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Abstract

Purpose Indocyanine green fluorescence angiography (ICG-FA) is an established technique for assessment of intestinal perfusion
during gastrointestinal surgery, whereas quantitative ICG-FA (q-ICG) and laser speckle contrast imaging (LSCI) are relatively
unproven. The study aimed to investigate whether the techniques could be applied interchangeably for perfusion assessment.
Methods Nineteen pigs underwent laparotomy, two minor resections of the small bowel, and anastomoses. Additionally, seven
pigs had parts of their stomach and small intestine de-vascularized. Data was also collected from an in vivo model (inferior caval
vein measurements in two additional pigs) and an ex vivo flow model, allowing for standardization of experimental flow,
distance, and angulation. Q-ICG and LSCI were performed, so that regions of interest were matched between the two modalities
in the analyses, ensuring coverage of the same tissue.

Results The overall correlation of q-ICG and LSCI evaluated in the porcine model was modest (tho = 0.45, p <0.001), but high in
tissue with low perfusion (tho =0.74, p <0.001).

Flux values obtained by LSCI from the ex vivo flow model revealed a decreasing flux with linearly increasing distance as well
as angulation to the model. The Q-ICG perfusion values obtained varied slightly with increasing distance as well as angulation to
the model.

Conclusions Q-ICG and LSCI cannot be used interchangeably but may supplement each other. LSCI is profoundly affected by
angulation and distance. In comparison, q-ICG is minimally affected by changing experimental conditions and is more readily
applicable in minimally invasive surgery.

Keywords Perfusion imaging - Perfusion assessment - Fluorescence angiography - Laser speckle contrast imaging - Indocyanine
green - Image-guided surgery

Introduction anastomotic perfusion is believed to be associated with anas-
tomotic leakage (AL) [2, 3]. AL is a relatively common and
Maintained perfusion of tissue is an important factor in suffi-  feared complication, as it leads to a higher risk of local recur-

cient healing of wounds and anastomoses [1], as poor  rence in oncologic surgery as well as increased short- and
long-term morbidity and mortality [1, 2, 4-9].

Traditionally, tissue perfusion and subsequent gastrointes-
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work, and share first author ship based on pulsation in the mesentery, coloration of tissue, and
bleeding from resection lines. These clinical tools are, howev-
er, limited when minimally invasive techniques are utilized.
Furthermore, this surgeon-based assessment has been proven
to be of poor relation to preventing anastomotic leakage [7].

Indocyanine green fluorescence angiography (ICG-FA)
and laser speckle contrast imaging (LSCI) are modalities used
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gastrointestinal surgery [16]. ICG-FA relies on the injection of
indocyanine green (ICG), a non-toxic water-soluble
tricarbocyanine dye, which binds to lipoproteins, and it is
solely metabolized by the liver and excreted unchanged in
the bile [17]. The fluorescent spectrum of ICG is in the range
of near-infrared light and can be captured by a specialized
camera after illumination of the tissue of interest (Figs. 1 and
2) [16]. Because the plasma disappearance rate of the ICG is
high, deviations in the fluorescence signal can be taken to
represent tissue perfusion. However, since most studies using
ICG-FA are based on a visual assessment of the fluorescent
image captured by the camera, the output is limited to a binary
rating, perfused or non-perfused tissue [18]. Therefore, an
algorithm to quantify the ICG-FA signal (q-ICG) has been
developed and validated, advancing an objective evaluation
of tissue perfusion [19]. Others have previously presented
similar methods for quantification [20-22].

LSClI is based on the laser speckle pattern that arises when
laser light illuminates a surface. The pattern is formed when

Fig. 1 Schematic drawing of the perfusion imaging techniques. a ICG-
FA. Injected ICG binds to plasma proteins and fluoresces when
illuminated with near-infrared light. The rate of fluorescence intensity
over time is correlated linearly to microvascular flow. b LSCL. When laser
light illuminates a surface a laser speckle pattern arises when scattered
light creates an interference effect due to the irregularities of the structure.
Movement of particles changes the scatter, and this can be extrapolated to
laser speckle perfusion units
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scattered light creates an interference effect due to the irregu-
larities of the structure. If the object is moved or contains
moving particles (e.g., blood cells), the interfering beam
changes and produces a dynamic speckle pattern. Depending
on the movements, the speckle pattern imaged differs over the
finite exposure time of the camera and becomes more blurred
with increasing movement. The level of blurring is quantified
by a term called speckle contrast K, defined as

Here, o; is the standard deviation of the intensity and</> is
the mean of the pixel intensity [23, 10].

The speckle contrast is inversely related to the flow veloc-
ity. With higher flow velocity blurring increases and the stan-
dard deviation of the intensity decreases. Consequently, a low-
er speckle contrast is obtained. Conversely, with no flow blur-
ring will decrease and the standard deviation increase, provid-
ing a larger speckle contrast. With a camera, the speckle con-
trast pattern can be analyzed and visualized, when a stack of
the raw speckle images is processed to form an image, and
fluctuations in the speckle contrast pattern are visualized as
changes in the perfusion [24, 25] (Figs. 1 and 2).

LSCI does not measure absolute flow, but an arbitrary unit
is reported—Ilaser speckle perfusion units (LSPU) [26].
However, both modalities have the advantages of being non-
touch and can be applied in an easy, fast, and safe way [19,
26]. Since both modalities assess tissue perfusion, they should
be coherent. While ICG-FA has been tested in gastrointestinal
surgery, LSCI is relatively unproven in clinical settings.
However, LSCI possesses some inherent advantages such as
continuous evaluation of tissue perfusion and does not rely on
contrast agents. So far, LSCI is not applicable for laparoscopic
or robot-assisted surgical procedures challenging the clinical
utility in a minimally invasive setting. It remains to be deter-
mined whether the modalities concur for evaluation of tissue
perfusion, and how and to which extent LSCI and q-ICG are
affected by changes in distance and the angle between the
tissue and the measurement device. Advantages and limita-
tions of the two modalities are thus essential to address.

This study aimed to explore whether LSCI may be used
interchangeably, or complimentary, with q-ICG for assess-
ment of gastrointestinal perfusion.

Material and methods

The study was based on data extracted from measurements in
a porcine model and an ex vivo flow model. The projects were
performed with the ambient light turned off unless otherwise
is specified.
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Fig. 2 Illustration of the de-
vascularized stomach and small
intestine. a White light, arrows
indicate tissue lactate measure-
ment. b LSCI image, color coding
represents a snapshot of the flux
(LSPU). ¢ Snapshot of the ICG-
FA. d Example of quantitative
analysis of ICG-FA with color
coding representing relative
perfusion

All g-ICG measurements were performed using a laparo-
scope (ICG Hopkins® telescope 30°, Karl Storz GmbH and
Co., K@, Tiittlingen, Germany) mounted on a stand to ensure
standardization of the distance to the target surface, and to
reduce motion artifacts. The scope was installed at 15 cm from
the target at an angle of 45° to the surface unless otherwise is
specified. The scope was connected to a camera system
(IMAGEI, Karl Storz GmbH and Co., KG, Tiittlingen,
Germany) and a light source (D-Light P, Karl Storz GmbH
and Co., KG, Tiittlingen, Germany) supplying excitatory light
for the ICG. Recordings of the angiographies were analyzed
according to the method of q-ICG as described previously
[19].

All LSCI measurements were performed using LSCI sys-
tem with a wavelength of 785 nm (MoorFLPI, Moor
Instruments Ltd., Axminster, UK). The device was mounted
on a flexible arm allowing re-adjustments to standardize
height and to reduce motion artifacts. The LSCI camera was
placed approximately 25 cm above the target tissue as secured
by the intersection of the aiming laser points according to the
manufacturer’s recommendation. The LSCI camera was
placed perpendicular to the target surface unless otherwise is

3

specified and was set at high spatial resolution/low sampling
rate (one frame per second) [26]. The extraction and analysis
of data from the LSCI device were performed as described
previously [26].

Regions of interest (ROIs) were matched for both LSCI
and g-ICG allowing for a comparison of data collected from
the same physical area.

Animals

The Danish Animal Experimentation Inspectorate approved
the animal studies (#2016-15-0201-01015), and the studies
were performed in accordance with the European Union leg-
islation on animal experimentation, and the ARRIVE
Guidelines [27]. Nineteen female pigs (Danish Landrace) with
amean weight of 35.9 kg (+ 1.5 kg) were acclimatized 2 weeks
before the start of the study (Department of Experimental
Medicine, University of Copenhagen, Copenhagen) at stan-
dardized room temperatures, humidity, and light-dark hour
cycles. On the morning of the procedure, the pigs were sedat-
ed by an intramuscular injection of Zoletil vet-mixture®
(5 mg/kg) followed by intubation and induction of general

@ Springer



508

Langenbecks Arch Surg (2019) 404:505-515

anesthesia (Propofol and Fentanyl, 15 mg/kg/h and 0.1 mg/kg/
h, respectively). Ventilation was by a mixture of oxygen and
atmospheric air aiming to maintain pO, and pCO, at 11—
15 kPa and 4.5-6.5 kPa, respectively. The pigs underwent
two laparotomies via a midline incision on day 1 and day 5.
On day 1, two bowel segments of 5 cm each were resected
followed by the establishment of two end-to-end anastomoses.
ROIs in proximity to the anastomoses were marked followed
by LSCI and q-ICG measurements. On day 5, all pigs
underwent another laparotomy and measurements were re-
peated as described.

Additionally, in seven female pigs (Danish Landrace) fol-
lowing the same protocol as above, a segment of the small
intestine was de-vascularized, and the blood supply to the
stomach was ligated leaving only one third of the
gastroepiploic artery and the right gastric artery. ROIs were
marked along the intestine and the greater curvature of the
stomach from healthy to the de-vascularized regions (Fig. 2).
As local tissue lactate is considered an end-product of energy
metabolism, we considered elevated lactates as a biomarker of
tissue ischemia. After 30 min, local tissue lactate was mea-
sured using a handheld monitoring system (EDGE, Arctic
Medical Ltd., Folkestone, UK) [28] and the perfusion was
evaluated by LSCI and by q-ICG. For g-ICG measurements,
a bolus of ICG (0.25 mg/kg; Verdye, Diagnostic Green
GmbH, Aschheim-Dornach, Germany) was injected in the
catheter of the ear vein followed by a saline flush (5 ml).

For analysis based on relative values, eight ROIs were cho-
sen along the intestine and the greater curvature of the stom-
ach from healthy to de-vascularized regions. The values of de-
vascularized ROIs were compared with a reference value ob-
tained from a mean of ROIs in the healthy region of the organ.

Investigation of physical properties

In two pigs following the same protocol as described
above, the inferior caval vein (ICV) was exposed, as it
represented a region of tissue with fast wash-in and
wash-out of ICG. Thus, allowing for successive measure-
ments with varying distance and angulation. For repeated
q-ICG measurements boli of ICG (0.1 mg/kg) were
injected. Due to the physical size and the configuration
of the LSCI-system, LSCI recordings of the ICV were not
possible. Instead, LSCI was evaluated in an ex vivo flow
model established by a plastic tube (standard suction tube)
mounted on a peristaltic pump (Minipuls 3 peristaltic
pump; Gilson Inc., Middleton, WI, USA) perfused by
heparinized (500 IU) porcine blood. Measurements were
applied on the surface of the plastic tube and flushed with
heparinized saline before the start of perfusion. The pump
was set at 30 rpm corresponding to a flow of 9.5 ml/min,
and a velocity of 24.7 cm/min.
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The effect of distance to the target surface

The LSCI camera was placed 2 cm above the ex vivo model,
and the blood flow was recorded for 30 s. Then, the LSCI
camera was re-adjusted to 5 cm above the model, and the
measurements were repeated. After that, measurements were
repeated by 5-cm increments until 25 cm above the model. In
a similar setup, q-ICG measurements were performed on the
ICV, introducing an ICG-bolus before each measurement.

The effect of angulation between the surface
and measurement device

The LSCI camera was placed pointing downward perpendic-
ular to the plane of the model (0° angle), as per manufacturer
instruction, and a video was recorded for 30 s. Then, the LSCI
camera was tilted 10°, and the camera was refocused before
measurements were repeated. The measurements were repeat-
ed by 10° increments until 80° tilt. A similar procedure was
performed on the ICV as described using q-ICG. The ICG-
laparoscope was installed at a 45° angle to the tissue surface
(standard), in addition to the 30° angulation of the camera,
resulting in a 15° angulation toward the tissue. Angles from
5° to 45° angulation to the tissue were investigated in 10°
increments.

Statistics

Statistical calculations and graphs were performed by SPSS
statistics (v22, IBM, Chicago, IL, USA) and GraphPad Prism
(v8, GraphPad Software, San Diego, CA, USA).

Distribution of data was visually assessed by histo-
grams and QQ plots. For correlation analysis,
Spearman’s rank correlation coefficient, rho, with 95%
confidence interval (CI) was calculated due to one or both
variables being skewed in histograms and QQ plots.
Correlation coefficients of 0.00-0.30 were considered
negligible, 0.30—0.50 low, 0.50-0.70 moderate, 0.70—
0.90 high, and 0.90-1.00 very high [29]. Comparisons
of correlation coefficients were done according to the
Steiger method assisted by an online tool [30, 31]. The
p values <0.05 were considered significant.

Results
Correlation analyses of LSCI and g-1CG

Comparing all LSCI and g-ICG measurements showed a
significant but low correlation between the two modali-
ties tho=0.448 (95% CI 0.410, 0.484), p <0.001, 1914
ROIs, n=26 pigs.
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When LSCI and q-ICG measurements were compared ac-
cording to organ site, the correlations were found to be similar
for the stomach and the small intestine (stomach: rho = 0.429
(95% CI 0.339, 0.512), p<0.001; 361 ROIs and small intes-
tine: tho =0.445 (95% CI 0.401, 0.486), p<0.001; 1454
ROIs, both n =26 pigs). The correlation coefficients were
not significantly different (p = 0.74).

LSCI and gq-ICG measurements on the small intestines
were compared according to de-vascularization vs.
normoperfused. The correlation was found to be high in
the de-vascularized subset (tho=0.737 (95% CI 0.695,
0.772), p<0.001; 582 ROIs, n=7 pigs) and was low for
the normoperfused subset (rho=0.414 (95% CI 0.357,
0.470), p<0.001; 872 ROIs, n=19 pigs) (Fig. 3). When
g-ICG and LSCI, in a subset, was compared based on
percentages of the baseline values from normoperfused
tissue, better correlations were found when compared with
raw data from the normoperfused subset (stomach: rho =
0.549 (95% CI 0.385, 0.680), p<0.001; 88 ROIs, n=13
pigs and small intestine: rho 0.672 (95% CI 0.533, 0.776)
p<0.001; 88 ROIs, n=13 pigs) (Fig. 4).

LSCI and g-ICG were also evaluated in comparison with
tissue lactate (n =7 pigs). A significant negative correlation
was found between both LSCI and q-ICG and tissue lactate;
i.e., at increasing tissue lactate levels both modalities regis-
tered a decreased perfusion (q-ICG: tho=—0.771 (— 0.887, —
0.566), p <0.001, 31 ROIs and LSCI: rho =—0.840 (— 0.922,
—0.686), p<0.001, 31 ROIs) (Fig. 5). The correlation coeffi-
cients were not significantly different (p =0.32).

Small intestine from de-vascularized model

— Linear regression
. 95% CI

Normalized slope (q-ICG)

0.0

0 500 1000 1500 2000
LSPU

Fig. 3 Scatterplot of data obtained from porcine models by LSCI and q-
ICG. Linear regression lines with 95% CI are shown. Left: de-
vascularization (582 ROlIs, n=7 pigs), Spearman’s tho=0.74 (95% CI
0.70, 0.77; p <0.001). Right: normoperfusion (872 ROIs, n =19 pigs),

Investigation of physical properties

Effect of angulation With increasing angle between the LSCI
camera and the flow model, a linear decrease in LSPU was
found, slope —13.65, intercept 925.3, R*>=0.97, p<0.001,
five ROIs/measurement. At an angulation of 60° and higher,
the LSCI system was no longer able to obtain recordings. In
contrast, the g-ICG assessed perfusion increased only slightly
in response to angulation; pig 1: slope 0.0009786, intercept
0.04589, R’= 0.50, p=0.0033; pig 2: slope 0.0003065, inter-
cept 0.08765, R*=0.12, p=0.21 (three ROIs/measurement,
n =2 pigs) (Fig. 6).

Effect of distance By increasing distance from the LSCI cam-
era to the flow model a decrease in the LSPU was found, slope
—61.10, intercept 2486, R’ = 0.88, p<0.001, five
ROIs/measurement. Similarly, to the effect of angulation,
slightly lower perfusion measures were detected by q-ICG
when the distance from the scope to the tissue increased; pig
1: slope 0.0002057x +0.06027, R*=0.023, p=0.55; pig 2:
slope —0.0009610, intercept 0.09969, R*=0.48, p=0.0013
(three ROIs/measurement, n =2 pigs) (Fig. 6).

Discussion

Based on data from the porcine models, the overall correlation
between LSCI and q-ICG was low (tho = 0.45). We found no
significant difference in organ-specific correlations, yet, the

Small intestine from normoperfused model

0.3 — Linear regression
. 95% CI
)
O 0.21
&
[]
Q.
o
[
T
(]
N
©
E
o 0.14
4
0.0 T T T T
0 500 1000 1500 2000

LSPU

Spearman’s tho = 0.41 (95 % C10.36, 0.47; p < 0.001). Normalized slope
calculated as (Afluorescence/Atime)/(max fluorescence — baseline fluo-
rescence). LSCI laser speckle contrast imaging, q-ICG quantitative indo-
cyanine green, LSPU laser speckle perfusion units
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Fig.4 Scatterplot of data obtained from porcine models (88 ROIs, n =13 Spearman’s tho = 0.55 (95% CI1 0.39, 0.68; p <0.001). Normalized slope
pigs) by LSCI and g-ICG illustrated as relative values (percentages of calculated as (Afluorescence/Atime)/(max fluorescence — baseline fluo-
normoperfused tissue). Linear regression lines with 95% CI are shown. rescence). LSCI laser speckle contrast imaging, q-ICG quantitative indo-
Left: Spearman’s tho=0.67 (95% CI 0.53, 0.78; p<0.001). Right: cyanine green, LSPU laser speckle perfusion units

correlation between the two modalities was stronger in low  and q-ICG were compared with tissue lactates indicative of
perfused tissues compared with normally perfused tissue  ischemia, the correlations were high for both LSCI and q-ICG
(rho = 0.74 for lowest de-vascularized small intestine vs. rho = (q-ICG: tho=-0.771, p<0.001, and LSCI: rho=-0.840,
0.41 for non-de-vascularized small intestine). When LSCI ~ p<0.001).

Correlation between lactate and g-ICG Correlation between lactate and LSPU
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Fig.5 Scatterplot of tissue lactate vs. normalized slope (q-ICG) (left) and p<0.001). Normalized slope calculated as (Afluorescence/Atime)/(max
lactate vs. LSPU (right) in de-vascularized bowel and stomach of n=7 fluorescence — baseline fluorescence). q-ICG quantitative indocyanine

pigs, 88 ROIs. Left: Spearman’s tho=—0.77 (95% CI —0.89, —0.57; green, LSPU laser speckle perfusion units
p<0.001). Right: Spearman’s rho=— 0.84 (95% CI —0.922, 0.686;
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Fig. 6 The effect of altered angulation and distance between measuring
device and target surface on measurements obtained by LSCI (flow
model, five or six ROIs/measurement) and q-ICG (three
ROIs/measurement, n =2 pigs). Note the intrinsic angulation of the ICG
scope, see methods. A sharp decrease in LSPU is observed with

Considering the poor correlation between the two modali-
ties, these results suggest that during experimental conditions,
LSCI and g-ICG do not estimate blood flow through tissues
similarly. This is possibly due to different penetration depths
of measurements as 95 % of the signal that LSCI detects is
from the top 700-uM layer of tissue (serosa) [32], whereas g-
ICG has been shown to penetrate several millimeters to cen-
timeters (including mucosa) [33].

Investigating the data from de-vascularized intestine and
stomach as a percentage of a baseline mean revealed a

Effect of distance - q-ICG

0.12

- Pig1
Pig 2

0.10

0.08

0.06

0.04

Normalized slope (q-ICG)

0.02

0.00

5 10 15 20 25

Distance in cm

increasing angulation and distance, whereas the q-ICG method varies less
in obtained values. Normalized slope calculated as (Afluorescence/
Atime)/(max fluorescence — baseline fluorescence). LSCI laser speckle
contrast imaging, q-ICG quantitative indocyanine green, LSPU laser
speckle perfusion units

concordance between flow assessed by q-ICG and LSCI.
When evaluating tissue perfusion in a clinical setting,
assessing ischemia in comparison to the normally perfused
tissue may be more proper, as absolute values might differ
from person to person.

Previous studies have evaluated the correlation between
LSCI and g-ICG vs. radioactively labeled microspheres [19,
22, 34]. Microspheres are considered a gold standard for mi-
crovascular flow assessment [22, 35-37], and the technique
relies on intraaortic or intracardiac injection of microspheres

@ Springer



512

Langenbecks Arch Surg (2019) 404:505-515

which are brought into peripheral tissues by the circulation
and lodges in peripheral capillaries. Then, by measuring the
radioactivity contained within the tissue of interest, the micro-
vascular perfusion can be estimated. Studies have found
strong correlations between q-ICG and microsphere assessed
perfusion (r=0.92-0.96, p<0.001) [19, 22]. However, for
LSCI and microspheres measured in the stomach tissue, only
a moderate correlation could be demonstrated (r=0.54, p =
0.045) [Ambrus, unpublished]. Still, the microspheres method
represent a snapshot of the tissue perfusion measured in mil-
liliters per minute per gram of tissue, and the perfusion of the
full tissue wall is evaluated. In contrast, LSCI perfusion cor-
responds to a mean flux recorded over the sample time (30 s),
and the penetration depth is no more than 700 uM [34].

Considering these observations, q-ICG may be a more sen-
sitive method to detect early ischemic changes [38] due to the
deeper tissue penetration compared with LSCI. Consequently,
g-ICG may be a more sensitive measure than LSCI for eval-
uating anastomotic health and viability since mucosal ische-
mia may occur before transmural progression, i.e., postopera-
tively. Nevertheless, it is challenging to grade transmural is-
chemic changes, and in this situation, a combination of LSCI
and gq-ICG could be useful.

A linear decrease in LSPU was demonstrated when the
distance or angulation between the laser head and the target
tissue was increased. In open surgery, obtaining a standardized
distance and angle to the abdomen is relatively easy, as well as
placing intestines in plain view, thus minimizing the impact of
distance and angulation. On the other hand, applying LSCI in
a minimally invasive setting may prove difficult. From a lap-
aroscopic point of view, ensuring that the target structures are
located within the same distance and angle of the camera

could be challenging. Also, no laparoscopic or robot-assisted
LSCI-system is currently available on the market.

A systematic review of 14 non-randomized studies includ-
ing patients undergoing colorectal (n=916) or esophageal
resections (n = 214) indicated that the use of ICG-FA assisted
assessment of perfusion was associated with a lower risk of
anastomotic dehiscence [18]. The studies were non-
randomized and relied mostly on the visual interpretation of
ICG-FA increasing the risk of observer bias. LSCI and gq-ICG
allow for quantitative assessments of tissue perfusion, and the
next step would be to determine a clinically relevant
“perfusion threshold” for anastomotic viability. By defining
such a threshold, the surgeon has the option to change strategy
intraoperatively by, e.g., forming a stoma instead of a primary
anastomosis or expanding the resection margin until the tissue
is well-perfused [18, 19, 26]. An objective quantitative perfu-
sion assessment could potentially reduce anastomotic dehis-
cence by being more reliable than a traditional, clinical assess-
ment of anastomotic health [7]. Whether this threshold should
be in absolute values or a relative difference to normal tissue is
unclear.

Unlike g-ICG, LSCI allows for continuous assessment of
perfusion before, during, and after the establishment of an
anastomosis, because LSCI only relies on illumination with
laser light and no contrast agent is required. Q-ICG is limited
by the metabolism of ICG with a plasma half-life of 3 to 5 min
[39]. However, some ICG is retained in the tissue, and re-
injection of ICG may limit the visual interpretation of the
ICG-FA. Though, repeated quantitative evaluation with g-
ICG seems possible when the method is slightly modified
[40]. When using g-ICG, it is of utmost importance to evaluate
perfusion immediately after injection, as the slope (or the

Table 1 Properties of ICG-FA and LSCI

Property of method LSCI ICG-FA

Continuous evaluation Possible Limited by ICG metabolism
Influenced by the distance to the tissue Highly, but linear Minimally

Influenced by observation angle Highly, but linear Minimally

Laparoscopy Currently not possible Possible

Robot-assisted surgery Currently not possible Possible

Contrast agent No Yes

Depth of penetration
Other properties than perfusion assessment No

Adverse effects
Allergy

Up to 1 mm through tissue

None reported
None reported

Several mm to 2 cm
Cholangiography [42]
Identification of [42]:
Tumors
Metastases
Lymph nodes/vessels
Ureter
Extremely rare [11]
Extremely rare [11]

ICG-FA indocyanine green fluorescence angiography, LSCI laser speckle contrast imaging, ICG indocyanine green
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time-to-peak) is calculated from the fluorescence time curve
of'the first pass through the region of interest [19, 41]. Besides
assessment of tissue perfusion and visualization of the micro-
vasculature, ICG-FA may visualize biliary structures, and dif-
ferentiate lymph nodes and tumors from healthy tissue [42],
whereas LSCI has currently no other clinical utilities. For a
quick overview of the different properties of LSCI and g-ICG,
please consult Table 1.

The present study has certain strengths and limitations.
Data were obtained during standardized and controlled
conditions, and significant correlations were found. The
porcine model was based on a well-established model of
intestinal ischemia. The use of a phantom flow model
allows for complete control of infusion rates and offers
good control of environmental factors which could affect
the measurements. However, the flow models are not rep-
resentative of biological tissues as it only consisted of a
single tube, while the signal will be derived from a vast
capillary network when measuring on the serosal side of
the intestine. Also, the caval vein model only represented
venous flow, and further studies should address the vali-
dation on arterial vessels and mucosal surfaces. Another
limitation was the use of two different flow models which
may limit the comparability of differences in angulation
and distance. The flow models were different in flow rates
and velocity, as the ex vivo model had a flow rate of
9.5 ml/min and velocity of 24.7 cm/min. This is far less
than the flow and velocity in the porcine inferior caval
vein (900-1400 ml/min) [43, 44]. However, as no com-
parisons were made between the models and methods, we
accept these differences to illustrate the impact of angula-
tion and distance on perfusion measures.

Regarding the assessment of de-vascularized bowel seg-
ments, it should be mentioned that measurements were done
after 30 min where ischemia might often be macroscopically
visible. However, this study was not designed to investigate
the sensibility or specificity of -ICG/LSCI in discriminating
normal from ischemic tissue; further studies should investi-
gate this issue.

Conclusion

The overall correlation between q-ICG and LSCI for the as-
sessment of intestinal perfusion was low, indicating that the
modalities cannot be used interchangeably, but may supple-
ment each other as each modality has its limitations and
strengths. A combination of the methods may show the extent
of ischemic changes in tissue. LSCI is profoundly affected by
angulation and distance. In comparison, q-ICG is minimally
affected by changing experimental conditions and is more
readily applicable in minimally invasive surgery.
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