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ABSTRACT

Introduction: The aim of this study was to evaluate ex vivo perfusion (EVP) for vascularized composite tissue preservation. We
hypothesized that EVP could maintain allografts in near-physiologic conditions for >24h.

Methods: Twenty superior epigastric artery perforator-based abdominal flaps were procured from 10 Yorkshire pigs. Flaps were
preserved for 12h (n=>5) or 24h (n=5) using EVP with an oxygenated colloid solution containing HBOC-201 oxygen carrier
(HbO, Therapeutics, Souderton, PA). Contralateral flaps were cold storage controls (4°C) (n=10). Hemodynamics, temperature,
gases, metabolites, electrolytes, indocyanine green (ICG) angiography, and weight were analyzed. Biopsies were taken every 6 h
for histology.

Results: Ischemia time was 16 + 6 min. There were no significant differences between the 12h EVP and 24h EVP groups at per-
fusion end for the following parameters: MAP (p=0.63), pH (p=0.77), pO2 (p =0.20), venous pCO, (p=0.22), lactate (p =0.28),
creatine kinase (p =0.89), or myoglobin (p=0.95). Electrolytes were also comparable at perfusion termination: sodium (p =0.31),
potassium (p=0.61), and calcium (p=0.29).

After 12h, flaps in the 24h EVP group demonstrated a significant weight decrease (—4.5% [—4.6%, —4.1%] weight change), com-
pared to the 12h EVP group (1.2% [—1.1%, 1.6%] weight change) (p =0.03). At perfusion end, weight did not differ from baseline
between the 24h EVP (2.3% [0%, 3%]) and 12h EVP groups (p=0.37). SCS flap weight was unchanged from baseline at 12h
(p=0.954) and 24h (p=0.616). ICG revealed well-perfused flaps. H&E staining revealed preserved skin architecture without
histopathological changes.

Conclusion: EVP preserved flaps for 24h within physiologic parameters and without development of edema. EVP may extend
preservation time for VCAs.

1 | Introduction

Abdominal wall transplantation provides a reconstructive solu-
tion for multivisceral transplant candidates with abdominal do-
main loss and extensive scarring [1-4]. This technique enables
immediate closure, reducing morbidity from open abdomen

management [3, 5, 6]. The cutaneous component allows for non-
invasive rejection monitoring [7-10]. Since its advent, 38 patients
have undergone this procedure [11-13].

The abdominal wall is usually procured before and transplanted
after viscera, prolonging ischemia time [14]. Ischemia mitigation
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strategies include revascularization via arteriovenous loops [15]
or recipient non-dominant forearm vessels [14] during visceral
transplantation.

Extracorporeal perfusion systems have been utilized to address
ischemia-related damage over the past two decades [16-19].
While successful for solid organs [14, 18-21] and limbs, [8, 22-26]
literature on EVP of VCAs is limited by brief durations (<2h)
[8,9, 13, 27] and hypothermic conditions (<10°C) [10, 15, 28-30].

This study established a protocol for EVP of porcine abdominal
wall allografts using acellular perfusate and compared it to static
cold storage (SCS) controls. We hypothesized that EVP would
preserve allografts in near-physiologic conditions for up to 24 h.

2 | Methods
2.1 | Animal Use

This study was approved by the Cleveland Clinic Institutional
Animal Care and Use Committee (IACUC #00002418), which
adhered to NTH guidelines for animal care.

Twenty superior epigastric artery (SEA) perforator-based ab-
dominal flaps were procured from 10 Yorkshire pigs. Five flaps
were preserved for 12h and five flaps for 24h using EVP with
an oxygenated colloid solution containing HBOC-201 (HbO,
Therapeutics, Souderton, PA) as oxygen carrier, while the con-
tralateral flaps were kept at 4°C (SCS control) (n = 10).

2.2 | Flap Procurement

Animals were sedated and anesthetized with xylazine 2mg/kg
IM, ketamine 20mg/kg IM, and 1%-4% isoflurane, maintained
by continuous infusion of propofol IV (2-20mg/kg/h), following
endotracheal intubation. After standard preparation, a vertically
oriented elliptical flap was marked using the cranial 2-3 nipples
as landmarks for the course of the SEA, with a medial margin
1cm lateral to the midline.

The SEA and vein were identified first dividing the fibers of rec-
tus abdominis muscle cranial to the skin island. Next, the medial
edge of the flap was incised and the plane deep to the panniculus
carnosus muscle was followed. Dissection was carried out me-
dial to lateral until the skin perforators of the SEA were iden-
tified. Three or more sizeable perforators were preserved and
dissected through the rectus muscle until SEA was reached. The
lateral flap margin was incised, and flap raised from distal to
proximal. Next a paramedian incision was made on the sternal
area, the lower four costal cartilages were exposed, then a 4cm
segment lateral to costosternal junction was removed. The in-
tercostal muscles and residual perichondrium were divided to
expose the cranial course of SEA, continuing cranially as inter-
nal thoracic artery. Once the flap was completely islanded on the
vascular pedicle, infrared thermography (Fluke TiS Thermal
Imager, Everett, WA) and indocyanine green (ICG) angiography
(Stryker SPY Elite System, Munich, Germany) quantified flap
perfusion and identified perfusion pattern (Figure 1). Finally,
the pedicle was divided, and a 14-gauge cannula was inserted

into the internal mammary artery. Flap weight was recorded
before and after flushing with Krebs Ringer bicarbonate buffer
(KRBB) solution until venous effluent was clear. Immediately,
the flap was transferred to the EVP system. The contralateral
flap was harvested and preserved as SCS control in a poly-
urethane bag at 4°C. The animal was then euthanized using
Beuthanasia (0.22mL/kg IV).

2.3 | Flap Perfusion

The EVP system included two circuits. The oxygenation circuit
consisted of a peristaltic pump (Masterflex L/S, Avnator, USA),
oxygenator and heat exchanger (Quadrox-I adult, Gettinge,
USA), heat therapy pump (HT-1500, Adroit Medical, USA),
reservoir (Terumo Cardiovascular Group, USA), and humid-
ifier (7300R, Genstartech, USA) connected to mixture of 97.5
0,+2.5 CO, gas supply. The perfusion circuit consisted of a
peristaltic pump (Rabbit, Rainin Instruments, USA) sampling
the oxygenated perfusate from the reservoir and supplying to
the epigastric artery at a constant flow rate. The perfusion cir-
cuit contained inline temperature and pressure transducers
(BioTrans, Biosensors International, USA).

The system was primed with 2 L of perfusate, consisting of 1.45L
of Hemoglobin-based oxygen carrier (HBOC)-201 (Hemopure,
HbO2 Therapeutics, Souderton, PA) and 1.05L of human
albumin 25% solution. Vancomycin (250mg), ceftazidime
(500mg), and cefazolin (250mg) were added to the perfusate.
Methylprednisolone (500 mg) was added for endothelial protec-
tion. Insulin and dextrose were added as needed to prevent an
extracellular potassium shift and provide metabolic substrates
to the tissue. Flow rates were gradually increased to maintain
a mean arterial pressure (MAP) of 50mmHg, starting from
10mL/min at baseline, increasing to 15mL/min by time point
3h (TP3) and as needed afterwards. Vascular resistance was cal-
culated through the hydrostatic variation of the Ohms equation
R =(mean arterial pressure —venous pressure)/flow with the ve-
nous pressure set to 0 because the circuit had an open venous re-
turn. Perfusate exchanges (120 mL/min) were started at TP4 to
maintain electrolyte concentrations within physiological ranges
and minimize metabolite accumulation.

2.4 | EVP Monitoring

Tissue oxygen saturation was measured by near-infrared spec-
troscopy (ViOptix, Fremont, CA). Venous and arterial perfu-
sate gases were sampled hourly (Abaxis i-STAT 1, Union City,
CA). Arterial and venous oxygen content was calculated using
the following formula: oxygen content = (1.36 X hemoglobin X
0,8at/100) +(0.0031 X PO,). Oxygen consumption was mea-
sured as O, consumption=flow X (arterial O, content—ve-
nous O, content). Oxygen uptake rate (OUR) was calculated
as (([0,];, - [0,],,)/100) x flow rate/flap weight, where [O,];,
is the oxygen content in mLO, /mL of arterial perfusate and
[02] , is the oxygen content in mLO,/mL of venous perfu-
sate. MAP (Phillips MP50, Phillips Medical Systems, USA)
and flow rate (Transonic Systems Inc., USA) was continuously
monitored, and flap weight was recorded every hour. Creatine
kinase (CK), myoglobin and albumin levels were measured
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FIGURE1 | Flap Procurement. (A) EVP and control flaps marked (22.0%+2.0 X 7.1 £0.6 cm), (B) Perforator vessels were preserved (black ar-
rows), (C) Dissected flap with attached pedicle, (D) Elevated flap with perforators shown (black arrows), (E) Side view of flap elevation (dissected
to rectus abdominis muscle). Probes for measuring flap tissue oxygenation and temperature are shown. [Color figure can be viewed at wileyon-

linelibrary.com].

every 4h (Siemens ADVIA 120 Hematology System, Munich,
Germany). Surface temperature of the flap was assessed
hourly by infrared thermography (Fluke TiS Thermal Imager,
Everett, WA).

Skin biopsies from EVP and SCS flaps were collected at TPO
and every 6h thereafter (Figure 2). Skin biopsies were taken
and stored initially in 10% formalin for 48 h and then trans-
ferred to 70% ethanol and stained with hematoxylin and
eosin. The slides were scanned by a high-resolution slide scan-
ner (Aperio AT Turbo, Leica Biosystems, Buffalo Grove, IL)
and evaluated by a pathologist blinded to the study groups.
Histological evaluation of skin biopsies included perivascular
inflammation, spongiosis, vacuolization of epidermal cells
and epidermal necrosis. Immunohistochemistry staining for
caspase-3 activity was performed using the Discovery ULTRA
automated stainer from Roche Diagnostics (Indianapolis, IN).

QuPath software (Version 0.3.0) [20] was used to quantify
caspase-3 activity, [20] defined as a proportion of cleaved-
caspase-3 positive cell nuclei to total cell nuclei. The algorithm
for nuclei detection was based on a pixel size of 0.5um, DAPI
staining intensity single threshold of 25, and an Opal 570
(Caspase-3 positive) staining intensity single threshold of 60.
At perfusion endpoint, ICG angiography was used to investi-
gate uniformity of the peripheral perfusion (Stryker SPY Elite
System, Munich, Germany).

2.5 | Outcome Measures

Outcome measures, including perfusate dynamics (flow, pres-
sure, and arterial resistance) temperature, gases (pO,, pCO,,
Sa0,) metabolites (glucose, lactate, myoglobin, CK), electro-
lytes (Nat, K*, Cat?), and flap weight, were monitored and
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FIGURE2 |
[Color figure can be viewed at wileyonlinelibrary.com].

evaluated using Pearson correlations and paired t-tests. ICG
angiography was utilized to analyze skin perfusion before di-
vision of the flap pedicle and after 12h of EVP. Image analysis
was performed using MATLAB software to obtain contours of
pixel intensity regions. Percent of pixels with intensity above
200 were computed to determine the area of bright ICG regions
to the total flap area.

2.6 | Statistical Analyses

We estimated a sample size of five flaps per study group to
compare their respective outcomes based on previous studies
with 95% confidence and 80% power to detect a 2% weight gain
caused by edema, as 5% weight gain represents early decline of
the machine perfused allograft [21]. Variables are reported as
mean and standard deviation (mean = SD) or median and in-
terquartile range (median [IQR]). Data normality was assessed
using the Jarque Bera test, and equality of variances using
Levene's test. Kruskal-Wallis test with Dunn's post hoc pair-
wise comparison was performed for nonparametric data. For
normally distributed continuous data, student ¢-tests or analy-
sis of variance (ANOVA) with or without Welch modification,
followed by Tukey post hoc pairwise comparison, were per-
formed as appropriate. Pearson's correlation coefficients were
generated to assess the correlation between continuous vari-
ables and presented as r and p-value. All statistical analyses
were performed using IBM SPSS Statistics for MacOS, version
27 (IBM Corp., Armonk, NY, USA). A p<0.05 was considered
significant.

3 | Results

The average warm ischemia time was 16 + 6 min, with no dif-
ference between EVP groups (p=0.82). Initial flap weight
was 191+49g and comparable between groups (p=0.17).
Average skin surface temperature throughout perfusion was
28.4°C+£1.7°C in the 12h EVP group and 30.7°C+1.4°C in the
24h EVP group (p<0.0001), although at perfusion end, there
was no significant difference (p =0.70).

—

—

Groups Oh 12h 24h
12NEVNP (SFlaps) ¢ 4 4 4 4 4 4
24 h EVNP (5 Flaps) : ENEFRRES SN iy CK & Myoglobin
t ! ! t T Tissue samples

Weight

IR thermography
Perfusate
Gases
Electrolytes
Metabolites

10 Flaps

12h 24 h

. N N ’ f Weight (OR, END)

Tissue samples

Schematic of study design. Donor pig flaps were retrieved and either preserved at cold storage (4°C) or using ex vivo perfusion (30°C).

3.1 | Perfusate Dynamics

Hemodynamic parameters are summarized in Figure 3.
Perfusate flow was 10+0mL/min at baseline and increased
to 15+ 0mL/min at TP12 in the 12h EVP group (p <0.00001).
In the 24h EVP group, flow increased from baseline 9 +4mL/
min to 18 +4mL/min after 12h perfusion (p=0.00009). Flow
remained steady at 18 +4mL/min after 24h (p=1.0). Perfusate
dynamics were stable throughout perfusion, with MAP main-
tained at 46 + 166 mmHg (r=-0.03, p=0.72) and vascular resis-
tance slightly decreasing over time (r=-0.39, p <0.00001).

3.2 | Gases

Perfusate gases are summarized in Table 1 and Figure 3. Mean
arterial PaO, was not significantly different at perfusion end
(471 £152mmHg) in the 12h EVP group (p=0.43) compared to
baseline (526 =84mmHg). Mean arterial PaO, in the 24h EVP
group was also not significantly different between perfusion
start (522+25mmHg) and end (575 +33mmHg, p=0.21). There
were no differences in the mean PaO, between the two groups
(p=0.23) (Table 1).

PaCO, was 21 +2mmHg at baseline, not changing significantly
by perfusion end (20 = 3mmHg, p=0.45) in the 12h EVP group.
PaCO, was also stable in the 24h EVP flaps (TP0 21 + 1 mmHg
vs. TP24 20+ 1 mmHg, p=0.18) with no differences between the
groups (p=0.45). Both had 100% + 0% tissue oxygen saturation
at perfusion termination (p=1.00).

OUR at baseline was 0.51 +£0.16 mL/min*kg and did not signifi-
cantly change by perfusion end in the 12h EVP flaps (0.37 £0.23,
p=0.62). The average OUR in 24 h group was lower (p <0.0001)
but did not change significantly over 24h (TP0 0.37+£0.48 mL/
min*kg vs. TP24 0.16 +0.20, p=0.49).

Venous PCO, in the 12h EVP group was 23 + 3mmHg at baseline
and trended downward to 19+ 1 mmHg at TP12 (p =0.14). In the
24h EVP group, venous PCO, was 22 +3mmHg at TPO and dis-
played a downward trend to 18 + 1 mmHg at TP24 (p=0.06).
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FIGURE3 | Comparison of changes in perfusion pressure, and indicators of cellular integrity and metabolic activity (potassium, creatine kinase,

lactate, tissue oxygenation, and pH) are shown in the perfused free flaps (see text for explanation). * signifies statistical significance [Color figure

can be viewed at wileyonlinelibrary.com].

Perfusate pH was 7.36+0.02 on average at TPO and remained
stable by the end of perfusion in the 12h EVP group (7.37+0.01,
p=0.26). In 24h EVP, pH was also stable (TP0O 7.38+0.03 vs.
TP24 7.38+0.04, p=0.94) (Table 1).

3.3 | Chemistry

Glucose was not different between treatment groups (12h EVP
85+ 11 mg/dLvs.24h EVP 87 +£8mg/dL, p=0.14). Average venous
lactate increased in both groups as perfusion progressed from a
comparable baseline (12h EVP 6.4+0.2 vs. 6.2+0.1 mmol/L,
p=0.24). At TP 12, the lactate levels were not significantly differ-
ent in the two treatment groups (12h EVP 7.5+1.2 vs. 24h EVP
7.2%0.6, p=0.69), but were increased from TPO (p=0.04, p=0.02).
For flaps perfused 24 h, the lactate levels were not significantly dif-
ferent at TP24 compared to TP12 (8.2+0.9, p=0.18).

CK was not significantly different at TP12 (4730+2169U/L)
from baseline (Table 1) (1024+766U/L) for both treatment
groups combined (p=0.24). In the 24h EVP group, the average
CK was 5467 +2966 U/L at perfusion end and not significantly
different from TP12 (p =0.85).

Average venous methemoglobin trended upward from 20% + 7%
at TPO to 43% = 1% at TP12 in the 12h EVP group (p=0.13). For
24h EVP flaps, the average venous methemoglobin also trended
upward from 17%=+5% at TPO to 45.7+9 at TP 24 (p=0.07).
Methemoglobin was higher in the 12h compared to the 24h
EVP group (p<0.0001). Myoglobin remained stable over time
and comparable between groups (p =0.61).

3.4 | Electrolytes

Average electrolyte concentrations for each group are shown
in Table 1. Sodium concentration for both perfusion groups
combined increased from baseline 150+ 1.3 to 154 +3mEq/L
(p=0.006) at TP12 and continued to increase from TP12 to
TP24 (156 £ 1mEq/L, p=0.04). Average perfusate potassium
concentration remained in a physiologic range (3.3+1.0 to
-3.8+0.3mEq/L), and comparable between groups (p =0.93).
Potassium increased in both groups from baseline to TP12
(12h EVP p=0.002, 24h EVP p=0.02). However, in the 24h
perfused flaps, potassium was not significantly different
at endpoint compared to TP 12 (p=0.49). Finally, calcium
concentration increased over time in the 12h EVP group
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TABLE1 | Comparison of parameters between the 12h EVP group at 12h and the 24h EVP group at 12 and 24 h.
12h EVP 24h EVP
TP12 TP12 TP24
Mean £SD,

Parameter Mean + SD, median [IQR] Mean + SD, median [IQR] p median [IQR] p

MAP (mmHg) 47+13 44+11 0.74 45+19 0.63
Potassium (mmol/L) 3.9+0.2 3.7+0.2 0.06 3.8+0.3 0.61
Sodium (mmol/L) 154£2.5 153+0.7 0.44 156£1.1 0.31
Calcium (mmol/L) 1.1+0.2 1.0x+0.1 0.31 1.0x+0.1 0.29
pH 7.37+0.01 7.38+£0.03 0.60 7.38£0.04 0.77
pO2 (mmHg) 471+£152 472+88 0.98 575+33 0.20
pCO2, venous (mmHg) 19+1 19+1 0.51 18+1 0.22
Lactate, venous (mmol/L) 7.5+1.2 7.2+8.2 0.69 8.2+0.9 0.28
CK (U/L) 5208 +2060 4133 +2456 0.51 5467 £2966 0.89
Myoglobin (ng/mL) 68+12 65+41 0.9 69+29 0.95
Weight (g) 217 £48 167 £52 0.15 193+£60 0.52
Weight change (%) 1.2% [-1.1% to 1.6%] —4.5% [—4.6% to —4.1%) 0.03 2.3% [0% to 3%) 0.37

Abbreviations: CK, creatine kinase; EVP, ex vivo perfusion; MAP, mean arterial pressure; pCO2, partial pressure of carbon dioxide; pO2, partial pressure of oxygen;

TP, timepoint.
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FIGURE4 |
com].

(p=0.009) and was stable throughout perfusion in the 24h
EVP group (p=0.07).

3.5 | Flap Parameters

Flap weight did not change significantly from beginning to end
of perfusion in either group (12h EVP TP0 214+39g vs. TP12
217+48g, p=0.50; 24h EVP TP0 175+ 53g vs. TP24 193+60g,
p=0.31; Table 1 and Figure 4). Furthermore, control flaps did
not exhibit significant weight changes (TP0 136 £ 67kg vs. TP12
135+ 67g, p=0.48). The median percent weight change for SCS

|-mm- scs
-E3- EVNP

TPO TP24
24h EVNP

Comparison of weight for flaps preserved in SCS and EVNP in 12 and 24 h groups. [Color figure can be viewed at wileyonlinelibrary.

flaps was —1.1% [—2.5% to —0.4%]. From baselined to perfusion
end, 12h EVP flap weight changed by 1.2% [-1.1% to 1.6%] and
2.3% [0% to 3%] in 24h EVP by perfusion end (p=0.37). When
compared to SCS controls, both 12h EVP and 24h EVP (p =0.04)
groups had higher percent weight gain, although this did not
reach statistical significance for the 12h EVP group (p =0.05).

Infrared thermography confirmed peripheral perfusion
(Figure 5). ICG angiography (Figure 6) revealed well-perfused
flaps with regional differences. At endpoint, mean percent
of pixels above 200 intensity was not significantly different
between groups (12h EVP 25%+8% vs. 24h EVP 34%+ 5%,
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FIGURES5 | Infrared thermography images of free flaps in the OR after the flap is islanded after 12 and 24h of EVNP, shows well perfused flaps.
[Color figure can be viewed at wileyonlinelibrary.com].
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FIGURE 6 | Indocyanine green (ICG) fluorescence angiography of the perfused flaps at end point. Contour plots showing the ICG brightness re-
gions. Scale bar presents the gray scale pixel intensity (a, b). Comparison of the percent pixel intensity between 200 and 255 pixels between 12h EVNP
and 24h EVNP groups (¢). [Color figure can be viewed at wileyonlinelibrary.com].

SCS

EVNP

FIGURE 7 | H&E staining of skin biopsies of the 24h EVNP group flaps preserved in SCS and EVSP. Biopsies in EVNP did not reveal damage,
including perivascular inflammation, diffuse spongiosis, and vacuolization of epidermal cells or any signs of epidermal necrosis. Images shown at
20x magnification. [Color figure can be viewed at wileyonlinelibrary.com].

961


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

Caspase-3 Activity

=
o

©

Caspase-3 Activity (% Positive)

Oh 6hr

® Median

— Mean

S S

12hr 24hr

FIGURE 8 | Caspase-3 activity time profile of perfused skin biopsies and static cold storage (SCS) skin biopsies. There were no significant differ-
ences in Caspase-3 activity between SCS and perfusion. [Color figure can be viewed at wileyonlinelibrary.com].

p=0.08). H&E histology of perfused skin biopsies revealed
normal skin architecture, without any evident differences com-
pared to baseline and SCS (Figure 7). The percentages of cells
positive for caspase-3 activity in skin biopsies was not signifi-
cantly different between SCS 0h (2.05%, [0.65%-4.21%]), EVP O h
(2.64% [0.24% to 4.77%]), SCS 12h (2.81% [0.73% to 5.91%]), and
EVP 12h (2.67%, [0.56% to 3.86%]) (p=0.70). Caspase-3 activity
was higher after 24h in the SCS group (3.09% [2.627%, 4.51%])
compared to EVP (1.59% [1.34% to 2.99%]), however this did not
reach statistical significance (p=0.08). There was no difference
between baseline, SCS 24 h, and EVP 24h (p=0.32) (Figures 8
and 9). At perfusion end, there was no significant difference be-
tween EVP 12h (2.67% [0.44% to 5.39%]) and EVP 24h (1.59%
[1.34% to0 2.99%]) (p=0.61).

4 | Discussion

Abdominal wall transplantation is a complex procedure involv-
ing allotransplantation of skin, fascial sheaths, and other tissues
to replace damaged or missing abdominal structures [9, 15].
While this technique offers significant benefits over traditional
reconstructive procedures, including immediate closure of the
abdomen and monitoring of the intrabdominal multivisceral
allograft rejection, it requires robust tissue preservation for
success [14, 22]. While SCS is standard preservation method,
it has time-dependent limitations [8, 9]. The unique logistics of
this procedure make VCA preservation challenging, as abdom-
inal wall tissue withstands ischemia throughout visceral organ
procurement and transplantation [23]. In this study, EVP main-
tained vascular and metabolic integrity over 24h, minimizing
the damage seen with SCS. Flaps preserved with EVP exhibited
stable weight and reduced edema formation compared to SCS

controls, corroborating the ability of machine perfusion to sus-
tain tissue viability over extended periods.

Ex vivo perfusion (EVP) systems have been developed to pre-
serve other types of VCAs, but their use has not been extensively
studied [17, 21, 24-26]. Traaholt et al. [31] in 1978 perfused a
canine cutaneous flap based on superficial inferior epigastric
perforators at 8°C for 80 min with 10% human serum albumin
at 3.5-4.0mL/min. The flap was then orthotopically replanted
to the donor. Moderate edema noted directly after replantation
subsided within 1 week.

Since the inception of EVP, several protocols for machine pres-
ervation of human and animal tissues have been described.
Edema, manifesting as weight gain, precedes worsening arterial
resistance and histological evidence of tissue damage [21, 27].
Flap weight gain up to 99.9% +22.5% of baseline has been docu-
mented after just 6 h of perfusion—although previous studies are
heterogeneous, having used different perfusate temperatures,
additives, flow rates, duration and flap anatomy [28, 32].

Vascularized composite flaps comprise tissues with varied ener-
getic demands. For example, the endothelium, which supports
vascular integrity, requires higher oxygenation and metabolic
activity than adipose tissue. Our findings demonstrated that
stable OUR likely reflect the preservation of energy-demanding
endothelial components without compromising adipose viability.
Additionally, glucose levels were maintained throughout perfu-
sion, in part by manual addition of substrate and insulin (12h
EVP: 85+11mg/dL; 24h EVP: 87+8mg/dL, p=0.14), reflecting
steady metabolic activity. This balance suggests that normother-
mic, oxygenated perfusion systems are particularly suited to meet
the distinct metabolic needs of these heterogeneous tissues.
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Caspase-3 Slides

EVP

SCS

Dragu et al. harvested six porcine rectus abdominis flaps based
on the inferior epigastric artery and preserved them using a
38.0°C+0.5°C perfusate composed of Jonosteril (Fresenius
Jonosteri, Fresenius Kabi, Bad Homburg, Germany) and hepa-
rin for 2h [29]. At a flow rate of 10mL/min, the mean arterial
pressure was maintained at 37+5mmHg; average weight in-
crease after perfusion was 49.4% +5.9%.

Ozturk et al. perfused human deep inferior epigastric artery
perforator flaps procured from discarded abdominoplasty tis-
sue for 6 days (range 4-7 days). Flaps were perfused using fresh
whole blood diluted with Lactated Ringer's and hydroxyethyl
starch at a mean arterial flow 8-10mL/min to maintain blood
pressure of 90/100 mmHg and 34°C [30]. At endpoint, there was
an average weight gain of 38% and the authors reported intact
skin epithelium for the first 4days, followed by complete epi-
dermal loss by the seventh day. Active bleeding and capillary
refill were noted throughout perfusion. Unlike these studies
that reported significant edema formation and weight gains
exceeding 30% after 6 h of perfusion, minimal weight changes
(1.2% at 12h, 2.3% at 24h) in our study suggest intact endothe-
lial integrity, as no significant interstitial fluid accumulation
occurred during the perfusion span. This observation aligns
with reduced edema and preserved vascular integrity.

Wolff et al. conducted the first clinical trials of extracorporeal
free flap perfusion [33]. Ischemic and congested radial forearm
flaps were perfused for 147 + 52 (77-237) mins (n =8) as a rescue
strategy before anastomosis and compared to 30 radial forearm
flaps where vascular anastomosis was performed immediately
after flap harvest. Ex vivo perfused flaps had significantly re-
duced ischemia time and there was one failure in the control
group. More recently, this group perfused ex vivo thinned an-
terolateral thigh (n=3) and radial forearm (n=2) flaps under
the same protocol to investigate collateral formation in five pa-
tients with depleted recipient neck vessels [34]. There was one
complete flap loss from perfusate infection, complete epithelial
loss in two patients, venous congestion in one case, and heal-
ing without adverse events in the fifth. One patient healed by

12hr

Ohr

24hr

50um

FIGURE9 | Caspase-3-stained histological samples from both EVNP and SCS groups immediately after harvest, after 12h, and after 24 h. [Color
figure can be viewed at wileyonlinelibrary.com].

secondary intention, while the rest achieved stable wound cov-
erage, and none required additional free flaps.

Slater et al. perfused porcine rectus abdominis myocutaneous
flaps under both normothermic (34°C, heparinized autolo-
gous blood) and hypothermic (7°C, HTK, and University of
Wisconsin (UW) acellular perfusate solutions) conditions for
24h [35]. Flaps in all groups had reported weight gain “around
60%;” edema formed regardless of dexamethasone administra-
tion. Flaps that underwent machine perfusion with acellular
perfusate at hypothermic temperatures showed fewer signs of
cellular necrosis compared to the group perfused with autolo-
gous blood at 34°C, single I'V flush controls, and SCS controls.
However, the fundamental difference in perfusate composi-
tion is a confounder that cannot be discounted, as autologous
blood contains white blood cells that drive inflammatory re-
sponses. Perfusate dynamics and oxygen consumption in our
study (0.16 £0.20mL/min/kg at 24h) were consistent with
findings by Slater et al. but demonstrated lower inflammatory
responses with an acellular perfusate. Normothermic perfu-
sion offers physiological advantages, including stable meta-
bolic activity and reduced ischemic stress, as demonstrated by
stable lactate levels from hours 12 to 24 of EVP in our study.
Conversely, using hypothermic perfusion, Slater et al. have
reported significant lactate elevation and diminished cellular
activity due to limited oxygen delivery at lower temperatures.
These findings suggest normothermia preserves metabolic in-
tegrity while mitigating edema formation compared to hypo-
thermic approaches.

Several prior studies have also investigated subnormothermic
and hypothermic perfusion protocols. Taeger et al. perfused
five porcine rectus abdominus flaps based on deep inferior
epigastric artery perforators for 6 h at room temperature using
a hydroxyethyl starch solution and compared to five ischemic
controls [36]. The perfused muscles remained metabolically
active: measurements at the end of perfusion showed that
flaps consumed glucose and pH decreased, and potassium
increased. While Taeger et al. documented significant lactate
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elevation during 6-h hypothermic perfusion, our findings
demonstrated an increase in the first 12h of perfusion before
comparatively stable lactate levels from 12 to 24 h under nor-
mothermic conditions. This stability indicates efficient oxy-
genation and reduced anaerobic metabolism. Compared to
ischemic controls, which lost the ability to generate a contrac-
tile force response between 3.5 and 5.25h, perfused muscles
were able to exert a force response and exhibited significantly
lower proportions of apoptotic cells on annexin V (apoptotic
nuclei) stained histology.

In a case study, Kolbenschlag et al. salvaged a myocutaneous
latissimus dorsi free flap following acute arterial occlusion by
6h of extracorporeal perfusion with a non-oxygenated isotonic
heparinized saline solution (room temperature ischemia time
throughout perfusion) at 3.6 mL/min [37]. Following perfusion,
the flap was anastomosed and histology showed minimal cel-
lular edema with occasional polymorphonuclear granulocytes
1h after reperfusion. At 5-week follow-up, the flap had healed
with 2cm diameter tip necrosis. Our use of an oxygenated per-
fusate maintained tissue oxygenation, as evidenced by stable
pO2 levels (575 + 33 mmHg at 24 h) and reduced lactate accumu-
lation. In contrast, Kolbenschlag et al.'s use of non-oxygenated
perfusate resulted in oxygen depletion and anaerobic metabo-
lism, compounding ischemic injury. These data underscore the
critical role of oxygenation in preserving tissue viability during
extended perfusion.

An abdominal wall replantation model by Kruit et al. was used
to evaluate hypothermic perfusion for 18h with UW solution
(n=5, 19.4°C+£2.1°C) compared to a Histidine-Tryptophan-
Ketoglutarate (HTK) solution (n=35, 16.8°C+0.8°C) [28]. Flap
weight did not increase during UW perfusion, as opposed to 56%
weight gain during HTK perfusion. Within the 12h period fol-
lowing replantation, weight increased in SCS and UW flaps (SCS
mean+47.3g; 17%, UW: +66.8g; 24%, p=0.674), but decreased
in the HTK group (mean—72.6g; —27%). The authors reported
that two perfused flaps developed acute arterial occlusions and
they ultimately reported a flap failure rate of 6.7% (n=1/15).

Ex vivo machine perfusion has shown promise for preserving
free flaps and VCAs in both animal models and human subjects.
Clinical applications of EVP have shown improved outcomes
compared to traditional cold storage methods. EVP using a nor-
mothermic acellular perfusate (HBOC-201) effectively preserved
flaps for 24 h, maintaining physiologic perfusate chemistry and
metabolite stability. Free skin flap temperatures were main-
tained within a viable range, as average human skin tempera-
tures have been shown to vary between 29.8 £1.6 (sole of the
left foot) and 34.7+0.6 (anterior neck, face) [38]. Furthermore,
preservation time by continuous perfusion in the present study
exceeded that of prior studies in the ex vivo flap and VCA per-
fusion literature.

4.1 | Limitations

The main limitation of this study is that composite tissues
were not transplanted after EVP. Comparison of the incidence
and magnitude of reperfusion injury, as well as long-term

VCA function, after transplantation can elucidate the thresh-
old of observed injury that compromises viability once phys-
iologic circulation is reestablished. The relationship between
physiologic parameters during EVP, reperfusion phase, and
long-term outcomes has yet to be established in this emerg-
ing field. Compared to ex vivo limb perfusion, EVP of other
VCAs appears less challenging, as they lack defined fascial
compartments [21]. Ex vivo flap perfusion, therefore, may re-
quire unique termination criteria based on tissue viability.
However, extreme edema formation could acutely compromise
microcirculation [28]. While weight stability during perfusion
suggests intact endothelial permeability, vascular viability and
functionality after reperfusion remain untested. Future studies
will incorporate transplantation and replantation to correlate
observed physiologic parameters during EVP with long-term
tissue viability and functional outcomes.

5 | Conclusions

EVP effectively preserved porcine fasciocutaneous abdominal
tissue for 24h, maintaining physiologic parameters and tissue
viability. EVP may serve as a superior alternative to cold storage
for VCA preservation.
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