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Abstract

Vascular graft infection is still a life-threatening complication of reconstructive surgery. Among other options, application
of cryopreserved homografts can eventuate favorable outcome, if graft replacement is necessary. The preparation and stor-
age of these allografts need special infrastructure and deep subzero (— 80 °C) temperature. However, the longer storage
time can lead to inferior results after implantation, based upon clinicians’ experiences. The goal of our investigation was
to circumscribe the optimal storage time interval with differential scanning calorimetry (DSC) and histological evaluation,
using porcine aorta. All samples were deep-freezed using — 80 °C. Cryopreservated grafts were melted after 4, 6, 12, 16,
20, 24, 28 and 52 weeks; then, DSC and different types of histology were performed. Light microscopy analysis showed
significant changes in the connective tissue fibers’ structure from the 16th week; while, DSC measurements confirmed sys-
tematic decrease in the thermal stability from the same week during the follow-up period. Our investigation suggested that
cryopreservation can lead to significant and increasing microstructural damage of the fibers following the 12th week; thus,

the homograft implantation can result in higher success rate inside this timeframe.
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Introduction

In the last decades, the discovery and spread of the different
types of artificial grafts, as well as the increasing number
of vascular reconstructions, resulted in a higher complica-
tion rate at this field. Beside the typical vascular surgical
complications, like reocclusion and bleeding, surgical site
infections related to the synthetic graft implantation, demon-
strated a growing amount. These vascular graft infections are
still the most difficult challenge for vascular surgeons with a
prominently high lethality and limb loss rate. The incidence
of prosthetic graft infection ranges between 0.5 and 6%,
depending on the operated region [1-4]. This rate is lower
in case of endografts, and is higher in patients with criti-
cal limb-threatening ischemia [1, 4]. While, the synthetic
graft sortiment became wider and wider from the simple
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PTFE and dacron grafts to their impregnated variants, the
autologous great saphenous vein and deep vein remained the
“gold standard” in cases of distal bypasses and also in sep-
tic vascular surgery [5—-12]. However, about 20-45% of the
patients has not suitable venous graft due to earlier varicec-
tomy, venous insufficiency, thrombophlebitis or previous
revascularization with vein graft [5-8, 12—15]. This per-
centage can reach 50%, when a second revascularization is
needed with saphenous graft [5, 16]. Among other options,
cryopreserved vascular allografts can be used with favora-
ble outcome in both field, when autologous venous graft is
not available [4, 7, 8]. The cadaver, cryopreserved homo-
grafts have some advantages, like high resistance against
infections and reinfections, as well as superior patency in
below-the-knee bypasses compared with artificial vascular
grafts; however, there are some potential, unfavorable late
complications of their usage, like aneurismatic degeneration
or graft thrombosis [7, 8, 17-19]. The goal of cryopreserva-
tion is to preserve the functional characteristics of vascular
tissues for virtually infinite time [20]. Thus, these grafts can
be used for later vascular reconstructions [20, 21]. However,
freezing the graft to — 80 °C, then thawing before implan-
tation can lead to cell injury and structural changes in the
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tissue, which affect contractility and endothelial function of
the vessel [20]. These potentially harmful consequences can
decisively influence the graft quality, accordingly the long-
term outcome of its utilization [19].

In our previous study, porcine aortic wall segments were
examined with routine histology and differential scanning
calorimetry to determine the effects of deep-freezing in the
first 12 weeks. Our data demonstrated only minor changes of
the vascular structure in the first 3 month, suggesting great
applicability with this short storage time [19]. To determine
the overtime applicability of these cryopreserved grafts more
accurately, 1 year follow-up study was performed including
routine and special histological examinations and differential
scanning calorimetry.

Materials and methods
Surgical and laboratorial preparation

The present study conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23,
revised 1996) and was approved by the Local Institu-
tional Committee on Animal Research, University of Pécs
(BA02/2000-29/2001).

Segments of porcine aorta were freshly excised under
sterile surgical conditions from euthanized Yorkshire pigs
(mass from 23 to 27 kg) of other ongoing experiments,
declared free of clinically evident diseases. After separa-
tion of the adhesive tissue, macroscopic examination was
performed to exclude any pathology. Longitudinal aortic
segments (about 2 cm in length with 5-7 mm diameter) were
next washed in cold (4 °C), sterile Ringer Lactate solution
(B. Braun Melsungen AG, Melsungen, Hessen, Germany) to
remove residual traces of blood for 30 min. Thereafter, each
aortic segment was placed separately in 50 mL preserva-
tive solution containing, sterilized Falcon tubes (Labsystem
Kft., Budapest, Hungary) at room temperature for 20 min.
The preservative solution contained: 1000 mL Ringer Lac-
tate solution, 10 v/v% dimethyl sulfoxide (Sigma-Aldrich
Chemie Gmbh, Steinheim, Germany), 750 mg cefuroxime
(GlaxoSmithKline plc., Brentford, Middlesex, United King-
dom) and 200 mg fluconazole (Fresenius Kabi Hungary Kft.,
Budapest, Hungary). Samples in Falcon tubes were next cry-
opreserved to —80 °C using liquid nitrogen vapor (Messer
Hungarogaz Kft., Budapest, Hungary) and then stored at this
temperature in a deep freezer for further use. Cryopreserved
aortic samples (5 samples in every timepoint) were thawed
at room temperature in 4, 6, 12, 16, 20, 24, 28, 52 weeks and
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immediately following deep-freezing, thereafter histologi-
cal evaluation and differential scanning calorimetry (DSC)
analysis was performed.

Light microscopy evaluation

Aortic samples were fixed for 24 h in 10% neutral buffered
formalin. Tissue blocks were embedded using paraffin, and
2—4 um thick sections were sliced. Sections were stained
applying Hematoxylin—eosin (HE), Masson trichrome (MT)
and Orcein (O) histochemistry staining (Bio-Optica, Milano,
Italy), using protocol recommended by the manufacturers.
Each stained histological section, before and after DSC
was compared and analyzed using Case Viewer software
(3DHistec Ltd.), and was evaluated by two independent
pathologists. Five samples were assessed in each timepoint,
before and after DSC analysis.

DSC measurements

The thermal denaturation of the samples was investigated
with a SETARAM Micro DSC-II calorimeter. Each analy-
sis was performed within the range of 0 and 100 °C with a
heating rate of 0.3 K min~!. Conventional Hastelloy batch
vessels (V. =1 mL) were applied for the experiment with
an average sample mass of ~ 150 mg (range: 110-200 mg).
Normal saline solution was used as a reference. The refer-
ence and sample vessels were equilibrated with a precision
of £ 0.1 mg, so heat capacity correction between the sample
and reference was not needed. The second scan of the dena-
tured samples was used to make the baseline correction. The
melting temperature of the samples (7)) was defined as the
peak of the heat transition curves (at this point the 50% of
sample turns from native into denatured state). AT stands
for the denaturation temperature range. The calorimetric
enthalpy change (AH,,) was calculated from the area under
the heat absorption curve with the SETARAM two points
setting software. The sample mass in grams was used to
normalize the AH.,, values (in Jg™' unit). We have finished
our previous DSC investigation of freezing at the 12th week.

Results and discussion

Surgical site infections are possible complications of vas-
cular reconstructions. The consequences can be lethal, if
the inflammation spreads deep and affects the graft and/or
the anastomosis, thus can lead to life-threatening bleeding
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and/or septicaemia. Treatment options depend on many
factors, like the region and type of the infection, the type
and virulence of the bacteria, the general condition of the
patient, moreover the graft availability [1, 4]. To effectively
treat graft infection, culture-directed, long-lasting antibioti-
cal therapy and surgery are recommended [1, 4]. Accurate
debridement, resection or removal of the infected graft, graft
replacement, drainage and/or negative pressure wound ther-
apy (NPWT) are the parts of surgical therapy [1, 4]. The
gold standard for graft replacement is still the autologous
graft, which can be the grand and small saphenous vein,
superficial arm vein, deep vein (femoral) or desobliterated
artery [1, 4, 7-12, 15, 17, 19]. If autologous graft is not
available or the patient’s general condition is not enough fit
for an extended surgery, the usage of another type of graft
could be necessary. Synthetic grafts, especially their impreg-
nated variants are generally useful for reconstructions,
but with variable success rate regarding to reinfection [7,
22-24]. Application of cryopreserved vascular allografts or
homografts is a highly recommended option with excellent
results in infection elimination, however late, degenerative
complications of their utilization are still under investiga-
tion by many researchers [4, 5, 7, 8, 15, 17-19]. There are
some technical innovations to reduce the chance for graft
impairment; however, deep-freezing and thawing of the
vascular homograft can result in significant damage of the
tissue [5, 20]. Besides this, the storage time at deep subzero
temperature is an important factor, which can influence the
late outcome of homograft utilization, but these experi-
ences are not yet confirmed and based only upon clinicians’
observations [8, 15, 19]. In our investigation, we have made
a genuine attempt to confirm the structural changes in the
vascular tissue due to cryopreservation, for the purpose of
improve the outcome of implantations and determine a more
precise recommendation for optimal timing of utilization of
homografts.

Differential scanning calorimetry (DSC) and 3 different
types of histological analysis were performed to evaluate the

deep-freezing caused structural alterations at different time-
points. Depending on our findings, we tried to determine
the optimal storage time interval after cryopreservation, to
improve long-term outcome of homograft implantation.

Hematoxylin—eosin staining was performed for routine
histological examination, while Orcein staining demon-
strated the structural changes of elastin fibers, as well as
Masson trichrome histochemistry showed the collagen fiber
alteration after cryopreservation, comparing the samples
with freshly excised aortic wall (Fig. 1), in different time
points.

Following deep-freezing we observed the damage of the
endothelial layer in all samples at each timepoint. This effect
was not dependent on storage time. The connective tissue
fibers (elastin and collagen) did not show significant changes
regarding their structure in the first 12 weeks. The runoff the
fibers was decisively regular. After this timepoint, both col-
lagen and elastin bundles became more and more irregular,
undulatory and fragmentated, their staining pattern showed
anomalism, and decreased eosinophilia. These changes were
more pronounced near to the luminal surface, and intensified
as the function of the storage time (Fig. 2).

Histological examinations were also performed after DSC
measurements, showing similar alteration in fiber structure
at different time points as mentioned above (Fig. 3). These
findings were uniformed throughout all investigated samples.

We have finished our former investigation of freezing on
aortic wall at 12th week [19]. It was extended in the recent
study up to 52nd week. From the DSC scans (see Fig. 4) and
the calculated thermal parameters (see Table 1) we can see
the effect of cryoprotection in the function of time.

At the first sight can be seen two main denaturation ranges
in all sample: in a lower and higher temperature range. The
highest irreversible denaturation step is around 58 °C. This
higher one is missing in the first cooling and the second
heating/cooling steps. The lower T}, exhibited a significant
decrease at 6th week (bold) and an increase in 24th and 52nd
week (italic) compared to the control (see Table 1). AT}

1%

Fig. 1 Histological sections of the native aortic wall with haematoxylin—eosin (HE), Masson trichrome (MT) and Orcein (O) staining
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Fig. 2 Histological sections (stained with HE, MT, O) of the cryopre-
served aortic samples in different time points

shows a significant decrease at 4,6,8 (8th is the lowest) and
28,52 weeks. This can refer to the stabilization of this ther-
mal domain during the cryopreservation. Surpriseling the
12th week exhibits an increase, which is the sign of structure
loosening. The calorimetric enthalpy in case of 6th as well
as 12th—52nd weeks storing range was increased, reporting
about thermally more stronger (rigid) structure as a conse-
quence of cryoprotection. The second heating step exhibited
significantly higher calorimetric enthalpy in the lower tem-
perature range than the first one, which could be the sign the
reversable structural reorganization of this thermal domain.
The 16th and 20th weeks seem to be critical storage time.

@ Springer

Fig. 3 Histological sections (stained with HE, MT, O) of the cryopre-
served aortic samples after DSC analysis in different time points

At 16th week the second cooling and in case of 20th the
first and second cooling exhibited a biphasic reorganization,
which cannot see neither before nor after this storage time.

T, varied between 57.4 and 59.4 °C. We have observed
a significant decrease compared to the control only at 2nd,
6th and 16th weeks. ATy decreased at 12th week, while
increased (looser structure) at 16-20 and 28-52 weeks. The
calorimetric enthalpy except of the 20th week was signifi-
cantly smaller than the control one. It can show the storage
time dependent effect during the frosening. We believe that
this calorimetric enthalpy change is the best marker for mon-
itoring structural damage caused by cryoprotective storage.
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Fig.4 Denaturation scans of cryoprotected aortic walls at different storage time. The first and second heating/cooling cycles are presented in the

most characteristic stages of frosening
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Table 1 Thermodynamic
parameters of porcine aortic
grafts achieved by thermal
denaturation after different
cryopreservation (from 0 to
52 weeks) time

@ Springer

Sample n=5 (£=60)

Thermodynamic parameters

T,../°C AT /°C AH, /Tg™! Tu/°C ATy/°C AHy/Ig™
Ow.
Ist heating 28.0+03  19.8+05 —0.10+£0.05 58.8+0.1 29.0+0.6 —4.66+0.25
1st cooling 20.1+0.6  27.9+03 +1.05+0.09
2nd heating 31.0+05 329405 —-1.17+0.04
2nd cooling 20.6+04  27.2+0.5 +0.85+0.05
1w.
Ist heating 28.1+09 19.3+0.6 —0.10+0.02 58.4+04 303+04 -3.70+0.10
Ist cooling 20.7+0.7 253+04 +0.72+0.07
2+ nd heating 28.8+0.3  29.0+0.5 —0.98+0.06
2nd cooling 209+0.2  26.4+0.8 + 0.80+0.03
2w,
Ist heating 28.5+0.8 18.6+0.9 —0.08+0.02 57.4+0.1 309+1.0 —2.67+0.09
Ist cooling 20.6+04  21.1+0.6 +0.64+0.02
2nd heating 31.8+0.5 30.8+0.6 -0.77+0.03
2nd cooling 215+ 21.3+£0.7 + 0.38+0.04
4w,
Ist heating 28.8+0.5 17.3+0.3 —0.08+0.01 58.4+0.5 283+0.6 -238+0.15
1st cooling 200+04  227+0.5 +0.46+0.03
2nd heating 283+03 31.0+04 -0.94+0.02
2nd cooling 20.4+0.7 24.2+0.6 +0.42+0.02
6.w.
Ist heating 223+03 17.3+0.5 —0.24+0.03 579+0.3 28.0+0.7 —-2.28+0.11
1st cooling 203+0.5 19.7+0.5 +0.64+0.03
2nd heating 292+02 21.5+0.2 —0.60+0.05
2nd cooling 19.6+04 19.8+0.3 + 0.68+0.04
Sw.
Ist heating 285+04 114+03!! —-0.15+0.02 58.6+0.5 28.1+0.6 —3.21+0.17
1st cooling 203+04  263+0.7 +0.65+0.03
2nd heating 284+04 227+0.6 -0.52+0.03
2nd cooling 21.5+04  26.7+03 +0.63+0.03
12.w.
Ist heating 28.7+0.5 21.7+0.3 —0.31+0.01 59.1+04 23.4+04 -3.40+0.26
1st cooling 23.1+03  23.9+0.6 +0.50+0.05
2nd heating 299+03 247+04 -0.43+£0.03
2nd cooling 225+0.7 264403 +0.65+0.06
16.w.
Ist heating 29.6+04 159+0.2 -0.30+0.02579+0.5 356+04 —2.43+0.12
1st cooling 212+05 27.4+04 +0.59+0.05
2nd heating 28.1+0.5 20.6+0.3 -0.36+0.03
2nd cooling 20.6+04 254404 +0.58+0.06
20.w.
Ist heating 27.41+0.6 20.5+03 -0.30+£0.02 59404 36.6+0.5 —4.79+0.24
Ist cooling 21.5+04 265405 +0.59+0.06
2nd heating 27.6+05 247404 -0.41+£0.04
2nd cooling 189+03 24.6+04 +0.59+0.06
24.w.
Ist heating 31.6+0.6 204+0.3 -0.30+0.02 58704 273+04 -3.19+0.14
Ist cooling 21.7+04  23.6+0.5 +0.55+0.05
2nd heating 31.7+0.6  27.4+0.6 -0.75+£0.06
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Table 1 (continued) Sample n=5 (£=60) Thermodynamic parameters
T,./°C AT /°C AH, /Tg™! T, u/°C ATy/°C AHy/Tg™!

2nd cooling 21.8+04 249+04 +0.59+0.05

28.w.

Ist heating 27.6+0.5 12.7+0.3 —0.28+0.02592+0.5 364+0.6 —3.46+0.16

1st cooling 17.8+03  252+04 + 0.60+0.05

2nd heating 263+04 243404 —0.72+0.07

2nd cooling 172+03  23.9+0.5 +0.61+0.06

52.w.

1st heating 29.5+04 12.0+0.3 —0.22+0.02 588+0.3 40.3+0.7 —2.75+0.11

1st cooling 202+04 24.8+0.6 +0.61+0.05

2nd heating 283+ 23.4+0.5 —0.40+0.03

2nd cooling 18.8+ 232+04 + 0.65+0.06

The data are averages and +s.d. of five samples (n=35, including up to 52 weeks, total n=60) independent
samples. The values are rounded to one decimal place for 7, and two decimal places for AH (the—symbol
means endotherm, the+ one exotherm transition). Subscripts L and H refer to the low and higher denatura-
tion range. Bold stands for significant decrease and italic for the increase in the given parameter compared

to the control

Conclusions

The implantation of cadaver, cryopreserved allografts is a
widespread method in vascular surgery for distal bypasses
or septic graft replacement, if eligible autologous vein graft
is not available. The storage of these grafts needs special
circumstances and infrastructure. In these tissue banks grafts
are stored at — 80 °C to maintain their original structure;
however, the longer storage time can harmfully influence the
quality of the prosthesis, thus lead to higher complication
rate. These alterations are usually non-visible, but histologi-
cal examination together with DSC analysis can detect early
structural changes, which can help us to appropriate graft
selection.

In our study, light microscopy evaluation showed signifi-
cant changes, progressive damage in the collagen and elastin
fibers’ structure after the 12th week; while, DSC analysis
demonstrated systematic decrease in thermal stability from
the same week, during follow-up.

Based upon our findings, we suggest the utilization of
these cryopreserved biological grafts in the first 12 weeks
after deep-freezing. Grafts from this timeframe have more
stable structure, which can prevent the patient from late
complications.

This study could confirm the applicability of DSC in clin-
ical aspects. Clinicians could make procedures more safely
by detection of the cryoprotected vessel wall changes before
implantation. With this method graft selection could be more
optimal to avoid graft-material related complications.
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