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Introduction: As research advances in vascularized composite allotransplantation
(VCA), large animal models are essential for translational studies related to immune
rejection and graft survival. However, procurement of large flaps can cause
significant defects, complicating wound closure and increasing postoperative
risks. This study details the surgical techniques and outcomes of autologous
vertical rectus abdominis myocutaneous (VRAM) flap transplantation and neck
flap isolation with induced ischemia in a swine model. The purpose of this study
was to identify the most effective control procedure for use in future VRAM flap
allotransplantation research.

Methods: We performed two left heterotopic autologous VRAM flap transplants
and two right anterolateral neck flap isolations using female Yucatan pigs.
Postoperatively, animals were monitored for complications and flap healing,
with punch biopsies taken on POD1, 5, and at the end of the study for
histological analysis. Transcutaneous oxygen and temperature were also recorded.
Results: Both autologous flaps survived after vessel anastomosis, with effective
closure of abdominal defects using suturable mesh, and no postoperative
complications were observed. Histology revealed mild dermal edema and
perivascular inflammation on PODS5. In the neck flap group, both flaps
survived temporary ischemia, however, postoperative complications included
dorsal flap necrosis and wound dehiscence, requiring reoperation. No gross
inflammation or edema was observed following surgery and histologically
there was only mild dermal edema on POD5.

Discussion: We have developed a low-risk, technically feasible porcine
autologous VRAM flap transplantation model and our findings support its use
in future VCA studies.

KEYWORDS
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The vertical rectus abdominis myocutaneous (VRAM) flap offers a reliable blood
supply and substantial bulk, making it a popular choice for reconstructing tissue defects
in the breast, chest wall, groin, hip, and perineum (1). For these reasons, it is frequently
used for reconstruction following advanced breast cancer (2). As a Mathes and Nahai
type III flap, it receives dual perfusion from the deep superior and deep inferior
epigastric arteries (3). This robust vascular supply makes the VRAM flap highly
versatile; it can be transferred superiorly or inferiorly and used as a free flap (4).
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Unfortunately, not all patients requiring reconstruction have
adequate autogenous tissue. Thus, exploring alternative treatment
options, such as vascularized composite allotransplantation
(VCA), is essential for these individuals.

VCA involves the transplantation of multi-layered, complex
tissues, such as hands, face, and penis, to restore structure and
functionality in patients with significant tissue loss (5, 6). Compared
to solid organ transplantation, VCA is a relatively new field that has
not been as thoroughly researched, leaving many questions
unanswered. Current VCA studies mainly focus on developing
protocols to prolong graft survival and reduce or eliminate the need
for immunosuppression (7-9). These studies often use large animal
models due to their anatomical and physiological similarities to
humans (10). Several clinically relevant animal VCA models have
been established (

comparison to outcomes from autologous control groups.

), and their success is frequently evaluated in

The significance of incorporating a surgical control group in VCA
animal studies cannot be overstated. It enables researchers to
accurately identify and establish baseline measurements for
postoperative inflammation and tissue injury directly attributable to
the surgical intervention itself. Given that the immune response
elicited by surgery can significantly contribute to postoperative
morbidity and mortality (
response from that associated with immune rejection. Furthermore,

), it is crucial to distinguish this

an autologous comparison group provides a controlled environment
where complications can be reliably attributed to the technical
aspects of the procedure, thus enhancing the validity of the findings.

While the benefits of conducting autologous procedures are
manifold, it is also imperative to consider the critical factors
involved in developing and employing these control models. This
report details the technical aspects and surgical outcomes of two
control flaps: an autologous porcine VRAM flap transplant, and the
isolation of a neck flap, performed at the same recipient site under
conditions of induced ischemia. Autologous VRAM flaps are widely
utilized as a versatile reconstructive technique in clinical practice.
Therefore, creating a safe and reproducible control model for
preclinical VRAM flap allotransplantation studies will not only
validate immunological outcomes but also enhance the potential for
broader clinical applications of VCA. In contrast, the neck flap with
induced ischemia model uses vessel clamping, a standard technique
in transplantation surgery, to investigate ischemia-reperfusion injury
(IRI) after a specific period of blood flow interruption. This
approach facilitates a focused analysis of the physiological responses
to IRT while producing minimal to no damage to the flap vessels. A
thorough histological evaluation of the flap tissues, complemented
by transcutaneous temperature and oxygen measurements, was
completed with the purpose of identifying the most effective control
procedure for future VRAM flap VCA studies.

10.3389/frtra.2024.1504959

Experimental animals

All animals were purchased from Sinclair BioResources. Female
4-5-month-old Yucatan pigs (15.2-17.8 kg) were used for the neck
flap surgeries (n =2). Female 3-5-month-old Yucatan pigs (13.2-
24.1kg) were used for the autologous surgeries (n=2). The
average overall weight of the experimental pigs was 15.4 +2.31 kg
( ). All animals were acclimatized for at least five days
before surgery. Research was conducted according to the
principles outlined in the Guide for Laboratory Animal Facilities
and Care prepared by the National Academy of Sciences,
National Research Council. The Institutional Animal Care and
Use Committee (IACUC) approved the research protocols and
living quarters for the animals.

Preoperative care

Before surgery, all animals are held nil per os for 12 h. The pigs
were anesthetized using ketamine (10 mg/kg) and xylazine (2 mg/
kg), given intramuscularly (IM), and maintained under isoflurane
following intubation. All procedures were performed under sterile
conditions with continuous monitoring of the animal’s vitals
throughout the surgery. All pigs underwent pain and infection
management with 0.12 mg/kg Buprenorphine Extended-Release (Bup
ER) given subcutaneously (SQ), 4 mg/kg Carprofen SQ, and 40 mg/
kg Cefazolin IV or 5 mg/kg Excede IM. All animals also underwent
central line catheter placement as previously described (15).

Neck flap isolation with induced ischemia

Following intubation, the pigs were placed in a lateral decubitus
position to access the right anterolateral neck. A horizontal elliptical
preoperative marking was made on the side of the neck ( ).
The apex of the flap was placed midline. Procurement of the flap was
performed by careful dissection of the skin, subcutaneous tissue, and
superficial strap muscles ( ). The sternocleidomastoid
muscle was divided, and dissection continued medially until the
main perforating vessels branching from the right internal carotid
artery (RICA) and the right external jugular vein (REJV) were
identified (
isolated (
pedicle, Acland clamps were applied to the two main perforating

). These vessels were carefully
). After the flap was elevated and islanded on its
vessels, achieving complete ischemia ( ). Ischemia was
maintained for 20 min for each flap. During this time, the flap was

TABLE 1 Characteristics of experimental animals. DOB, date of birth; Neck Flap, neck flap isolation with induced ischemia; Auto, autologous VRAM flap

transplantation to the neck.

PIG# . poB | AGE (mo) WEIGHT (kg) SURGERY COLOR  SEX  BREED

35248 11-2-2022 15.2
35247 11-2-2022 5.1 17.8
36075 9-29-2023 3.6 13.2
35775 4-30-2023 5.6 24.1
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Neck Flap Pink F Yucatan
Neck Flap Pink F Yucatan
Auto Grey F Yucatan
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FIGURE 1

Collective images of the neck flap isolation and induced ischemia procedure. (A) Preoperative flap markings on the right anterolateral neck of pig
#35247. (B) Electrocautery dissection of the subcutaneous tissue portion of the flap. (C) Isolation of the main perforator vessels branching from
the internal carotid artery. (D) Clamping of the two main perforator vessels using Acland clamps. (E) Placement of deep dermal sutures to secure
the flap into the defect following induced ischemia. (F) Fully inset flap at the end of surgery.

returned to its anatomical position. After the ischemia period, the
clamps were released, and the vessels were inspected for any
damage that may have occurred secondary to clamping. Once the
vessels were deemed stable, with no evidence of injury, the flap was
placed back into the lateral neck defect. The deep dermal layer was
then closed with an interrupted, inverted 3-0 Vicryl suture, and the
skin was reapproximated using a 4-0 Vicryl running subcuticular
suture (Figures 1E,F).

Autologous VRAM flap surgery
The method of procuring each autologous flap was performed

as previously described for an allogenic VRAM flap based on the
external iliac vessels (15). In brief, the VRAM flap is designed in

Frontiers in Transplantation

a lenticular shape measuring roughly 15x 6 cm and is procured
from the left lower abdominal quadrant, capturing the nipples
(Figure 2A). The skin is incised, and electrocautery dissection is
performed through the superficial ventral abdominal muscles
down to the rectus fascia (Figure 2B) (Supplementary Material
§2). Dissection continues down into the pelvis, and the rectus
muscle is separated from the peritoneum and elevated with the
flap. The external iliac vessels are identified and dissected distal
to the bifurcation of the internal iliac vessels, where the left
external iliac artery (LEIA) and vein (LEIV) are divided with
surgical clips or silk ties (Figure 2C). The flap, containing the
pedicle, is then removed from the abdominal cavity and
intravascularly flushed with 50-100ml of normal saline
containing heparin sulfate (1,000 IU/L) (Figure 2D). The warm
ischemia time was between 50 and 90 min for each flap.

frontiersin.org
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FIGURE 2

Collective images of the autologous VRAM flap transplant. (A) Preoperative markings on pig #35775's left lower abdominal quadrant with a paper ruler
indicating flap size. (B) Electrocautery dissection through the superficial ventral abdominal muscles, down to the rectus fascia. (C) Use of silk ties to divide
and harvest the external iliac vein (EIV), to serve as the main vein of the pedicle. External iliac artery (EIA) dissected to the right. (D) Procured VRAM flap
undergoing ex-vivo heparinized saline flush via the EIA. (E) Biconvex surgical marking, slightly smaller than the dimensions of the abdominal flap, on the
right anterolateral neck. (F) Creation of a soft tissue defect using electrocautery to carefully dissect the subcutaneous tissue. (G) Further dissection of the
neck flap using electrocautery. (H) Isolation of the internal carotid artery (ICA) and external jugular vein (EJV) over 5 cm, with proximal clamping.

The abdominal defect created from the VRAM flap procurement
was closed using size 1 (4 metric) DURAMESH™ Mesh Suture
(Chicago, IL). The parietal peritoneum opening was closed in a
lateral to medial fashion using the suturable mesh (Figure 3A).
Continuous over and over sutures were placed within the Scarpa
fascia in a caudal to cranial fashion (Figure 3B) to successfully
re-approximate the tissue (Figures 3C,D). Complete closure of the
abdominal skin was achieved using a continuous nonabsorbable
4-0 Vicryl running subcuticular suture (Figures 3EF). The
abdominal wound was then covered with Tegaderm and left open
to air starting on postoperative day (POD) 1.

Following abdominal flap procurement and wound closure, the
animals were placed in a lateral decubitus position to access the
right anterolateral neck. After placement of a contraleral (left)
central line catheter, a horizontal lenticular shape was outlined
on the right neck (Figure 2E). A composite soft tissue defect was
created by excising skin, subcutaneous tissue, and superficial
strap muscles, just smaller than the size of the flap (Figures 21,G).
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Dissection was continued through the sternocleidomastoid muscle,
brachiocephalicus, and sternocephalicus muscle until the RICA
and REJV were identified. After the removal of the neck tissue
and identification of the RICA and REJV, the vessels were
carefully isolated and dissected for 5 cm, then proximally clamped
in preparation for microvascular anastomosis (Figure 2H).

Microsurgical anastomosis

The method of microsurgical anastomosis of the VRAM flap
pedicle vessels to the neck vessels was performed as previously
described'®. In brief, the VRAM flap pedicle was placed into the
neck tissue defect and all vessels were prepared for anastomosis
by visual inspection, excision of adventitia, and irrigation with
heparinized saline. Using at least 3.5X magnifying surgical
loupes, the LEIA and LEIV are hand-sewn, end-to-end, to the
RICA and REJV, respectively, using 9-0 nylon interrupted

frontiersin.org
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FIGURE 3

Representative images of abdominal wall defect closure using DURAMESH™ Mesh Suture (Chicago, IL) following autologous VRAM flap procurement.
(A) Lateral to medial closure of the parietal peritoneum defect using DURAMESH™. (B) Placement of continuous over and over sutures within the
Scarpa fascia in a caudal to cranial fashion. (C) Successful re-approximation of the Scarpa fascia. (D) Complete low-tension closure of the Scarpa
fascia. (E) Closure of the abdominal skin using a continuous nonabsorbable 4-0 Vicryl running subcuticular suture. (F) Postoperative image of
closed left lower abdominal wound (black arrow). The sutured area (red circle) represents where biopsies were taken for histological analysis.

sutures (Figures 4A-C) (Supplementary Material S3). Proximal
clamps are then removed to analyze the quality of the
anastomoses and once it is deemed satisfactory, the flap is inset,
and a fenestrated Penrose drain is placed. The deep dermal layer
is then closed with an interrupted, inverted 3-0 Vicryl suture,
and the skin is reapproximated using a 4-0 Vicryl running
subcuticular suture (Figures 5A-D).

Postoperative care

The neck of each pig was wrapped with two layers of McKesson
tubular elastic retainer net (size 7), to protect the wound. Food and
water were reinstituted immediately after each animal recovered
from surgery. All flaps were monitored daily via physical
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examination (palpation, tactile warmth assessment, and visual
inspection). The integrity of the anastomosis of each flap was
assessed by visual inspection of flap color as well as the presence
of bleeding following daily punch biopsies. The animals were also
followed for any fluid collections (seromas/hematomas) around the
flap, which were drained percutaneously if clinically significant.

Histology

Tissue punch biopsies (6 mm) were collected postoperatively at
predetermined sequential time points. Biopsies were geographically
spaced to prevent non-specific inflammation due to biopsy site
reactions. Biopsies of normal abdominal tissue, neck flap tissue,
and autologous flap tissue were collected and fixed immediately

frontiersin.org
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FIGURE 4

Representative process of vessel anastomoses. (A) Anastomosis of the external jugular vein (EJV) to the external iliac vein (EIV) using end-to-end
suturing. (B) Anastomosis of the internal carotid artery (ICA) and external iliac artery (EIA) using end-to-end suturing. (C) Completion of the
vascular (*) and venous () anastomoses without signs of anastomotic leakage.

FIGURE 5

Representative images of the autologous VRAM flap transplantation to the anterolateral neck defect. (A) Autologous flap inset on the right neck of pig
#35775. (B) Approximation of the autograft skin to the neck skin by placing 3-0 interrupted simple sutures at multiple tension points. (C) Placement of
circumferential 3-0 interrupted simple sutures. (D) Complete closure using a continuous nonabsorbable 4-0 Vicryl running subcuticular suture.

in 10% formalin. Samples were then embedded in paraffin and
sectioned (5um) for hematoxylin and eosin (H&E) staining.
Evaluation of inflammation and edema was performed by a
transplant pathologist without knowledge of the tissue source.

The oxygen and temperature sensor

The oxygen and temperature sensor used in this study was
closely based on a previously published design (16). It includes
an electronic reader and oxygen-responsive material. The sensor
operates through the principle of phosphorescent quenching,
where the phosphorescence lifetime of a sensor molecule is
inversely proportional to the partial pressure of oxygen (pO2) via

Frontiers in Transplantation

collisional interactions. For example, at

high
concentrations, the lifetime of the phosphorescence is short,

oxygen

meanwhile the phosphorescence lifetime increases in the setting
of decreasing pO2. Phosphorescence lifetime can be calibrated
and related to pO2 via the Stern-Volmer equation (17).

The oxygen sensing material uses a highly sensitive,
ultrabright metalloporphyrin molecule (18) embedded within
a polypropylmetharcylate (PPMA) polymer material. This
porphyrin-PPMA material is packaged within a film composed
of an atmosphere-facing layer comprised of Bioclusive
polyurethane dressing material and a skin-face layer comprised
of breathable silicone impregnated with titanium dioxide. The
material was developed to be moisture and humidity-insensitive

and has been previously tested in both animal and human
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studies (16, 18-20). The atmosphere-facing layer serves to insulate
the porphyrin-PPMA material from atmospheric oxygen, while
the skin-facing layer isolates the sensor from the skin and
improves the amount of collected light via backscattering. Prior
testing of this material has found it does not leach porphyrin
into the skin at levels detectable via inductive plasma coupled
mass spectroscopy analysis (21).

The electronic phosphorescence lifetime reader was designed to
be stand-alone, battery-powered, and self-contained for mobile
detection and recording of transcutaneous partial oxygen
pressure. The reader is comprised of both a reader head and
body, where the head is made to adhere to the sensor material
and is connected to the body by a ribbon cable (Figure 6). The
reader’s head excites the sensor material via two 385 nm LEDs
and the subsequent phosphorescence emission is collected with a
photodiode. A thermistor is additionally positioned on the sensor
head to measure skin temperature. The body of the sensor is
based on a Particle Photon Arduino microcontroller mounted on
a custom circuit board. To record oxygen and temperature data,
an Adafruit secure digital (SD) card reader was added to the
circuit board. The sensor runs custom firmware written in C that
orchestrates phosphorescence lifetime measurements through a
sinusoidal modulation/modulo operator method (16) and records
the oxygen partial pressure and temperature data on the SD card.

Sensor materials and readers were calibrated using a custom-
developed calibration device and protocol. A programmable gas
mixer was used to precisely deliver known air/nitrogen gas ratios
over time, and a heating element was used to automatically
change the temperature experienced by the sensor and material.
This allowed the sensors to be calibrated over a large range of
oxygen partial pressures and temperatures, which was found to
be critical for the successful operation of the device. Analysis and
calibration of the sensor were accomplished using a custom
Python (22) program that calculated the phosphorescence
lifetime, translated the values to pO2, and exported the data into
CSV files. In this study, the sensors were placed either on the
graft site or on an abdominal (inguinal) control site at
predetermined sequential time points following surgery. The
abdominal control location was selected as the skin is relatively
thin, allowing for high oxygen transport for routine oxygen
detection and measurement.

Oxygen and temperature data analysis

Analysis and plotting of the oxygen partial pressure and
temperature data were carried out using R and RStudio (23). A
custom R notebook was written to explore, statistically analyze, and
plot the data. The difference between temperature and pO2 was
calculated between the graft and respective control for each day and
each pig. While linear mixed effects analysis was initially attempted
via the LME4 package (v1. 1-26; Bates et al., 2015), it was observed
that the random effect variable (pig number) had essentially zero
variance, leading to a singular fit. To avoid this, a partial Bayesian
method was instead employed via the BLME package (v1. 1.0-5;
Chung, et al, 2013) that made use of regularizing priors to avoid
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FIGURE 6

Transcutaneous oxygen and temperature sensor placed flush to a
representative graft skin. The sensor is comprised of both a reader
head (A) and body (*). The head is connected to the body by a
ribbon cable (X).

singularity (24). The replant vs. transplant status of the animal was
included as a nested parameter. Both oxygen tension and
temperature were tested using this function call in R: blme
[value~fixed_effects + (1|replant:pig_num)].
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Fixed effects can include a day numeric value following surgery,
a binary level representing if the surgical procedure was a neck flap
(1) or autologous transplant (0), and an interaction term between
day and procedure type. Calculation of p values was accomplished
using the parameters: p_value() function and values <0.05 were
considered statistically significant. R interaction plots were used to
determine if an interaction term was included in the analysis. For
example, if the plotted values of the neck flap and transplant were
observed to either not be parallel or cross, it was determined that
an interaction term was included.

Results
Surgical time

The average flap procurement time for the neck flap isolation
with induced ischemia procedure was 50.5+ 14.9 min and the
average abdominal flap procurement time for the autologous
transplantation was 120 +56.6 min (Table 2). The average flap
transplant time was 115+ 21.2 min. The total surgery time for
both the neck flap and autologous transplant groups was 135 +
495 and 278.5+47.4 min, respectively. Total surgical time
includes the sum of flap procurement time, transplant/ischemia
time, and additional procedures such as central line placements,
and closure of incisions (Table 2). The warm ischemia time was
between 50 and 90 min for each autologous flap.

Autologous VRAM flap transplant

Two autologous flaps were successfully transferred from the left
abdomen to the right anterolateral neck of two separate pigs, with
effective closure of abdominal defects using suturable mesh. Both
pigs experienced a return to normal gait immediately following
surgery. Each flap demonstrated good perfusion of both the skin
and the muscle following vessel anastomosis. Consistent
perfusion of each autograft was observed throughout the entire
postoperative period. This was demonstrated by healthy flap
color, warm temperature via palpation, progressive healing, and
bleeding following punch biopsies. On POD1, on average, there
was minimal erythema, and the flaps continued to show good
color and signs of adequate blood flow to the skin (Figure 7A).

On PODS5, mild erythema was observed in both animals,

10.3389/frtra.2024.1504959

involving the entire flap surface (Figure 7A). Both flaps were
fully healed by POD7 (data not shown). We followed the healing
process of the flaps for up to 15 days before the animals were
euthanized. At the end of the study, there was evident
incorporation of the flaps into the lateral neck tissue with no
signs of erythema, edema, or necrosis (Figure 7A).

Neck flap isolation with induced ischemia

Two right anterolateral neck flaps were successfully elevated on
two separate pigs and survived 20 min of temporary ischemia. No
damage to the pedicle vessels was observed following clamping.
Consistent perfusion of each flap was observed throughout the
entire postoperative period, evidenced by a healthy flap color,
warm palpable temperature, progressive healing, and bleeding
after punch biopsies. Gross inflammation and edema were
minimal to absent in both flaps throughout the postoperative
period (Figure 7B). Both neck flaps were fully healed by POD7
(data not shown) (Figure 7B). The healing process of both flaps
was monitored for up to 10 days before the animals were
euthanized. At the end of the study, there was evident
reincorporation of the flaps into the lateral neck tissue.

Complications

All animals recovered from surgery with demonstrated
ambulation and appetite immediately following each procedure.
No animals died during surgery or from surgery-related
complications. There were also no occurrences of anesthesia-
related events, flap loss, hematomas, seromas, or infections in
either group. No postoperative complications including hernias,
deficits,
autologous group. However, in the neck flap group, one flap

bulges, or functional were experienced in the
presented with signs of necrosis in the dorsal area on PODI,
and the other experienced wound dehiscence on POD2,

requiring reoperation (Figure 8).

Histological evaluation

The neck flap group showed, on average, only mild dermal edema
on POD5, which resolved by the end of the study (Figure 9).

TABLE 2 Total surgical times for each procedure including flap procurement time and transplantation/ischemia time.

Surgery Pig

Flap
Procurement
Time (min)

Average Flap
Procurement
Time (min)

Number

Transplant
Time/Ischemia | Transplant Time/
Time (min)

Total
Surgical
Time® (min)

Average Flap Average
Total
Surgical

Time? (min)

Ischemia Time
(min)

Neck Flap 35248 61 50.5+14.9 20 20 170 135+49.5
Neck Flap 35247 40 20 100

Auto 36075 80 120 £ 56.6

100 115+21.2 245

Auto 35775 160

2785+ 47.4 ‘

“Total surgical time includes additional procedures such as central line placements and closure of incisions. Neck Flap, neck flap isolation with induced ischemia; Auto, autologous VRAM flap

transplantation to the neck.
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A)

Auto
Pig #35775

Auto
Pig #36075

B)

Neck Flap
Pig #35248

Neck Flap
Pig #35247

FIGURE 7

prior biopsies were taken for histological analysis.

Representative collection of graft images taken on POD 1, 5, and at the end of the study (EOS) for the autologous VRAM flap transplant (Auto) group (A)
and the neck flap isolation and induced ischemia (Neck Flap) group (B). The EOS POD is indicated in the top left corner of each image. The neck flap
group did not require the placement of Penrose drains due to a lack of postoperative edema. The sutured areas (red arrow) represent places where

In contrast, the autologous transplants demonstrated, on average,
slightly  greater perivascular
inflammation on POD5, with resolution of the edema and partial
resolution of the inflammation by the end of the study. In this

dermal edema and dermal

group, there was mild eosinophil-rich perivascular inflammation
that peaked on day 5 (Figure 9), suspicious of a drug reaction or
contact dermatitis. However, there was no evidence of arteritis
or epidermal inflammation in the autologous grafts at any time
point (Figure 9).

Frontiers in Transplantation

Transcutaneous oxygen and temperature

The oxygen and temperature sensor was used at daily intervals
following the neck flap and autologous transplant procedures. The
temperature measurements of the abdominal skin control sites
were observed to be relatively consistent across all animals with a
mean surface temperature of 33.4°C (Figure 10B). In contrast,
the temperatures of both the autologous and the neck flaps
were observed to rise in the postoperative period (Figure 10A);
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FIGURE 8
Complications experienced by the neck flap isolation with induced ischemia cohort. (A) Dorsal flap necrosis in Pig #35247 on POD?2. (B) Caudal wound
dehiscence in Pig #35248 on POD2.

POD1 PODS EOS

Neck Flap
Pig #35248

Neck Flap
Pig #35247

Auto
Pig #35775

Auto
Pig #36075

FIGURE 9

Representative histology comparing the neck flap isolation and induced ischemia (Neck Flap) group to the autologous transplants (Auto) on POD1 and
5 and at the end of the study (EOS). Both neck flaps showed only mild dermal edema on PODS5, resolving by the EOS. Both autologous transplants
showed mild to moderate dermal edema and mild dermal perivascular infammation on PODS5, with resolution of the edema and partial resolution of
the inflammation by the EOS. The EOS POD is indicated in the top left corner of each image. All Hematoxylin & Eosin images are at 100x and equally
white-balanced.

this increase was found to be statistically significant across all ~ 0.037). The difference in temperature between grafts and their
animals using a partial Bayesian linear mixed effects analysis  respective controls (Figure 10C) was not observed to be
comparing graft temperature and day post-surgery (p=0.015). statistically significant.

Temperature was also found to be predicted by the type of There was a relatively wide range of transcutaneous pO2
surgical procedure (neck flap vs. autologous transplant, p=  measured from both the graft and control sites in the days

Frontiers in Transplantation 10 frontiersin.org
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12

Transcutaneous temperature readings. (A) Temperature (°C) measured from the flap of each experimental pig. (B) Temperature (°C) measured from the
abdominal control skin of each experimental pig. (C) Difference in temperature (°C) between each graft and their respective control site. Each animal is
represented by a different line color with the autologous grafts illustrated by dotted lines and the neck flaps with induced ischemia represented by
solid lines. Neck Flap; neck flap isolation with induced ischemia, Auto; autologous VRAM flap transplantation to the neck.
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following both procedures (Figures ,B). The pO2 measured in
the autologous transplants flaps was relatively stable beyond POD1,
meanwhile, the neck flaps demonstrated an increase in pO2 over
time ( ). The difference in pO2 between the graft and
control sites demonstrated time-dependent differences in both the
initial rise in pO2 following surgery as well as their trends over
time (
found the procedure-dependent change in pO2 over time to be
statistically significant for both the graft pO2 values (p=0.002) as
well as the graft-control pO2 differences (p =0.011).

). A partial Bayesian linear mixed effects analysis

In the present study, we utilized a recently established porcine
VRAM flap model (15) to compare the surgical outcomes of both
autologous VRAM flap transplantation and lateral neck flap
isolation with induced ischemia. Swine provide an ideal animal

Frontiers in

1

model for VCA research due to their anatomical and physiological
similarities to humans (

). In particular, miniature pigs are
more manageable for extended flap observation periods and exhibit
anatomical structures and immunological responses that closely
resemble those of humans (28, 29). For example, porcine skin is
structurally, cellularly, and antigenically similar to human skin (30).
As a result, transcutaneous oxygen and temperature data obtained
from these animals are more reliable and translatable to humans.
The VRAM flap is composed of skin, subcutaneous fat, muscle, and
vasculature making it a valuable model for the evaluation of
immunologic outcomes. The advantages of this flap include a
substantial amount of tissue to fill large tissue defects and a wide
degree this
myocutaneous flap contains a large adipose compartment which
provides ample adipocutaneous perforators for the transcutaneous

of rotation for flap positioning. Furthermore,

investigation of oxygen and temperature to monitor flap status (31).
Autologous graft transplants, where tissue is taken from an
animal and transplanted back to the same animal, can serve as a
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FIGURE 11

Transcutaneous oxygen tension over time. (A) Partial pressure of oxygen (pO2) readings measured from the flap of each pig. (B) pO2 readings
measured from the abdominal control skin of each pig. (C) pO2 difference between each graft and their respective control site. Each animal is
represented by a different line color with the autologous grafts illustrated by dotted lines and the neck flaps with induced ischemia represented by
solid lines. Neck Flap; neck flap isolation with induced ischemia, Auto; autologous VRAM flap transplantation to the neck.
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valuable control group in VCA studies to define the postoperative
inflammation course relative to the onset of rejection, helping to
differentiate between complications caused by immune rejection,
the surgery itself, or inherent properties of the tissue. However,
studies involving porcine VRAM flap models often neglect to
). Complications associated with

include control groups (
donor sites and concerns over the possibility of living donors have
impeded the broader use of autologous VRAM flap procedures.
For instance, procuring this flap can lead to ipsilateral abdominal
wall weakness, which increases the risk of abdominal wall
dehiscence and incisional hernias (35). These complications can
complicate recovery, affect study outcomes, and impact animal
it
successfully completed two autologous VRAM transplants with

welfare. Given these considerations, is notable that we
low-tension abdominal wound closures using suturable mesh.
Interestingly, it has been found that wound dehiscence is more
likely when there is increased wound tension and incisional

hernias can be mitigated by using mesh to reinforce the
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abdominal wall (35). Additionally, the tension required to close a
standard wound is greater on the back of the pig than on its
abdomen (36), and vertical flaps, such as the VRAM flap, retract
mostly across their width rather than their length (37). In this
study, repair of the defect at the flap procurement site with
suturable mesh minimized donor site morbidity, as evidenced by a
return to normal gait immediately following surgery and a lack of
complications throughout the study period. Furthermore, the right
anterolateral neck was selected as the recipient site for both
procedures because the anatomy of the RICA and REJV is highly
preserved, easily accessible, and similar in caliber to the external
iliac vessels (15). This location also minimized the ability of the
pig to contact the flap, thereby reducing the risk of infection and
self-induced graft injuries (15), allowing for convenient daily
monitoring through gross examination, tissue biopsies, and
transcutaneous measurements. Overall, the success observed in
our autologous cohort can be attributed to several critical factors:
surgical technique, the choice of flap type, the donor site location,
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and the application of suturable mesh for abdominal wall support.
Consideration of these variables can enhance the efficacy and
reliability of future autologous procedures, allowing autologous
control groups to become more common in the field of VCA.

To mimic ischemia-reperfusion injury and the inflammation
experienced by transplanted grafts, we performed neck flap
isolations with induced ischemia. Our observations revealed that
after 20 min of ischemia, there was minimal to no gross
inflammation or edema in the postoperative period. Histologically,
only mild dermal edema was present on PODS5. In contrast, the
autologous transplant group exhibited noticeable erythema, which
began mildly on PODI1 through PODS.
Histological examination of this group showed slightly greater

and intensified
dermal edema and mild dermal perivascular inflammation by
POD5. Given that VCA grafts have been observed to experience
an inflammatory response (damage response) and an acute
), the
autologous transplant more closely mimics the postoperative

rejection phase on POD2 and PODS5, respectively (

inflammatory course of these grafts. Additionally, acute rejection
in VCA grafts often begins between POD5 and POD6 (38). This
corresponds with the period during which we observed the
resolution of edema and inflammation in the autologous
transplants, both histologically and grossly. This observation is
particularly significant as it suggests that the postoperative
inflammatory response in the autologous control group does not
overlap with the typical onset of rejection. Consequently, this
allows researchers studying VCA grafts to more -effectively
differentiate between inflammation and edema induced by surgical
injury vs. that caused by immune rejection. Furthermore, a notable
advantage of VRAM flaps is the amount of surface area available
for substantial biopsies with a broader biopsy core. This flap
model allowed for a more complete histological sampling and
analysis of larger arteries in the subcutaneous and deep dermis
layers, without compromising the integrity of the flap.

All of the neck flaps with induced ischemia experienced
postoperative complications, which included dorsal flap necrosis
and wound dehiscence. These issues may have resulted from
technical errors, such as damage to the blood supply during flap
(39).

Alternatively, the anterolateral neck region lacks well-defined

dissection or excessive tension during flap closure

perforating vessels. Therefore, with only a limited presence of
small perforators, the procurement process may lead to a degree
of flap loss, even when the technical aspects of the harvest are
executed successfully. In contrast, the autologous cohort did not
experience any postoperative complications, despite arguably
The
complications in this group could be attributed to a more robust

undergoing a more complex procedure. absence of
blood supply, owing to the vertical orientation of the VRAM
flap, which optimizes the number of perforating vessels supplying
the skin paddle (

exceed the defect size in length and width, allowing it to cover

). Additionally, the flap was designed to

the defect with minimal tension. This flap-to-defect size

mismatch may have provided protection against wound
dehiscence and overstretching. In comparison, the neck flap
procedures involved flaps that were matched precisely to the

defect size, thereby increasing the risk of tension during closure.
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The neck flap group also exhibited a shorter average total
surgical time compared to the

(135+49.5 min vs. 278.5+47.4 min,
research indicates that the average surgical time for an allogeneic

autologous transplants

respectively). Previous
VRAM flap, based on the external iliac vessels, is approximately
291.5+9.19 min (15). This suggests that the autologous
transplant model more closely aligns with the duration of
allogenic procedures, thereby reducing variability in critical
factors such as surgical invasiveness (41), tissue exposure to
(42), the of
). Matching surgical durations ensures that all

contamination and duration anesthetic
administration (
interventions are exposed to comparable physiological conditions,
thereby minimizing potential confounding variables and
enhancing the reliability of study outcomes.

Interestingly, we observed that transcutaneous temperature
readings increased in the days following surgery for both groups.
Further analysis revealed that this temperature rise was influenced
by the type of surgical procedure. Specifically, the neck flap group
exhibited both an initially higher temperature and a statistically
the

autologous transplants (p=0.015). This discrepancy may be

significant rate of temperature increase compared to
attributable to the nature of the skin used in each procedure. The
neck flap procedure involved mobilizing and repositioning native
neck tissue, while the autologous procedure involved transferring
abdominal tissue to the lateral neck. Differences in the volume of
tissue and skin thickness between the grafts could also account for
the

postoperatively. Moreover, a decrease in skin surface temperature

observed variations in temperature and its changes
may follow free flap transfer due to the significant alterations in
flap physiology. Unlike normal skin, free flaps are stripped of
afferent
hemodynamically significant sympathectomy (43). Consequently,
flaps like the VRAM flap are disconnected from both their native

neural network and central thermoregulation mechanisms, which

and efferent nerve connections, leading to a

may cause abnormal transcutaneous temperatures, particularly
during the healing process.

The pO2 values recorded from the abdominal control sites
exhibited considerable variability. This may be caused by
differences in sensor placement and the varying thicknesses of
the abdominal skin regions being analyzed. To mitigate this
discrepancy, multiple measurement areas should have been
the skin thickness.
Additionally, in the neck flap group, incorporating intraoperative

designated to ensure consistency in
transcutaneous oxygen monitoring before and during induced
ischemia would have established a baseline measurement for the
oxygen parameter, allowing for a clearer differentiation between
normal and abnormal flap pO2 levels. A partial Bayesian linear
effects

procedure-dependent change in pO2 over time (p=0.002),

mixed analysis revealed a statistically significant
suggesting potential differences in the healing processes between
autologous transplants and neck flaps. Specifically, autologous
transplants displayed more consistent, and on average lower,
oxygen levels throughout the postoperative period. This may be
attributed to the healing process of microvascular anastomosis,
which can take up to 20 days (44). Consequently, during this

time, the flap’s blood supply remains dependent on a healing
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anastomosis that may be susceptible to leakage, constriction under
Although
these conditions were not investigated in this study, they

tension, or the development of strictures (45).
can potentially compromise flap perfusion and, subsequently,
pO2 levels.

Significant limitations of this study include the small sample
size (n=4) and brief 20 min ischemia period, which is markedly
shorter than the warm ischemia durations of 50-90 min observed
). These
constraints could have undermined our ability to effectively

in both autologous and allogeneic procedures (

compare the gross and histological findings between the neck
flap and autologous transplant groups. Additionally, measuring
transcutaneous pO2 and temperature in random areas of the flap
and abdominal control skin introduced variability that could
have been mitigated by assessing multiple designated sites (e.g.,
central, proximal, and distal flap regions). As this is the first
study to employ our oxygen and temperature sensor in swine,
potential issues related to the thickness of animals’ skin may
have impacted sensor accuracy, which was not fully accounted
for. Also, this study did not evaluate the autologous transplant
animals for neuromuscular injury following surgery. Given that
muscle constitutes a significant portion of the VRAM flap and is
particularly vulnerable to ischemic damage (46, 47), future
research should assess neuromuscular injury or implement a
muscle-sparing approach to mitigate donor site morbidity.
Furthermore, both the neck and VRAM flaps lack mucosal
tissue, which limits their applicability in facial VCA research.
However, the VRAM flap does contain mammary glands, which
exhibit overlapping gene expression and immune functions with
salivary glands (48,
positions it as a potential model for allotransplantation studies

). The unique composition of this graft

exploring secretory gland rejection or dysfunction. Lastly, the use
of a Penrose drain exclusively in the autologous transplants may
have influenced the observed lack of postoperative complications
by effectively removing excess exudate, thereby improving the
healing process and reducing inflammation. This could have also
affected the transcutaneous variables recorded. Addressing these
limitations in future research is essential for improving the
validity and applicability of our findings.

We have established a porcine autologous VRAM flap model
based on the external iliac vessel system. Compared to the neck
flap isolation with induced ischemia procedure, this model
effectively replicates the postoperative inflammatory response
observed in allogenic transplants. Moreover, the survival of both
autografts, along with the absence of donor site morbidity,
underscores the potential safety and reproducibility of this
technique. However, to validate our findings, further studies with
larger sample sizes are necessary. Overall, this study highlights
the critical role of control models in understanding physiological
their
importance in achieving accurate and generalizable results in

responses to surgical interventions and emphasizes

preclinical VCA research.

Frontiers in

10.3389/frtra.2024.1504959

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found here: The Harvard Dataverse,

The animal study was approved by the Institutional Animal
Care and Use Committee (IACUC), at the University of
Colorado Denver, Anschutz Medical Campus. The study was
accordance with the local

conducted in legislation and

institutional requirements.

CB: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Software,
Supervision, Validation, Visualization, Writing - original draft,
Writing - review & editing. ZD: Data curation, Formal Analysis,
Methodology, Validation,
Writing - original draft, Writing - review & editing. YW: Data

Investigation, Resources, Software,
curation, Formal Analysis, Investigation, Methodology, Resources,
Software, Validation, Writing - original draft, Writing - review
& editing. ZW:
Investigation, Methodology, Writing - original draft, Writing -

Formal Analysis, Funding acquisition,
review & editing. BL: Data curation, Investigation, Methodology,
Project administration, Supervision, Writing - original draft,
Writing - review & editing. KW: Funding acquisition,
Investigation, Methodology, Validation, Writing — original draft,
Writing - review & editing. JS: Data curation, Formal Analysis,
Investigation, Methodology, Resources, Software, Writing -
original draft, Writing - review & editing. CE: Formal Analysis,
Methodology,

Software, Validation, Writing — original draft, Writing - review

Funding acquisition, Investigation, Resources,
& editing, Data curation. PA: Formal Analysis, Investigation,
Methodology, Resources, Software, Visualization, Writing -
original draft, Writing - review & editing. EF: Formal Analysis,
Investigation, Methodology, Software, Validation, Writing -
original draft, Writing - review & editing. JY: Data curation,
Investigation, Methodology, Writing — original draft, Writing —
review & editing. MG: Data curation, Investigation, Methodology,
Validation, Writing - original draft, Writing - review & editing.

CH: Conceptualization, Funding acquisition, Methodology,
Project administration, Resources, Supervision, Validation,
Visualization, Writing - original draft, Writing - review &
editing. NN-A: Conceptualization, Data curation, Formal
Analysis, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision,

Validation, Visualization, Writing - original draft, Writing -
review & editing. DM: Conceptualization, Data curation, Formal

Analysis, Funding acquisition, Investigation, Methodology,


https://doi.org/10.7910/DVN/MJVPDU
https://doi.org/10.3389/frtra.2024.1504959
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Blades et al.

Project administration, Resources, Software, Supervision,

Validation, Visualization, Writing - original draft, Writing -
review & editing.

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Department of Defense CDMRP FY21
Reconstructive Transplant Research Program: W81XWH2210927
(CAH) and by the NIH/NCATS Colorado CTSA Grant Number
T32 TR004367 (CMB) and UM1 TR004399 (CMB). Contents are
the authors’ sole responsibility and do not necessarily represent
official DOD or NIH views.

We would like to thank Mesh Suture, Inc. (Chicago, IL) for
their generous donation of DURAMESH™ for the completion of
this project.

1. Wahyudi M, Satria O, Aprilya D, Nong I. Vertical rectus abdominis
myocutaneous flap for reconstruction of forequarter amputation defect after
shoulder soft tissue sarcoma resection: technical consideration. Plast Reconstr Surg
Glob Open. (2023) 11(6):e5077. doi: 10.1097/GOX.0000000000005077

2. Salo J, Tukiainen E. Flap reconstruction of the chest wall after oncologic resection.
Curr Chall Thorac Surg. (2020) 2:5. doi: 10.21037/ccts.2019.12.05

3. Coombs DM, Patel NB, Zeiderman MR, Wong MS. The vertical rectus abdominis
musculocutaneous flap as a versatile and viable option for perineal reconstruction.
Eplasty. (2017) 17:ic2.

4. Kiintscher MV, Mansouri S, Noack N, Hartmann B. Versatility of vertical rectus
abdominis musculocutaneous flaps. Microsurgery. (2006) 26(5):363-9. doi: 10.1002/
micr.20253

5. Pomahac B, Gobble RM, Schneeberger S. Facial and hand allotransplantation. Cold
Spring Harb Perspect Med. (2014) 4(3):a015651. doi: 10.1101/cshperspect.a015651

6. Cetrulo CL Jr, Li K, Salinas HM, Treiser MD, Schol I, Barrisford GW, et al. Penis
transplantation: first US experience. Ann Surg. (2018) 267(5):983-8. doi: 10.1097/SLA.
0000000000002241

7. Barth RN, Bluebond-Langner R, Nam A, Stanwix M, Shipley S, Bartlett ST, et al.
Facial subunit composite tissue allografts in nonhuman primates: I. Technical and
immunosuppressive requirements for prolonged graft survival. Plast Reconstr Surg.
(2009) 123(2):493-501. doi: 10.1097/PRS.0b013e3181954edd

8. Mathes DW, Hwang B, Graves SS, Edwards ], Chang J, Storer BE, et al. Tolerance
to vascularized composite allografts in canine mixed hematopoietic chimeras.
Transplantation. (2011) 92(12):1301-8. doi: 10.1097/TP.0b013e318237d6d4

9. Hettiaratchy S, Melendy E, Randolph MA, Coburn RC, Neville DM Jr, Sachs DH,
et al. Tolerance to composite tissue allografts across a major histocompatibility barrier
in miniature swine. Transplantation. (2004) 77(4):514-21. doi: 10.1097/01.TP.
0000113806.52063.42

10. Woodall JD, Schultz BD, Sosin M, Barth RN. Large animal models for
vascularized composite allotransplantation. Curr Transpl Rep. (2014) 1:190-6.
doi: 10.1007/s40472-014-0026-5

11. Cendales LC, Xu H, Bacher J, Eckhaus MA, Kleiner DE, Kirk AD. Composite
tissue allotransplantation: development of a preclinical model in nonhuman
primates. Transplantation. (2005) 80(10):1447-54. doi: 10.1097/01.tp.0000183292.
57349.27

12. Etra JW, Grzelak MJ, Fidder SAJ, Kolegraff K, Bonawitz S, Shores J, et al. A skin
rejection grading system for vascularized composite allotransplantation in a preclinical
large animal model. Transplantation. (2019) 103(7):1385-91. doi: 10.1097/TP.
0000000000002695

Frontiers in

15

10.3389/frtra.2024.1504959

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

The Supplementary Material for this article can be found
online at:

13. Etra JW, Fidder SAJ, Frost CM, Messner F, Guo Y, Vasilic D, et al. Latissimus
dorsi myocutaneous flap procedure in a swine model. J Invest Surg. (2021) 34
(12):1289-96. doi: 10.1080/08941939.2020.1795952

14. Bain CR, Myles PS, Corcoran T, Dieleman JM. Postoperative systemic
inflammatory dysregulation and corticosteroids: a narrative review. Anaesthesia.
(2023) 78(3):356-70. doi: 10.1111/anae.15896

15. Blades CM, Greyson MA, Dumanian ZP, Yu JW, Wang Y, Li B, et al.
Development of a porcine VCA model using an external iliac vessel-based vertical
rectus abdominus myocutaneous flap. ] Reconstr Microsurg. (2024). doi: 10.1055/s-
0044-1788812

16. Cascales JP, Roussakis E, Witthauer L, Goss A, Li X, Chen Y, et al. Wearable
device for remote monitoring of transcutaneous tissue oxygenation. Biomed Opt
Express. (2020) 11(12):6989-7002. doi: 10.1364/BOE.408850

17. Roussakis E, Li Z, Nichols AJ, Evans CL. Oxygen-sensing methods in
biomedicine from the macroscale to the microscale. Angew Chem Int Ed Engl.
(2015) 54(29):8340-62. doi: 10.1002/anie.201410646

18. Cascales JP, Roussakis E, Miiller M, Witthauer L, Li X, Goss A, et al.
Optimization of transcutaneous oxygenation wearable sensors for clinical
applications. Adv Sensor Res. (2024) 3:2300126. doi: 10.1002/adsr.202300126

19. Roussakis E, Li Z, Nowell NH, Nichols AJ, Evans CL. Bright, “clickable”
porphyrins for the visualization of oxygenation under ambient light. Angew Chem
Int Ed. (2015) 54(49):14728-31. doi: 10.1002/anie.201506847

20. Li X, Roussakis E, Cascales JP, Marks HL, Witthauer L, Evers M, et al.
Optimization of bright, highly flexible, and humidity insensitive porphyrin-based
oxygen-sensing materials. ] Mater Chem C. (2021) 9(24):7555-67. doi: 10.1039/
D1TC01164B

21. Marks H, Bucknor A, Roussakis E, Nowell N, Kamali P, Cascales JP, et al. A paintable
phosphorescent bandage for postoperative tissue oxygen assessment in DIEP flap
reconstruction. Sci Adv. (2020) 6(51):eabd1061. doi: 10.1126/sciadv.abd1061

22. Van Rossum G, Drake FL Jr. Python Reference Manual. Amsterdam: Centrum
voor Wiskunde en Informatica (1995).

23. R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing (2021). Available online at:
https://www.R-project.org/

24. Chung Y, Rabe-Hesketh S, Dorie V, Gelman A, Liu J. A nondegenerate penalized
likelihood estimator for variance parameters in multilevel models. Psychometrika.
(2013) 78:685-709. doi: 10.1007/s11336-013-9328-2

25. Park J, Yim S, Eun S. Experimental design for composite face transplantation. J
Craniofacial Surg. (2016) 27(4):843-5. doi: 10.1097/SCS.0000000000002511


https://www.frontiersin.org/articles/10.3389/frtra.2024.1504959/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frtra.2024.1504959/full#supplementary-material
https://doi.org/10.1097/GOX.0000000000005077
https://doi.org/10.21037/ccts.2019.12.05
https://doi.org/10.1002/micr.20253
https://doi.org/10.1002/micr.20253
https://doi.org/10.1101/cshperspect.a015651
https://doi.org/10.1097/SLA.0000000000002241
https://doi.org/10.1097/SLA.0000000000002241
https://doi.org/10.1097/PRS.0b013e3181954edd
https://doi.org/10.1097/TP.0b013e318237d6d4
https://doi.org/10.1097/01.TP.0000113806.52063.42
https://doi.org/10.1097/01.TP.0000113806.52063.42
https://doi.org/10.1007/s40472-014-0026-5
https://doi.org/10.1097/01.tp.0000183292.57349.27
https://doi.org/10.1097/01.tp.0000183292.57349.27
https://doi.org/10.1097/TP.0000000000002695
https://doi.org/10.1097/TP.0000000000002695
https://doi.org/10.1080/08941939.2020.1795952
https://doi.org/10.1111/anae.15896
https://doi.org/10.1055/s-0044-1788812
https://doi.org/10.1055/s-0044-1788812
https://doi.org/10.1364/BOE.408850
https://doi.org/10.1002/anie.201410646
https://doi.org/10.1002/adsr.202300126
https://doi.org/10.1002/anie.201506847
https://doi.org/10.1039/D1TC01164B
https://doi.org/10.1039/D1TC01164B
https://doi.org/10.1126/sciadv.abd1061
https://www.R-project.org/
https://doi.org/10.1007/s11336-013-9328-2
https://doi.org/10.1097/SCS.0000000000002511
https://doi.org/10.3389/frtra.2024.1504959
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Blades et al.

26. Kotsougiani D, Willems JI, Shin AY, Friedrich PF, Hundepool CA, Bishop AT. A
new porcine vascularized tibial bone allotransplantation model. Anatomy and surgical
technique. Microsurgery. (2018) 38(2):195-202. doi: 10.1002/micr.30255

27. Matar AJ, Crepeau RL, Mundinger GS, Cetrulo CL Jr, Torabi R. Large animal
models of vascularized composite allotransplantation: a review of immune strategies
to improve allograft outcomes. Front Immunol. (2021) 12:664577. doi: 10.3389/
fimmu.2021.664577

28. Shengwu Z, Qingfeng L, Hao J, Banich ], Kaiding F, Benson C, et al. Developing
a canine model of composite facial/scalp allograft transplantation. Ann Plast Surg.
(2007) 59(2):185-94. doi: 10.1097/SAP.0b013e31802c79a5

29. Kirk AD. Crossing the bridge: large animal models in translational transplantation
research. Immunol Rev. (2003) 196:176-96. doi: 10.1046/j.1600-065X.2003.00081.x

30. Kauke M, Safi AF, Panayi AC, Palmer WJ, Haug V, Kollar B, et al. A systematic
review of immunomodulatory strategies used in skin-containing preclinical
vascularized composite allotransplant models. J Plast Reconstr Aesthet Surg. (2022)
75(2):586-604. doi: 10.1016/j.bjps.2021.11.003

31. Massey MF, Gupta DK. The effects of systemic phenylephrine and epinephrine
on pedicle artery and microvascular perfusion in a pig model of myoadipocutaneous
rotational flaps. Plast Reconstr Surg. (2007) 120(5):1289-99. doi: 10.1097/01.prs.
0000279371.63439.8d

32. Chung JH, Cheon JH, Kim MS, Min DJ, Yoon ES, Lee BI, et al. Effects of
vasopressors on circulation in the porcine abdominal island flap model. J Plast
Reconstr Aesthet Surg. (2019) 72(10):1653-60. doi: 10.1016/j.bjps.2019.06.009

33. Elgendy TY, Waldner M, Zhang W, Kim DY, Minervini MI, Komatsu C, et al.
Tacrolimus before CTLA4Ig and rapamycin promotes vascularized composite allograft
survival in MGH miniature swine. Transpl Immunol. (2022) 75:101696. doi: 10.1016/j.
trim.2022.101696

34. Waldner M, Elgendy TY, Kim DY, Oksiiz S, Schweizer R, Zhang W, et al.
Heterotopic transplantation of allogeneic vertical rectus abdominis myocutaneous
flaps in miniature swine. J Surg Res. (2020) 254:175-82. doi: 10.1016/j.jss.2020.04.026

35. Nisar PJ, Scott HJ. Myocutaneous flap reconstruction of the pelvis after
abdominoperineal excision. Colorectal Dis. (2009) 11(8):806-16. doi: 10.1111/j.1463-
1318.2008.01743.x

36. Mackay DR, Saggers GC, Kotwal N, Manders EK. Stretching skin: undermining
is more important than intraoperative expansion. Plast Reconstr Surg. (1990) 86
(4):722-30. doi: 10.1097/00006534-199010000-00020

37. Stell PM. The effects of varying degrees of tension on the viability of skin flaps in
pigs. Br J Plast Surg. (1980) 33(3):371-6. doi: 10.1016/S0007-1226(80)90085-5

Frontiers in

16

10.3389/frtra.2024.1504959

38. Friedman O, Carmel N, Sela M, Abu Jabal A, Inbal A, Ben Hamou M, et al.
Immunological and inflammatory mapping of vascularized composite allograft
rejection processes in a rat model. PLoS One. (2017) 12(7):e0181507. doi: 10.1371/
journal.pone.0181507

39. Cajozzo M, Jiga LP, Jandali Z, Muradov M, Pignatti M, Cordova A, et al.
Complications and solutions in propeller flap surgery. Semin Plast Surg. (2020) 34
(3):210-20. doi: 10.1055/s-0040-1714087

40. Villa MT, Chang DW. Muscle and omental flaps for chest wall reconstruction.
Thorac Surg Clin. (2010) 20(4):543-50. doi: 10.1016/j.thorsurg.2010.07.001

41. Cheng H, Clymer JW, Chen BPH, Sadeghirad B, Ferko NC, Cameron CG, et al.
Prolonged operative duration is associated with complications: a systematic review and
meta-analysis. ] Surg Res. (2018) 229:134-44. doi: 10.1016/j.jss.2018.03.022

42. Cheng H, Chen BP, Soleas IM, Ferko NC, Cameron CG, Hinoul P. Prolonged
operative duration increases risk of surgical site infections: a systematic review. Surg
Infect (Larchmt). (2017) 18(6):722-35. doi: 10.1089/sur.2017.089

43. van Dielen FM, Kurvers HA, Dammers R, Oude Egbrink MG, Slaaf DW,
Tordoir JH, et al. Effects of surgical sympathectomy on skin blood flow in a rat
model of chronic limb ischemia. World J Surg. (1998) 22(8):807-11. doi: 10.1007/
5002689900474

44. Lidman D, Daniel RK. The normal healing process of microvascular
anastomoses. Scand ] Plast Reconstr Surg. (1981) 15(2):103-10. doi: 10.3109/
02844318109103422

45. Guyton KL, Hyman NH, Alverdy JC. Prevention of perioperative anastomotic
healing complications: anastomotic stricture and anastomotic leak. Adv Surg. (2016)
50(1):129-41. doi: 10.1016/j.yasu.2016.03.011

46. Duru C, Biniazan F, Hadzimustafic N, D’Elia A, Shamoun V, Haykal S. Review
of machine perfusion studies in vascularized composite allotransplant preservation.
Front Transplant. (2023) 2:1323387. doi: 10.3389/frtra.2023.1323387

47. He ], Khan UZ, Qing L, Wu P, Tang J. Improving the ischemia-reperfusion
injury in vascularized composite allotransplantation: clinical experience and
experimental implications. Front Immunol. (2022) 13:998952. doi: 10.3389/fimmu.
2022.998952

48. Lee HK, Willi M, Liu C, Hennighausen L. Cell-specific and shared regulatory
elements control a multigene locus active in mammary and salivary glands. Nat
Commun. (2023) 14(1):4992. doi: 10.1038/s41467-023-40712-0

49. Le Jan C. Secretory component and IgA expression by epithelial cells in sow
mammary gland and mammary secretions. Res Vet Sci. (1993) 55(3):265-70.
doi: 10.1016/0034-5288(93)90092-T


https://doi.org/10.1002/micr.30255
https://doi.org/10.3389/fimmu.2021.664577
https://doi.org/10.3389/fimmu.2021.664577
https://doi.org/10.1097/SAP.0b013e31802c79a5
https://doi.org/10.1046/j.1600-065X.2003.00081.x
https://doi.org/10.1016/j.bjps.2021.11.003
https://doi.org/10.1097/01.prs.0000279371.63439.8d
https://doi.org/10.1097/01.prs.0000279371.63439.8d
https://doi.org/10.1016/j.bjps.2019.06.009
https://doi.org/10.1016/j.trim.2022.101696
https://doi.org/10.1016/j.trim.2022.101696
https://doi.org/10.1016/j.jss.2020.04.026
https://doi.org/10.1111/j.1463-1318.2008.01743.x
https://doi.org/10.1111/j.1463-1318.2008.01743.x
https://doi.org/10.1097/00006534-199010000-00020
https://doi.org/10.1016/S0007-1226(80)90085-5
https://doi.org/10.1371/journal.pone.0181507
https://doi.org/10.1371/journal.pone.0181507
https://doi.org/10.1055/s-0040-1714087
https://doi.org/10.1016/j.thorsurg.2010.07.001
https://doi.org/10.1016/j.jss.2018.03.022
https://doi.org/10.1089/sur.2017.089
https://doi.org/10.1007/s002689900474
https://doi.org/10.1007/s002689900474
https://doi.org/10.3109/02844318109103422
https://doi.org/10.3109/02844318109103422
https://doi.org/10.1016/j.yasu.2016.03.011
https://doi.org/10.3389/frtra.2023.1323387
https://doi.org/10.3389/fimmu.2022.998952
https://doi.org/10.3389/fimmu.2022.998952
https://doi.org/10.1038/s41467-023-40712-0
https://doi.org/10.1016/0034-5288(93)90092-T
https://doi.org/10.3389/frtra.2024.1504959
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

	Autologous porcine VRAM flap model for VCA research
	Introduction
	Methods
	Experimental animals
	Preoperative care
	Neck flap isolation with induced ischemia
	Autologous VRAM flap surgery
	Microsurgical anastomosis
	Postoperative care
	Histology
	The oxygen and temperature sensor
	Oxygen and temperature data analysis

	Results
	Surgical time
	Autologous VRAM flap transplant
	Neck flap isolation with induced ischemia
	Complications
	Histological evaluation
	Transcutaneous oxygen and temperature

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


