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Abstract

OBJECTIVES: Approaches to improve saphenous vein (SV) patency in coronary artery bypass graft (CABG) surgery remain relevant. This
study aimed to evaluate the effects of different preservation solutions and different pressures of intraluminal distention on the endothe-
lium of SV segments in CABG.

METHODS: Forty-two SV segments obtained from 12 patients undergoing CABG were divided into 7 groups. Group 1 (control) was prepared
without preservation or intraluminal distension, while the other 6 groups were preserved in autologous heparinized autologous arterial blood
or normal saline (NS), with distention pressures 30, 100 and 300 mmHg. To assess the effects of using these solutions and pressures on the en-
dothelium, the grafts were analysed by scanning electron microscopy, with the measurement of endothelial damage degree.
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RESULTS: Segments in group 1 showed minimal endothelial damage. SV grafts preserved with NS had significantly greater endothelial
damage both compared to the control group and compared to groups preserved with autologous arterial blood (P < 0.001). Segments dis-
tended with pressures up to 100 mmHg showed less damage when compared to those distended at 300 mmHg, with the ones subjected
to higher pressures presenting a maximum degree of damage, with considerable loss and separation of endothelial cells, extensive foci of
exposure of the basement membrane and numerous fractures of the intimate layer, without differences regarding the solution used.

CONCLUSIONS: Preparation of SV using NS and with intraluminal distension pressures above 100 mmHg is factors related to increased
damage to the venous endothelium.
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ABBREVIATIONS

AAB Autologous arterial blood
AMI Acute myocardial infarction
CABG Coronary artery bypass grafting
NS Normal saline
SV Saphenous vein
SEM Scanning electron microscopy
VGF Venous graft failure

INTRODUCTION

Coronary artery disease remains the disease with the highest
mortality worldwide, with coronary artery bypass grafting (CABG)
being the procedure of choice in the treatment of complex mul-
tivessel coronary artery disease [1, 2]. Despite increasing recom-
mendations for the exclusive use of arterial grafts in CABG, the
saphenous vein (SV) remains widely used [2, 3].

The development of venous graft disease is one of the main
limitations related to the use of these grafts, as this pathophysio-
logical process leads to gradual occlusion of the vascular lumen,
potentially resulting in venous graft failure (VGF) [4, 5]. This event,
present in up to 25% of the SV grafts in the first year, and in up
to 40–50% of these grafts in 10 years, is associated with a higher
incidence of unfavourable outcomes, such as death, acute myo-
cardial infarction and need for repeated revascularization [5].

The perioperative preservation of the endothelial integrity is a
relevant factor for reducing VGF rates, enhancing the importance
of strategies to minimize damage to the SV [6–8]. Approaches
such as the no-touch technique result in less damage to the inti-
mal layer, lower rates of early graft occlusion and improved
long-term results, sometimes even similar to those obtained with
arterial grafts [6, 7].

Selection of storage solutions for graft preservation and limita-
tion of intraluminal distension pressures are simple, cost-effective
methods with experimental and clinical evidence of reducing en-
dothelial damage to venous grafts [6, 9, 10]. However, there is no
consensus regarding standardization of these aspects in the liter-
ature. In addition, studies usually assess, separately, the impact of
these factors on endothelial integrity, with few reports on the
joint assessment of these features [10, 11].

This study aimed to evaluate, using scanning electron micros-
copy (SEM), the effects of using different graft preservation solu-
tions and distinct intraluminal distension pressures on the
endothelial integrity of SV segments in CABG.

PATIENTS AND METHODS

Ethics statement

This study was approved by the Research Ethics Committee
(Federal University of Ceará) under institutional review board
number 2257035 (04 September 2017). A written informed con-
sent form was signed by all patients.

In this prospective study, 12 non-diabetic patients, aged be-
tween 50 and 80 years, without chronic venous disease, and indi-
cation for elective CABG with the use of SV grafts, were selected
from April 2019 to February 2020. Demographic data and preop-
erative variables are described in Table 1.

Surgical procedure

The same professional harvested the SV in the lower limb
through multiple open incisions, with an atraumatic technique,
avoiding tension, distortion and distension of the grafts. After
measuring the length of the venous segment to be used as a graft
for myocardial revascularization, the remaining portion of the SV
is divided into segments with �2 cm. The surgical team delivered
this material to an examiner who prepared the graft according to
each studied group requirements.

Randomization and allocation to study groups

Considering that 7 experimental conditions were studied and 6
venous segments would be analysed in each of these conditions,
one of the authors of this study produced a table with 42 alloca-
tion slots. These slots were randomized using the function RAND
of Microsoft Excel, and the resulting table was used to sequen-
tially allocate each venous segment to a study group, with their
respective preparation and fixation procedures described below.

The storage solutions were used at room temperature in the
operating theatre (�20–22�C). The normal saline (NS) solution
consisted of 0.9% sodium chloride.

Group 1 (control) SV segments were immediately preserved in
a test tube containing a fixative solution with 4% paraformalde-
hyde and 2.5% glutaraldehyde and 0.1 M sodium cacodylate
buffer after harvesting.

In study groups 2–7, all venous segments were distended, us-
ing a metered syringe, at a constant pressure, specific for each
studied group, for 5 min, with an also specific preservation solu-
tion. Immediately after this process, the SV segments were stored
in a test tube immersed in fixative solution.
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SV segments from group 2 [autologous arterial blood (AAB) 30]
and group 3 (NS 30) were preserved in heparinized autologous
arterial blood (AAB) and NS solution, respectively, and distended
following the above-described protocol, at a pressure of
30 mmHg. On the other hand, venous segments from group 4
(AAB 100) and group 5 (NS 100) were preserved in AAB and NS,
respectively, and distended at a pressure of 100 mmHg. Finally,
SV segments from group 6 (AAB 300) and group 7 (NS 300) were
also preserved in AAB and NS solution, respectively, and dis-
tended a pressure of 300 mmHg.

Scanning electron microscopy analysis

Venous samples stored in fixative solution were removed from
their container and washed with 0.1 M sodium cacodylate buffer
3 times. Dehydration was obtained by immersion of the samples
in solutions with increasing concentrations of ethanol: 50%, 70%,
90% and 100%. Once dehydrated, the samples were critical point
dried (EMS 850), to remove moisture and residual solvents, and
then mounted on a sample holder support for SEM (stub), using
a carbon adhesive tape. Finally, the samples were sputtered
coated with 20-nm gold (Quorum 150T ES).

SEM was carried out in a QuantaTM Scanning Electron
Microscope 450 FEG (Thermo Fisher). The stubs containing the
SV segments were placed in the microscope sample holder and
then sealed. After that, a magnification of fifty times was defined
and the electron beam of the microscope was turned on with a
voltage of 10.0 kV for the acceleration of the electron beam, and
image formation.

In each sample, a central area of 0.5 cm � 0.5 cm was selected
to analyse the effects of different SV preparation techniques.
From this central area, increasing magnifications: 50 times, 500
times, 1000 times and 5000 times, were adopted for a thorough
evaluation, which was performed by 2 blinded observers.

The usual morphology of the SV’s endothelium and the follow-
ing parameters were evaluated: separation of endothelial cells;
loss of endothelial cells; basement membrane exposure; exposure
of fibrillar collagen; and presence of fractures and fissures in the
intimal layer.

These aspects were graded using a Likert-type scale, adapting a
score proposed by Gundry et al. [10], objectively classifying these
parameters from 0 to 4: 0 indicates the absence of morphological
alterations; 1 indicates changes in up to 10% of the sample; 2
indicates changes of 10 to 25% of the sample; 3 indicates changes
in 25 to 50% of the sample; and 4 indicates changes in >50% of
the sample.

After analysis, the score for each of the five studied criteria was
added, generating a total score for each sample, ranging from 0
to 20, with higher scores indicating greater damage to the sample
studied. An average damage score for each group was also
calculated.

Data availability statement

Data from each of the venous segments were tabulated for statis-
tical analysis (Supplementary Material). All relevant data are
within the manuscript and its supporting information files.

Statistical analysis

The measure of structural damage in SV segments, as it is a sum
of scores, was considered a quantitative variable and was initially
analysed using the Kolmogorov–Smirnov test to verify the nor-
mality of the distribution. As such requirement was achieved,
then, for descriptive statistics, the mean and standard deviation
were calculated, as well as parametric methods were used for an-
alytical statistics. Thus, comparisons between the 7 treatment
groups concerning this variable were performed using one-way
analysis of variance, associated with Tukey’s multiple compari-
sons test, to verify differences between the paired groups.

Considering that the Kolmogorov–Smirnov test has limitations
when used for small samples, the adequacy of the overall struc-
tural damage variable to the normal distribution evidenced by
the Kolmogorov–Smirnov test was corroborated by the analysis
of the Q–Q plot, which plots the observed values of the evaluated
variable versus the expected values assuming that it is a Gaussian
distribution. In the case of a normal distribution, the points are
expected to form a straight line approximately coincident with
the line of identity. This was observed for the structural damage
variable (Supplementary Material).

The 5 parameters that constitute the score for evaluating the
structural damage of SV segments are ordinal variables and were
expressed as median, 25th percentile and 75th percentile (inter-
quartile range) and minimum and maximum values, with analysis
by non-parametric methods. Thus, to compare the seven study
groups with such variables, the Kruskal–Wallis test was used,
complemented by Dunn’s multiple comparisons test, to verify
differences between the paired groups.

Considering the comparisons between each of the six study
groups and the control group in terms of overall structural dam-
age, we have calculated the power provided by the samples to
detect the observed differences. Thus, considering the compari-
sons between each study group versus the control group, it is ob-
served that the differences were significative. As the effects of

Table 1: Demographic data and preoperative clinical
characteristics of the studied patients

Variable N

Age (years) (mean ± SD) 67.67 ± 5.54
Age >75 years, n (%) 1 (8.3)
Male sex, n (%) 10 (83.4)
Previous AMI, n (%) 1 (8.3)
Functional class III/IV (NYHA) 0
BMI (mean ± SD) 26.83 ± 3.43
COPD, n (%) 1 (8.33)
Diabetes mellitus 0
Kidney failure 0
Dyslipidaemia, n (%) 12 (100%)
Systemic arterial hypertension, n (%) 11 (91.6)
Left main stem CAD, n (%) 2 (16.6)
Two vessel CAD, n (%) 2 (16.6)
Three vessel CAD, n (%) 8 (66.6)
LVEF <_35% 0
Cerebrovascular disease, n (%) 1 (8.33)
Carotid artery disease 0
EuroScore II (mean ± SD) 1.03 ± 0.52

AMI: acute myocardial infarction; BMI: body mass index; CAD: coronary ar-
tery disease; COPD: chronic obstructive pulmonary disease; EuroScore:
European System for Cardiac Operative Risk Evaluation; LVEF: left ventricle
ejection fraction; NYHA: New York Heart Association; SD: standard deviation.
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interventions were expressive, inducing considerable differences,
small samples were able to detect such differences.

From these analyses, it can be concluded that the sample size
used provided a power >90%, at a significance level of 5%, to de-
tect the statistically significant differences observed between the
study groups and the control group in relation to the main mea-
sure of effect (structural damage score).

In all analyses, two-tailed tests were used, establishing the level of
significance at 0.05 (5%), considering, therefore, a P-value of <0.05
as statistically significant. The software GraphPad Prism version 8.0
(GraphPad Software, SanDiego, California, USA) and IBM SPSS

Statistics version 23.0 (IBM Corp., Armonk, NY, USA) were used to
carry out the statistical procedures and to prepare the graphs.

RESULTS

SV segments from the control group were analysed shortly after
surgical excision, without the influence of graft preparation
methodologies. In 4 of the 6 samples studied, complete integrity
of the venous intimal layer was noted. In 2 samples, however, oc-
casional separation of endothelial cells was observed (Fig. 1).

Figure 2: Scanning electron microscopy images of the luminal surface of saphenous vein segments of groups 2 (autologous arterial blood 30) and 3 (normal saline 30).
(A) Group 2 (autologous arterial blood 30)—integrity of most of the endothelium, with discrete artefacts from the preparation for microscopic analysis (arrow). (B)
Group 2 (autologous arterial blood 30)—intact endothelium. (C) Group 3 (normal saline 30)—marked separation of endothelial cells with exposure of subendothelial
layers (arrow), in addition to fissures in the cellular intima layer (circle). (D) Group 3 (normal saline 30)—presence of a cluster of fibrin and platelets on the endothelial
surface.

Figure 1: Scanning electron microscopy images of the luminal surface of the control group saphenous vein segments. (A) Venous endothelium with no signs of cell
damage. (B) Intimal layer with preserved endothelial cells.
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SV segments from group 2 (AAB 30) showed minor alterations
in the endothelial surface, with occasional separation and/or loss
of endothelial cells, and rare exposure of the basement mem-
brane. There was no exposure of collagen fibres or fissures in the
intimal layer (Fig. 2A and B). In group 3 (NS 30), however, there
was an increased degree of separation and loss of endothelial cells
(Fig. 2C), with the heterogeneity of cellular distribution, with endo-
thelial loss, presence of fissures in the intimal layer and exposure
of collagen fibres, with the presence of platelet clusters (Fig. 2D).

SV segments from group 4 (AAB 100) showed marked separa-
tion of endothelial cells and exposure of the basement mem-
brane when compared to group 2 (Fig. 3A and B). In group 5 (NS
100), differently, there was a considerable loss of endothelial
cells, with frequent exposure of the collagen matrix, and fissures
in the intima layer (Fig. 3C). In some venous segments, a pattern
of elongation of the endothelial cells was also noted (Fig. 3D).

Venous segments from group 6 (AAB 300) presented deforma-
tion of the usual architecture of the intima layer, with extensive
loss of endothelial cells, and exposure of the basement membrane,
but with infrequent exposure of collagen fibres (Fig. 4A and B). In
group 7 (NS 300), practically the entire length of the analysed ve-
nous segments showed a pattern of separation of endothelial cells,
with subsequent exposure of subendothelial layers, presence of
considerable fissures in the intima layer, with fibrin and platelet
adhered to exposed collagen fibres (Fig. 4C and D).

The use of NS or AAB, as well as the distension of the SV with
intraluminal pressures of 30, 100 and 300 mmHg, was related to
different patterns of damage to the endothelium (Fig. 5).

It was found that, compared to NS as a storage solution, preser-
vation with AAB significantly reduced the overall structural damage
for distension pressures of 30 and 100 mmHg. Furthermore, irre-
spective of the storage solution, the overall structural damage in-
creased significantly with a distension pressure of 300 mmHg.

It was also analysed how different storage solutions and in-
creasing intraluminal distension pressures affected each of these
parameters (Table 2).

DISCUSSION

Several pathogenic factors are involved in the development of en-
dothelial damage in the venous grafts [5, 12, 13]. Hofer et al. [13],
in 1981, illustrated that morphological changes in SV grafts used
in CABG may be due to 5 factors predominantly: changes intrinsic
to the patient, which occur in the endothelium due to ageing;
mechanical injury during graft excision; injuries due to hypoxia;
injuries resulting from distension of the grafts; and injuries result-
ing from the characteristics of the SV preservation solution.

There is evidence that in the population of patients with type 2
diabetes mellitus, there is a degree of preoperative endothelial
damage, with intimal hyperplasia and endothelial degeneration,
which was significantly more prevalent [14]. Considering that, di-
abetic patients were not included in this study, to reduce biases
arising from possible pre-existing endothelial damage.

Since the beginning of the systematic use of SV in CABG, sev-
eral authors have sought to develop techniques that could

Figure 3: Scanning electron microscopy images of the luminal surface of saphenous vein segments of groups 4 (autologous arterial blood 100) and 5 (normal saline
100). (A) Group 4 (autologous arterial blood 100)—occasional separation of endothelial cells (arrow). (B) Group 4 (autologous arterial blood 100)—separation of endo-
thelial cells, with exposure of the basement membrane (arrow). (C) Group 5 (normal saline 100)—areas with marked endothelial damage, including exposition of colla-
gen fibres (arrows). (D) Group 5 (normal saline 100)—elongated pattern of the endothelial cells, with separation of these cells (arrows), in addition to fissures in the
intima layer (circles).
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reduce the endothelial damage to the SV. These were mainly fo-
cused on three aspects: reduction of direct trauma during har-
vesting; adoption of more physiological storage solutions; and
use of lower distension pressures [12, 15].

Selection of the ideal graft preservation solution stills a debateable
subject in CABG, and even though evidence about the potentially
harmful effects of the use of NS is vast, this solution is still used for
the storage of vascular grafts, due to its availability and ease of use,
and the absence of consensus and studies that effectively indicate
the superiority of other storage solution [5, 6, 16, 17].

Buffered saline solutions, organ preservation solutions, cardio-
plegic solutions and specific graft preservation solutions are sub-
ject of studies regarding their impact on venous endothelium
integrity [17–20]. Harskamp et al. [11], in 2014, illustrated reduc-
tion in VGF and improved clinical results when buffered saline
solutions were used, when compared to SV preservation with NS
or autologous blood. Furthermore, Perrault et al. [18] reported
reduction in wall thickness and in VGF-related in SV grafts pre-
pared with DuraGraft, a balanced saline solution.

Our study illustrated that SV segments preserved in a normo-
thermic saline solution presented considerable endothelial dam-
age when compared to those preserved with AAB [10, 13]. This
damage to the endothelial morphology also results in the impair-
ment of cellular functionality, with deterioration in contractile ca-
pacity, and in endothelium-dependent vasodilation [19]. There
are also indications that the preservation of the SV with AAB
would make this graft remain in a cellular microenvironment
with less expression of pro-inflammatory factors and less amount
of reactive oxygen species than when preserved in NS [20].

The mechanism by which NS induces endothelial damage in
vascular grafts is still discussed, but the described pathophysio-
logical processes involve activation of a pro-inflammatory cell
pathway, namely the P2X7R/p38MAPK/MK2 pathway, resulting
in the loss of endothelial cell integrity and dysfunction of these
cells. In addition, the fact that this unbuffered solution has an
acidic pH (�5.0) would also be a directly harmful factor to the
endothelium, resulting in the loss of endothelium-dependent
vascular relaxation, with lower expression of nitric oxide-
producing enzymes [6, 7, 21].

The lack of consensus in the literature as to which is the supe-
rior preservation solution causes heterogeneity in the preparation
of SV, which may partially explain the unsatisfactory long-term
results obtained with venous grafts. To illustrate that research
carried out with surgeons from 90 US hospitals showed that
28.9% of the centres used NS, 40% buffered saline solutions and
26.7% adopted AAB as a routine solution. In 88.9% of cases, the
preservation solution was heparinized, and in 74.4% of cases, it
remained at room temperature [22].

The intraluminal distension of the SV is the other relevant
factor for its endothelial integrity. The hydrostatic pressures to
which the SV is usually subjected range from 5 to 35 mmHg
and may reach 50 mmHg in extreme situations. A sudden dis-
tension of this vessel at high pressures causes considerable im-
pact in the intimal and medial layers. For example, an increase
in intraluminal pressure from 10 to 100 mmHg causes a fifteen-
fold increase in the circumferential stress measured on the vas-
cular wall, which increases exponentially with higher distension
pressures [6, 9, 23–25].

Figure 4: Scanning electron microscopy images of the luminal surface of saphenous vein segments of groups 6 (autologous arterial blood 300) and 7 (normal saline
300). (A) Group 6 (autologous arterial blood 300)—Loss and separation of endothelial cells (arrows), with exposure of the basement membrane (circles), and of colla-
gen fibres (square). (B) Group 6 (autologous arterial blood 300)—separation of endothelial cells (arrows), and exposure of basement membrane (circle). (C) Group 7
(normal saline 300)—fissure in the intima layer (arrow), with exposure of the subendothelial layers. (D) Group 7 (normal saline 300)—microenvironment of fissure of
the endothelial layer, with disarrangement of collagen fibres, and presence of red blood cells, fibrin and platelet agglomerates.
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The effects of exaggerated luminal distension are not restricted
to the endothelium. When stretched, the smooth muscle cells of
the media layer of these vessels reduce their amount of
adenosine triphosphate, which would be indicative of metabolic
damage to these cells [6, 9]. In addition, there is a recruitment of
pro-inflammatory and pro-thrombotic molecules into the vascu-
lar lumen, contributing to early thrombus formation and possible
graft occlusion [24–26].

These factors illustrate the relevance of controlling the luminal
distension pressure of the SV during CABG. Manual distensions,
even when performed cautiously, can result in pressures of up to
400 mmHg, resulting in considerable endothelial damage to the
grafts, also reducing their elasticity and capacity for tissue

regeneration [21, 25]. The use of metered systems to seek disten-
sion of up to 100 mmHg would probably a more recommend-
able approach [5, 6].

Limitations

This study has several limitations. Initially, this is a single-centre
study, with a small sample of patients. It is also noteworthy that only
the morphological aspect of the endothelial layer of the SV was
evaluated when it is exposed to different preservation solutions and
distending pressures, and data on cell functionality and expression
of markers could not be evaluated with SEM. Furthermore, the time

Figure 5: Evaluation of the degree of endothelial damage in saphenous vein segments with different storage solutions and intraluminal distension pressures. The data
correspond to the mean and standard deviation of measurements performed in each group. The symbols **(P < 0.01) and ***(P < 0.001) denote statistically significant
differences in relation to the control group, while the symbol ###(P < 0.001) means statistically significant differences in relation to the group stored with normal saline
at the same distension pressure. The symbols +(P < 0.05) and +++(P < 0.001) indicate statistically significant differences in relation to the group submitted to distension
pressure of 30 mmHg in the same storage solution, while the symbol xxx(P < 0.001) corresponds to statistically significant differences in relation to the group submitted
to distension pressure of 100 mmHg in the same storage solution.

Table 2: Detailed evaluation of the degree of endothelial damage in saphenous vein segments with different storage solutions and
intraluminal distension pressures

Parameter Control,
median (IQR),
n = 6

30 mmHg 100 mmHg 300 mmHg

NS, median
(IQR), n = 6

AAB, median
(IQR), n = 6

NS, median
(IQR), n = 6

AAB, median
(IQR), n = 6

NS, median
(IQR), n = 6

AAB, median
(IQR), n = 6

Separation of endothelial cells 0.00 (0.00–1.00) 2.00 (2.00–3.00) 2.00 (1.75–2.00) 3.00 (2.75–3.00) 2.50 (2.00–3.00) 4.00 (4.00–4.00)a 4.00 (4.00–4.00)a,d

Loss of endothelial cells 0.00 (0.00–0.00) 2.00 (1.75–3.00) 1.00 (1.00–1.00) 3.00 (3.00–3.00)b 2.00 (2.00–2.00) 4.00 (4.00–4.00)a 4.00 (4.00–4.00)a,e

Basement membrane exposure 0.00 (0.00–0.00) 2.00 (1.75–2.25) 0.00 (0.00–0.25) 2.50 (1.75–3.00) 2.00 (1.00–2.00) 3.50 (3.00–4.00)b 4.00 (4.00–4.00)a,f

Exposure of fibrillar collagen 0.00 (0.00–0.00) 2.00 (1.00–2.00) 0.00 (0.00–0.00) 2.50 (2.00–3.00)c 1.00 (0.00–1.00) 4.00 (4.00–4.00)a 3.00 (2.00–3.00)c,d

Fissures in the intimal layer 0.00 (0.00–0.00) 1.00 (1.00–1.25) 0.00 (0.00–1.25) 1.50 (1.00–2.00) 1.50 (1.00–2.00) 3.50 (2.75–4.00)a 3.00 (2.00–4.00)a,d

Superscript letters a (P < 0.001), b (P < 0.01) and c (P < 0.05) denote statistically significant differences in relation to the control group and d (P < 0.05), e (P < 0.05) and
f (P < 0.001) indicate statistically significant differences in relation to the group subjected to distension pressure of 30 mmHg and exposed to AAB (Dunn’s compari-
son test).
AAB: autologous arterial blood; IQR: interquartile range; NS: normal saline.
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of exposure of the venous graft to the respective distension pres-
sures of each group, 20 min, does not reflect what happens in surgi-
cal practice, since the venous segments are exposed for
considerably shorter times; however, this time was necessary for tis-
sue fixation to occur, allowing a reliable analysis by SEM. In addition,
the structural damage score, the instrument used to evaluate each
SV segment, is an effort to quantify patterns of endothelial damage
that are impractical to accurately measure, and the relation between
this score and unfavourable clinical outcomes can be inferred, as
long-term clinical outcomes and follow-up studies evaluating VGF
are not available in our study.

CONCLUSION

In brief, structural damage to the endothelium of SV segments
increases with higher distension pressure regardless of the pres-
ervation solution. Furthermore, the use of NS results in greater
structural damage compared to preservation with AAB for pres-
sures up to 100 mmHg.
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