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ABSTRACT - Purpose: To investigate the effects of external gamma radiation on rat femoral
artery reimplant. Methods: Sixty-two male Wistar rats were distributed in two groups I (Control)
and II (Irradiated), both formed by three observation subgroups: 2 (10 animals), 7 (11) and 21(10)
postoperative days (PO). The right femoral artery of each animal was split up and reimplanted
(end-to-end anastomosis), through microsurgery technique. In the first PO day group II animals
were irradiated with a single dose of 15Gy, external source. The histological analysis, qualitative
and descriptive analysis, was accomplished through hematoxylin and eosin (HE), Verhoeff and
Masson trichromium methodology. Morphometric analysis was realized in the same slides used to
histological analysis stained by HE. Computer software was used to quantify morphological alterations
of the vascular wall, by processing captured images from a microscope. It was analyzed the
intimal layer (intimal hyperplasia and endothelium cells formation) and the nuclei percentage of
smooth muscular cell in the medium layer and in the intima hyperplasia. The data were treated
applying the statistical tests: Fisher’s exact, Chi-square, Mann-Whitney, Kruskal-Wallis and analysis
of variance (p < .05). Results: The patency graft was observed by microscope distal to the
autograft in 93.5% (29/31). It was observed that the gamma-radiation reduced the degree of covering
of the vascular wall for the neo-formed endothelium. The nuclei percentage of smooth muscular
cells, in the media, was smaller compared to control animals, although it was no significant for the
studied sample size. The irradiated group showed a significant lower luminal stenosis and the
intimal hyperplasia occurrence. In this group the percentage of smooth muscular cells proliferation,
in the media, were significantly lower for 7 and 21 days of observation. Conclusion: The external
single dose of 15 Gy gamma-radiation delivered at first postoperative day may inhibit the endothelial
cells regeneration and the percentage of lumen stenosis and prevents intimal hyperplasia, in the 2,
7 and 21 PO on femoral artery autograft in rats.
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Introduction and migration of medial smooth muscle cells (SMC)
Intimal hyperplasia is a result of the vessel wall’s ~ with associated deposition of extracellular connective
response to injury and characterized by proliferation  tissue matrix' -2,
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To a certain extent, intimal hyperplasia is present
in all types of vascular reconstructions including
autologous and prosthetic grafts®, found in solid organ
allografts, having a substantial role in chronic reaction®*->
and it 1s responsible for restenosis following angioplasty,
particularly with stenting ©).

This process causes intimal thickening leading to
luminal stenosis or restenosis and complicates a significant
part of endovascular and open vascular procedures, which
often translates into clinical ischemia’ % .

Therefore, the control of intimal hyperplasia would
have important clinical applications. Several strategies
have been tested and studied in an attempt to control
mtimal hyperplasia including pharmacological agents,
new mechanical devices and gene therapy®-'°-!'.
However, the modest success achieved in animal
models could not be reproduced in clinical trials.

The search for newer prevention modalities has
focused on the area of ionizing radiation, a potent
antiproliferative agent, which has been utilized for decades
by oncologists to control cellular proliferation in both
malignancy and benign proliferative conditions®!!12 .

Gamma radiation affects self-renewing tissues by
causing cell death during cell division and limiting
proliferation. Since proliferative cells are radiosensitive,
radiation therapy may be useful'®:14-15

Vascular SMCs are normally not actively dividing
cell populations. However, vessel injury can induces a
hyperplasic response of SMCs within the vessel wall
characterized by SMC proliferation and migration; it
follows that radiation should effectively inhibit intimal
formation in rapidly dividing SMCs'¢-!7,

To define the in vivo effect of external gamma-
radiation on anastomotic arterial autogenous graft wall
with emphasis on neo-formed endothelium, actively
proliferating SMCs in medial layer and in IH, and its
implications on stenosis, we used rat femoral artery
autograft to stimulate IH and delivered a single dose
(15Gy) gamma radiation to injured vessels at first
postoperative day.

The aim of this study was evaluation of the effects
of gamma radiation on femoral artery reimplant in rats.

Methods

This experimental study was approved by the Sao
Paulo Hospital Institutional Ethical Research Committee
of Universidade Federal de Sao Paulo — Escola Paulista
de Medicina (UNIFESP-EPM) (protocol 928/99) and
the * Guide for Care and Use of Laboratory Animals™
(%) (of the United States Society for Medical Research)
was followed.

Male Wistar rats (Charles River Laboratories,
Wilmington, Delaware.), weighing 450 to 550 g, three-
to four- months old, were obtained from Centro de
Desenvolvimento de Modelos Experimentais para
Medicina e Biologia (CEDEME / UNIFESP-EPM) was
used in experimental study.

It was administered xylazine (10mg/Kg
subcutaneous) and anesthetized with intraperitoneal
chloral hydrate (15mg/Kg) and thiopental sodium
(30mg/Kg). So they were laid on a heating pad,
controlled to 37°C.

The right femoral artery of cach animal, 3 mm-
long segment, was split up. The lumen was flushed
with heparinised saline and the segment stored in
heparinised saline for 10 minutes. So it was performed
the reimplant under microscopic magnification by means
of eight to ten evenly spaced 10-0 monofilament nylon
suture at each anastomosis.

Then it was waited 10 minutes and patency graft
observed by microscope mainly distal to the graft. Only
the patent grafts were considered for study.

In the first PO both animals group received
xylazine (10mg/Kg subcutancous) and thiopental
sodium (30mg/Kg intraperitoneal). They were
distributed in two groups: I (Control) and II (Irradiated),
formed by three subgroups: 2 (10 animals), 7 (11) and
21 (10) postoperative days (PO).

Group II animals were placed in a thermical custom
(37° C) and the right femoral artery was exposed to a
single dose of 15Gy gamma radiation. This radiation
was calculated in the wounded area of the skin, using
%Co source (CGR, Alcyon II) delivering 64,09 cGy/
min, being positioned on an acrylic shield 5x5cm field
with 0.5 cm thickness, at 80 cm from emitter source
in the Radiotherapy Section from Medical Department
UNIFESP-EPM.

The rats were anaesthetized as initial operation at
2,7 and 21 PO and tissue samples containing the graft
and about 2 mm of the adjacent femoral artery were
harvest and stained with hematoxylin and cosin,
Verhoeff and tricromic Masson.

The euthanasia was realized in anesthetized rats
by an overdose of 19.9% KCI, in the right femoral vein.

Histological analysis: After being blocked in
paraffin vascular tissue was cut in transversal sections
(4 mm thick). All sections were examined with a light
microscopy. The anastomotic region with the best image
was chosen to analyze it.

Descriptive and qualitative analysis was realized
in the anastomotic area graft in all vascular wall. The
following specific features were observed for:
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1. Endothelial cells regeneration. The internal
clastic lamina (IEL) was first identified, and the
presence was determined by the presence of nuclei of
endothelial cells above the IEL. Presence of one nucleus
in one high-power ficld (X40 objective), however, may
be due to artifacts. Therefore, the presence of at least
two nuclei in one high-power field (X40) was taken as
the criterion for endothelial cell regeneration' .

2. Intimal hyperplasia (IH). If the cellularity of
smooth muscle cells above the internal elastic lamina
was increased to more than two cells layers in thickness,
the specimen was classified as positive for [H. A
thickness of two cell layers or less is not significant,
as oblique cuts of a normal intima may give this picture'.

3. Reaction of foreign-type to the nylon thread in
the adventitial tunica. Presence of Langhans’ or
foregein-type giant cells.

4. Medial necrosis. Evidence of loss of nuclei,
thinning, or fibrinoid degeneration.

Morphometric analysis: A morphometric analysis
was preferencial on the same sections utilized for
qualitative and descriptive analyses.

Color video images of grafts sections (280x360
mm ficlds) were captured (Video Capture Tool.
Microsoft Video Cap., Windows 98) using a 10x or
40x objective (Carl Zeiss/Axiostar microscope) and
digitalized by a video camera (Sony Hyper HAD), via
an Intel, 350 MHz/64 Mb RAM (Pentium IT) computer
running a software to quantify morphological alterations
(Imagelab 2000).

The region of interest of each captured image was
indicated by the operator and its arca was automatically
analyzed by the software after standardization with a
microscale slide in mm.

For the comparison of intimal hyperplasia
development video images were captured with 10x
objective, and stenosis percentage of the luminal area
were calculated and described as the stenosis
percentage: anastomotic graft cross-sectional area of

the vascular luminal (L) / vascular luminal + intimal
hyperplasia areas x 100.

In order to evaluate the percentage of smooth
muscle cell present in intimal hyperplasia and in media
layer the digital images (40x objective) were captured
to computer software that quantified the nuclei of these
cells (indirect measurement). The color images were
splitted into their red, blue and green components. The
percentage presence of SMC nuclei was observed at
green histogram.

Each sclected image was measured five times and
the average was determinate.

Statistical analysis: The data were treated applying
the statistical tests: Fisher’s exact or Chi-square to
compare groups. Kruskal-Wallis analysis of variance
by ranks to compare the weight variation, % smooth
muscle cell percentage. Mann-Withney test to compare
two independents groups, smooth muscle cell nuclei
in the media layer and in intimal hyperplasia. The level
of significance was set at p < .05 or 5%.

Results

Rats tolerated the surgery and the 15 Gy irradiation
without apparent effect, except mild depilitation at the
irradiation site at 21 PO. The patency rate graft,
evaluated by microscope mainly distal to the autograft,
was observed in 29/31 grafts (93.55%) in both groups.
There was no mortality in both groups. None of the
groups had thrombosis dependent on the time of
examination after operation.

Histological analysis

Histological analysis demonstrated endothelial cell
regeneration significant in control group. All samples
at 7 and 21 PO had endothelial cells in vascular lumen.
All grafts of experimental group were denuded of
endothelial cells at 2 days after grafting, which was
significant compared with 7 and 21 PO subgroups
(Table 1, Figure 1).

TABLE 1 - Porcentage of animals with present endothelial cells in the grafted femoral artery anastomosis.

Subgroup Control Group Irradiated Group Among PO days
(n=31) (n=31)
Postoperative (PO) day n_(n) n. % n_(n) n_% P value®
2 3 (10) 30 0 (10) 0 0.10 (NS)
7 10(11) 90 4(11) 36 0.01 (*)
21 10(10) 100 7(10) 70 0.11(NS)
Within each group, P value®0.0005 (*) 0.005 (*)

(P value determined with Fisher exact test among groups of the same PO day or ®¢? within each group; (,)
statiscally significant differences (P<.05); NS, no statiscally significant; n, total number of animals in cach
group: n, number of animals analyzed with present endothelial cells in each PO: (n)), total number of animals

analyzed in each PO
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FIGURE 1- A and C show cross-sections of two grafted femoral arteries of control animals, B, D the same for two irradiated animals;
Double arrows («) show intimal hyperplasia, IH, between vascular lumen and internal elastic layer (I, tortuous sctructure) in graft
femoral artery sections at 21 PO; Arrows (A, B, C and D) located inside arterial lumen appear for neoformed endothelial cells on HI;
A, B, C and D show medial layer identified by the letter m. All present nuclei of SMCs were stanned in blue (hematoxylin and eosin).
Magnification: 40X magnification.

The thickness of the intimal hyperplasia was not  formation was revealed in all specimens at 21 PO
uniform and varied greatly within and between grafts  suggesting that this disease experimental model was
of the same age. Control group showed a significant  suitable to develop intimal hyperplasia in the PO
improved in intimal hyperplasia 21 PO compared with  observation and might be used as control group to
2 and 7 PO (Table 2, Figure 2). Intimal hyperplasia  evaluate the effects of radiation.

TABLE 2 - Porcentage of animals with present intimal hyperplasia (IH) in the graft anastomosis.

Subgroup Control Group Irradiated Group Among PO days
(n=31) (n=31)
Postoperative (PO) day n_(n) n. % n_(n) n_% P value”
2 0 (10) 0 0 (10) 0 N/A
7 6 (11) 55 0 (11) 0 0.0006 ( *)
21 10 (10) 100 3 (10) 30 0.0016 ( *)
Within each group, P value® 0.0004 (*) N/A

(OP value determined with Fisher exact test among groups of the same PO day or @ ¢? within each group: (,),
statiscally signficant differences (P<.05); N/A, not applicable; n, total number of animals in each group: n_,
number of animals analyzed with present IH in each PO and n,, number of animals analyzed in each PO.
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FIGURE 2 - Located focal necrosis in the areas adjacent to the thread (f)
and among the loops of the same. It is noticed that the surgical thread
was covered for the intimal hiperplasia shown with the arrow.
(hematoxylin and eosin : 40X magnification).

Stenosis percentage at 7 and 21 PO showed a  stenosis was significantly reduced compared with
significant reduction in stenosis at irradiated group  control group (Table 3, Figure 3).
compared with control. At 21 PO irradiated group the

TABLE 3 - Stenosis percentage in the grafted femoral artery sections with intimal hyperplasia (IH).

Subgroup Control group Irradiated group Among PO days
(n=31) (n=31)
Postoperative (PO) day n Stenosis % n, Stenosis % U value®
2 0 0 0 0 N/A
7 6 27,8z 0 0 N/A
21 10 59.72 3 24.6 3%

WU value determined with Mann-Whitney test among groups of the same PO day; (*) statiscally significant
differences among 21 PO days (U > U = 0 fixed for P=.05); N/A, not applicable; zU value between 7 and 21 PO
days within of the control group was no statiscally significant (U = 15 < U_= 11 fixed for P=.05): n, total

number of animals in each group; n, number of animals analyzed with present IH in each PO and n,, number of
animals analyzed in each PO.
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FIGURE 3 - It identifies the arterial structures, besides illustrating the sequence adopted with aid of a computer program to determine
the stenosis degree of an graft femoral artery section (Irradiated group at 21 PO). A, display the vascular lumen (L) and the intimal
hyperplasia (double arrows, « ), B, detaches the internal elastic layer with a large arrow. The area selection of the vascular lumen
(blue), it is shown in B, whereas D includes the vascular lumen plus the intimal hyperplasia (blue area).

The presence of SMC nuclei percentage in intimal ~ at 7 PO the presence of SMC nuclei were significantly
hyperplasia was higher in control group compared with  higher than 21 PO (Table 4, Figure 4).
irradiated one. However, between controls subgroups

TABLE 4 - Nuclei percentage of smooth muscle cells (SMCs) in specimen sections analyzed with intimal
hyperplasia (IH).

Subgroup Control group Irradiated group Among PO days
(n=31) (n=31)
Postoperative (PO) day n_ Stenosis % n Nuclei % U value®
2 0 0 0 0 N/A
7 6 27.8 0 0 N/A
21 10 19,2 3 15,3 12 (NS)

(U value determined with Mann-Whitney test among groups of the same PO day; N/A, not applicable; NS, no
statiscally significant differences; U value calculated between 7 and 21 PO days within of the control group was
statiscally significant (U = 5.5 <U_= 11 fixed for P=.05); n, total number of animals in each group; n , number of
animals analyzed with nuclei % of SMCs in each PO with present HI and n, number of animals analyzed in each PO.
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FIGURE 4 - Photomicrographs showing the computer analyze of the presence of nuclei of smooth muscle cells 1 in intimal
hyperplasia («), stained in blue. Irradiated group in A (21 days) and B image analyzed by the computer system; control group in C

(21 days) and D image analyzed. (hematoxylin and eosin — 10X magnification).

The percentage of SMC in medial layer was
significantly higher at control group compared with
experimental one (Table 5, Figure 5).

TABLE 5 - Nuclei mean percentages of smooth muscle cells (SMCs) in the medial layer.

Subgroup Control group Irradiated group Among PO days
(n=31) (n=31)
Postoperative (PO) day n Nuclei % n, Nuclei % U value®
2 10 5.90 10 5.1 44(NS)
7 1 12,9 1 6.4 3.5 (%)
21 10 16,6 10 6.1 0.0 (*)
H vakye® 20.2% 1.5(NS) U value®
H_ value® 5.99 23

'U value determined with Mann-Whitney test among groups of the same PO day; *H value determined with
Kruskall-Wallis test within each group; *Fixed for P=.05; NS, no statiscally significant; (*) statiscally significant
differences (U < U_or H > H ) n, total number of animals in each group: n, number of animals analyzed with
nuclei % of SMCs in given PO and n, number of animals analyzed in each PO.
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(m) stainned in blue. A and C, before processing the captured images and B and D, after processing of the images.

(hematoxylin and eosin — 40X magnification).

Media layer focal necrosis was observed in the
arca included in the loop of the suture. Focal necrosis
was higher in irradiated group than in control one
although no significant. In control group at 2 PO the
mcidence was statistically significant higher than at 7
and 21 PO. In irradiated group focal necrosis was
significant lesser at 21 PO. This is probably due to the
strangulating effect of the sutures, which led to necrosis
this was afterwards resolved and being replaced by
tissue healing.

The histological evaluations showed the presence
of tissue reaction (Langhans’ or foreign body-type giant
cells) to the nylon thread, reaction type strange foreign,
in crescent order from 2, 7 to 21 days of observation.
For the 21 days, the reaction was present in 100% of
the animals of both groups, showing no influence of
radiation on this type of inflammatory reaction.

Discussion

Experimental rat models have been used to study,
develop and determine patency microsurgery technique,
chronic and acute rejection in organ transplantation and
small-vessel allografts, graft biological behavior and
arterial trauma (crushing syndrome, limb autograft,
thrombosis)5, 6,20.,21,22,23 .

The operative approach to the femoral artery, a
peripheral vessel with a relatively high percentage of
muscle cells in its wall, avoid laparotomy and exposition
of vital structures to direct radiation and systemic
alterations (there is no radiosensitive organ in the
extremities), lesser hydroelectrolitic disturbs besides
this region often has been used in vascular surgery
practice (angioplasty, bypass)**.

Therefore we chosen the rat femoral artery to
study the effects of gamma-irradiation and to avoid
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alterations associated to radiation it was not used the
same animal as control in contrast to report by Mayberg
et al.!” Hirai et al.”

With the advent of modern microsurgical
procedures and an improved understanding of the
cellular dynamics of vascular graft adaptation, arterial
grafts are being used more frequently in surgical
practice.

The beneficial effects of irradiation may also be
useful in smaller vessels since intimal hyperplasia
following vessel wall injury may be independent of the
native vessel diameter.

Currently, most animal and human clinical studies
investigate the effects of different irradiation doses in
prevention of stenosis utilizing either beta or gamma
radiation from endoluminal (wire seeds, stents and
balloons) or external sources have been realized* .

The role of external beam radiation in the treatment
of intimal hyperplasia is not well established. There
remains a debate among the researchers in the field
about the effectiveness of external beam radiation.

External beam radiation (EBR) offers several
potential advantages over an endoluminal source: - the
delivered dose using EBR is uniform and it is not likely
to be affected significantly by tissue heterogeneities of
the vessel wall, such as eccentric lesions or
calcifications?’. The timing of radiation is flexible,
provided it is given within the therapeutic window
during which radiation might be effective®® . Mayberg
et al.'” demonstrated the importance of the timing of
radiation in control of intimal hyperplasia in a rat carotid
model (balloon inflation). They have found that radiation
delivered 1 day after vessel injury was more effective
than identical doses delivered at 3 or 5 days post injury.

For practical reasons, the use of an endoluminal
source is restricted to the immediate endovascular peri-
procedural period; as discussed this may not be the
optimum time to radiate the site of angioplasty. In
comparison, EBR can be delivered at any time after an
endovascular or open procedure. - for doses higher
than 18-20 Gy, as may be required in human disease,
dose fractionation is more practical using EBR. Dose
fractionation has the advantage of less late radiation
toxicity than a single dose regimen. The potential
complication of prolonged vascular catheterization to
deliver a large dose is also mitigated using an external
source. - EBR climinates the inherent exposure and
personnel safety issues that exist with the use of
endoluminal sources.

The use of EBR has two principal disadvantages:
it is undesirable in certain anatomic location where other
radiosensitive tissues may be exposed; and the difficulty

94 - Acta Cirurgica Brasileira - 1ol 18 (2) 2003

in precise localization of the target volume in some
vascular beds in motion such as the coronary arteries.

The effective dose for control of stenosis
(restenosis) varies from species to species and hints
as to the probable effective dose for humans may come
from the ongoing clinical trials.

Although there are differences in the reported
effective doses to prevent intimal hyperplasia, we
choose the single dose of 15 Gy because it was the
lowest reported effective dose in rats without side
effects and significant wound healing alterations'*'>,
but some no significantly, alterations were observed
(6.5%).

After placement of the vascular grafts in both
human patients and experimental animals it occurs
endothelial denudation, proliferation of smooth muscle
cells in media layer and migration to the intima promoting
intimal hyperplasia, that is a result of the vessel wall’s
response to injury?®.

Histological studies of rat autologous vein-to-artery
grafts realized by Purcell et al.* conducted from 1 week
to 2 years, | mm in diameter and 4 mm long, determined
that nearly all of the original graft issue is phagocytosed
by 2 weeks after surgery and it is replaced by
regenerated tissues derived from the adjacent host
artery. They considered that this is a very rapid
regenerative response, whereby anew “pseudo-artery”™
with endothelium and smooth muscle develops within
4 weeks of the placement of the graft

Machiarelli et al.* studied on rat femoral artery
the end-to-end anastomosis in intervals of time. They
observed that during the first week wide
disendotheliazed areas occurred and the endothelial cells
present around the damaged areas were often partially
detached or showed broken limits.

Therefore, we choose the anastomotic graft arca
to study it and observed the control group of neo-
formed endothelial cells above the internal elastic lamina
for 90% of control group at 7 PO and for all specimens
at 21 PO. In the irradiated group, we observed
reduction the degree of covering of the vascular wall
for the neo-formed endothelium what might be
associated to gamma radiation effects.

Purcell et al.?® studying arterial grafts in rats
observed that intimal hyperplasia in the arterial segment
develops rapidly over the fist 2 wk after graft placement
and results in a total wall thickness that was
significantly greater than the intima-plus-media of the
host artery.

It could be showed in this study that for the
control group at 21 PO all specimens had been develop
itimal hyperplasia with smooth muscle cell proliferation
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and for the irradiated one the intimal hyperplasia was
suppressed (significantly reduced) compared with the
irradiated group at 7 and 21 PO and the presence
percentage of smooth muscle cell were inhibited.

Further investigation of the long-term

morphological alterations may be needed.

Conclusion

The external single dose of 15 Gy gamma-radiation

delivered at first postoperative day of femoral artery
reimplant of rats may reduced the endothelial cells
regeneration and the percentage of lumen stenosis and
prevent intimal hyperplasia in the 2, 7 and 21
postoperative days established.
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RESUMO - Objetivo: Estudar os efeitos da radiagdo gama de fonte externa no reimplante de
artéria femoral. Métodos: Foram utilizados 62 ratos machos Wistar, distribuidos em dois grupos I
(Controle) ¢ II (Irradiado), constituidos de trés subgrupos de observagdo: 2, 7 ¢ 21 dias de pos-
operatorio (PO). As artérias femorais direitas foram retiradas e reimplantadas (anastomose término-
terminal) por meio de técnica microcirurgica. Os animais do grupo II, no primeiro dia de PO,
foram irradiados na dose unica de 15Gy, emitida de fonte externa. Realizou-se analise descritiva e
qualitativa histologica nas laminas coradas pelos métodos da hematoxilina ¢ eosina (HE), Verhoeff
e tricromio de Masson. As altera¢des morfoldgicas da parede vascular foram quantificadas, a partir
das imagens capturadas de um microscépio, usando-se um programa de computador, nos mesmos
cortes histoldgicos corados pela HE. Analisou-se a camada intima (neo-intima e células endoteliais
neoformadas) e a porcentagem de nucleos das células musculares lisas foi determinada na camada
média e na hiperplasia intimal. Para analise estatistica dos dados, aplicaram-se os testes exato de
Fisher, qui-quadrado, Mann-Whitney, Kruskal-Wallis ¢ analise de variancia. Resultados: Observou-
se que, no grupo irradiado, a presenca de células endoteliais neoformadas foi menor; a porcentagem
de presenca de niicleos de células musculares lisas na hiperplasia intimal foi menor comparado ao
grupo controle, embora nio significante; a estenose do limen vascular ¢ a ocorréncia de hiperplasia
intimal foi significantemente menor ¢ a porcetagem de células musculares lisas, na camada média,
mostrou-se significantemente menor aos 7 ¢ 21 dias de observagao. Conclusao: A radiagdo de
fonte externa emitida no primeiro PO, na dose unica de 15 Gy, inibiu a regeneracio de células
endoteliais ¢ a estenose do lumen ¢ a hiperplaisa intimal, aos 2, 7 ¢ 21 PO no reimplante de artéria
femoral de ratos.

DESCRITORES - Radiagéo ionizante. Efeitos de radiagdo. Reimplante. Artéria femoral. Ratos.
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