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Abstract

The field of reconstructive microsurgery is experiencing tremendous growth, as evidenced by recent advances in face and
hand transplantation, lower limb salvage after trauma, and breast reconstruction. Common to all of these procedures is the
creation of a nutrient vascular supply by microsurgical anastomosis between a single artery and vein. Complications related
to occluded arterial inflow and obstructed venous outflow are not uncommon, and can result in irreversible tissue injury,
necrosis, and flap loss. At times, these complications are challenging to clinically determine. Since early intervention with
return to the operating room to re-establish arterial inflow or venous outflow is key to flap salvage, the accurate diagnosis
of early stage complications is essential. To date, there are no biochemical markers or serum assays that can predict these
complications. In this study, we utilized a rat model of flap ischemia in order to identify the transcriptional signatures of
venous congestion and arterial ischemia. We found that the critical ischemia time for the superficial inferior epigastric
fasciocutaneus flap was four hours and therefore performed detailed analyses at this time point. Histolgical analysis
confirmed significant differences between arterial and venous ischemia. The transcriptome of ischemic, congested, and
control flap tissues was deciphered by performing Affymetrix microarray analysis and verified by gRT-PCR. Principal
component analysis revealed that arterial ischemia and venous congestion were characterized by distinct transcriptomes.
Arterial ischemia and venous congestion was characterized by 408 and 1536>2-fold differentially expressed genes,
respectively. gRT-PCR was used to identify five candidate genes Prol1, MucT, Fcnb, Il1b, and Vcsa1 to serve as biomarkers for
flap failure in both arterial ischemia and venous congestion. Our data suggests that Prol1 and Vcsal may be specific
indicators of venous congestion and allow clinicians to both diagnose and successfully treat microvascular complications

before irreversible tissue damage and flap loss occurs.
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Introduction

Advances In reconstructive microsurgery have created a
paradigm shift in the restoration of form and function, allowing
for the dynamic repair of devastating injuries, severely diseased
tissue, and previously unreconstructible wounds [1-18]. Compos-
ite tissue allotransplantation of the face and upper extremity is now
a reality, with over seventy procedures performed to date and an
increasing amount of clinical centers offering these operations to
their patients. Transplantation of composite constructs of thorax,
abdominal wall, pelvis, and urogenital systems is inevitable and
will offer hope to those patients with the most severe pathology.
Lower extremity free tissue transfer is commonplace at most
tertiary centers for limb salvage in cases that would otherwise
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proceed to amputation. Breast reconstruction restores form and
psychological well-being to women with breast cancer. Creation of
neural-integrated bioprosthetic devices, interfaces between human
tissue and robotics, has created an avenue of hope for upper
extremity amputees. Finally, advances in tissue engineering and
de-novo organogenesis rely on bioreactors, mechanical pumps that
supply nutrient flow for growth and elimination of toxic
metabolites to allow for creation of tissues and organs. Essential
to each of these procedures is the creation of a nutrient vascular
supply, via surgically fashioned microscopic anastamoses between
single arteries and veins, ranging in size from 0.5 to 3.0
millimeters. Surgical complications related to occluded arterial
inflow and obstructed venous outflow can result in irreversible
Injury to tissues and may result in tissue compromise and necrosis.
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Oftentimes, these complications are difficult to clinically determine
[19]. As early intervention with return to the operating room to re-
establish inflow or outflow is the essential step in flap salvage, the
accurate diagnosis of early stage vascular complications is key [20].
To date, however, there are no biochemical markers or serum
assays that can predict these complications. In this animal study of
free tissue transfer failure, we have created a model for venous
congestion and arterial ischemia in order to identify novel
biomarkers for early prediction of flap complications. While tissue
ischemia due to decreased or absent arterial flow is a well-studied
physiologic phenomenon, the process of venous congestion is not
as well-characterized. The pathophysiology of arterial occlusion
results in an inadequate oxygen supply, and simultaneous deficit in
clearance of toxic metabolites to affected tissues. This results in the
accumulation of reactive oxygen species (ROS), an influx of
inflammatory cells including neutrophils, macrophages, and a
progressive release of cytokines in a cycle of inflammation that
ultimately leads to tissue necrosis [21-24]. ROS are the major
causative factors that link the biochemical pathways between
persistent ischemia and tissue necrosis, causing microcirculatory
damage that results in irreversible deterioration and injury [25,26].
In contrast, venous congestion has been less frequently studied, but
characterized mainly in microvascular flaps, as well as the
gastrointestinal tract [27], brain [28]. In venous congestion,
arterial flow persists, causing increased intravascular pressure and
subsequent hemorrhage of the microvasculature into the extra-
vascular space [29-31]. The increased extra-vascular pressure
causes external compression and collapse of the vessels. The
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Figure 1. Diagram of operative procedure, phenotype analysis.
A) Diagram of lower left inguinal anatomic landmarks of flap with
labeling of superficial inferior epigastric artery, vein, and inguinal
ligament.

doi:10.1371/journal.pone.0071628.g001
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edema that forms in the interstitial tissue acts as a barrier to the
diffusion of oxygen, further contributing to tissue damage [32,33].

Because of the dependence of a single artery for inflow and a
single vein for outflow, microvascular flaps represent a compelling
model to compare the physiological differences between arterial
ischemia and venous congestion. Although brief episodes of
ischemia and reperfusion are tolerated, there comes a critical
“point of no return” where flaps cannot be salvaged following
prolonged periods of ischemia [34]. Moreover, complications
involving venous congestion after microvascular free tissue transfer
are more common due to the inherent low flow state of tissue as
well increased compliance of the vein relative to the artery that is
less resistant to compression. In addition venous congestion is
hypothesized to be more clinically detrimental to flaps than
arterial ischemia [35-39], suggesting that these two biological
processes are distinct in their pathophysiology.

To better understand the transcriptional changes that occur
following arterial ischemia and venous congestion, the goal of this
study was to identify novel biomarkers in a high fidelity rat model
of microvascular free flap failure. It has been established that
changes in gene expression occur rapidly following arterial
ischemia. Thus, we set out to identify these rapid changes in gene
expression in order to better distinguish arterial ischemia from
venous congestion. Only a limited number of studies have
compared transcriptional changes in arterial ischemia and venous
congestion. Zhang et al. used a skin flap model and found that
tumor necrosis factor (ITNF-alpha) was significantly up-regulated
in arterial ischemia, whereas monocyte chemoattractant protein-1
(MCP-1) was associated with venous congestion [40]. Mithani et al.
used a rat flap model to identify genes related to flap failure, but
only studied venous congestion [41]. The goal of this study is to
perform a thorough comparative analysis of arterial ischemia and
venous congestion using gene expression microarray analysis
[42,43]. We hypothesize that early changes in gene expression in
response to arterial ischemia and venous congestion occur within
minutes of inflow and outflow obstruction. An enhanced
understanding of the gene expression profiles between arterial
ischemia and venous congestion will lay the groundwork for
further mechanistic studies, and ultimately a more nuanced
understanding of their pathophysiology. Finally, the development
of biomarkers specific to arterial ischemia or venous congestion
would represent a clinical translational application of this
technology for early clinical diagnosis of flap failure by bedside
serum and blood level assay. Early diagnosis of flap-threatening
arterial ischemia and venous congestion would represent a
paradigm shift in our ability to treat these rapidly progressive
processes. Early and rapid diagnosis with a serum biomarker could
translate to higher rates of free flap salvage; this would represent a
significant advance in the safety, quality, and effectiveness of care
of patients requiring free tissue transfer by microvascular surgical
techniques.

Materials and Methods

Animals

Animal experiments were conducted in compliance with the
protocol approved by The University of Southern California
Institutional Animal Care and Use Committee JACUC Protocol
#11463). Male Sprague Dawley rats weighing 300-325 g were
induced and maintained on 2% isoflurane by use of an anesthesia
system (Molecular Imaging Products Company, Bend, OR). All
operative procedures were performed using standard aseptic
technique [44]. The animals were housed in individual cages
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Figure 2. Phenotype analysis, temporal profile of flap survival
following vessel occlusion. A) Bar graph of percent flap survival of
ischemia-reperfusion vs. time on postoperative day 6 of arterial
ischemia and venous congestion. Data are expressed as means = SE
and analyzed by unpaired t-test. *P<<0.05. B) Gross photos of flaps at 3.5
vs. 4 hours of venous congestion C) From left to right, gross photos of
flaps subjected to 4 hours of arterial ischemia and venous congestion
compared to control D) Histology showing flaps subjected to 4 hours of
venous congestion showing extravasation of blood, while control
specimen and arterial ischemia lack such findings.
doi:10.1371/journal.pone.0071628.g002

and fed standard rat chow and water ad libitum during their post-
operative recovery.
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Operative Procedure

A modified version of a well-described technique of flap
elevation based off the superficial inferior epigastric (SIE) vessels
was performed [35]. The abdominal and groin regions were
shaved and the hair over these regions was removed. The area was
then prepped with the antiseptic/antimicrobial povidone-iodine
scrub solution. A 2x2 cm, rhomboid-shaped flap was marked in
the area overlying the territory of the SIE artery and vein (thus
comprising the SIEA flap). The flap was raised with careful
dissection to the SIE artery and vein (Figure 1). With good
exposure and visualization of the SIE artery and vein, the
adventitia surrounding both structures was gently cleaned and
removed. The SIE nerve was located and ligated. A microvascular
clamp (S&T AG, Neuhausen, Switzerland) was then used to clamp
either the SIE artery or vein for varying timepoints for the
experimental arm of the study. After the experimental arm of the
study was completed, the SIEA flap was inset into its original
position in the rat, and the incisions closed.

Phenotype Analysis

Temporal phenotypic changes between treatment and control
groups were analyzed grossly. In a set of animals, the SIEA flap
was created as described above and venous congestion was
induced for varying time periods (1, 2, 2.5, 3, 3.5, and 4 hours)
after which the vein was unclamped to allow for reperfusion.
Similarly, arterial ischemia was induced for the same respective
time periods. The flap was then inset as previously described, and
gross phenotypic changes were observed until post-operative day
6. Imaging to determine flap survival was captured using a digital
camera (Canon PowerShot S90, Tokyo, Japan). The area of flap
survival was determined using Image] (U.S. National Institutes of
Health, Bethesda, MD). Phenotypic changes were also evaluated
using histology. Flap tissue at the end of 4 hours of arterial
ischemia or venous congestion was harvested, fixed in 10%
buffered formalin, embedded in paraffin, and sent for standard
hematoxolyin and eosin (H&E) staining.

Tissue Collection and RNA Extraction

Following the period of ischemia, the animals were re-
anesthetized for the removal of the clamp. The microvascular
flaps undergoing four hours of arterial ischemia (n = 5) and venous
congestion (n=15), and a control non-ischemic group (n=2>5) were
harvested subsequently and stored in a freezer at —80°C. Total
RNA was extracted using the RNeasy kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol, and quality
checked using Agilent BioAnalyzer Nano 6000 chip (Agilent,
Santa Clara, CA).

Microarray Hybridization

For the microarray study, 3'IVT Expression kit (Affymetrix,
Santa Clara, CA) was used to synthesize first-strand cDNA from
each total RNA sample with the use of T7-ologo (d'T) primer, and
second-strand using DNA polymerase while simultaneously
removed RNA; T7 in vitro transcription (IVT) technology was
employed in the kit to synthesize amplified RNA (aRNA) that was
simultaneously labeled with biotin. Labeled aRNA was purified by
magnetic beads per manufacture’s protocol, fragmented, and was
subsequently (10 pg) hybridized on rat genome 230 2.0 GeneChip
(Affymetrix) to analyze the expression profile of 31,042 probe sets.
After washing, the arrays were stained with streptavidin-phycoer-
ythrin, and the signal amplified by biotinylated anti-streptavidin
(Vector Laboratories, Inc., Burlingame, CA), and then scanned on
an Affymetrix GCS 3000 7 G scanner. The intensity for each
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Figure 3. Global transcriptome profiles in ischemic flaps. A) PCA diagram B) Venn diagram of differentially expressed genes upon 4 hours of
arterial ischemia and venous congestion C) Hierarchical cluster analysis of the differentially expressed genes in rats following 4 hours of arterial

ischemia and venous congestion.
doi:10.1371/journal.pone.0071628.9003

feature of the array was captured using Affymetrix GeneChip
Command Console (AGCC), according to the standard Affymetrix
procedures. Gene expression values were extracted using Affyme-
trix Gene Expression Console.

Generation of Differentially Expressed Gene Lists

Data from the Affymetrix Gene Expression Console were
imported into Partek Genomics Suites 6.5 (Partek, St. Louis, MO)
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to generate results from principal component analysis (PCA),
hierarchical clustering analysis, and lists of differentially expressed
genes (DEG). Lists of DEG were generated with the following
parameters: absolute value fold-change =2 compared to control,
with false discovery rate (FDR)-adjusted P value =0.05. Micro-
array data were deposited in the National Center for Biotechnol-
ogy Information’s Gene Expression Omnibus (GEO) database
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Table 1. Top GO classes of differentially expressed genes.

P-value Attributed name

Arterial ischemia vs. control DEG

4.66E-19 immune system process

4.88E-18 defense response

1.62E-16 immune response-regulating signaling pathway
3.37E-16 immune response-activating signal transduction
4.90E-16 activation of immune response

1.53E-15 immune effector process

4.00E-15 regulation of immune response
8.15E-15 positive regulation of immune response
8.56E-15 positive regulation of response to stimulus

5.52E-14 immune response-regulating cell surface receptor signaling
pathway

8.36E-14 response to other organism
1.16E-13 regulation of response to stimulus

Venous congestion vs. control DEG

1.50E-22 regulation of multicellular organismal process
1.81E-22 immune system process

5.88E-19 positive regulation of immune system process
1.17E-18 regulation of localization

4.05E-18 cellular response to chemical stimulus
2.58E-17 response to organic substance

7.36E-16 defense response

1.21E-15 regulation of immune response
1.91E-15 regulation of immune system process
2.08E-15 regulation of cytokine production

4.77E-15 response to wounding

1.29E-14 positive regulation of cell activation

1.51E-14 positive regulation of response to stimulus
2.69E-14 response to stress

Overlapping DEG

1.25E-20 immune system process

2.07E-19 defense response

3.05E-17 immune effector process

6.86E-17 immune response-regulating signaling pathway
1.37E-16 activation of immune response

1.70E-16 immune response-activating signal transduction
1.95E-16 regulation of immune response

8.51E-16 response to other organism

1.09E-15 positive regulation of immune response

3.52E-15 immune response-regulating cell surface receptor signaling
pathway

1.59E-14 positive regulation of immune system process

1.62E-14 immune response-activating cell surface receptor signaling
pathway

1.86E-14 regulation of multicellular organismal process

doi:10.1371/journal.pone.0071628.t001

with accession number GSE35270 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi’acc = GSE35270).

Lists of DEG were characterized by Gene Ontology (GO)
attributes with FuncAssociate 2.0 (llama.mshri.on.ca/funcassoci-
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ate/) [45]. Sets were also analyzed by the Ingenuity Pathway
Analysis tool (IPA 8.7, Ingenuity Systems, San Francisco, CA) to
visualize changes in gene expression and rank by score top
associated network functions, biological functions, and canonical
pathways.

Validation of Gene Expression by Quantitative Real-time
PCR (gRT-PCR)

For qRT-PCR validation, arterial (n=135), venous (n=7), and
control (n=135) flaps were analyzed at 4 hours of occlusion.
Additional flaps undergoing venous congestion at 1 (n=3) and 3
(n = 3) hours were also used for gRT-PCR analysis. On the basis of
the microarray data, we selected to validate by qRT-PCR the
expression of 5 target genes Fenb, 1116, Mucl, Proll (Mucl0), and
Vesal, and a reference gene Acth (beta actin) using TagqMan
Universal Mix II kit (Applied Biosystems, Carlsbad, CA). The
qRT-PCR assays and pre-designed and verified primers were
purchased from Life Technology (Carlsbad, CA) (Table SI).
100 ng of total RNA extracted from tissues (arterial ischemia,
venous congestion, or control) were reversed-transcribed to obtain
c¢DNA using a SuperScript VILO kit (Invitrogen, Carlsbad, CA,
USA). Duplex qRT- PCR reactions detecting Acth and each target
gene were performed using standard thermal cycling protocol on
ABI ViiA 7 RT-PCR system (Applied Biosystems). The thermal
cycle consisted of 95°C for 10 min followed by 40 two-step cycles
of 95°C for 15 s and 60°C for 1 min. Relative quantification using
Ct values and the comparative 2782 method was used to
evaluate the fold change of genes in arterial ischemia and venous
congestion groups as compared to control samples [46]. The
expression levels of Acth were used for gene expression normal-
ization.

Statistical Analysis

Results are presented as means = SE. Data were analyzed using
Prism (GraphPad Software Inc., San Diego, CA). Differences
between means of two groups were analyzed by a Student’s t-test.
Comparison between treatment and control groups for the
microarray study was conducted with l-way ANOVA [47].
Logarithmic values of the gene expression qRT-PCR data were
used for determination of significance [48]. P-values of <0.05 were
considered statically significant.

Results

Determination of Flap Survival in Arterial Ischemia and
Venous Congestion

Characterization of flap survival was performed following
1schemic stress. The duration of ischemia that results in irreversible
damage to the flap defines the time from which to assess the
sequential molecular events that lead to flap necrosis. To
determine this critical time of ischemia, an ischemia-reperfusion
study was performed. Overwhelmingly, flaps were able to recover
fully after 3 hours of venous or arterial occlusion (Figure 2A).
However, 4 hours of venous congestion resulted in significantly
lower rates of flap survival at 17.25%, as compared to 80% flap
survival (P=0.036) upon 3.5 hours of venous congestion
(Figure 2B). In contrast, no significant difference in flap survival
was observed for arterial ischemia at 4 hours compared to 3.5
hours (P=0.313). Flaps after 4 hours of venous congestion showed
reduced survival compared to arterial ischemia, however the
difference did not reach statistical significance (P=0.292).

August 2013 | Volume 8 | Issue 8 | e71628



hours of arterial ischemia and venous congestion compared to control flaps.
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Table 2. Ingenuity Pathway Analysis results for differentially expressed genes in rat composite microvascular flaps undergoing 4
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Score P-value Genes, n
Arterial Ischemia

Top Associated Network Functions
Infectious Disease, antigen presentation, inflammatory response 33
Cellular compromise, cellular function and maintenance, inflammatory response 30
Cellular function and maintenance, cell-to-cell signaling and interaction, 28
inflammatory response
Cellular movement, hematological system development and function, cell-to-cell 28
signaling and interaction
Cellular movement, hematological system development and function, immune cell trafficking 25

Top biological functions
Inflammatory response 1.02E-21-1.48 %10~ 108
Inflammatory disease 8.11E-16-1.03x10~** 122
Immunological disease 9.57E-14-1.48x10~ % 112
Organismal injury and abnormalities 2.37E-12-1.48x10~% 53
Respiratory disease 4.10E-12-1.48x10%* 49
Cellular development 5.84E-24-1.52x10~** 112
Cellular movement 9.35E-18-1.39x10~** 83
Cellular function and maintenance 3.62E-15-1.52x10" % 87
Cell death 5.26E-15-1.48x10~%* 130
Cell-to-cell signaling and interaction 6.45E-15-1.48x10™%* 98
Hematological system development 8.74E-20-1.61x10~ % 120
Tissue morphology 8.74E-20-7.04x10~ % 74
Immune cell trafficking 9.35E-18-1.61x10~%* 79
Hematopoiesis 2.40E-17-1.52x10~** 78
Cell-mediated Immune Response 8.18E-14-1.52x10~%* 54

Top Canonical Pathways
Colorectal cancer metastasis signaling 9.65x1077
Type | diabetes mellitus signaling 1.35%107°
Production of nitric oxide and reactive oxygen species in macrophages 1.85x10°°
Role of macrophages, fibroblasts and endothelial cells in rheumatoid arthritis 222x10°°
Role of pattern recognition receptors in recognition of bacteria and viruses 2.57x10°°

Venous congestion

Top associated network functions
Renal and urological disease, cell death, embryonic development 14
Nutritional disease, immunological disease, gastrointestinal disease 32
Post-translational modification, cell death, nervous system development and function 32
Cell signaling, cardiovascular system development and function, connective tissue disorders 31
Genetic disorder, immunological disease, cardiovascular disease 30

Top biological functions
Inflammatory response 1.07E-28-2.44x10"%7 262
Cancer 4.81E-27-1.72x10"% 423
Inflammatory disease 4,58E-25-2.59x10~% 384
Immunological disease 7.44E-23-230x10~"7 326
Hematological disease 2.23E-17-3.17x10"% 250
Cellular movement 1.94E-34-3.17x10" 285
Cellular growth and proliferation 6.15E-34-2.49x10™%’ 396
Cellular development 7.63E-27-2.47x10" %7 352
Cell death 3.31E-23-2.53x10°" 371
Cell-to-cell signaling and interaction 1.05E-22-2.01x10~% 268
Hematological system development and function 3.36E-33-2.30x10~"7 291
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Table 2. Cont.
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Score P-value Genes, n
Immune cell trafficking 3.36E-33-2.27x10~ " 196
Tissue morphology 4.73E-24-2.30x10"% 186
Organismal survival 9.46E-23-2.05x10~ % 201
Tissue development 1.05E-22-2.13x10"% 198
Top Canonical Pathways
Type | diabetes mellitus signaling 1.05x107'°
Production of nitric oxide and reactive oxygen species in macrophages 1.28x10™7
Hepatic fibrosis/hepatic stellate cell activation 1.90x1077
IL-10 signaling 3.96x1077
T helper cell differentiation 5.02x1077

doi:10.1371/journal.pone.0071628.t002

Gross and Histologic Findings in Venous Congestion and
Arterial Ischemia

Given that the 4-hour timepoint appeared to be critical for the
survival of ischemic flaps, we sought to characterize the model
specifically at this time with gross examination and histology of the
flap tissue. After 4 hours of venous congestion, the veins were
completely thrombosed and flaps appeared to be grossly edem-
atous, cyanotic, and warm compared to the surrounding non-
ischemic tissue. The arterial flap, however, appeared to be of
constant size, pale, and cool (Figure 2C). Histologic analysis
revealed that flaps which were subjected to 4 hours of venous
congestion showed extravasation of red blood cells, while those
subjected to arterial ischemia and control specimens lacked such
findings (Figure 2D). These data demonstrate that arterial
ischemia and venous congestion present profound differences in
gross phenotype, histology, and flap survival.

Global Transcriptome Profiles in Ischemic Flaps

Because 4 hours of ischemia in flaps show a substantial
difference in survival rate, we proposed that this characteristic
pathology is accompanied with changes in global gene expression.
As shown in Figure 3A, a principal component analysis (PCA)
revealed clear segregation between groups. The first, second, and
third components represent 25%, 24.1%, and 10.9% of the
transcriptome respectively. The cumulative proportion of 59.9%
indicates that the three components represent most of the
expression pattern. Differentially expressed gene (DEG) lists
(http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc = GSE35270) for arterial ischemia and venous congestion
were generated as outlined in the methods section. Of the venous
congestion and arterial ischemia lists, there were 352 overlapping
DEGs, representing 86.2% of the DEGs from arterial ischemia
and 22.9% of the DEGS from the venous congestion lists
(Figure 3B).

Differential Gene Expression in Flaps Undergoing Arterial
Ischemia

In flaps undergoing arterial ischemia, the DEG list comprised
408 genes. Of these, 95 genes were up-regulated, and 313 genes
were down-regulated. Hierarchical clustering analysis demon-
strates a clear separation between control and treatment groups,
which supports the validity of the microarray analysis. In addition,
the samples sent for analysis from the control and treatment
groups presented with similar genomic profiles (Figure 3C). To

PLOS ONE | www.plosone.org

understand vascular-specific pathology of microvascular flap gene
expression, we identified differences in biological processes that
arterial ischemia induces compared to control using gene ontology
(GO) analysis. GO analysis sorts DEGs of arterial ischemia by
gene product functions, or attributes. A total of 203 GO attributes
were identified with adjusted P values of <0.01 between arterial
ischemia and control. Not surprisingly, top attributes of arterial
ischemia samples related to immune responses (Table 1). In
addition to gene functions, we identified gene pathways of the
DEGs for arterial ischemia using Ingenuity Pathway Analysis (IPA)
software (Table 2). The top three IPA associated network functions
and top two biological functions were related to inflammatory
responses. Other top biological functions included immunological
disease and immune cell trafficking. Of note, a top canonical
pathway listed was production of nitric oxide and reactive oxygen
species in macrophages, which supports previous knowledge of
pathways involved in arterial ischemia [21]. In conclusion, IPA
suggests an increase in inflammatory and immunological activity
in flaps undergoing arterial ischemia compared to control.

Differential Gene Expression in Flaps Undergoing Venous
Congestion

The DEG list of flaps subjected to venous congestion comprised
1536 genes. Of these, 606 genes were up-regulated and 930 genes
were down-regulated. Hierarchical clustering analysis demon-
strates a clear separation between control and treatment groups.
Samples from within the control and treatment groups predictably
presented with similar profiles (Figure 3C). GO analysis sorts
DEGs of venous congestion by gene product functions, or
attributes. A total of 258 GO attributes were identified with
adjusted P values of <0.01 between venous congestion and
control. Top attributes of venous congestion samples related to
regulation of cellular processes (Table 1). We further characterized
DEGs of venous congestion by pathway analysis. IPA revealed two
of the top associated network functions relating to cell death. Cell
death was also reflected in top biological functions along with
immunological and inflammatory processes. Similar to arterial
ischemia, production of nitric oxide and reactive oxygen species in
macrophages was also represented as a top canonical pathway in
venous congestion. While IPA for venous congestion also
demonstrates immunological and inflammatory processes, cell
death and apoptosis appear to be differentiating processes that
distinguish venous congestion from arterial ischemia.
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Figure 4. Validation of microarray data using qRT-PCR analysis. qRT-PCR performed on 5 differentially expressed genes (Prol1, Muc1, Vcsal,
Fcnb, 111b) for flaps undergoing both arterial ischemia and venous congestion for 4 hours compared to control. n=5 and performed in duplicate. Data
are expressed as means * SE and analyzed by unpaired t-test. *P<<0.05, **P<<0.01, ***P<<0.001, cf. control flaps; $p<0.05, cf. arterial ischemia flaps.

doi:10.1371/journal.pone.0071628.g004

Microarray Validation by gRT-PCR

Validation of DEGs in the microarray was performed by qRT-
PCR. Because of their magnitude in fold change and relevant
pathophysiology, Proll, Mucl, Vesal, Fenb, and Il1b expression
were analyzed further. qRT-PCR data revealed that Proll
expression was not only significantly up-regulated in venous
congested flaps compared to control, but was also the only gene
validated whose expression was significantly different compared to
arterial ischemia flaps (P=0.013). The qRT-PCR also confirmed
that Mucl, Vesal, and Proll were significantly up-regulated (10-,
47-, and 140-fold, respectively) in flaps undergoing venous
congestion. Because the flap is more prone to necrosis when
subjected to venous congestion, temporal changes of identified
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genes were further assessed in samples collected after 1, 3, and 4
hours of venous flap congestion (Figure 4). No significant
difference was found in congested flaps when compared to control
flaps for 1 and 3 hours across all five genes of interest. Fold change
in gene expression of these five markers became much more
prominent at 4 hours, which is supported by our earlier
experiments in critical ischemia time which lead to irreversible
necrosis (Figure 2D). Altogether, the qRT-PCR data confirmed
the results of the microarray analysis and suggests that the
microarray data as a whole has high validity given our inclusion of
multiple biologic replicates (Table 3). The expression of Proll
(Mucl0), Mucl, Vesal, Fenb, and 1116 was similarly altered as
analyzed using both qRT-PCR and microarray (Figure 5 and
Table 3).
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Figure 5. Temporal expression profile of selected genes under venous congestion. gRT-PCR performed on Prol1, Muc1, Vcsal, Fenb, 111b for
flaps undergoing venous congestion compared to control at t=1, 3, 4 hrs. Data are expressed as means = SE and analyzed by unpaired t-test.

*P<<0.05, **P<<0.01, ***P<<0.001.
doi:10.1371/journal.pone.0071628.g005

Table 3. Microarray data for genes chosen for validation.

Arterial ischemia

Venous congestion

Gene Symbol (Chr #) Gene Name Fold Change P value Fold Change P value
Fenb (3) ficolin B 0.031 1.12x107% 0.024 5.13x107%
1116 (3) interlukin 1 beta 0.14 0.0038 0.069 0.00043
Mucl (2) mucin 1, cell surface associated 5.20 0.0029 6.93 0.00093
Prol1 (14) proline rich, lacrimal 1 11.77 0.041 110.41 0.0010
Vesal (14) variable coding sequence A1 2.98 0.21 3348 0.0014

doi:10.1371/journal.pone.0071628.t003
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Discussion

Although arterial ischemia and venous congestion have been
studied in the literature on various levels, to our knowledge, there
has not been a high resolution comparative study of these
physiologic phenomenon at the molecular genetic level. Using a
well controlled and reproducible rat microvascular flap model, our
investigations have highlighted three important principles regard-
ing microvascular flap physiology.

First, arterial ischemia and venous congestion represent two
very different pathophysiologic states, as evidenced by their
distinct gross, histologic, and transcriptomes. We found that the
most differentially expressed genes of venous congestion related to
processes involving cell death and apoptosis, whereas gene
expression profiles in arterial ischemia relate to immunologic
and inflammatory pathways consistent with ischemia-reperfusion
injury. Second, although clinical experience suggests that venous
congestion may be more immediate and clinically detrimental to
flap survival, this head to head study verifies anecdotal experience
and provides molecular data that contributes to our mechanistic
understanding of flap failure. Our data clearly and consistently
demonstrated worse outcomes for flap salvage at all time points of
venous congestion relative to similar timepoints in arterial
ischemia. Lastly, our experiments have elucidated Proll and
Vcsal as novel candidate biomarkers for venous congestion. The
positive repercussions of this finding are likely to manifest in two
manners. First, as the most differentially up-regulated gene in
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Table 4. Microarray data of genes demonstrating highest and lowest fold change.
Gene Symbol (Chr #) Gene Name Fold Change P value
Top up-regulated genes of Prol1 (14) proline rich, lacrimal 1 110.41 0.0010
venous congestion
Vesal (14) variable coding sequence A1 3348 0.0014
Slc34a2 solute carrier family 34 (sodium 21.21 0.0021
phosphate), member 2
EIf5 E74-like factor 5 149 0.0074
Rhpn2 rhophilin, Rho GTPase binding protein 2 14.6 0.0062
Top down-regulated genes of Fcnb (3) ficolin B 0.024 5.13x107%
venous congestion
Csf3r colony stimulating factor 3 receptor 0.035 2.18x10°%
(granulocyte)
Pglyrp1 peptidoglycan recognition protein 1 0.044 3.93x107%
LOC24906 RoBo-1 0.053 8.12x10°%
Lilrb4 leukocyte immunoglobulin-like receptor, 0.055 8.50x107%
subfamily B, member 4
Top up-regulated genes of Sox10 SRY (sex determining region Y)-box 10  7.39 0.00057
arterial congestion
Upk1b uroplakin 1B 5.40 0.00057
Ehf ets homologous factor 493 0.00075
Pcp4 Purkinje cell protein 4 4.79 7.01x107%
Zfp395 zinc finger protein 395 4.57 0.00086
Top down-regulated genes of Fcnb (3) ficolin B 0.031 1.12x107%
arterial congestion
Csf3r colony stimulating factor 3 receptor 0.063 0.000121
(granulocyte)
Pglyrp1 peptidoglycan recognition protein 1 0.070 1.83x107%°
Mmp8 matrix metallopeptidase 8 0.071 1.02x107%
LOC24906 RoBo-1 0.074 260x10°%
doi:10.1371/journal.pone.0071628.t004

venous congestion (140-fold), we anticipate that the identification
of Proll will lead to further investigations in the exact mechanistic
process of venous congestion and will hopefully yield new insights
toward its genetic and molecular function.

A more complete mechanistic understanding of the processes of
venous congestion and arterial ischemia will play a tremendous
role in the development of tissue engineering and bioreactors,
facial transplantation, free tissue transfer, and finally composite
tissue allograft transplantation of the upper extremities with or
without neurally integrated robotics. In order to reliably identify
an ischemic flap in danger of necrosis for possible therapeutic
intervention, the discovery of early prognostic markers is critical.
To our knowledge, there has been only one previous study that
examined gene expression profiles in venous occlusion [41]. These
authors reported four differentially expressed genes in venous
occlusion compared to controls. However the gene expression
profile between both arterial ischemia and venous congestion in
flaps was not performed. Our genome-wide expression profiling
and qRT-PCR analyses demonstrated that there were expression
differences to suggest distinct pathophysiological mechanisms of
injury. Over 70% (832/1184) of DEGs in venous congestion are
distinct from those seen in arterial ischemia. Furthermore, IPA
found that flaps subjected to arterial ischemia overwhelmingly
demonstrated inflammatory and immune responses, while flaps
undergoing venous congestion demonstrated close association with
development, function, and cell death of various organ systems.
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These results provide hard evidence that arterial ischemia and
venous congestion operate through distinct pathophysiological
pathways.

In our study, we characterized 5 of the most significantly
differentially expressed genes in arterial ischemia and venous
congestion. Ficolin B (Fenb) was the top down-regulated gene in
both arterial ischemia and venous congestion (Table 4). Fenb is one
of several ficolins which act as opsonins as part of the innate
immune response to aid in phagocytosis by binding pathogens as
well as late apoptotic and necrotic cells [49]. Also down-regulated
was interleukin-13 (Z17h), a well-characterized gene which
produces a cytokine involved in a wide array of biological
pathways most notably related to the inflammatory response and
apoptosis as well as Alzheimer’s disease and type I diabetes
mellitus. Of the up-regulated genes, mucin 1(Mucl) and Proll
(formerly, Mucl0) are part of the Mucin family of glycoproteins
that are known to line the surfaces of epithelial cells. Most notably,
overexpression of Mucl has been shown to be associated with
several types of cancers [50-52]. Proll and Vesal are also
opiorphins, an emerging class of peptides that can act as
endogenous neutral endopeptidase (NEP) inhibitors [53]. Vesal
encodes for the rat opiorphin homolog sialorphan, known to be
responsible for pain suppression, inflammation, and erectile
dysfunction [54]. Of note, Vesal has been found to be one of
the most down-regulated genes in three different models of erectile
dysfunction in rats [55,56], and insertion of a Vesal gene via
plasmid vector as well as injection of sialorphin, resulted in
restoration of normal erectile function [57]. The authors noted
that the restoration of erectile function appeared as result of
vasocongestion indicated by the visible edema in the higher doses
of plasmids expressing Vesal compared to control animals. The
description of edema and vasocongestion parallels the phenotype
of our venous congested flap model. Given that Vesal and the
family of opiorphins also seem to be highly relevant in the
pathophysiology of flap failure, the implications of opiorphins in
vascular physiology likely extend beyond erectile physiology.

As the most significantly upregulated, venous congestion specific
gene (140-fold), Proll is an intriguing candidate biomarker. Given
the relative paucity of existing published data on Proll, we are
performing further studies to investigate Proll function. However,
with the identification of Proll as a candidate biomarker gene of
venous congestion, we hope to steer its discovery toward broader
translational clinical applications. We anticipate that Proll can be
developed as a routine bedside blood test, used for surveillance for
early venous congestion in vascularized tissue flaps. We envision
that a rapid bedside clinical assay for Proll could easily confirm
suspected venous congestion; thus, allowing early definitive
surgical intervention that could improve free flap salvage.
Improved flap salvage rates would minimize patient morbidity

References

1. Ashley S (2003) Artificial muscles. Sci Am 289: 52-59.

2. Atala A, Bauer SB, Soker S, Yoo ]JJ, Retik AB (2006) Tissue-engineered
autologous bladders for patients needing cystoplasty. Lancet 367: 1241-1246.

3. Badylak SF, Weiss DJ, Caplan A, Macchiarini P (2012) Engineered whole
organs and complex tissues. Lancet 379: 943-952.

4. Carrozza MC, Cappiello G, Micera S, Edin BB, Beccai L, et al. (2006) Design of
a cybernetic hand for perception and action. Biol Cybern 95: 629-644.

5. Carrozza MC, Massa B, Dario P, Zecca M, Micera S, et al. (2002) A two DoF
finger for a biomechatronic artificial hand. Technol Health Care 10: 77-89.

6. Craelius W (2002) The bionic man: restoring mobility. Science 295: 1018-1021.

7. Dhillon GS, Lawrence SM, Hutchinson DT, Horch KW (2004) Residual
function in peripheral nerve stumps of amputees: implications for neural control
of artificial limbs. J Hand Surg Am 29: 605-615; discussion 616-608.

8. Dorafshar AH, Bojovic B, Christy MR, Borsuk DE, Iliff N'T, et al. (2012) Total
Face, Double Jaw, and Tongue Transplantation: An Evolutionary Concept.
Plast Reconstr Surg.

PLOS ONE | www.plosone.org

1

Biomarkers in Flap Ischemia

and conserve healthcare dollars since microvascular flap recon-
structions are among the most complex and expensive procedures
performed by reconstructive surgeon. In addition, a venous
biomarker may have other clinical applications in fields such as
neurosurgery, gastrointestinal surgery, and vascular surgery where
detection of early venous compromise would also improve
outcomes.

In summary, the data presented above provide insight to the
different mechanism through which arterial ischemia and venous
congestion may induce deleterious effects to flaps, eventually
leading to necrosis and failure. These new insights were achieved
through extensive investigation using histopathology and gene
expression analysis leading to the discovery of five candidate
biomarkers for flap failure. Future experiments looking at altering
the expression levels of the five identified candidate genes will
reveal the clinical importance as they pertain to successful
vascularized flap transplantation.

Conclusions

We demonstrate for the first time, differences in the gene
expression of rat SIEA flaps undergoing arterial ischemia and
venous congestion. Further, we have identified a large list of DEGs
for the two types of vascular insults. These results offer insight into
the mechanistic pathway of flap failure, and may be relevant to the
pathogenesis in human flaps. Candidate genes described in this
microarray study and validated by qRT-PCR may serve as
biological markers for arterial ischemia or venous congestion. Proll
in particular demonstrates significant value in differentiating
venous congestion from arterial ischemia.

Supporting Information

Table S1 Taqman assays provided by Applied Biosys-
tems.

(DOCX)

Acknowledgments

The authors are grateful to Mark M. Urata, M.D., D.D.S. for his constant
support and mentorship. We also thank Warren L. Garner, M.D. for
insightful discussions and James Kennedy, M.D., Ph.D. for critically
reviewing this manuscript.

Author Contributions

Conceived and designed the experiments: AKW GKN. Performed the
experiments: GKN BHH ZYZ. Analyzed the data: GKN BHH YZ NPR
CW AKW. Contributed reagents/materials/analysis tools: YZ CW YSL
GBD JFWM YKH. Wrote the paper: GKN BHH YZ NPR RMS AKW.

9. Dubernard JM, Lengele B, Morclon E, Testelin S, Badet L, et al. (2007)
Outcomes 18 months after the first human partial face transplantation.
N Engl ] Med 357: 2451-2460.

Elliott MJ, De Coppi P, Speggiorin S, Roebuck D, Butler CR, et al. (2012) Stem-

cell-based, tissue engineered tracheal replacement in a child: a 2-year follow-up

study. Lancet 380: 994-1000.

11. Foroohar A, Elliott RM, Fei L, Steinberg DR, Bozentka DJ, et al. (2011)
Quadrimembral amputation: indications and contraindications for vascularized
composite allotransplantation. Transplant Proc 43: 3521-3528.

. Kuiken TA, Dumanian GA, Lipschutz RD, Miller LA, Stubblefield KA (2004)
The use of targeted muscle reinnervation for improved myoelectric prosthesis
control in a bilateral shoulder disarticulation amputee. Prosthet Orthot Int 28:
245-253.

. Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, et al. (2008) Clinical
transplantation of a tissue-engineered airway. Lancet 372: 2023-2030.

August 2013 | Volume 8 | Issue 8 | e71628



23.

24.

26.

27.

28.

29.

31.

32.

33.

34.

. Pomahac B, Pribaz J, Eriksson E, Bueno EM, Diaz-Siso JR, et al. (2012) Three

patients with full facial transplantation. N Engl ] Med 366: 715-722.
Schneeberger S, Gorantla VS, Brandacher G, Zeevi A, Demetris AJ, et al. (2012)
Upper-Extremity Transplantation Using a Cell-Based Protocol to Minimize
Immunosuppression. Ann Surg.

Schneeberger S, Landin L, Jableki J, Butler P, Hochnke C, et al. (2011)
Achievements and challenges in composite tissue allotransplantation. Transpl Int
24: 760-769.

Sherman R (2002) To reconstruct or not to reconstruct’” N Engl ] Med 347:
1906-1907.

Siemionow M (2012) Impact of reconstructive transplantation on the future of
plastic and reconstructive surgery. Clin Plast Surg 39: 425-434.

. Chen KT, Mardini S, Chuang DC, Lin CH, Cheng MH, et al. (2007) Timing of

presentation of the first signs of vascular compromise dictates the salvage
outcome of free flap transfers. Plast Reconstr Surg 120: 187-195.

. Mirzabeigi MN, Wang T, Kovach SJ, Taylor JA, Serletti JM, et al. (2012) Free

flap take-back following postoperative microvascular compromise: predicting
salvage versus failure. Plast Reconstr Surg 130: 579-589.

. Amon M, Menger MD, Vollmar B (2003) Heme oxygenase and nitric oxide

synthase mediate cooling-associated protection against TNF-alpha-induced
microcirculatory dysfunction and apoptotic cell death. FASEB J 17: 175-185.

. Harder Y, Amon M, Georgi M, Banic A, Erni D, et al. (2005) Evolution of a

“falx lunatica” in demarcation of critically ischemic myocutaneous tissue.
Am ] Physiol Heart Circ Physiol 288: H1224-1232.

Menger MD, Rucker M, Vollmar B (1997) Capillary dysfunction in striated
muscle ischemia/reperfusion: on the mechanisms of capillary “no-reflow”.
Shock 8: 2-7.

Vollmar B, Richter S, Menger MD (1997) Liver ischemia/reperfusion induces
an increase of microvascular leukocyte flux, but not heterogeneity of leukocyte
trafficking. Liver 17: 93-98.

. Ozmen S, Ayhan S, Demir Y, Siemionow M, Atabay K (2008) Impact of

gradual blood flow increase on ischaemia-reperfusion injury in the rat cremaster
microcirculation model. J Plast Reconstr Aesthet Surg 61: 939-948.

Bachle AC, Morsdorf P, Rezacian F, Ong MF, Harder Y, et al. (2011) N-
acetyleysteine attenuates leukocytic inflammation and microvascular perfusion
failure in critically ischemic random pattern flaps. Microvasc Res 82: 28-34.
Guzman-de la Garza FJ, Camara-Lemarroy CR, Alarcon-Galvan G, Cordero-
Perez P, Munoz-Espinosa LE, et al. (2009) Different patterns of intestinal
response to injury after arterial, venous or arteriovenous occlusion in rats.
World J Gastroenterol 15: 3901-3907.

Filippidis A, Kapsalaki E, Patramani G, Fountas KN (2009) Cerebral venous
sinus thrombosis: review of the demographics, pathophysiology, current
diagnosis, and treatment. Neurosurg Focus 27: E3.

Hjortdal VE, Sinclair T, Kerrigan CL, Solymoss S (1994) Venous ischemia in
skin flaps: microcirculatory intravascular thrombosis. Plast Reconstr Surg 93:

366-374.

. Hjortdal VE, Hansen ES, Hauge E (1992) Myocutaneous flap ischemia: flow

dynamics following venous and arterial obstruction. Plast Reconstr Surg 89:
1083-1091.

Marzella L, Jesudass RR, Manson PN, Myers RA, Bulkley GB (1988) Functional
and structural evaluation of the vasculature of skin flaps after ischemia and
reperfusion. Plast Reconstr Surg 81: 742-750.

Angel MF, Mellow CG, Knight KR, O’Brien BM (1990) Secondary ischemia
time in rodents: contrasting complete pedicle interruption with venous
obstruction. Plast Reconstr Surg 85: 789-793; discussion 794-785.

Meldon JH, Garby L (1975) The blood oxygen transport system. A numerical
simulation of capillary-tissue respiratory gas exchange. Acta Med Scand Suppl
578: 19-29.

Chafin B, Belmont M]J, Quraishi H, Clovis N, Wax MK (1999) Effect of clamp
versus anastomotic-induced ischemia on critical ischemic time and survival of rat
epigastric fasciocutaneous flap. Head Neck 21: 198-203.

PLOS ONE | www.plosone.org

12

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

Biomarkers in Flap Ischemia

. Harashina T, Sawada Y, Watanabe S (1977) The relationship between venous

occlusion time in island flaps and flap survivals. Plast Reconstr Surg 60: 92-95.

. Kerrigan CL, Wizman P, Hjortdal VE, Sampalis J (1994) Global flap ischemia: a

comparison of arterial versus venous etiology. Plast Reconstr Surg 93: 1485—
1495; discussion 1496-1487.

Su CT, Im MJ, Hoopes JE (1982) Tissue glucose and lactate following vascular
occlusion in island skin flaps. Plast Reconstr Surg 70: 202-205.

Hjortdal VE, Hauge E, Hansen ES (1992) Differential effects of venous stasis
and arterial insufficiency on tissue oxygenation in myocutaneous island flaps: an
experimental study in pigs. Plast Reconstr Surg 89: 521-529.

. Heden P, Sollevi A (1989) Circulatory and metabolic events in pig island skin

flaps after arterial or venous occlusion. Plast Reconstr Surg 84: 475-481;
discussion 482-473.

Zhang F, Hu EC, Topp S, Lei M, Chen W, et al. (2006) Proinflammatory
cytokines gene expression in skin flaps with arterial and venous ischemia in rats.
J Reconstr Microsurg 22: 641-647.

Mithani SK, Bluebond-Langner R, Rodriguez ED (2009) Expression microarray
identifies novel markers of free flap failure in a rat model. Ann Plast Surg 63:
323-326.

Murray JI, Whitfield ML, Trinklein ND, Myers RM, Brown PO, et al. (2004)
Diverse and specific gene expression responses to stresses in cultured human
cells. Mol Biol Cell 15: 2361-2374.

Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of
gene expression patterns with a complementary DNA microarray. Science 270:
467-470.

Waynforth HB (1980) Experimental and surgical technique in the rat. London;
New York: Academic Press. xv, 269 p. p.

. Berriz GF, Beaver JE, Cenik C, Tasan M, Roth FP (2009) Next generation

software for functional trend analysis. Bioinformatics 25: 3043-3044.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402-408.

Eisenhart C (1947) The assumptions underlying the analysis of variance.
Biometrics 3: 1-21.

Yuan JS, Reed A, Chen F, Stewart CN, Jr. (2006) Statistical analysis of real-time
PCR data. BMC Bioinformatics 7: 85.

Schmid M, Hunold K, Weber-Steffens D, Mannel DN (2011) Ficolin-B marks
apoptotic and necrotic cells. Immunobiology.

Winter JM, Tang LH, Klimstra DS, Brennan MF, Brody JR, et al. (2012) A
novel survival-based tissue microarray of pancreatic cancer validates MUC1 and
mesothelin as biomarkers. PLoS One 7: e40157.

Mukhopadhyay P, Chakraborty S, Ponnusamy MP, Lakshmanan I, Jain M, et
al. (2011) Mucins in the pathogenesis of breast cancer: implications in diagnosis,
prognosis and therapy. Biochim Biophys Acta 1815: 224-240.

Niv Y (2008) MUCI and colorectal cancer pathophysiology considerations.
World J Gastroenterol 14: 2139-2141.

Davies KP (2009) The role of opiorphins (endogenous neutral endopeptidase
inhibitors) in urogenital smooth muscle biology. J Sex Med 6 Suppl 3: 286-291.
Morris KE, St Laurent CD, Hoeve RS, Forsythe P, Suresh MR, et al. (2009)
Autonomic nervous system regulates secretion of anti-inflammatory prohormone

SMRI from rat salivary glands. Am J Physiol Cell Physiol 296: C514-524.

. Tong Y, Tar M, Monrose V, DiSanto M, Melman A, et al. (2007) hSMR3A as a

marker for patients with erectile dysfunction. J Urol 178: 338-343.

Christ GJ, Day N, Santizo C, Sato Y, Zhao W, et al. (2004) Intracorporal
injection of hSlo ¢cDNA restores erectile capacity in STZ-diabetic F-344 rats
in vivo. Am J Physiol Heart Circ Physiol 287: H1544-1553.

Tong Y, Tar M, Melman A, Davies K (2008) The opiorphin gene (ProL1) and
its homologues function in erectile physiology. BJU Int 102: 736-740.

August 2013 | Volume 8 | Issue 8 | e71628



