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Background-—Bypass grafting remains the standard of care for coronary artery disease and severe lower extremity ischemia.
Efficacy is limited by poor long-term venous graft patency secondary to intimal hyperplasia (IH) caused by venous injury upon
exposure to arterial pressure. We investigate whether photochemical tissue passivation (PTP) treatment of vein grafts modulates
smooth muscle cell (SMC) proliferation and migration, and inhibits development of IH.

Methods and Results-—PTP was performed at increasing fluences up to 120 J/cm2 on porcine veins. Tensiometry performed to
assess vessel elasticity/stiffness showed increased stiffness with increasing fluence until plateauing at 90 J/cm2 (median,
interquartile range [IQR]). At 90 J/cm2, PTP-treated vessels had a 10-fold greater Young’s modulus than untreated controls (954
[IQR, 2217] vs 99 kPa [IQR, 63]; P=0.03). Each pig received a PTP-treated and untreated carotid artery venous interposition graft.
At 4-weeks, intimal/medial areas were assessed. PTP reduced the degree of IH by 66% and medial hypertrophy by 49%. Intimal
area was 3.91 (IQR, 1.2) and 1.3 mm2 (IQR, 0.97; P≤0.001) in untreated and PTP-treated grafts, respectively. Medial area was
9.2 (IQR, 3.2) and 4.7 mm2 (IQR, 2.0; P≤0.001) in untreated and PTP-treated grafts, respectively. Immunohistochemistry was
performed to assess alpha-smooth muscle actin (SMA) and proliferating cell nuclear antigen (PCNA). Objectively, there were less
SMA-positive cells within the intima/media of PTP-treated vessels than controls. There was an increase in PCNA-positive cells
within control vein grafts (18% [IQR, 5.3]) versus PTP-treated vein grafts (5% [IQR, 0.9]; P=0.02).

Conclusions-—By strengthening vein grafts, PTP decreases SMC proliferation and migration, thereby reducing IH. ( J Am Heart
Assoc. 2016;5:e003856 doi: 10.1161/JAHA.116.003856)
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A therosclerosis is the underlying cause of coronary artery
disease (CAD) and peripheral artery disease (PAD), two of

the most prevalent pathological conditions in the United
States. CAD affects �15.4 million people over age 20 and, in
2009, was responsible for one of every six deaths.1 Addition-
ally, in 2010, an estimated 202 million people worldwide were
affected by PAD.2 Though pharmacological and noninvasive
therapies may improve atherosclerosis, the number of

cardiovascular operations and procedures nevertheless
increased by 28% in the decade between 2000 and 2010.1

Although percutaneous intervention with balloon angio-
plasty and/or stenting is performed for both CAD and PAD,
surgical bypass grafting remains the standard of care for
multivessel CAD and severe lower-extremity ischemia. Indeed,
coronary artery bypass grafting (CABG) has proven to be
superior to percutaneous coronary interventions in patients
with multivessel disease or diabetes mellitus, where it has
significantly reduced patient morbidity and mortality.3,4

Moreover, peripheral artery bypass surgery has demonstrated
both improved amputation-free survival and overall survival as
compared to balloon angioplasty.5

For both CABG and peripheral artery bypass, autologous
veins have proven to be the conduit of choice because of their
availability, improved patency, and decreased risk of infection
compared to synthetic grafts. However, despite the wide-
spread use of vein grafts and the superiority of surgical
bypass over percutaneous intervention, the effectiveness of
autologous vein graft remains limited by poor long-term
patency. For example, the patency rate of saphenous vein
grafts (SVGs) used in CABG procedures declines around 10%
to 30% over the first year and 50% by 10 years.6,7 Similarly,
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5-year patency rates as low as 25% to 55% have been
reported when SVG is used for infragenicular bypass.8

Vein graft failure is ascribed to the luminal narrowing that
results from intimal hyperplasia (IH), medial thickening, and
subsequent concomitant accelerated atherosclerosis. In a
recent analysis of vein graft failure, early denudation of
endothelium attributed to surgical trauma, longitudinal wall
(shear) stress, and venous exposure to increased arterial
pressure were found to be the primary triggers toward the
development of intimal hyperplasia.9 When a vein is exposed
to arterial pressure, there is an increase in wall shear stress,
triggering an adaptive response of vessel dilatation to
accommodate the increased blood pressure and flow. This
aggressive vessel dilatation increases wall tension, which
leads to medial thickening, an additional adaptive response.
The increased venous vessel wall tension that occurs after
exposure to arterial pressure is analogous to that which occurs
during a balloon angioplasty intervention. The shear stress and
vessel stretch disrupts the vessel wall, in turn damaging the
endothelial and medial smooth muscle cells (SMCs).10 This
rapid change in the structural integrity of the vein is critically
involved in the subsequent development of IH and SVG failure.

Although the pathway for IH remains complex with
involvement of numerous cytokines, interleukins, and cellular
interactions, few interventions have been employed to
successfully impede its occurrence. However, one interven-
tion currently under trial in humans is mechanical confine-
ment through the use of external stents. Recent findings have
shown a significant reduction in IH in externally stented SVG
compared to control SVG in a multivessel CABG model.11

However, though external stents demonstrate the potential of
preventing vessel dilatation and reducing IH, the clinical
application of these stents may be limited secondary to the
technical difficulty of insertion and the potential for foreign
body response, infection, or erosion into adjacent structures.

With this in mind, we have developed photochemical tissue
passivation (PTP) as a novel therapy that strengthens/stiffens
venous adventitia and decreases vessel compliance. This is
accomplished without the use of foreign bodies, thereby
eliminating the risks associated with prosthetic stents. PTP is
a technology that cross-links extracellular tissue proteins
(ie, collagen) by a light-activated process. The tissue is stained
with a photosensitizing dye, Rose Bengal (RB), which is
activated with low-energy visible light to generate collagen
cross-links that strengthen the venous conduit. The cross-
linking is highly selective and only occurs in the tissue volume
where both light and RB are present (ie, the adventitia). PTP
does not compromise the structural integrity of the endothe-
lium, effectively limiting the subsequent injury cascade, which
leads to IH and SVG failure.

Our laboratory previously demonstrated proof of principle
of this approach for reducing IH in a rat arterialized vein graft

model.12 Whereas PTP has been successful at inhibiting IH in
a murine model, large animal models more closely mimic
human condition and are superior to murine models for
translational medicine.13 Pigs, in particular, have been found
to have structurally similar vessels to humans, with equivalent
response to vascular injury.14 Additionally, pigs are particu-
larly prone to rapid development of IH.15,16 Thus, the objective
of this study is to investigate whether PTP treatment of vein
grafts will modulate SMC proliferation and migration, and
inhibit development of IH in a swine model.

Methods

PTP Treatment
PTP is performed by complete coating of the external aspect of
the vein (adventitia) with sterile 0.1% RB (w/v) in saline and
then exposing the tissue to green light. RB was obtained from
Sigma-Aldrich (St. Louis, MO) and prepared as a 0.1% (w/v)
solution in sterile normal saline (Owens & Minor, Mechanics-
ville, VA). The solution was then filtered through a 0.22-lm
Steriflip filter to ensure sterility of the applied dye solution. The
treatment dose, also known as the fluence (J/cm2), was
adjusted by varying either the distance of the light source from
the tissue (and hence the irradiance [W/cm2]) or the duration
of light exposure(s). Illumination was provided by a Photo-
Medex Omnilux green LED diode array light source (Photo-
Medex, Philadelphia, PA) emitting at a maximum wavelength of
550 nm with a full width at half maximum of �40 nm. All
SVGs were harvested from the swine and immediately treated
in a prototype illumination chamber (Figure 1A through 1C).
The graft was attached to a rotor that spun the graft in front of
the diode source at a frequency of 1 cycle/sec to ensure equal
illumination of the full surface of the SVG.

RB Vessel Penetration
To determine the depth of penetration of RB, the adventitial
aspect of seven 1-mm porcine saphenous vein specimens
were coated with 0.1% (w/v) RB. Following RB application,
specimens were visualized and imaged under a Nikon Eclipse
E600 microscope (Nikon Corp., Tokyo, Japan) at 940
magnification. Measurements of RB penetration were per-
formed with the use of Adobe Photoshop (Adobe Systems,
San Jose, CA).

Tensiometry
In order to determine an ideal fluence for PTP treatment of
porcine vein grafts, we initially determined the dependence of
vein mechanical properties on fluence of PTP in ex vivo
porcine vein specimens. Specifically, six 2-cm porcine lateral
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saphenous vein specimens were filleted open to create flat,
noncylindrical specimens. These specimens were coated
along their adventitial surfaces with 0.1% RB (w/v) and
exposed to green light at an irradiance of 0.102 W/cm2 for
different durations, resulting in treatment fluences of 0, 30,
60, 90, and 120 J/cm2. To quantitatively demonstrate the
effect of PTP on vessel elasticity (stiffness), each specimen
underwent tensiometry (MTESTQuattro; ADMET, Norwood,
MA) before and after each increment of PTP fluence.
Tensiometry involved one 0.5-mm extension and relaxation
cycle at a rate of 0.5 mm per minute. Peak load (N) at 0.5-mm
extension and Young’s Modulus (kPa) were ascertained for
each test. In order to preclude any effect of dehydration on
vessel elasticity, veins were soaked in normal saline between
each tensiometry cycle.

Compliance Testing
To quantitatively demonstrate the effect of PTP on vessel
compliance, 3-cm-long porcine lateral saphenous vein sam-
ples from Yorkshire pigs were harvested utilizing a “no-touch”
surgical technique. All branches of these vessels were ligated
at the time of harvest. Vessels were randomized to receive
PTP treatment (n=6) or remain untreated (n=11). Carotid
arteries (n=6) were harvested from Yorkshire pigs as well to

serve as an arterial control. PTP was performed in the same
manner as described above. Briefly, the external aspect of
each vessel was coated with 0.1% RB (w/v) and exposed to
green light for a fluence of 90 J/cm2. Experimental vessels
were sealed at both ends and the pressure was recorded as a
function of volume of saline injected into the vessel as
measured by a force transducer. Specifically, the vessel
lumen was securely applied over a 1-cm-long 24-gauge
angiocatheter attached to the manometer. The other end of
the vessel was suture-ligated to prevent fluid leak. Normal
saline (1 cc) was instilled into each vessel in 0.1-cc
increments. For each 0.1 cc instilled, the corresponding
pressure value was recorded. The slope of the force/volume
plot is proportional to stiffness and inversely proportional to
compliance.

Animals and Operative Procedure
Three- to 4-month-old Yorkshire pigs (n=5; 40–50 kg) were
purchased from Tufts University (Grafton, MA) and kept in
standard animal care facilities at the Massachusetts General
Hospital (Boston, MA). All experiments and animal care
conformed to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by
the Massachusetts General Hospital Institutional Animal Care
and Use Committee.

Anesthesia was induced with Telazol 4.4 mg/kg and
Xylazine 2.2 mg/kg intramuscularly and maintained with
isoflurane 1% to 5% (titrated to effect). The pig was intubated
and received preoperative doses of cefazolin 40 mg/kg
intravenously and buprenorphine 0.01 to 0.05 mg/kg intra-
muscularly. We chose to utilize a previously validated porcine
vein graft model described by Mehta et al.17 The neck and
bilateral hindlimbs of the animal were prepped and draped in
sterile fashion. The operation began with bilateral lateral
saphenous vein harvest. Incisions were made on the
posterolateral aspect of each hindlimb between the animal’s
ankle and knee. The vein was dissected with suture ligation or
bipolar electrocautery of all branches. A vein segment of at
least 7-cm was harvested from each lower extremity. Vessel
diameter was recorded upon harvest of the vessel. One of the
venous specimens was completely externally coated with
0.1% RB (w/v) and then illuminated with green light
(kmax=550 nm) for a fluence of 90 J/cm2, whereas the other
was left as an untreated control.

Following completion of vein dissection and PTP treatment,
attention was turned to the recipient site on the animal. A
midline anterior neck incision was made and the bilateral
carotid arteries were carefully exposed. Before carotid artery
clamping, intravenous heparin was administered (80 U/kg) as
an initial bolus, followed by 2000 U after the first hour and
1000 U each hour after that until all anastomoses were

A B

C

Figure 1. A, Photochemical tissue passivation (PTP) being
performed on a porcine vein within a prototype illumination
chamber. B, A PTP-treated porcine saphenous vein (inferior)
appears similar to an untreated porcine saphenous vein (superior)
before installation as a vein graft. C, A porcine saphenous vein
coated with Rose Bengal (RB) before exposure to green light-
emitting diode light. Note the minimal penetrance of RB within the
vessel wall.
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completed. Following the initial heparin bolus, one carotid
artery was clamped proximally and distally and a 2-cm
segment of common carotid artery was resected with the
exposed ends beveled at 45 degrees. Then, a �4.5-cm
segment of reversed saphenous vein (either PTP-treated or
untreated) underwent proximal followed by distal anastomosis
with interrupted 8-0 Prolene sutures. Following completion of
one graft, the next graft was performed in the same manner.
Each graft was immersed in 1% lidocaine to decrease
vasospasm. Immediate patency was confirmed with Doppler
ultrasound. Fentanyl patches (50–100 lg/h) were applied for
72 hours of postoperative analgesia. The location (left or
right) and order of performing the grafts were randomized
between procedures.

Harvest
Grafts were recovered 1-month after placement. The animal
was placed under general anesthesia, as described above, and
grafts were delicately exposed. Patency was confirmed
with Doppler ultrasound at the time of harvest. The pig was
then euthanized with 100 mg of intravenous euthasol
and grafts (including proximal and distal common carotid
artery) removed. Immediately after harvest, grafts were
gently flushed with heparinized saline and then fixed in 10%
formalin.

Histology and Immunohistochemistry
Formalin-fixed grafts were divided into six segments and
paraffin embedded. These segments spanned the proximal
anastomosis, vein graft, and distal anastomosis. Five-micron-
thick paraffin-embedded sections were then cut on a micro-
tome and used for histological, morphometric, and immuno-
histochemical analyses.

All sections from each specimen were prepared for light
microscopy using hematoxylin and eosin stain and a Verhoeff
Van Gieson elastin stain. Sections from each specimen
demonstrating the greatest degree of IH were also assessed
for cellular expression of a-smooth muscle actin (SMA;
1:2000; Abcam, Cambridge, MA, 1:2000), an indicator of
SMC or myofibroblast cells, and proliferating cell nuclear
antigen (PCNA; 1:6000; Abcam), an indicator of cellular
proliferation. Briefly, following deparaffinization and hydration,
SMA slides were incubated with the primary antibody for
12 hours at 4°C and the secondary antibody (goat anti-mouse
immunoglobulin G [IgG]; 1:5000; Abcam) for 1-hour at room
temperature. PCNA slides were incubated with the primary
antibody for 2-hours at room temperature and the secondary
antibody (goat anti-mouse IgG, 1:500; Abcam) for 1-hour at
room temperature. Appropriate washes with 1% TBS or water
were performed between each step. Slides were developed

using 3,30-diaminobenzidine in a chromogen solution
(ab64238; Abcam). Slides were then counterstained with
hematoxylin and mounted using Permount medium. A brown
color indicated a positive stain. Negative controls were
performed for each run by substituting the primary antibody
with 1% TBS.

All slides were imaged with a Nikon Eclipse E600
microscope (Nikon Corp.) and a Nanozoomer whole-slide
scanner (Hamamatsu Corp., Hamamatsu City, Japan). All
sections of each specimen were evaluated for intimal area,
medial area, maximal intimal thickness, and maximal medial
thickness and reported as a median, interquartile (IQR).
Intima was defined as the area between the endothelium
and the internal elastic lamina, and media was defined as
the area between the internal and external elastic laminae.
Measurements were performed with the use of Adobe
Photoshop (Adoobe Systems). Intimal/medial ratio (I/M)
was also recorded to correct for possible artifactually
increased intimal/medial thickness in nonpressure fixed
vessels.

For quantification of PCNA staining, the number of PCNA-
positive cells and the total number of cells were counted in
four quadrants of each slide at 9200 magnification. The
degree of cellular proliferation was defined as a PCNA index
(number of PCNA-positive cells divided by the total number of
cells).18

Statistical Analysis
Data are expressed as median, IQR. All data were treated as
independent, without normal distribution, and group compar-
isons were made using the Mann–Whitney U rank-sum test. A
P value of <0.05 was considered statistically significant.
Tensiometry results were compared using the Wilcoxon
signed-rank test as repeated measurements of increased
fluence on each vessel were performed. Data analysis was
performed using StatPlus statistical software (AnalystSoft,
Inc., Vancouver, British Columbia, Canada).

Results

RB Penetration of Porcine Veins
We assessed the degree of vein RB penetration to determine
the area of the vein that receives enhanced collagen cross-
linking with PTP treatment. On average, RB penetrance
measured 91�27 lm (mean�SD). Grossly, the RB did not
appear to penetrate into the medial layer of vessels. PTP-
mediated collagen cross-linking is highly selective and only
occurs in the tissue where both light and RB are present.
Thus, PTP does not alter the medial or intimal architecture at
the time of vessel treatment.
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Tensiometry and Compliance Testing
The average peak load at 0.5-mm extension and the average
Young’s modulus of elasticity for venous samples increased
with increasing fluence, until plateauing by a fluence of 90 J/
cm2 (Figure 2A and 2B). The peak load at 0.5-mm extension
for PTP-treated vessels with a fluence of 90 J/cm2 was
significantly greater than untreated controls (0.0469 [IQR,
0.0766] vs 0.0075 N [IQR, 0.0011]; P=0.028). Additionally,
the Young’s modulus was 10-fold greater for PTP-treated
vessels with a fluence of 90 J/cm2 than for untreated controls
(954 [IQR, 2217] vs 99 kPa [IQR, 63]; P=0.028). Because
there was no statistically significant difference between
treatment fluences of 90 and 120 J/cm2, we chose to utilize
a fluence of 90 J/cm2 for vessel compliance testing.

Compliance testing demonstrated a significantly increased
relative stiffness (or decreased compliance) of PTP-treated
porcine vein compared to untreated porcine vein (882 [IQR,
223] vs 133 mm Hg/mL [IQR, 151]; P=0.001; Figure 3). In
fact, PTP treatment of porcine vein increased the degree of

relative stiffness to that of a porcine artery (882 [IQR, 223] vs
1214 mm Hg/mL [IQR, 471]; P=0.2). These ex vivo studies
confirmed that PTP significantly decreases vein graft compli-
ance and decreases elasticity.

Arteriovenous Bypass Grafting
Four of the five swine operated on survived until the 1-month
harvest point and all grafts remained patent. One swine died
1-week postoperatively, secondary to aneurysmal rupture of
the control vein graft. At the time of 1-month harvest, control
vein grafts were more tortuous and possessed areas of large
dilatation compared to PTP-treated vein grafts (Figure 4).

Histomorphometric Analysis
PTP-treated venous grafts had a statistically significant
decrease in intimal area and intimal thickness compared to
the untreated control venous grafts (Figure 5A and 5B).
Specifically, intimal area was 3.9 (IQR, 1.2) and 1.3 mm2

(IQR, 0.97; P≤0.001) in untreated and PTP-treated grafts,
respectively, and intimal thickness was 0.74 (IQR, 0.14) and
0.38 mm (IQR, 0.20; P≤0.001) in untreated and PTP-treated
grafts, respectively (Figure 6). Medial area and thickness also
exhibited a statistically significantly decrease in PTP-treated
grafts compared to controls. Medial area was 9.2 (IQR, 3.2)
and 4.7 mm2 (IQR, 2.0; P≤0.001), and medial thickness was
1.08 (IQR, 0.16) and 0.80 mm (IQR, 0.23; P≤0.01) in
untreated and PTP-treated grafts, respectively (Figure 5A
and 5B). In order to control for possible increased intimal
thickness attributed to nonpressure fixed vessels, I/M area

Figure 2. A, Average peak load at 0.5-mm extension for venous
samples with increasing fluence. Fluence zero represents the vein
before photochemical tissue passivation treatment. B, Average
Young’s modulus of elasticity for venous samples with increasing
fluence. Fluence zero represents the vein before PTP treatment.

Figure 3. Bar graph comparing average relative stiffness of
porcine carotid arteries, photochemical tissue passivation (PTP)-
treated porcine lateral saphenous vein, and untreated porcine
lateral saphenous vein (data expressed as mean � SD).
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ratio was performed for each vessel. The I/M of PTP-treated
grafts (0.26 �mm2 [IQR, 0.25]) remained significantly less
than that of controls (0.43 mm2 [IQR, 0.41]; P=0.03). In total,
PTP reduced the degree of IH by 66% and medial hypertrophy
by 49%.

In general, control venous grafts had complete loss of the
internal elastic lamina and large disruption of the external
elastic lamina. PTP-treated venous grafts, on the other hand,
had significant preservation of both internal and external
elastic lamina at 1-month.

Immunohistochemistry Analysis
In both PTP-treated and control vein grafts, the majority of
cells within the media and the areas of IH were SMA-positive
staining cells. SMA-positive cells represent either SMCs or
myofibroblasts. The presence of great quantities of SMA-
positive cells within the neointima correlates well with the
theory that IH occurs secondary to SMC or myofibroblast
migration into vessel intima. Objectively, there were less
SMA-positive cells within the intima/media of PTP-treated
vessels than control vessels (Figure 7A and 7B).

PCNA-positive cells were prominent within the intima and
media of control vein grafts, but limited in PTP-treated vein
grafts (Figure 8A and 8B). There was a statistically significant
greater PCNA index within the control vein grafts 18% (IQR,
5.3) versus the PTP-treated vein grafts 5% (IQR, 0.9; P=0.02).

Discussion
This study represents the first investigation of the effect of
PTP on the modulation of SMC proliferation and migration,
and the inhibition of the development of IH in a porcine
arteriovenous bypass model. Our results clearly demonstrate
that PTP treatment of porcine vein decreases vessel elasticity

Figure 4. Comparison of control (left) and photochemical tissue
passivation–treated (right) vein grafts at 1-month harvest.

A

B

Figure 5. Verhoeff Van Gieson elastin stain slides demonstrat-
ing greater intimal area and thickness in control vein grafts (A)
compared to photochemical tissue passivation–treated vein grafts
(B). Scale bar=1 mm.

Figure 6. Comparison of control (grey) and photochemical
tissue passivation (PTP)-treated (black) vein graft intimal and
medial areas at 1-month. PTP-treated vein grafts had significantly
smaller intimal and medial areas than control vein grafts (data
expressed as mean�SD).
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and compliance to more resemble that of a porcine artery.
These structural modifications significantly limit the develop-
ment of vein graft IH by 66%.

Neointimal hyperplasia is a complex process and the
leading cause of vein graft failure. Although many different
physiological and molecular elements are involved in the
formation of IH, the initiating event is venous injury, which
occurs during both surgical resection and upon exposure to
the intense pulsatile stretch forces when incorporated into
the arterial environment.19,20 Surgical injury results from
vessel ischemia attributed to disruption of the vaso vasorum
within the vessel adventitia,21 as well as injury from
overaggressive manipulation at the time of harvest and
anastomosis. Procedures to reduce this injury include in situ
vein grafts and use of the no-touch surgical technique.22,23

Venous injury upon inclusion within the arterial environ-
ment is caused by exposure to significant pulsatile stretch
force, turbulent flow, and wall shear stress. Under normal
physiologic conditions, veins exist as thin-walled, tubular
structures permitting low flow in a low-pressure environment.
The vein is composed of endothelial cells, SMCs, elastin
fibers, and extracellular matrix. Endothelial cells are respon-
sible for vessel relaxation by synthesis of nitric oxide, and
prevention of platelet and inflammatory cell adhesion and

aggregation. SMCs are responsible for vessel contraction and
remain in a quiescent and nonmigratory state secondary to
inhibitory cytokines and a stable extracellular matrix.19,20,24

Upon exposure to arterial pressure, the compliant vein
undergoes significant distension, inducing endothelial cell
injury and denudation. Endothelial injury triggers platelet
aggregation, inflammatory cell recruitment, and vessel wall
invasion. This process stimulates extra- and intracellular
signaling cascades, with the eventual induction of SMC
proliferation and migration.20

Within these complex pathways, one variable of significant
interest is venous exposure to pulsatile stretch force and
turbulent flow. Mechanical stretch has been shown to induce
upregulation of insulin like growth factor-1 (IGF-1) and IGF-1
receptors, leading to vascular SMC proliferation.25 Thus,
reducing the mechanical stretch imposed on venous grafts
should reduce SMC proliferation and thereby reduce IH.

A

B

Figure 7. Smooth-muscle actin stain demonstrating a greater
concentration of smooth-muscle cells within the intima/media of
control (A) versus photochemical tissue passivation–treated (B)
vein grafts. Positive cells show a brown stain. Scale bar=2.5 mm.

A

B

Figure 8. Proliferating cell nuclear antigen stain demonstrating
a greater number of proliferating cells within the intima of control
(A) versus photochemical tissue passivation–treated (B) vein
grafts. Positive cells (yellow arrows) show a brown nuclear
staining. Scale bar=0.1 mm.
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In our study, we utilized PTP to strengthen/stiffen venous
adventitia, decreasing its compliance to more resemble that
of an artery without altering the endothelial architecture. PTP
strengthened and reinforced the external aspect of the vein by
collagen cross-linking only within the vessel adventitia. Our
in vitro tensiometry and compliance testing demonstrate that
PTP therapy significantly increases Young’s modulus of
elasticity by 10-fold and decreases saphenous vein compli-
ance to more resemble that of a porcine carotid artery. These
structural modifications of the vein prepare the vein graft to
better tolerate arterial pressure, limiting shear stress, vessel
stretch, and resulting injury.

Our porcine arteriovenous bypass graft study further
demonstrates the efficacy of PTP therapy to reduce IH. The
intimal and medial areas of PTP-treated grafts were signif-
icantly less than that of controls. In fact, PTP reduced IH by
66% and medial hypertrophy by 49%.

Immunohistochemistry revealed that the neointimal hyper-
plasia observed in both our PTP-treated and control venous
grafts consisted mostly of SMA cells. These results are
consistent with many other studies that demonstrate that IH
occurs secondary to SMC proliferation and migration.19,20,25

Our immunohistochemistry analyses confirm partial inhibition
of this pathway. We demonstrate far fewer SMCs within the
PTP-treated vessel IH than the control vessel IH. Moreover, a
significantly decreased PCNA index was observed in the PTP-
treated vessels than the control vessels, indicating lower
degrees of cellular proliferation. Thus, PTP treatment likely
reduces IH by reducing SMC proliferation and migration.

Mechanistically, SMC migration is mitigated by extracellu-
lar matrix degradation.20 Review of our porcine vein graft
histology revealed large preservation of the internal and
external elastic lamina of PTP-treated vessels as compared to
controls. This suggests that PTP conservation of venous graft
structural architecture is partially responsible for the reduc-
tion of SMC migration.

Our results compare favorably to those of Angelini et al. in
evaluation of the use of external stenting in a swine model of
arteriovenous bypass grafting.26 Angelini et al. demonstrated
a similar reduction in intimal area from 3.84 mm2 in
unstented grafts to 1.06 mm2 in stented grafts. The similarity
in results is not unexpected given that both external stenting
and PTP therapy work to reduce vein graft mechanical trauma
from overdilatation. Although similar, PTP presents many
potential benefits over external stenting. First, PTP does not
include the risks associated with foreign bodies, including
infection and erosion into adjacent tissue. Second, PTP does
not require the technical challenge of appropriate sizing and
application of the external stent to the vessel. Instead, PTP is
a simple and rapid procedure that involves simple external
application of RB dye and short-term exposure to green light.
This photochemically induced cross-linking does not cause

thermal damage to treated tissue. In fact, photo-cross-linking
has been successfully used for sutureless skin closure,
sutureless microvascular anastomoses, and sutureless bond-
ing of human amniotic membrane to corneal defects.27–29

Our study does possess a few limitations. First, the sample
size is small with inclusion of only four pigs for a total of four
PTP-treated and four control vein grafts. Even with a limited
sample size, it was possible to achieve statistically significant
reductions in intimal and medial hyperplasia, the primary
endpoint of our study. A second limitation is that we did not
pressure fix the vein grafts at the time of harvest. However, all
vessels were nonpressure fixed and our results of decreased
IH in PTP-treated, as compared to untreated, vein grafts
remain significant when calculating I/M ratio.

In conclusion, this study demonstrates proof of concept of a
novel treatment modality for the prevention of vein graft IH in a
large animal model. These data support progression toward a
first-in-human clinical trial for evaluation of PTP as a prophy-
lactic therapy to improve vein graft patency. We estimate the
barriers to clinical adoption to be rather low, considering the
negligible effect of a few minutes of illumination on the course
of the surgical procedure and the compelling nature of the
results to clinicians, patients, and insurers.
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