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Summary Background: Indocyanine green angiography (ICGA) is slowly replacing conventional 
methods of evaluating perfusion during flap surgery. Microcirculatory changes during flap eleva- 
tion create a marked state of hypoperfusion intraoperatively leading to ICGA underestimation 
of tissue viability and consequent resection of viable tissue. We propose a novel method of 
flap warming to induce maximum vasodilation before performing ICGA to increase accuracy in 
assessing perfusion. 
Methods: Submental flaps harvested on a single perforator were created in 8 pigs. ICG angiog- 
raphy was performed in the intraoperative phase (ICGA-C), after inducing maximum vasodilata- 
tion by warming the flap at 42 °C (ICGA-W) and at 24H postoperative (ICGA-24). By setting a 
fluorescence threshold of 33% as indicative of necrosis, the flap surface deemed viable by ICGA 
was measured for ICGAC, ICGAW and ICGA24. The results were then compared to the actual 
flap survival observed clinically at 7 days. 
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Results: The mean of ICG-C predicted flap survival (FS- C = 49.17%) is 12.97% lower than the 
mean of actual flap survival on postoperative day 7 (FS = 62.14%). The mean difference be- 
tween ICG-W and ICG-24 predicted flap survival (FS-W and FS-24) and actual flap survival in the 
postoperative day 7 (FS) is lower, 3.13% and 2.15%, respectively. Average perfusion recovery 
over 24 h was 10.83% (FS-24–FS-C). 
Conclusions: Conventional intraoperative ICGA underestimated perfusion in all cases. Warming 
the flap intraoperatively and achieving maximum vasodilation mitigates the effects of vasocon- 
striction and mimics the microcirculatory environment encountered at 24 h. Performing angiog- 
raphy after induced vasodilation improves ICGA assessment of flap perfusion. 
© 2019 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by El- 
sevier Ltd. All rights reserved. 

I

F
i
a
c
b
t

a
o
r
c
i
h
p
r
a
e

r
p
b
r

s
o
e
s
d
S
p  

m
I
u

i
t
i
p
w
e
t
t
(
a

a  

r
d

M

A

T
I
P
(
J
e
W  

w  

a
f  

i
a  

I
i
i
t
c  

c
w  

2  

r

S

A  

t  

t  

U  

d  

s  

t
O  

r  

g
t  
ntroduction 

lap design has evolved constantly over the last decades. An 
n-depth understanding of vascular anatomy and physiology 
llows modern surgeons to harvest flaps based on a single 
utaneous perforator, leading to reduced donor site mor- 
idity, preservation of underlying structures and the ability 
o tailor any flap to match the exact defect requirements. 1 

However, perforator flaps have higher technical demands 
nd their perfusion patterns are less predictable than those 
f axial or musculocutaneous flaps. 2 Not being able to accu- 
ately determine perfusion leads to serious complications, 
ulminating with the appearance of necrosis, with various 
mplications such as reoperations, increased morbidity and 
igher overall costs. To this day most surgeons assess flap 
erfusion empirically by observing temperature, capillary 
efill and the overall appearance of the flap. These methods 
re not reliable or reproducible and depend on the clinical 
xperience and intuition of the surgeon. 3 

Indocyanine green angiography (ICGA) provides dynamic, 
eal-time, intraoperative information about vessel location, 
erfusion patterns and flap physiology. 4 ICGA is currently 
eing used successfully to assess flap perfusion and guide 
esection of necrotic tissue. 5–9 

The main limitation of intraoperative ICGA flap as- 
essment is the difference between perfusion patterns 
bserved in perforator flaps intraoperatively and in the 
arly post-operative period. 10 Vasoconstriction, arterial 
pasm, capillary permeability and A-V shunt flow make it 
ifficult to accurately predict perfused areas during surgery. 
kin perfusion recovers gradually in the post-operative 

eriod. This occurs mostly in the first 24 h with maxi-
um blood flow being recorded at 48 h. 11 Intraoperative 

CGA tends to underestimate flap perfusion, leading to 
nnecessary resection of viable tissue. 12,13 

We hypothesized that intraoperative flap warming to 
nduce vasodilatation would simulate the perfusion pat- 
erns recorded in the late post-operative stage. Therefore, 
ntraoperative ICGA performed during flap warming would 
rovide a more precise assessment of flap perfusion and 
ould accurately guide resection of ischemic tissue. To 
xplore this hypothesis, ICGA has been performed three 
imes, twice intraoperatively, immediately after raising 
he flap (cold angiography, ICGA-C) and after flap warming 
warm angiography, ICGA-W), and a third time at 24 h 
fter surgery (ICGA-24). The values for ICGA-C, ICGA-W 
t
nd ICGA-24 predicted flap survival (FS-C, FS-W and FS-24
espectively) and actual flap survival in the postoperative 
ay 7 (FS) were compared. 

aterials and methods 

nimal subjects 

he experimental study was developed according to 
nternational Guidelines for using Animals in Scientific 
rocedures and approved by our Institutional Review Board 
protocol no. 294–2015). The study was conducted between 
uly-September 2016 at the University of Agricultural Sci- 
nces and Veterinary Medicine (UASVM) in Cluj-Napoca. 
e acquired PIC-FII-337 hybrid pigs ( n = 8) of similar
eight (mean ± SD = 41.2 ± 3.8 kg at study enrolment). The
natomic arrangement of arteries, veins and subcutaneous 
at in pigs provide a suitable model for skin flap harvest-
ng. 14 The subjects were isolated into individual spaces 
nd fasted for 6–12 h before being induced using 1–2 mg/kg
V Norofol (Norbrook Laboratories Ltd., Northern Ireland), 
ntubated and maintained under anaesthesia with 2% 

soflurane (Baxter Healthcare Corp., Deerfield, IL). Subject 
emperature was monitored by means of a transoesophageal 
atheter (38.3–40.2 °C) and kept constant thought the pro-
edure. Intraoperative submental skin average temperature 
as 35.4 °C ( range ± 2.9 °C) just before skin incision and
8.3 °C ( range ± 3.1 °C) after flap elevation. Operating
oom temperature was maintained within 19–20.5 °C. 

urgical procedures 

ll flaps were harvested by the same surgeon (MM). Iden-
ical submental flaps were designed in all cases. Perfora-
ors were visualized by means of thermography and Doppler
S, and then marked. The submental are was prepared and
raped for surgery and a 15 × 12 cm flap was drawn for each
ubject. Flaps were raised above the fascia and perfora-
ors were identified and clipped as dissection proceeded. 
ne eccentric perforator located in the right caudal quad-
ant of the flap, arising from underneath the submandibular
land was preserved in each case, providing vascularisation 
o the flap. Perforators of similar calibre were selected. Af-
er completing the dissection, meticulous haemostasis was 
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Figure 1 Submental flap design with marked perforators found by thermography and Doppler ultrasound (a), Dissection and isola- 
tion of selected perforator (b), Final postoperative appearance after flap inset(c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

achieved and the flaps were placed back in their original
location ( Figure 1 ). 

Indocyanine green angiography 

Flap perfusion was assessed using near-infrared (NIR) flu-
orescence imaging after i.v. administration of Indocya-
nine Green (ICG). The Artemis Spectrum (NIRF-800 probe -
Quest Medical Imaging BV, Wieringerwerf, the Netherlands)
has been thoroughly evaluated and described in previ-
ous works. 15 The system has a ring-light source with two
imaging sensors: visible RGB ( λ = 400–650 nm) and NIR
( λ = 700/800 nm). The camera was aligned to the surgical
field in a perpendicular plane at a fixed distance of 35 cm
using a conventional laser guide, generating a 15 × 15 cm
field of view. Colour (70 ms) and NIR (180 ms) frames were
captured, juxtaposed and converted to movies in real-time
using system firmware. We blinded all sources of light ex-
ternal to the Artemis during NIR imaging to prevent inter-
ference. 

Angiography (ICGA) was performed by injecting
0.5 mg/kg ICG (Akorn, Delatour, IL) in the right auricu-
lar vein, after prior reconstitution with distilled water at
2.5 mg/ml - 3.2 mM). Images were recorded continuously
for 10 min after ICG administration. 

Three ICGA were performed for each subject. The first
angiography was done immediately after flap inset (ICGA-C)
by injecting ICG according to the previously mentioned
protocol. The second ICGA was carried out 30 min later,
(allowing the contrast to clear) after warming the flap at
42 °C to induce maximum vasodilation (ICGA-W). In previous
experiments 42 °C has been proven to induce maximal skin
vasodilation. 16 An infrared emission lamp, IL 50 (Beurer
GmbH, Ulm, Germany), was used to warm the flap to the
desired temperature. Flap temperature was monitored
using a Testo 890 thermal camera (Testo AG, Lenzkirch,
Germany), and maintained between 41.5–42.5 °C. After
recovery from anaesthesia, incisions were dressed, and
the animals were returned to individual housing. A third
angiography (ICGA-24) was performed 24 h after surgery
following general anaesthesia. 

Flaps were monitored and dressed daily. Colour images
were captured using a Nikon D700 (Nikon Inc., Melville, USA)
at 7 days postoperative. After the completion of the study
the subjects were euthanized using a lethal dose of potas-

sium chloride.  
Image analysis 

Four images were analyzed for each subject using ImageJ x
64 open source image processing software 17 : ICGA-C, ICGA-
W, ICGA-24 and a photo of the flap taken on day 7. For
ICGA images, raw output was reviewed for each angiogra-
phy and the frame with peak ICG (grayscale) intensity was
selected from the arterial phase of ICGA via batch analysis.
Afterwards, selected images were manually cropped to in-
clude only flap tissue as regions of interest (ROIs). Resulting
images were subsequently quantitatively analysed using a
custom-built macro application. 

ICGA fluorescence was measured on a grayscale with
values between 0–255. Absolute flap fluorescence values
were generated automatically by the software to control
for background noise. The absolute maximum (ICG-M), the
minimum (ICG-m) and specific (ICG-a) pixel group of the
flap fluorescence values were automatically generated by
the software after rectification for the background noise. To
calculate ICGA fluorescence intensity ratio (ICG-r) the pixel
groups, clustered on mean values, were divided into a ma-
trix of analysis. The ICG-r for any specific pixel/pixel group
of the ROI s was calculated with the formula: 

ICG − r = 100 × ICG − a / ( ICG − M − ICG − m ) . 

The chosen threshold for ICG-r tissue survival was 33% 

18,19 

and used to generate a color overlay on each image
( Figure 2 ). The ICGA predicted flap survival was defined as
the percentage of the flap area with a ICG- r ≥ 33%: without
warming (FS-C), after warming (FS-W) and 24 h after surgery
(FS-24). 

Flap survival at postoperative day 7 (FS) was indepen-
dently assessed by three plastic surgeons, (AG, FA, VM)
blinded to the results of ICGA. On the photographs taken
in the postoperative day 7 viable and necrotic flap were de-
lineated using a pencil tool, and the consensus line used to
measure flap survival (FS) was calculated using the mean ±
SEM of boundaries drawn by 3 independent plastic surgeons
blinded to NIR fluorescence results. 

Statistical analysis 

The values for ICGA predicted flap survival (FS-C, FS-W, FS-
24) and actual flap survival in the postoperative day 7 (FS)
were introduced as continuous variables (percentages) in
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Figure 2 The ICGA images analysed with the post-processing application to apply the ICG-r 33% threshold overlays. 
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 study database, using R 3.4.1 programming language (R 
oundation for Statistical Computing, Vienna, Austria). The 
mall size of the experimental sample required bootstrap- 
ing in order to increase the statistical significance of the
esults. The values for flap survival and necrosis were ex- 
racted and used to generate new observations in the boot-
trap model, as described by Efron. 20 The process was re-
eated 1000 times and perfusion value differences were 
ompared using a 95% confidence interval (CI). 21 Boxplots 
ere used to visualize resulting output. 

esults 

mage processing of raw ICGA grayscale perfusion values 
roduced 24 independent observations for the study sample 
 n = 8). The mean of ICG-C predicted flap survival (FS-
 = 49.17%) is 12.97% lower than the mean of actual flap
urvival in the postoperative day 7 (FS = 62.14%). The mean
ifference between ICG-W and ICG-24 predicted flap sur- 
ival (FS-W and FS-24) and actual flap survival in the post-
perative day 7 (FS) is lower, 3.13% and 2.15%, respectively. 
Boxplots of ICGA predicted flap survival after bootstrap- 

ing (FS-C, FS-W and FS-24) and flap survival in the post-
perative day 7 (FS) ( Figure 3 ) confirm initial descriptive
nalysis. There is a statistically significant underestimation 
f flap survival with ICG-C when compared to ICG-W and 
CG-24. 

Figure 4 illustrates the overlays of ICGA predicted flap 
urvival on the same image at postoperative day 7. Intraop-
rative warming of the flap highly improves ICGA prediction 
f flap survival. 

iscussion 

IR angiography after intravascular administration or ICG is 
 valuable method for assessing perfusion intraoperatively, 8 

ut for ICGA to accurately determine perfusion in certain 
reas of the flap, the contrast has to be able to penetrate
ts microcirculation. 

In our study, conventional intraoperative ICGA (FS-C) un- 
erestimated flap perfusion in all cases, the mean pre- 
icted flap survival (FS- C = 49.17%) being 12.97% lower than
he mean final flap survival in the postoperative day 7 
FS = 62.14%). This underestimation of flap viability is not
n inherent flaw of the method but merely a consequence
f the microcirculatory changes induced by surgical trauma. 
Flap blood flow is laminar, 22 directly proportional to the

adius of the vessel and inversely proportional to blood vis-
osity. Any change in pressure, radius, viscosity or vessel 
ength will affect blood flow. 

Blood flow at the arteriolar level is mainly dependent
n systemic pressure, but flap perfusion is determined by
he state of its microcirculation. 23 When compared to the
ate postoperative phase, there is a marked reduction in
ap perfusion intraoperatively and in early postoperative 
hase as a consequence of multiple factors that act syner-
istically and potentate each other. Pressure is significantly 
ecreased by preserving a single source vessel for the flap,
he perforator. 24 The predominant hyperadrenergic state 
aused by the sectioning of sympathetic nerve fibers during
ap raising, 25 causes vasoconstriction and reduces vessel 
adius. Most importantly the decrease in flap temperature 
uring raising causes a number of changes in rheology, all
ontributing to hypoperfusion. Temperature in modern op- 
rating rooms ranges between 18–20 °C. 26 Low temperature 
nhibits NO secretion, and causes overexpression of α2c 
drenergic receptors, 27 thus amplifying the vasoconstrictor 
ffects of circulating catecholamines. The temperature 
rop also causes an increase in viscosity and a decrease in
he cellular deformability. 28 Between 38 °C and 22 °C, the
ecrease in blood flow is linear and can be as high as 3.41%
er degree Celsius. 
All the events generated by surgical trauma, act together

o create a profound state of vasoconstriction intraopera- 
ively. However, these changes are temporary, the hypera- 
renergic state subsidies and perfusion gradually recovers 
ver the next 24 h. In our study, the average perfusion re-
overy over 24 h was 10.83% (FS-24 – FS-C). 
ICGA is only useful if it can be used during surgery to

dentify and aid resection of nonviable tissue. Most of the
urrent research is focused on identifying a fluorescence 
ntensity value capable of predicting necrosis. Giunta et al.
uggested that a fluorescence perfusion index of less than
5% indicates skin necrosis while viable tissue has values 
xceeding 40%. 29 Monahan et al. published similar data, 
eporting a “grey zone” between 25% and 57% in which
CGA is unable to accurately determine perfusion, 30 while 
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Figure 3 Boxplots of ICGA predicted flap survival after bootstrapping. The difference between flap survival in the postoperative 
day 7 and ICGA predicted flap survival: (FS - FS-C) the difference between postoperative day 7 flap survival and estimated flap 
survival with ICG-C; (FS - FS-W) the difference between postoperative day 7 flap survival and estimated flap survival with ICG-W; 
(FS - FS-24) the difference between postoperative day 7 flap survival and estimated flap survival with ICG-24. A means comparison 
analysis shows statistically significant differences between (FS ? FS-C) versus (FS - FS-W) ( ∗ = p < 0.005) and between (FS ? FS-C) 
versus (FS - FS-24) ( ∗∗ = p < 0.001). Boxes illustrate the interquartile range; horizontal lines indicate median values of measurement 
differences (% of total flap surface); whiskers indicate minimum and maximum values. 

Figure 4 ICGA predicted flap survival areas on the same image at postoperative day 7: black = overlay of necrosis in the postop- 
erative day 7 (FN); yellow = overlay of flap survival in the postoperative day 7 (FS); blue = overlay of predicted ICG-C flap survival 
(FS-C); red = overlay of predicted ICG-W flap survival (FS-W); orange = overlay of predicted ICG-24 flap survival (FS-24). (For inter- 
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wada et al. 31 use a fluorescence threshold between 40 and
50% to determine viable tissue in rats. Gorai et al. suggest
resecting mastectomy flaps at a fluorescence value below
34%. 32 The difference in anatomy, perfusion patterns and
physiology between rats, pigs and humans, together with
interindividual differences render establishing an exact and
applicable threshold value to predict necrosis very difficult.
In our study we used a fluorescence threshold of 33% to
delineate perfused and nonperfused areas. In our study, the
33% threshold provided the best correlation of predicted
ICG-24 flap survival (FS-24) with actual flap survival in the
postoperative day 7. 

Using a high threshold to delineate necrosis is safe, but
in many instances may lead to over-resection of viable
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1  
issue. The perfusion “gray zone” is actually the distal por- 
ion of the flap, which, partially recovers in the postopera-
ive period. 
Other authors have tried waiting a period of time before

oing the angiography to benefit from perfusion recovery. 
atsui et al. suggest that a single ICGA recording carried
ut 30 min post-operative is sufficient in predicting necrosis 
t 72 h in submental flaps in pigs. 13 Wu et al. suggest per-
orming ICGA 20 min after mastectomy and the using a 25%
utoff value to guide resection of nonviable tissue. 33 How- 
ver, this prolongs the operating time while not benefiting 
rom maximal perfusion recovery which can take up to 24 h.
We propose a novel approach to solve these problems. 

ecause temperature is the main regulator of skin vascular 
upply, 34 warming the flap intraoperatively counteracts the 
elirious effects of hypothermia, vasoconstriction and in- 
reased blood viscosity. Inducing maximum vasodilation and 
chieving total relaxation of the vascular smooth muscle, 
ndependent of changes in vascular tonus, requires warming 
he flap to 42 °C. This temperature provides maximum tis-
ue vasodilation, in a biphasic pattern, with the first peak 
n increased perfusion recordable in the first 3–5 min after
aximum temperature is reached. 35 This allows each indi- 
idual flap to reach its maximum perfusion recovery poten- 
ial. To benefit from this effect, ICGA was done in the first
ve minutes after reaching the desired temperature. 
In our study, conventional intraoperative ICGA (ICG-C) 

ad a mean underestimation of flap survival (FS – FS-C) of
2,97%. The mean perfusion recovery by warming at 42 °C
FS-W – FS-C) was 9.84%. Induced vasodilation improves flap 
erfusion and more accurately predicts flap viability, mim- 
cking microcirculatory conditions encountered at 24 h post- 
perative (FS-24 – FS- W = 0.98%). 
Indocyanine green angiography offers real time informa- 

ion on flap perfusion. It is reproducible, easy to perform,
adiation free and with no toxicity. Conventional ICG per- 
ormed during surgery underestimates perfusion and leads 
o over-resection of viable tissue. Inducing vasodilation be- 
ore performing ICGA, by warming the flap, counteracts the 
irculatory changes induced by surgical trauma, allowing 
he surgeon to make an accurate assessment of flap viabil-
ty. This leads to a precise resection of ischemic tissue, with
etter outcomes, reduced morbidity, and a lower reinter- 
ention rate. 
Warming the flap before angiography is safe, fast and 

asy to perform. It adds a couple of minutes of additional
ime to the procedure and in return improves the ability
f ICGA to assess perfusion. The limited sample size in our
tudy is a limitation that requires attention in further re-
earch. Results need confirmation in larger experimental 
tudies, and on patients undergoing flap reconstructions. 

onclusions 

onventional intraoperative ICGA underestimates flap 
urvival. Surgical trauma coupled with a drop-in flap 
emperature induce a marked state of vasoconstriction, 
ncreased blood viscosity and decreased perfusion. Warming 
he flap intraoperatively and achieving maximum vasodila- 
ion mitigates the effects of vasoconstriction and mimics 
he microcirculatory environment encountered at 24 h. 
erforming ICGA after induced vasodilation permits a more 
ccurate prediction of flap survival and minimizes resection 
f viable tissue. 
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