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procedure itself, but rather the prevention of intimal hyperplasia, thrombosis and aneurysm

formation, in parallel with extending as long as possible the patency of the grafts. The aim

of this study is to present the preliminary findings of a novel non-ionizing radiation-based

therapeutic method for stabilizing and strengthening the extracellular matrix of the venous

wall, improving the biomechanical profile of the autologous graft used in myocardial and low-

er limb revascularization. Material and methods: We developed the protocol and method for
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UV-A irradiation as a new method of mechanical augmentation of the resistance structure
of the venous graft. Samples of the superficial femoral artery, superficial femoral vein, and
great saphenous vein (GSV) were extracted from a 58-year-old patient who underwent above-
the-knee amputation, and were prepared in 5 x 5 cm? patches. Additionally, we analyzed the
samples biomechanically biaxially with the BioTester® 5000, in which we established a 25%
equibiaxial stretch. The GSV sample was also treated by UV-A irradiation after being kept in
riboflavin 5'-phosphate monosodium salt for 30 min. Results: After UV-A treatment of the
GSV wall, we observed an important increase of Cauchy stress from 82 kPa to 131 kPa in the
longitudinal axis and from 66 kPa to 115 kPa in the circumferential axis. Young’s modulus also
changed after treating the GSV wall from 0.564 MPa to 1.218 MPa (longitudinal) and from 0.397
MPa to 0.709 MPa (circumferential). As a result of the therapy, we observed a considerable
similarity of the mechanical behavior of the GSV wall to that of the artery wall. Conclusion:
The photocrosslinking of collagen fibbers at the vein graft adventitia hardens and stiffens the
venous wall, making it behave like the arterial wall after treatment. These preliminary ex vivo
results on human vascular tissue may serve as the foundation for the development of new
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INTRODUCTION

In vascular reconstruction in arterial trauma, ruptured
abdominal aortic aneurysm, or ruptured aneurysmal ar-
teriovenous fistula, the challenge no longer lies in the
surgical procedure itself, but rather the prevention of in-
timal hyperplasia, thrombosis, and aneurysm formation,
in parallel with extending the patency of the grafts for as
long as possible.'"# Vein grafts continue to have a signifi-
cant failure rate of 25—-50% at 5 years.>®

The most common cause of vein graft failure is neo-
intimal hyperplasia. This complex process begins intra-
operatively and continues when the artery is exposed to
significantly higher pressure,”® resulting in mechanical
strain that upregulates insulin-like growth factor-1 (IGF-
1) and its receptors, inducing vascular smooth muscle cells
proliferation or intimal hyperplasia.?*® Moreover, the wall
stretch induces cellular apoptosis with subsequent cell
proliferation,11 but this could be reduced with a vascu-
lar external sheath, which diminishes the force exerted on
the arterial wall.>™

A current approach to this issue is that of photochemical
crosslinking, during which the tissues are crosslinked by
riboflavin photosensitization to increase their stiffness or
reduce enzymatic degradation. Crosslinking occurs during
the irradiation and is followed by healing processes. The
light-induced effects appear to result largely from cross-
links in collagen, the major connective tissue protein, with
possible crosslinking to the proteoglycans that surround
collagen fibrils and to other proteins.'6

In two recent studies, Chirila et al.'”*® demonstrated
that the photocrosslinking of fibers from the adventitia of

the porcine aorta by UV-A irradiation increases resistance
and strengthens the wall, being proposed as a new ther-
apeutic method to inhibit the progression and lower the
risk of rupture of abdominal aortic aneurysms.

The aim of this study is to present preliminary findings
from a new non-ionizing radiation-based therapeutic
method for stabilizing and strengthening the extracellu-
lar matrix of the venous wall, improving the biomechani-
cal profile of the autologous graft used in myocardial
and lower limb revascularization. The study also aims to
provide a thorough explanation of the methodology em-
ployed.

MATERIAL AND METHODS

HUMAN ARTERIAL AND VENOUS
TISSUE SAMPLING PROTOCOL

Starting from the results and the method proposed by
Chirila et al.,"”*® we developed the protocol and method
for the histological structure of the venous wall, and we
proposed UV-A irradiation as a new method of mechani-
cal augmentation of the resistance structure of the venous
graft, with preliminary results presented in this paper.
The investigations were carried out in a 58-year-old
patient with Rutherford III acute limb ischemia and indi-
cation of amputation above the knee. Intraoperative tubu-
lar samples of the superficial femoral artery (SFA), super-
ficial femoral vein (SFV), and great saphenous vein (GSV)
were taken across a length of 3 cm. The samples were then
immersed in phosphate-buffered saline (PBS) and dried
at 4 °C, before being analyzed in the Laboratory of Re-
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generative Medicine of the Advanced Centre of Medico-
Pharmaceutical Research within the “George Emil Palade”
University of Medicine, Pharmacy, Science and Technol-
ogy of Targu Mures, Romania, in less than 12 h.

Each tubular sample was sectioned along the longitudi-
nal axis, and with the help of a scalpel, 5 x 5 mm? samples
were formed to be analyzed biomechanically. The thick-
ness of the samples was measured with a digital caliper
in the middle of each side, and the average of the four
measurements was considered the average thickness of
the sample. To reduce any risk of bias, the measurements
were made by the same person.

BIOMECHANICAL BIAXIAL TESTING PROTOCOL

We used the best-performing biotester on the market for
the biaxial biomechanical analysis of human vascular tis-
sue: the BioTester® 5000 (CellScale, Waterloo, ON, Cana-
da), which was outfitted with four actuators of 23 N and
four special rakes for vascular tissue of 5 mm, which were
attached to the actuators in the precise location using
the built-in magnet. In addition, the biotester included a
plastic container filled with PBS and heated to 37 °C, to
mimic the body’s homeostasis.

Regarding the analysis protocol, we set an initial work-
ing area of 5 mm?, and after the sample was fixed in the
active part of the four rackets, we initiated a precondi-
tioning cycle of stretching the sample until reaching the
force of 50 mN, followed by 10 cycles of 50 s each (25 s of
stretch and 25 s of recovery) until reaching 125% of the
initial size. The data generated by the device at the last
cycle were used for analysis and graphic representation.
This protocol was used for all types of human vascular tis-
sue analyzed.

In addition, the wall of the internal saphenous vein was
exposed to UV-A irradiation (protocol provided later) af-
ter being treated for 30 min with a photosensitizer 0.1%
riboflavin 5'-phosphate monosodium salt (henceforth,
RF). Following the irradiation procedure, the sample was
placed in PBS solution and allowed to rest for 1 h at room
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temperature. Another measurement was done on the GSV
sample treated with UV-A using the previously indicated
methodology.

IRRADIATION PROTOCOL

After 30 min in the RF solution, the internal saphenous
vein sample was treated with UV-A radiation, at a wave-
length of 365 nm, using the UV Curing System OmniCure
1500 device (Excelitas Technologies Corp., Waltham, MA,
USA), with a 180-s exposure at the level of the adven-
titia with an intensity of 50 mW/cm?, determined using
the Dymax ACCU-CAL 50 radiometer (Dymax Corp., Tor-
rington, CT, USA).

All study procedures were performed in accordance
with the Declaration of Helsinki, and the study was ap-
proved by the ethics committee of the medical institution.

RESULTS

The biomechanical properties of the samples, including
Cauchy stress, Young’s modulus, and thickness are pre-
sented in Table 1. As it can be seen both in the longitudi-
nal and circumferential planes, the arterial wall registered
higher values of Cauchy stress and Young’s modulus,
compared to SFV and GSV. Furthermore, after the irradia-
tion of the GSV wall, we observed an important increase
of Cauchy stress from 82 kPa to 131 kPa in the longitudi-
nal axis and from 66 kPa to 115 kPa in the circumferential
axis. Young’s modulus also changed after treating the GSV
wall from 0.564 MPa to 1.218 MPa (longitudinal) and from
0.397 MPa to 0.709 MPa (circumferential). As a result of
the therapy, we observed a considerable similarity of the
mechanical behavior of the wall of the GSV to that of the
wall of the SFA (Table 1). To emphasize the mechanical
strengthening of the venous sample following UV-A ir-
radiation, we plotted the force-displacement plots of the
four samples (Figure 1). Furthermore, in Table 2, we high-
lighted the forces measured at different stretch ratio val-
ues (1.05, 1.10, 1.15, 1.20, and 1.25) to demonstrate the dy-

TABLE 1. Thickness and biomechanical characteristics of the analyzed samples
Sample Cauchy stress (kPa) Young’s modulus (MPa) Thickness (mm)
Longitudinal  Circumferential = Longitudinal  Circumferential
SFA 146 134 1.505 0.995 0.749
SFV 93 73 0.604 0.455 0.431
GSV 81 66 0.564 0.397 0.266
GSV-UV 131 115 1.218 0.709 0.321
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TABLE 2. The forces created by the biotester during the bi-axial study of the four samples while the stretch

ratio was gradually increased

Axis Stretch ratio Force (mN)
SFA SFV GSV GSV-UV

Longitudinal 1.05 71 25 1 23
Longitudinal 1.10 135 67 32 54
Longitudinal 115 178 88 51 107
Longitudinal 1.20 263 109 74 192
Longitudinal 1.25 349 121 95 275
Circumferential 1.05 77 32 23 YA
Circumferential 1.10 161 75 54 88
Circumferential 115 245 96 69 147
Circumferential 1.20 YAVA 118 96 382
Circumferential 1.25 62/ 160 139 681

namic mechanical augmentation of the UV-A-irradiated
GSV sample compared to the non-irradiated sample and
the SFA sample.

DISCUSSION

The main result of this study is the demonstration of the
mechanical augmentation of the venous wall of the GSV
through the photocrosslinking of the collagen fibers at
the level of the adventitia, as well as the similarity to the
mechanical behavior of the arterial wall at the level of
the SFA.

In the case of patients with critical limb ischemia, when
endovascular revascularization cannot be used, surgical
revascularization remains the only option, and vein graft
from the GSV is the first therapeutic option in the case
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FIGURE 1.

of patients with trophic disorders and peripheral ischemic
skin infections. In addition, when direct arterial restora-
tion is not possible due to substantial vascular damage,
the implementation of a venous graft is the initial goal."?

Recent studies have proposed various techniques for
increasing the resistance and stiffness of the venous wall
to prevent remodeling and lower the chance of developing
neo-intimal hyperplasia, hence enhancing patency.>**
However, the findings are varied, and no approach with
excellent outcomes has been identified. Furthermore,
most studies are based on animal models.

Goldstone et al.>® used photochemical tissue passiv-
ation (PTP) to strengthen the porcine venous adventitia,
reducing compliance without affecting the endothelium.
Their test revealed a substantial increase in stiffness of
the PTP-treated veins compared to the control group
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(p = 0.001), similar to that of a porcine artery (p = 0.2),
confirming that PTP decreases vein elasticity, reducing
the degree of neointimal hyperplasia by 66% and me-
dial hypertrophy by 49%. Moreover, in ex vivo testing,
PTP increased Young’s modulus from 99 kPa to 954 kPa,
reducing the mismatch in compliance between the graft
and the artery.

PTP therapy may also be beneficial in situations with
arteriovenous fistulae. Goldstone et al. performed an end-
to-end anastomosis between the distal femoral artery and
the proximal epigastric vein in Sprague—Dawley rats. They
observed that in the control group the vein grew in diam-
eter by 78 -241% (right after the restoration of blood flow
to 4 weeks), while the PTP group registered an increase of
only 10-69% in diameter. Similar results were obtained
a year later, on six porcine models that received bilateral
carotid artery interposition vein grafts, where neointima
(p = 0.045), intima area (p = 0.01), and medial area (p =
0.048) were thicker in the control group.?

The preliminary results of our study, in which we dem-
onstrate that by photocrosslinking the collagen fibers at
the level of the GSV adventitia, we mechanically augment
the venous graft to behave similarly to the arterial one,
are based on the results published by Chirila et al.'7*®22 In
the first study,” they demonstrated on 30 porcine aorta
samples that treating the porcine aortic wall by UV-A ir-
radiation at an intensity of 45 mW/cm? led to an increase
in stiffness (p = 0.001) and resistance (p = 0.001). In other
studies, they concluded that irradiation with UV-A me-
chanically strengthens the porcine aorta subjected to en-
zymatic degradation with collagenolysis'® and elastase.?

Our study has not only validated the approach proposed
by Chirila et al.'”'®22 on human subjects, but we also pre-
sented a new therapeutic method of stabilizing the extra-
cellular matrix in the case of venous grafts. These prelimi-
nary results will be the basis for future in vivo studies on
animal models, in which we will investigate the impact of
photocrosslinking with UV-A at the level of the vein graft
in the long term.

CONCLUSIONS

The photocrosslinking of collagen fibers in the vein graft
adventitia hardens and stiffens the venous wall, making it
behave like the arterial wall after treatment. The prelimi-
nary ex vivo results on human vascular tissue of this study
will serve as the foundation for the development of new
treatment approaches using mechanical augmentation of
the vein graft in clinical settings. Our approach has practi-
cal relevance in arterial repair, such as vascular damage or

graft infection, as well as in the reconstruction of ruptured
aneurysmal arteriovenous fistulas.

CONFLICT OF INTEREST

Nothing to declare.

REFERENCES

1. Wanhainen A, Verzini F, Herzeele IV, et al. Editor’s Choice —
European Society for Vascular Surgery (ESVS) 2019 Clinical
Practice Guidelines on the Management of Abdominal
Aorto-iliac Artery Aneurysms. European Journal of Vascular
and Endovascular Surgery. 2019;57:8-93. doi: 10.1016/j.
€jvs.2018.09.020.

2. Chakfé N, Diener H, Lejay A, et al. Editor’s Choice — European
Society for Vascular Surgery (ESVS) 2020 Clinical Practice
Guidelines on the Management of Vascular Graft and Endograft
Infections. European Journal of Vascular and Endovascular
Surgery. 2020;59:339—384. doi: 10.1016/].ejvs.2019.10.016.

3. Arbanasi EM, Russu E, Muresan AV, Arbanasi EM, Kaller R.
Ulnar-basilic arteriovenous fistula with multilocular gigantic
aneurysmal dilatation: a case report. Acta Marisiensis — Seria
Medica. 2021;67:244—246. doi: 10.2478/amma-2021-0035.

4. Kaller R, Muresan AV, Arbdnasi EM, et al. Uncommon Surgical
Management by AVF between the Great Saphenous Vein and
Anterior Tibial Artery for Old Radiocephalic AVF Failure. Life.
2022;12:529. doi: 10.3390/1ife12040529.

5. Sabik JF, Lytle BW, Blackstone EH, Houghtaling PL, Cosgrove
DM. Comparison of Saphenous Vein and Internal Thoracic
Artery Graft Patency by Coronary System. Ann Thorac Surg.
2005;79:544—551. doi: 10.1016/j.athoracsur.2004.07.047.

6. Kaller R, Russu E, Arbanasi EM, et al. Intimal CD31-Positive
Relative Surfaces Are Associated with Systemic Inflammatory
Markers and Maturation of Arteriovenous Fistula in Dialysis
Patients. Journal of Clinical Medicine. 2023;12:4419. doi:
10.3390/jcm12134419.

7. Mitra AK, Gangahar DM, Agrawal DK. Cellular, molecular
and immunological mechanisms in the pathophysiology of
vein graft intimal hyperplasia. Immunology & Cell Biology.
2006;84:115—124. doi: 10.1111/j.1440-1711.2005.01407 X.

8. Muto A, Model L, Ziegler K, Eghbalieh SDD, Dardik A.
Mechanisms of Vein Graft Adaptation to the Arterial
Circulation. Circ J. 2010;74:1501—1512. doi: 10.1253/circj.CJ-10-
0495.

9. Cheng J, Du J. Mechanical Stretch Simulates Proliferation of
Venous Smooth Muscle Cells Through Activation of the Insulin-
Like Growth Factor-1 Receptor. Arterioscler Thromb Vasc Biol.
2007;27:1744—1751. doi: 10.1161/ATVBAHA.107.147371.

10. Harskamp RE, Lopes RD, Baisden CE, de Winter RJ,
Alexander JH. Saphenous Vein Graft Failure After Coronary
Artery Bypass Surgery: Pathophysiology, Management, and
Future Directions. Ann Surg. 2013;257:824. doi: 10.1097/
SLA.0b013e318288¢38d.

11. Liu SQ, Ruan YY, Tang D, Li YC, Goldman J, Zhong L. A
possible role of initial cell death due to mechanical stretch in
the regulation of subsequent cell proliferation in experimental
vein grafts. Biomech Model Mechanobiol. 2002;1:17—27. doi:
10.1007/510237-002-0003-2.



64

12.

13.

14.

15.

16.

17.

Journal of Cardiovascular Emergencies 2023;9(3):59-64

Vijayan V, Smith FCT, Angelini GD, Bulbulia RA, Jeremy JY.
External Supports and the Prevention of Neointima Formation
in Vein Grafts. Eur J Vasc Endovasc Surg. 2002;24:13—22. doi:
10.1053/€jvs.2002.1676.

Jeremy JY, Bulbulia R, Johnson JL, et al. A bioabsorbable
(polyglactin), nonrestrictive, external sheath inhibits porcine
saphenous vein graft thickening. J Thorac Cardiovasc Surg.
2004;127:1766—1772. doi: 10.1016/].jtcvs.2003.09.054.
Dashwood M, Angelini G, Wan S, et al. Does external stenting
reduce porcine vein-graft occlusion via an action on vascular
nerves? J Card Surg. 2002;17:556—560. doi: 10.1046/j.1540-
8191.2002.01012.X.

Angelini GD, Lloyd C, Bush R, Johnson ], Newby AC. An
external, oversized, porous polyester stent reduces vein graft
neointima formation, cholesterol concentration, and vascular
cell adhesion molecule 1 expression in cholesterol-fed pigs.
J Thorac Cardiovasc Surg. 2002;124:950—956. doi: 10.1067/
mtc.2002.127004.

Redmond RW, Kochevar IE. Medical Applications of Rose
Bengal- and Riboflavin-Photosensitized Protein Crosslinking.
Photochem Photobiol. 2019;95:1097-1115. doi: 10.1111/
php.13126.

Chirila TV, Suzuki S. Photocrosslinking of Adventitial Collagen
in the Porcine Abdominal Aorta: A Preliminary Approach to

18.

19.

20.

21.

22.

a Strategy for Prevention of Aneurysmal Rupture. Designs.
2022;6:5. doi: 10.3390/designs6010005.

Chirila TV, Suzuki S. Effects of Ultraviolet-A Radiation on
Enzymatically Degraded Tunica Adventitia of the Porcine
Abdominal Aorta. Biomedical Materials & Devices. Published
online April 28, 2023. d0i:10.1007/s44174-023-00080-1.
Liang NL, Alarcon LH, Jeyabalan G, Avgerinos ED, Makaroun
MS, Chaer RA. Contemporary outcomes of civilian lower
extremity arterial trauma. J Vasc Surg. 2016;64:731-736. doi:
10.1016/].jvS.2016.04.052.

Goldstein RL, McCormack MC, Mallidi S, et al. Photochemical
Tissue Passivation of Arteriovenous Grafts Prevents Long-
Term Development of Intimal Hyperplasia in a Swine Model.
J Surg Res. 2020;253:280—287. doi: 10.1016/}.j$5.2020.03.006.
Liu C, Yu W, Chen D, Shi Y, Li Z, Gu C. Adventitial Collagen
Crosslink Reduces Intimal Hyperplasia in a Rabbit
Arteriovenous Graft Model. J Surg Res. 2020;246:550—559.
doi: 10.1016/].jS5.2019.09.047.

Chirila TV, Suzuki S. Ultraviolet-induced mechanical
augmentation of the degraded porcine aortic adventitia:
Its significance for preventing aneurysmal rupture. Global
Translational Medicine. 2023;2:0897. doi: 10.36922/
gtm.0897.



