eosin X625,
reduced by 20%.

the observation that intramural thermistor-measured tem-
perature closely paralleled intraballoon temperature without
a significant time lag. The ability to control injury may be an
important and useful property of thermal conduction heat-
ing.

4) It is notable that both hot and cold segments demon-
strated a significant p of thrombus after angioplasty,
although the amount of thrombus was not affected by heat.
With regards to this finding, a previous study (10} has
3 d a high thrombotic tendency in the porcine
angioplasty model, with a 50% incidence of thrombus in
conventionally dilated arteries.

Possible mechanisms of radiofrequency plasty
Previous studies of conventional, nonthermal balloon angio-
plasty have ascribed vascular dilation with that technique to
stretching of the normal vessel wall and cracking of the
atheromatous plaque (11-13). A dilated vessel usually does
not maintain the cross-sectional area it attains while the
balloon is inflated, implying some degree of immediate recoil
(14). The mechanism of this recail js unclear but may involve

bound of elastic el (14,15) or iction by
myocytes (16).

1) Radiofrequency warming of the vessel wall during
balloon inflation may improve dilation by attenuating this
phenomenon of immediate recoil through several mecha-
nisms. 1) Immediate recoil may be due to the rebound of
stretched ¢lastic clements in the vessel wall. Jenkins and
Spears (17) has noted that elastic fibers are straightened
permanently with laser balloon angioplasty and attributed
the decrease in recoil to this phenromenon. In the present
study, straightening of the elastin fibers occurred consis-
tently when a temperature of >60°C was employed. This
pathologic change may be a correlate of a decrease in
elasticity and be responsible for the improved dilation seen
with the heated inflations.

heated anzionl:
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Figure 5, A and B, Medium power
photomicrographs of carotid arteries
after balloon dilation. A, After dilation
at 40°C, this specimen demonstrates
buckled and widcly spaced elastic lam-
inations (arrow). B, After dilation at
70°C this specimen clearly demon-
strates straightening and compression
of the elastic laminations {arrow) com-
pared with those in A. C, Medium
power photomicrograph of an iliac ar-
tery at the transition zone (arrow) be-
tween a nondilated. normal segment of
the artery (left side) and a region dilated
at T0°C (right side). The effect of heat
on compression and straightening of
the elastic tissue fibers is clearly dem-
onstrated, A to C, Yerhoef elastic tis-
sue stain x 250, reduced by 30%.

2) The p ial role of iction in immed laser heating of the vessel. In our study, the exteonf
recoil (16) may have been attenuated by the destruction of  myocyte mecrosis was directly related to temperature, with
myocytes. In this regard, Jenkins and Spears (17) has noted  the entire media being involved at 70°C.
that coronary iction is completely inhibited with 3) Thermal alteration of protein structure may be another
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factor resulting in the attenuation of immediate recoil. Struc-
tural protein and collagen are denatured at 60° to 70°C (18)
and previous studies have demonstrated that heat can rear-
range collagen substructure (19,20). The resultant remodel-
ing of vessel microstructure may be the basis for the de-
creased recoil and the improved dilation found in this study.
As cooling occurs while the balloon remains inflated, reform-
ing collagen bonds may lock the vessel wall into this new
dilated state and prevent immediate recoil.

4) 1t has recently been d d that radiofreq
balloon heating sxgmﬁcamly increases comp]lance of the
vessel wall in an in vitro model utilizing porcine peripheral
arteries (21). The pathologic basis for this observation may
be the denzturation of proteins, alteration of elastic tissue
and necrosis of myocytes demonstrated by this study. The
resultant decrease in resistance of the vessel wall to stretch
(i.e., vascular softening) may facilitate dilation.

5} Finally, the temperature-dependent compaction and
thinaing of the arterial wall may have also partially contrib-
uted to the increased lumen size.

Comparison with laser balloon angioplasty. Low pres-
sure, radiofrequency balloon angi differs from laser
balloon angioplasty, the only other extensively evaluated
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dali

not study the effect of radiofreq heating on
atheromatous plaque or determine whether the technigue
would cause a significant dilation in an atheromatous vessel.
However, recent studies by Lee et al. (26) and by Deutsch et
al. (27), do suggest that radiofreq balloon angioplasty
is more efficacious than con | balloon lasty in
human postmortem atherosclerotic vessels.

2) Although this study compared the use of heated and
nonheated balloon dilations, direct comparison with cenven-
tional balioon angmplasty is limited by our use of oversized
balloons and low inflation p Typically, conventional
balloon angioplasty employs a balloon/vessel diameter ratio
of 1.0 and inflation pressures ranging between 6 and 12 atm.
B we used vessels, g of the
balioon was necessary to effect vascular dilation. Because
this balloon attains nominal size at 2 atm, this pressure was
chasen to difate the vessels as atraumatically as possible
while still guaranteeing full balloon inflation.

3) The generally low incidence of dissections, possibly
due to the absence of plaque in this nonatherosclerotic
model, makes it difficuit to determine if low pressure,
radiofrequency angioplasty has any effect upon the occur-

thermal balloon technique, in several important ways. Laser
angioplasty imparts energy to the vessel wall through spec-
tral absorption, its interaction with the vessel therefore
being, to a large extent, dependent on the optical properties
of the tissue (22,23). In contrast, radiofreq y balloon

rence of di This issue may be better addressed with
atherosclerotic vessels, which are more prone to dissection
with balloon ditation.

4) This study did not include a long-term follow-up phase,
thereby precluding evaluation of such important issues as

angioplasty imparts energy to the vessel through thermal
conduction with the transfer of energy being dependent on
the thermal conductive properties of the vascular tissue.
The depth to which the vessel wall is affected may also
differ significantly with these two techniques. Depth of
penetration with laser energy is dependent on the laser dose
employed and the degree of energy absorption and reflec-
tion. At laser doses designed to heat vascular tissue to
temperatures of 80° to 100°C, Jenkins and Spears (17) have
demanstrated tissue damage at a depth of | to 6 mm. With
radiofrequency balloon angioplasty, the depth of p

is and aneurysm formation.

Conclusions. This study of normal porcine peripheral
arteries has demonsirated that the addition of low tempera-
ture, radiofrequency heating to low pressure balloon dilation
resblts in a significantly greater lumen dilation than is
achieved without such heating. This enhanced dilation was
observed with both single and multiple inflations. The basis
for this enhanced dilation may be increased myocyte necro-
sis, alteration of the elastic lissue or thermal alteration of

| protei Thc supenonty of low pres-
sure, radiofreq| ioplasty over
mal angioplasty needs to be further tested in atheromatous

is dependent on the balloon/vessel wall temperature gradient
and the thermal conductive properties of the vessel wall, In
this study, when the temperature was confined to <60°C, the
maximal depth of tissue damage was 360 zm, never extend-
ing into the adventitia. Depth of penetration may be impor-
tant when considering the possibility of late aneurysm for-
mation as this is associated with transmural damage (24).

Low icmperature radiofrequency angioplasty presumably
will not desiccatc thrombus or seal intimal flaps, both of
which are important mechanisms of laser balloon angio-
plasty (22). The d ion of thrombus requires pera-
tures high enough to vaporize water, and wark with laser
angioplasty has demonstrated that tissue welding requires a
temperature of at least 80°C (25).

Study limitations. There are several important limitations
of this study, I) The experiments were performed with
normal, nonatherosclerotic vessels. As a result, we could

vessels.

We acknowledge Laura Maffucci, CST, AS, who assisted in the animal
preparation and Scott Manti, PhD, who performed the statistical analysis.
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