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Abstract

Introduction Complex ventral hernia repair (VHR) is
associated with a greater than 30 % wound complication
rate. Perfusion mapping using indocyanine green fluores-
cence angiography (ICG-FA) has been demonstrated to
predict skin and soft tissue necrosis in many reconstructive
procedures; however, it has yet to be evaluated in VHR.
Methods Patients undergoing complex VHR involving
component separation and/or extensive subcutaneous
advancement flaps were included in a prospective, blinded
study. Patients with active infection were excluded. ICG-FA
was performed prior to incision and prior to closure, but the
surgeon was not allowed to view it. An additional blinded
surgeon documented wound complications and evaluated
postoperative photographs. The operative ICG-FA was
reviewed blinded, and investigators were then unblinded to
determine its ability to predict wound complications.
Results  Fifteen consecutive patients were enrolled with
mean age of 56.1 years and average BMI of 34.9, of which
60 % were female. Most (73.3 %) had prior hernia repairs
(average of 1.8 prior repairs). Mean defect area was
2104 sz’ mean OR time was 206 min, 66.6 % of patients
underwent concomitant panniculectomy, and 40 % had
component separation. Mean follow-up was 7 months.
Two patients developed wound breakdown requiring
reoperation, while 1 had significant fat necrosis and another
a wound infection, requiring operative intervention. ICG-
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FA was objectively reviewed and predicted all 4 wound
complications. Of the 12 patients without complications, 1
had an area of low perfusion on ICG-FA. This study found
a sensitivity of 100 % and specificity of 90.9 % for pre-
dicting wound complications using ICG-FA.

Conclusion In complex VHR patients, subcutaneous
perfusion mapping with ICG-FA is very sensitive and has
the potential to reduce cost and improve patient quality of
life by reducing wound complications and reoperation.

Keywords ICG - Ventral hernia - Indocyanine green -
Angiography - Fluorescence

Introduction

Over 350,000 ventral hernia repairs (VHR) are performed
in the United States each year with the vast majority arising
from prior laparotomies [1, 2]. The increase in obesity and
comorbidities in this population has amplified the com-
plexity of VHR and challenges surgeons in their quest for
achieving optimal outcomes. The introduction of compo-
nents separation technique (CST) has made the repair of
many complex abdominal wall hernias possible [3]; how-
ever, this technique amplifies VHR’s significant morbidity.
Open VHR with CST is associated with a high incidence of
wound complications with overall rates of up to 57 % in
open CST [4]; furthermore, minor complications, including
cellulitis, seroma requiring aspiration, and skin breakdown,
occur in up to 19 % [5].

The perfusion of the abdominal wall is derived from
perforating branches of the superior epigastric and deep
inferior epigastric arteries [6]. To prevent postoperative
subcutaneous tissue and skin necrosis, surgical identifica-
tion and preservation of the perforator vessels may be
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necessary to maintain perfusion of the abdominal wall. As
many complex VHR patients have multiple previously
failed repairs, periumbilical perforators have frequently
been compromised at earlier surgical interventions. In
patients with already compromised perfusion, extensive
elevation of subcutaneous flaps for wide exposure of
anterior abdominal wall, often needed for an open CST,
leads to a greater risk of postoperative skin flap
complications.

Large and complex abdominal wall defects in obese
patients are often best served by a concomitant pan-
niculectomy to provide wide exposure to the abdominal
wall for reconstruction, CST, and resection of thin or
severely scarred skin and subcutaneous tissue. Pan-
niculectomy is association with increased risk of wound
complication [7], with up to 31 % of wounds requiring
sharp debridement postoperatively [8], and postoperative
wound breakdown requiring treatment in 18 % of patients
[9]. Currently, a surgeon’s clinical judgment is considered
the gold standard for identification of underperfused skin
and soft tissue after panniculectomy or elevation of wide
skin flaps for CST; the high frequency of complications
indicates that this is not sufficient. To improve outcomes,
other means of evaluating flap and soft tissue perfusion
have been developed.

Indocyanine green (ICG), initially used as a dye in pho-
tography, was first applied clinically in 1957 for liver func-
tion tests [10] and gained further popularity in the world of
medicine when ophthalmologists began to use it to image
choroidal circulation in the early 1970s [11]. Although used
in ophthalmology for over 30 years, its role in evaluating
circulation gained further attention by plastic and recon-
structive surgeons with the innovation of ICG laser-induced
fluorescence angiography (ICG-FA) as a new method of
evaluating tissue perfusion in animal models [12, 13]. Initial
experiences in humans in the late 1990s demonstrated that
perfusion mapping with ICG-FA correlated with poor cir-
culation and was sensitive for identifying potential areas of
skin breakdown in patients undergoing reconstructive pro-
cedures [14-16]. Over the last decade, ICG-FA has been
applied to numerous fields of surgery including cardiovas-
cular intraoperative graft evaluation [17, 18], solid organ
transplant graft perfusion [19, 20], and ophthalmologic
evaluation of chorioretinal disorders [21]. It has been sug-
gested to be beneficial in the intraoperative evaluation of skin
and soft tissue reconstruction, particularly in breast recon-
struction, with the ability to evaluate tissue perfusion, detect
skin perforators, predict skin flap necrosis and loss, and
prevent complications of wound healing [22-29].

To date, the evaluation of ICG-FA in complex OVHR is
limited to a single-patient case study and thus requires
further investigation for validation [30]. The aim of the
present study is to perform the first evaluation of ICG-FA
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during complex OVHR, which the authors hypothesize will
provide aid as a sensitive and specific modality to identify
and predict postoperative skin and soft tissue complications
such as wound dehiscence, skin breakdown, and fat
necrosis. The secondary objectives of this study are to
define an optimal objective threshold, in absolute perfusion
units, to predict wound complications and to serve as a
guideline for the use of ICG-FA in complex VHR. The
financial impact of these wound-related complications will
also be examined.

Methods
Indocyanine green

ICG is a water-soluble tricarbocyanine dye that is not
metabolized and is completely eliminated through the liver
after intravenous injection and excreted unchanged in the
bile [15, 31]. While in the plasma, it binds strongly to plasma
proteins to remain in the intravascular space. In the absence
of capillary protein leakage, it is exclusively distributed
within the intravascular space [32], making it an optimal
marker for monitoring vascular perfusion in healthy patients.
ICG has a short half-life of 3—5 minutes in humans [33] and
has a safe pharmacological profile with a low incidence of
side affects. The most severe of these adverse effects is very
rare anaphylaxis, and a slightly higher incidence of adverse
reactions in patients with end-stage renal disease (ESRD)
undergoing hemodialysis [31, 34], despite hepatic clearance.
In alarge ophthalmologic study of 1226 consecutive patients
exposed to ICG, there were very low adverse reaction rates:
0.15 % mild reactions, 0.2 % moderate reactions, 0.05 %
severe reactions, and no deaths [35]. ICGs short half-life and
safe clinical profile allow for repeat evaluations during the
same surgical procedure, unlike other dyes such as fluores-
cein, which remain in the tissue for over 12 h and thus can
only be utilized once [22].

ICG-FA

ICG absorbs light in the near infrared range, with a max-
imum at 805 nm, and fluoresces with a maximum at
835 nm [15]. Because of the near infrared wavelength,
ICG-FA does not require protective eyewear or other safety
equipment [22]. The use of an excitation light induces
fluorescence from the ICG containing blood vessels within
the deep dermal plexus and subcutaneous fat; this differs
from fluorescein, which is only found in the superficial
dermis [15]. The combination of these properties with the
relative transparent nature of the skin to the ICG fluores-
cence wavelength allows recording by a suitable camera
[15]. The authors utilized the SPY Elite® intraoperative
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perfusion assessment system (Lifecell Corp., Branchburg
NJ, USA) for ICG-FA. SPY Elite® is currently used for
capturing and viewing fluorescence images for the visual
assessment of blood flow as an adjunctive method for the
evaluation of tissue perfusion in plastic, reconstructive,
cardiovascular, and gastrointestinal surgical procedures
[33]. The application in complex VHR falls within the
indication for evaluation of soft tissue perfusion.

The SPY Elite® system utilizes a laser diode array to
illuminate a maximum field of 18.5 x 13.5 cm? and a
charge coupled device camera that can capture images at
3.75-30 frames per second with a recording duration of
30 s to four and a half minutes [22, 33]. Additionally, the
system includes computer software for capturing, enhanc-
ing visualization, and archiving created images for review
and reporting [36]. The SPY Elite® system utilizes a 255
unit grayscale for measuring fluorescence emitted from
ICG and allows for set levels of contour to separate areas
based on their absolute or relative fluorescent intensity. The
measurement of fluorescent intensity can be reported as a
percentage relative to other tissue within the field (relative
perfusion unit) or as an absolute value based on the 255
point grayscale (absolute perfusion unit).

The present study utilized absolute perfusion units over
relative perfusion units to achieve objective measures of
perfusion. To define the optimal perfusion threshold for the
standardized dose of 5 mg of ICG and identify the
threshold that maximized sensitivity and specificity for
predicting wound complications after VHR, multiple levels
were tested. Identifying the optimal threshold is essential
for further utilization of ICG-FA in complex VHR.

Inclusion and exclusion criteria

To be eligible for the clinical study, patients had to be at
least 18 years old and have a complex ventral hernia
requiring tissue advancement flaps at the time of open
ventral hernia repair. Patients were ineligible if they had an
iodine allergy, ESRD, active wound or mesh infection, or
American Society of Anesthesiologists’ physical status
classification of IV or V [37]. Pregnant patients were also
excluded.

All patients provided written informed consent to par-
ticipate in a study approved by the Carolinas Medical
Center’s Institutional Review Board. All patient, operative,
and follow-up data were prospectively collected and stored
in a REDCap database [38].

Study design
The purpose of the study was to assess the ability of ICG-

FA to predict wound complications and establish a stan-
dardized approach or guideline for its use in complex VHR.

To achieve this aim without introducing bias, complex
VHR was performed in the authors’ standard fashion with
the surgical team blinded to the ICG-FA results. ICG-FA
was performed prior to incision and prior to closure and not
viewed by the operative team. The ICG-FA data were
stored for later review on a secure server. Pre-incision ICG-
FA was performed with the hypothesis that patients with
altered subcutaneous perfusion from prior surgical proce-
dures and the current abdominal wall reconstruction may
benefit from operative planning to avoid creation of sub-
cutaneous flaps that are poorly perfused. Pre-closure ICG-
FA was hypothesized to predict subsequent necrosis of the
skin or subcutaneous tissue.

Digital photographs of the operative field were included
in the design to facilitate in documentation of the subcu-
taneous dissection for later analysis; pictures were taken
and stored prior to incision, immediately after incision,
prior to closure, and upon completion of VHR. Patients’
abdomens were photographed daily as inpatients and at
each follow-up visit. All photographs were also stored on a
secure server.

Patients were followed closely postoperatively for
complications, and two blinded physicians reviewed all
postoperative information and photographs to detect wound
complications, including wound breakdown, -cellulitis,
necrosis, and dehiscence. Blinded physicians then reviewed
all ICG-FA imaging, using objective perfusion measures to
identify poorly perfused tissue in the patients. Finally, the
investigators were unblinded so that the ability of ICG-FA
to predict wound complications could be evaluated. In
addition, hospital and follow-up charges were queried from
the institutional billing database.

To establish a guideline for the use of ICG-FA in
complex VHR, several thresholds were evaluated to iden-
tify the optimal value. Using each absolute perfusion unit
threshold, the patients with ICG-FA imaging suggestive of
poor perfusion were then compared to the patients with
wound complications. Sensitivity and specificity were
determined from the true positives (imaging accurately
predicted wound complications), false positives (imaging
predicted wound complication that did not occur), false
negatives (imaging did not predict complications that
occurred), and true negatives (imaging did not predict
complication and none occurred). The threshold with the
maximum specificity and sensitivity was determined as the
optimal threshold.

Open ventral hernia repair
As the present study was designed to blindly assess sub-
cutaneous perfusion, all VHR were performed in the

standard fashion employed by the authors prior to the study
design. All patients received prophylactic antibiotics

@ Springer



142

Hernia (2016) 20:139-149

according to surgical care improvement project (SCIP)
guidelines [39], as well as pre-operative injection of
5000 units of subcutaneous heparin injection as a prophy-
lactic measure to prevent deep venous thrombosis (DVT).
All patients were placed in the supine position and received
sequential compression devices prior to induction of
anesthesia. Foley bladder catheters were universally
placed, and the patients were prepped and draped widely.
The patient’s abdomen was photographed with a digital
camera. After a “time-out” to identify patient and proce-
dure and prior to incision, 5 mg of ICG (the recommended
dosage for SPY Elite® ICG-FA in plastic and reconstruc-
tive procedures [33]) was intravenously injected by
peripheral or central venous access. ICG-FA was then
performed; none of the surgical team was allowed to view
the real-time imaging of the entire abdomen. Midline or
transverse incisions were performed at the discretion of the
surgical team, based on prior scars or need for concomitant
panniculectomy. When applicable and appropriate, previ-
ous scar excision was performed. A second digital pho-
tograph was taken after incision. Electrosurgery was
utilized to dissect the subcutaneous tissues to the hernia
defect. After completed dissection, the hernia sac was
entered, and adhesiolysis was performed circumferentially.
The defect area was determined after previous mesh exci-
sion if needed.

The majority of patients underwent preperitoneal, open
ventral hernia repair with prosthetic mesh [40]. One patient
had an onlay-type repair. For preperitoneal repairs, the
peritoneum was dissected from the anterior abdominal wall
to the paracolic gutters, pubis, and xiphoid. The peritoneum
was closed with a running absorbable suture. Prosthetic
mesh was placed in the preperitoneal space and secured
using interrupted permanent transfascial sutures. Light-
weight or midweight polypropylene mesh was used in most
cases, but there were no restrictions on prosthetic choice in
the present study.

For patients in whom the fascia could not be primarily
reapproximated without undue tension, a component sep-
aration was performed as described previously by Ramirez
et al. [3], consisting of wide subcutaneous dissection to
facilitate release of the external oblique aponeurosis lateral
to the rectus sheath and/or posterior rectus sheath release
2 cm lateral to the linea alba. At times, posterior rectus
sheath release was performed by incising the sheath from
the xiphoid to the arcuate line, alone or in combination
with the external oblique release. Preperitoneal mesh was
inserted as described above and secured lateral to the cut
edge of the external oblique in effort to prevent herniation
at the site of component separation.

Drains were placed on top of the mesh, and the fascia
was closed over the mesh with a running suture. The
subcutaneous tissues were thoroughly irrigated. Two
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subcutaneous drains were placed over the fascia. Prior to
subcutaneous tissue closure, ICG-FA was performed again
using 5 mg of ICG. The surgical team was blinded to the
imaging. The surgical team was able to modify the flaps
prior to imaging if clinical judgment suggested ischemia,
but this did not occur in the present study. A third digital
photograph was taken at the time of ICG-FA. The deep
dermal tissues were then closed with an interrupted
absorbable suture and the skin was closed using an
absorbable subcuticular stitch or staples. A final digital
photograph was taken after closure.

Results

Fifteen patients were included in the study, with a mean
follow-up of 7 months. Patient-specific data are presented
in Table 1. The mean age was 56.1 years, and 60 % of
patients were female. The mean BMI was 34.9, with
73.3 % having BMI >30. The vast majority of patients had
a prior hernia repair (73.3 %), with a mean of 1.8 prior
repairs. Diabetes was present in 26.7 % of patients, and
20 % are currently using tobacco. Prior wound infection
had occurred in 13.3 %, but none had a prior mesh
infection.

Operative data are also presented in Table 1. The mean
operative time was 206 min, and average defect size was
210 cm?. Most patients had polypropylene mesh implan-
ted; two had biologic graft. The mean area of prosthetic
mesh implanted was 826 cm?®. Concomitant panniculec-
tomy was performed in 66.6 % of cases, and component
separation was necessary in 40 %.

Table 1 Patient and operative data

N=15
Age 56.1 years
Gender 60 % female
BMI 349
Obesity 733 %
Diabetes 26.7 %
Hypertension 60 %
Current tobacco use 20 %
Previous wound infection 133 %
Recurrent hernia 73.3 %
Average number of previous repairs 1.8
OR time 206 min
Mean defect area 210 cm?
Mean mesh area 826 cm”
Concomitant panniculectomy 66.6 %
Concomitant component separation 40 %
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Table 2 Complications and outcomes

N =15 (%)

Seroma 26.7
Seroma intervention 134

Wound breakdown 20.0
Cellulitis without infection 6.7

Wound infection 26.7

Mesh infection 0
Recurrence 0

Mortality 0

Average length of stay was 5.7 days. Postoperative
complications are presented in Table 2. Seroma was the
most common complication seen postoperatively (N = 4,
26.7 %). Two of these patients required drain placement
under ultrasound guidance. Two patients were found to
have clinically significant fat necrosis, and they required a
return to the operating room during their outpatient follow-
up for debridement. Wound infection occurred in the two
patients with fat necrosis, as well as one of the patients
with a seroma drained by interventional radiology. Only
one other patient developed a wound infection, which did
not respond to antibiotics and required operative inter-
vention. One additional patient developed cellulitis that

responded to antibiotic therapy. There was no hernia
recurrence, mesh infection, or death in the study.

ICG-FA

Upon extensive review of the ICG-FA imaging data, an
absolute perfusion unit threshold of ten was found to be
most appropriate given the previously stated criteria con-
cerning true and false positives, and this number was used
with contour lines to identify areas of underperfusion
(falling below ten) within the study sample. Again, this
threshold was determined to be the most appropriate for the
dose of ICG in this study, as it maximized the sensitivity
and specificity of ICG-FA. This yielded four true positives
for the present study, one false positive, ten true negatives,
and no false negatives. ICG-FA with a 5 mg ICG dose and
an absolute perfusion unit threshold of ten yielded a sen-
sitivity of 100 % and a specificity of 90.9 % for predicting
postoperative wound complications.

True positives

Four patients had wound complications with ICG-FA
imaging suggestive of poor perfusion. Patient #14 had a
low transverse incision with excision of chronic, non-in-
fected granulation tissue above the umbilicus (Fig. 1). The

Fig. 1 Intraoperative imaging of patient 14
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Fig. 2 ICG-FA imaging of patient 14. Left looking from above at the
inferior flap, with the cranial portion of the abdomen at the bottom of
the image, there are no areas with absolute perfusion units <10. Right
view of the superior flap, with the cranial portion of the abdomen at
the bottom of the image. There is an area of poor perfusion on the

patients’ right side. The area contained within the green contour has
absolute perfusion units <10. Incidentally noted is an area of poor
perfusion in the midline fascial closure, which is routinely noted and
does not appear to have clinical correlation (color figure online)

Fig. 3 Fat necrosis in patient 14 fat necrosis on the right side of the superior flap corresponding to poor perfusion noted in this area (Fig. 2)

pre-closure ICG-FA is shown in Fig. 2. There is an area of
poor perfusion on the right side of the superior flap. The
patient had wound breakdown and fat necrosis, who
required operative debridement on postoperative day 21
(Fig. 3). The area of wound breakdown and fat necrosis
corresponded exactly to the pre-closure ICG-FA at the time
of initial hernia repair.

Patient #8 had extensive subcutaneous dissection
(Fig. 4). The pre-closure ICG-FA is shown in Fig. 5.
There is an area of poor perfusion in the subcutaneous
tissue. This patient presented on postoperative day 31 with
continued subcutaneous drain output, a significant sub-
cutaneous mass effect, and small areas of wound break-
down. He was taken to the operating room and found to
have massive fat necrosis underneath the superior flap,
which required one additional debridement in the oper-
ating room and skin grafting in his third postoperative
return to the OR.
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Patient #2 had small areas of poor perfusion on the left
side of the superior flap (Fig. 6) and the midline of the
superior flap. These corresponded to areas of wound
breakdown noted on follow-up visit (Fig. 6).

Patient #13 had an area of poor perfusion on the right
side of his subcutaneous tissue after a vertical midline
incision. This patient developed an infection of the
abdominal wall who required readmission and operative
debridement of his abscess cavity.

False positive

One patient had an area of poor perfusion noted on ICG-FA
that did not correspond to clinically detectable wound
breakdown or necrosis. This patient had an area of poor
perfusion exclusively in the subcutaneous tissue and
recovered well with no evident complications, including no
seroma detected and no interventions required.
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Fig. 4 Intraoperative imaging of patient 8

Caudal

Cranial

Fig. 5 Pre-closure ICG-FA for patient 8. Left looking from above at
the inferior flap, there are no areas with absolute perfusion units < 10.
Right an upward view of the superior flap with a large area of poor

Financial impact

The mean hospital charges were similar for the four true
positive patients and the ten true negative patients: $65,677
versus $57,000 (p = 0.480). Follow-up charges were also
examined. Patient #14 had $20,800 in follow-up charges
($74,100 total charges, including initial hospitalization)
due to the return to the operating room for debridement.

perfusion in the subcutaneous tissue and abdominal wall. The area
contained within the green contour has absolute perfusion units < 10
(color figure online)

Patient #8 had $93,900 in follow-up charges ($135,800
total charges) due to three trips to the operating room for
debridement and eventual skin grafting. Patient #2 had only
$100 in follow-up charges ($63,300 total charges), as the
very small areas of wound breakdown were managed in the
outpatient clinic. Patient #13 had follow-up charges of
$62,505 ($166,813 total charges) for multiple clinic visits
and readmission for debridement of his abdominal wall
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Fig. 6 Patient #2 ICG-FA and wound breakdown The ICG-FA image corresponds to the orientation of the patient demonstrated on the right-

sided image. The cranial portion of the patient is at the fop of the image

abscess cavity. The follow-up charges for the ten true
negative patients were lower than the charges for the four
true positives: $8800 versus $44,326 (p = 0.077), which
led to lower total charges ($65,700 vs $110,004,
p = 0.090). The differences in the follow-up charges
between the true positives and true negatives were not
statistically significant due to low sample size. The possi-
bility of preventing these complications, however, certainly
yields an opportunity for significant healthcare cost
savings.

Discussion

This study is the first to evaluate the ability of intraoper-
ative ICG-FA to predict postoperative wound complica-
tions in patients undergoing complex VHR. Patel et al. [41]
demonstrated reduced wound complications with ICG-FA
in 5 patients. The authors have also provided the first
guideline for the use of ICG-FA in this field: an absolute
perfusion unit threshold of ten with a 5 mg dose of ICG
with the SPY Elite® system. This threshold identified all
patients in the sample who developed a wound complica-
tion, corresponding to a sensitivity of 100 %. Additionally,
only one patient in the study was identified as having an
area of poor perfusion with ICG-FA that did not develop a
clinically detectable wound breakdown or necrosis, pro-
viding an overall specificity of 90.9 %. Certainly, ICG-FA
has the potential to augment surgeons’ judgment and help
identify areas of poor perfusion which otherwise may have
been unidentified, as they were in the present study.

The four patients whose wound complications were
predicted consumed an average of nearly $45,000 each in
follow-up costs. Recent data presented to the American
College of Surgeons [42] support the high cost of wound
complications found in the present study. The study of 500
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consecutive VHR demonstrated increased follow-up char-
ges, up to $62,000 more than patients with no complica-
tions, for patients with wound complications, wound
infections, and mesh infections through 1 year postopera-
tively. The high cost of these complications is notable, as
these are potential savings in healthcare expenditures if
wound complications can be prevented.

The results of this study, utilizing ICG-FA to identify
areas of underperfusion in complex VHR, follow prior
demonstration of its efficacy in skin and soft tissue
reconstructive procedures. The majority of prior ICG-FA
studies have occurred over the last decade. One of the
initial series from 2004 evaluated the use of ICG-FA in
patients undergoing extremity reconstruction and free flap
transfers and found it to be superior in prognostic pre-
dictability compared to traditional clinical parameters of
perfusion (skin turgor, tissue color, capillary refill, tissue
temperature, and bleeding after puncture) [43]. Compar-
isons of ICG-FA to other measures of tissue perfusion and
viability, such as fluorescein dye, have also been per-
formed. A series of 51 tissue expander implant breast
reconstructions where ICG-FA was compared to fluores-
cein dye angiography demonstrated that ICG-FA was
superior at predicting tissue necrosis with a higher speci-
ficity, as well as improved negative and positive predictive
value [23]. The present study found that ICG-FA was
associated with a high sensitivity (100 %) and specificity
(90.9 %) for predicting postoperative complications in
complex VHR. The results are similar to the high sensi-
tivity (90 %) and specificity (100 %) reported in a recent
series by Phillips et al. [23], which evaluated intraoperative
ICG-FA for prediction of mastectomy skin flap necrosis in
breast reconstruction.

ICG-FA has also been demonstrated to be beneficial in
identifying perforators in patients undergoing perforator-
based island flap surgery for reconstruction of skin defects.
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A series of 14 patients by Azuma et al. [28] demonstrated
that ICG-FA precisely identified the perforators in each
patient and also provided information on the direction of
blood flow. The blood supply to the abdominal wall is
derived from perforators of the superior epigastric and deep
inferior epigastric arteries [6], which may be of importance
to identify with ICG-FA intraoperatively as it has been
proposed to be possibly disrupted during the extensive
undermining and elevation of skin flaps during components
separation technique in complex VHR [30], although this
remains to be substantiated.

Not only can ICG-FA serve in predicting underperfu-
sion, studies have shown that it can also lead to beneficial
intraoperative changes in management to prevent postop-
erative skin necrosis and soft tissue breakdown. In a series
by Mothes et al. [43], the planned postoperative manage-
ment was altered in 47.2 % of cases based on discrepancies
between ICG-FA and clinical findings. Other studies in
breast and soft tissue reconstruction have also reported the
benefit of ICG-FA for modifying operative technique [26,
36] to prevent complications. The present study did not
involve changes in intraoperative management based on
ICG-FA findings, as the focus was on studying its prog-
nostic ability and identifying an absolute threshold pre-
dictive of wound complications in complex VHR;
however, a follow-up randomized controlled trial is
underway.

Using a standardized dose of 5 mg of ICG, an absolute
perfusion unit threshold of ten was found to be the most
advantageous. This threshold differs from a prior study
examining absolute perfusion units in breast reconstruction
[23]. The difference between the two studies is likely due
to different ICG doses (5 vs 17.5 mg) and tissues evalu-
ated; skin and subcutaneous tissue of the abdominal wall
has not been evaluated in this context until the present
study.

An important feature of implementing any predictive
tool is minimizing the false negative rate. Using a threshold
of ten absolute perfusion units, there were no false nega-
tives in the present study. Lowering the threshold would
reduce the already low false positive rate, but this is less
important for the application of ICG-FA in complex VHR.
Utilizing ICG-FA in an unblinded fashion, a surgeon would
debride any areas of poor perfusion, including any that
would never lead to a wound complication (false positives).
This debridement is certainly preferable to a wound com-
plication that would be missed by utilizing a lower
threshold. In contrast, the false positive rate increases with
higher thresholds, such as 20, which could lead to exces-
sive and unnecessary debridement with a higher rate of
false positives and lower specificity. Additionally, absolute
perfusion units were chosen over relative perfusion units to
utilize objective measures of perfusion, which is consistent

with a recent consensus paper on the review of SPY ICG-
FA that recommended absolute perfusion units as they may
provide a greater utility for the quantification of perfusion
over relative values [22]. There has been prior demon-
stration of increased variability with the use of relative
perfusion units [23]. The present study is the first to eval-
uate the perfusion unit threshold in complex VHR, and the
authors have demonstrated that an absolute perfusion unit
threshold of 10 for a 5 mg ICG dose is optimal for pre-
dicting wound complications.

When determining suitable criteria for our study design,
patients with ESRD or iodine allergy were excluded from
our study. Patients with iodine allergy may have allergic
reactions to ICG, as it contains 5.0-9.5 % sodium iodide as
a contaminant [44], although studies report it is of little
significance [31]. Patients with ESRD appear to be at the
greatest risk of developing an adverse reaction to ICG as
demonstrated in a study that found a 9.3 % incidence of
adverse reactions to ICG in dialysis patients [34]. Addi-
tionally, a review of adverse reactions of patients receiving
ICG found that 41.2 % of all reported reactions occurred in
patients undergoing hemodialysis [31]. There were no
adverse reactions to ICG in the 15 patients in the present
study. These results add to the well-demonstrated safe
clinical profile of ICG with an overall rate of one adverse
reaction to every 42,000 doses [31].

There are limitations which must be addressed to sub-
stantiate any conclusions from this preliminary study of
ICG-FA in complex VHR. This is a small series and lacks
intraoperative intervention analysis on the treatment out-
comes of ICG-FA, as it was designed to examine wound
complication prediction and identification of a threshold
for defining adequate perfusion; prevention of complica-
tions is beyond the scope of the present design. The false
positive, as well as the true negatives may have had
complications such as fat necrosis that were not detected on
physical examination. Additionally, the mean follow-up
was limited to 7 months. This is not adequate to detect all
complications after VHR, such as recurrence. The authors
do believe, however, that it is an adequate time-frame to
detect wound complications. The authors also obtained pre-
incision ICG-FA, which was not analyzed in the presented
data. There were no areas of ischemia identified in the pre-
incision imaging, but the imaging was stored and analyzed
to plan for a randomized, controlled trial to assess the
ability to prevent wound complications that is currently
underway.

In the first series to evaluate the predictive use of ICG-
FA intraoperatively during complex VHR, the authors have
found that ICG-FA can successfully predict areas of skin
and soft tissue breakdown and necrosis with a sensitivity of
100 % and a specificity of 90.9 % using an absolute per-
fusion unit threshold of ten. Although this is a small,
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preliminary series of patients, the results are promising.
Future investigations on the role of ICG-FA in complex
VHR are necessary, including operative intervention based
on ICG-FA findings. The potential to identify and intervene
to prevent wound complications in this patient population
will provide substantial clinical impacts for patient quality
of life and reduce the financial impact of poor outcomes.
Preventing only four complications in the true positive
group may have saved an average of nearly $45,000 in
follow-up cost for each patient in the present study. With
the high rates of postoperative wound complications in
patients undergoing complex VHR, any promising oppor-
tunity to reduce the incidence of complications should be
examined.
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