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Abstract

Introduction Subjective surgeon interpretation of near-infrared perfusion video is limited by low inter-observer agreement
and poor correlation to clinical outcomes. In contrast, quantification of indocyanine green fluorescence video (Q-ICG) cor-
relates with histologic level of perfusion as well as clinical outcomes. Measuring dye volume over time, however, has limita-
tions, such as it is not on-demand, has poor spatial resolution, and is not easily repeatable. Laser speckle contrast imaging
quantification (Q-LSCI) is a real-time, dye-free alternative, but further validation is needed. We hypothesize that Q-LSCI
will distinguish ischemic tissue and correlate over a range of perfusion levels equivalent to Q-ICG.

Methods Nine sections of intestine in three swine were devascularized. Pairs of indocyanine green fluorescence imaging
and laser speckle contrast imaging video were quantified within perfused, watershed, and ischemic regions. Q-ICG used
normalized peak inflow slope. Q-LSCI methods were laser speckle perfusion units (LSPU), the base unit of laser speckle
imaging, relative perfusion units (RPU), a previously described methodology which utilizes an internal control, and zero-
lag normalized cross-correlation (X-Corr), to investigate if the signal deviations convey accurate perfusion information. We
determine the ability to distinguish ischemic regions and correlation to Q-ICG over a perfusion gradient.

Results All modalities distinguished ischemic from perfused regions of interest; Q-ICG values of 0.028 and 0.155 (p <0.001);
RPU values of 0.15 and 0.68 (p <0.001); and X-corr values of 0.73 and 0.24 (p <0.001). Over a range of perfusion lev-
els, RPU had the best correlation with Q-ICG (r=0.79, p<0.001) compared with LSPU (r=0.74, p <0.001) and X-Corr
(r=0.46, p<0.001).

Conclusion These results demonstrate that Q-LSCI discriminates ischemic from perfused tissue and represents similar
perfusion information over a broad range of perfusion levels comparable to clinically validated Q-ICG. This suggests that
Q-LSCI might offer clinically predictive real-time dye-free quantification of tissue perfusion. Further work should include
validation in histologic studies and human clinical trials.
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Many surgical complications, such as anastomotic leak,
are in large part due to tissue ischemia [ 1-3]. Near-infrared
imaging technologies like indocyanine green fluorescence
imaging (ICG-FI) were developed in attempt to provide
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surgeons better information about the level of tissue per-
fusion intraoperatively [4, 5]. Throughout the history of
ICG-FI, surgeons have been required to subjectively assess
the fluorescence signal in order to infer the level of tissue
perfusion. This reliance on subjective interpretation has been
shown to have several issues. Previous studies have found
that surgeons of various experience levels with fluorescence
imaging have poor inter-observer agreement on the same
ICG-FI videos [6-10]. Importantly, surgeons may not be
able to predict those patients at increased risk of anastomotic
leak when subjectively interpreting ICG-FI [7]. This diffi-
culty with subjective interpretation may explain why some
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studies fail to show reduction in anastomotic leak [11], while
others that enforce strict guidelines for interpretation, hint-
ing at a more objective interpretation, show reduction in leak
rate with the use of ICG-FI [12, 13].

Quantification of indocyanine green fluorescence imaging
(Q-ICG) gives objectivity in signal interpretation [14, 15].
When the contrast dye is injected, the fluorescence intensity
is captured for a given region over time, generating a
fluorescence intensity curve. This allows the fluorescence
intensity to be quantified in several ways using both static
and dynamic parameters, such as max intensity, relative
intensity, time to max intensity, and inflow slope [15, 16].
Studies also suggest that by normalization to the peak
intensity, variability of intensity signal can be mitigated by
neutralizing non-perfusion-related factors, such as distance
and angle from the tissue and the specific device and
imaging device in use [14-16].

Q-ICG has shown promise for allowing objective
perfusion assessment. Pre-clinical studies showed excellent
correlation between Q-ICG using dynamic parameters with
histologic measures of perfusion [14]. Clinical studies have
shown objective Q-ICG increases surgeon agreement on
level of perfusion during intraoperative use [17], increases
the safety of anastomosis creation, especially among junior
surgeons [18], and can offer predictive value for anastomotic
leak, even when subjective interpretation of ICG signal did
not [7]. However, Q-ICG has several limitations that restrict
its clinical utility in minimally invasive surgeries. Logistics
of dye-based dynamic quantification parameters lead to
inability for on-demand real-time assessment, difficulties
with spatial resolution [19], and inability to conduct repeated
assessments due to the metabolism rate of the contrast
dye [16, 20]. The potential benefits offered by objective
perfusion imaging assessment and the current limitations
of Q-ICG indicate the need for an alternative near-infrared
imaging system that allows for comparable quantification
allowing for objective perfusion assessment that is real time,
dye free, and repeatable.

Laser speckle contrast imaging (LSCI) measures
coherent laser light scatter caused by the movement of
red blood cells at the tissue surface [21]. This allows for
on-demand dye-free, real-time perfusion imaging. LSCI
platforms have recently been developed as an adjunct to
ICG-FI in visceral and minimally invasive surgery [22, 23].
In clinical studies, LSCI has shown to present equivalent
subjective perfusion assessment compared to ICG-FI [24].
Additionally, quantified laser speckle imaging (Q-LSCI) has
been described in pre-clinical [25, 26] and clinical studies
[24] but requires additional investigation before further
clinical adoption.

In this study, we describe LSCI quantification parameters
and investigate the ability of both Q-LSCI and Q-ICG to
distinguish between perfused and ischemic regions in
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a porcine small bowel. Next, we investigate Q-LSCI
correlation to Q-ICG throughout a gradient of tissue
perfusion from perfused, watershed, to ischemic. We
hypothesize that Q-LSCI will be able to distinguish ischemic
tissue from perfused tissue comparable to Q-ICG and will
correlate with Q-ICG over a broad range of tissue perfusion
levels.

Materials and methods
Animals and surgical procedure

Three female Yorkshire swine were used in this experiment
and were managed according to ethical guidelines per
TACUC-approved Protocol (# B2021-32), institutional swine
anesthesia standard operating protocol, and the ARRIVE
2.0 guidelines [27]. The average weight of the swine was
43.5 kg (SD 2.7 kg).

The animals were fasted on the morning of the surgical
procedures. Anesthesia was induced using telazol (6 mg/kg),
ketamine (3 mg/kg), and xylazine (3 mg/kg) and maintained
using 1-2% isoflurane. All pigs were euthanized at the
end of surgery. No specific exclusion criteria were used
to exclude animals, and all the animals underwent same
surgical procedure detailed below.

Laparotomy was performed and a bowel loop in the mid-
small intestine was externalized. The bowel was divided
with a stapler. Then, on each side of the division line, the
bowel was devascularized for a length of 8 cm. Both ends
were positioned for synchronous data collection from two
experimental setups at once. In two swine, this procedure
was performed twice with a loop of bowel distant from the
first loop and greater than 60 min between indocyanine
green dosing.

Near-infrared imaging platform experimental setup

Near-infrared imaging video was collected by mounting the
imaging device at a fixed distance (12 cm) and angle (top-
down orientation with 10 mm, 30-degree Stryker AIM™
endoscope) from the tissue. The near-infrared imaging
platform used for this study was ActivSight™ (Activ
Surgical Inc., Boston, MA, USA) which is capable of both
ICG-FI and LSCI.

Paired ICG-FI and LSCI video collection was attempted
on ten sections of small intestine (n =3 animals), with one-
paired collection lost due to failure of the imaging system
during ICG-FI video collection. The average heart rate and
mean arterial blood pressure were 100 bpm (SD 9 bpm) and
57 mmHg (SD 3 mmHg) during video collection. During
two data collections (n=3/9 quantified bowel sections), two
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swine required routine administration of norepinephrine to
maintain a normal mean arterial pressure under anesthesia.

Eighteen Y2 cm wide regions of interest were selected
every 1 cm along the length of the bowel to the stapled end
starting from 1 cm proximal to the devascularization line.
Regions of interest were defined as perfused, watershed, or
ischemic based on their distance from the last blood vessel
leading to the bowel tissue. Four regions at or proximal to
the last vessel were defined as perfused, the last two regions
at the stapled end were defined as ischemic. The remain-
ing twelve regions of interest in between were classified as
watershed to create a gradient of perfusion levels from per-
fused through ischemic tissue (Fig. 1).

ICG-Fl video collection and quantification

Following recommended dosing, 0.2 mg/kg of indocyanine
green dye (2.5-mg/ml solution rounded up to the nearest
milliliter) was injected into the central circulation [14]
followed by an immediate flush of 10-ml normal saline.
ICG-FI video was collected at 30 frames per second and
collection was initiated prior to injection and for 5 min
following injection.

Quantification of ICG-FI was done using custom com-
puter software. Pixels within the pre-defined regions of inter-
est were averaged, batched every 100 frames, and measured
over the duration of the collection to create region of interest
fluorescence intensity curves. To avoid aberrant peak slope
selection secondary to signal noise, a smoothing function
with an unweighted window size of 5 was applied prior to
selection of the peak slope. This means that each intensity

(cm)o 2 8 10
|

Perfused

Watershed  Ischemic

Fig. 1 Experimental setup and regions of interest selection. A
Bowel was externalized and devascularized for a length of 8 cm.
Perfused, watershed, and ischemic regions are defined by the dis-
tance from devascularization line. B Eighteen Y2 cm wide regions

value at a given timepoint was averaged with the four near-
est neighboring values. The Q-ICG parameter of normal-
ized peak inflow slope was selected due to the large body of
supporting evidence showing it correlates with histologic
measures of perfusion and clinical outcomes [7, 14, 20].
Each video data were manually inspected, and the video was
cropped to isolate the entire inflow section of all curves and
the peak inflow slope of the curve was measured (Fig. 2).
This was then normalized to the maximum intensity of the
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Fig.2 Visualization of change in indocyanine green fluorescence
intensity over time within a region of interest. The curve is cropped to
the inflow period (shaded). The peak slope of the curve is represented
as the line transecting the curve at the steepest increase in intensity
(dashed line)

of interest are placed every 1 cm along the tissue with (green=per-
fused, orange =watershed, red =ischemic). Near-infrared videos are
obtained using indocyanine green fluorescence imaging (C) and laser
speckle contrast imaging (D) (Color figure online)
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given fluorescence intensity curve to return the normalized
peak inflow slope.

LSCl video collection and quantification

LSCI is real-time dye-free near-infrared imaging that
measures tissue perfusion by detecting the movement of
red blood cells at the surface of the tissue. This allows for
near-instant quantification without the need to measure the
volume of contrast dye over time. LSCI video was collected
for a duration of 2 minutes immediately prior to ICG-FI
video collection and a 2-s clip was used for quantification.
LSCI was quantified using three quantification methods
in order to assess different ways that LSCI signal might
represent tissue perfusion level (Fig. 3).

1. Laser speckle perfusion units
2. Relative perfusion units
3. Zero-lag normalized cross-correlation.

o
LSPU =K = T (D

Laser speckle perfusion units (LSPU) are returned by
the imaging platform as the fundamental arbitrary unit of
LSCI and are defined by Eq. 1 [28]. These represent the
level of blurring of the coherent laser light scatter caused
by the movement of red blood cells. LSPU are limited in
that they are sensitive to changes in camera distance, angle,

and tissue and technological optical properties, such as laser
power [21].

RPU = ———. )

Relative perfusion units (RPU) attempt to mitigate
these confounding factors using relative quantification to
an internal control reference area. RPU measures LSPU
values within a region of interest relative to known perfused
region and are defined by Eq. 2. In this study, a surface-
level capillary within the perfused region was used as the
reference. LSPU and RPU quantification parameters have
been described in pre-clinical and clinical studies [24-26,
29, 30].

A new parameter, zero-lag normalized cross-correlation
(X-corr) was used to test if variability of LSCI signal
conveyed important perfusion information and is defined
in Eq. 3. This quantification methodology measures the
variability in the LSPU signal similar to how pulse pressure
measures the variability in systemic vascular perfusion. The
reference region used to calculate RPU and X-corr were the
same.

3 (LSPURO,(t) - LSPUR{,,) x (LSPURsf(t) — LSPUp, )
X —corr =

—_ N2 —_ \2
5, (LSPURO,(t) - LSPURO,) x \/ T, (LSPUM(:) - LSPURCf)

(©)

Fig.3 Visual representation of
laser speckle contrast imaging ,";‘\
quantification methods. Laser 120 - /

speckle perfusion units (LSPU) 1
are displayed as a function of
time for reference (dashed) and
a region of interest (RO, solid).
LSPU quantification uses mean
LSPU for a region of interest
over a 2-s window (horizontal
dashed line). Relative perfu-
sion units utilize the ratio of the

110 -

100 -

mean LSPU over a 2-s window
within the ROI to the mean
LSPU within the reference
(dashed lines). Zero-lag normal-
ized cross-correlation (X-corr)
quantifies deviations from the
means at a given time (arrows)
throughout the 2-s time window
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Ischemic vs perfused regions of interest

Average values of each quantification modality were
calculated for all perfused and ischemic regions. Within
each quantification modality, we tested for statistical
difference and % change from ischemic to perfused regions
to determine if that modality could reliably distinguish
between the perfused and ischemic regions.

Correlation of Q-LSCI to Q-ICG in perfusion gradient

To investigate Q-LSCI ability to measure tissue ischemia
over a gradient of perfusion levels, correlation between
Q-ICG and Q-LSCI was measured over all perfused,
ischemia, and watershed regions.

Statistical analyses

Student’s 7 and Mann—Whitney U tests were used to
test for statistical differences between average perfused
and ischemic regions within each quantification modality.
Shapiro test for normality was used to test the populations
for normality, Student’s T was applied when both averages
demonstrated normality, and Mann—Whitney U when one
or both did not. Correlation between Q-LSCI and Q-ICG
parameters was done using Pearson Correlation Coefficient.
Statistical analysis was performed using the Python (version
3.8.10) programming language and the SciPy Python library.

Results

ICG-Fl video data

Nine ICG-FI videos were collected and data were analyzed
within the regions of interest classified by perfusion status.
Representative ICG-FI video data are shown in Fig. 4. The
inflow period is completely captured within 67 and 267 s of
this ICG-FI video. ICG-FI curves show distinction between
perfused and ischemic regions of interest, while the water-
shed regions of interest represent a gradient of perfusion
with overlapping ends. The peak fluorescence intensity
of the perfused region of interest intensity curves occurs
between 200 and 250 s into the recording (Fig. 4).

LSCl video data

Similarly, nine corresponding LSCI videos were collected
and LSPU within each region of interest were analyzed. The
corresponding LSCI video to Fig. 4 is shown in Fig. 5 over
the 2-s window. As with ICG-FI, the LSCI curves show dis-
tinction between the perfused and ischemic regions, while
the watershed regions of interest represent a gradient of per-
fusion with overlapping ends. The LSPU data of a surface-
level capillary is shown and is used as the internal control
reference in RPU and X-corr quantification. The LSPU
curves show three distinct peaks in this 2-s window, con-
sistent with variation in LSPU secondary to pulsatile flow
with cardiac activity.

Fig.4 Representative indocya-
nine green fluorescence video

. 351
data for a section of devascular-
ized small intestine. Pixel fluo-
rescence intensity is averaged 30

within a given region of interest
and the resulting curves are gen-
erated (Color figure online)
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Fig.5 Corresponding repre-
sentative laser speckle contrast 60
imaging video data for a section
of devascularized small intes-
tine. Pixel laser speckle units

are averaged within a given >0 1
region of interest and the result-
ing curves are generated (Color
figure online) 40 A
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Ischemic vs perfused regions of interest

Q-ICG (normalized peak inflow slope) showed statistical
differences between perfused and ischemic regions of
interest; perfused =0.155 (S.D. 0.034) and ischemic =0.028
(S.D. 0.015) (p<0.001). The perfused regions showed
greater than 4.5-fold increase in normalized peak
inflow slope from ischemic regions (% change =454%).
Quantification of LSCI using RPU statistically
distinguished between perfused and ischemic regions as
well; perfused=0.68 (S.D. 0.13) and ischemic=0.15 (S.D.
0.04) (p<0.001). The perfused regions showed greater
than 3.5-fold increase in RPU from ischemic regions (%
change =353%). LSPU and X-corr also distinguished
between perfused and ischemic regions of interest; X-corr
showed average correlation values of 0.79 (S.D. 0.19) for
perfused regions and 0.24 (S.D. 0.20) for ischemic regions
(p<0.001) with a % change of 204%; LSPU showed average
values of 64.93 (S.D. 21.08) for perfused regions and 14.56
(S.D. 6.96) for ischemic regions (p <0.001) with a % change
of 346% (Table 1).

Correlation of Q-LSCI to Q-ICG over perfusion
gradient

Q-LSCI using LSPU showed a strong correlation with
Q-ICG (normalized peak inflow slope) throughout a gra-
dient of tissue perfusion levels (perfused, ischemic, and
watershed) and Pearson correlation coefficient of r=0.74
(p<0.001) (Fig. 6). Quantification using RPU showed
the strongest correlation to quantified indocyanine green;
r=0.79 (p <0.001), suggesting that both LSPU and RPU

@ Springer
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Table 1 Average quantification values (standard deviation) in perfused
versus ischemic regions of interest by quantification modality

Quantification Perfused Ischemic Ischemic to  p value
perfused (%
change)
Q-ICG* 0.155 (0.034) 0.028 (0.015) 454 2.9E-09
RPU 0.68(0.13)  0.15(0.04) 353 2.5E-23
LSPU 64.93 (21.08) 14.56 (6.96) 346 5.1E-09
X-corr 0.73(0.19)  0.24(0.20) 204 7.2E-08

RPU relative perfusion units, LSPU laser speckle perfusion units,
X-corr zero-lag normalized cross-correlation

*Normalized peak inflow slope

estimate tissue perfusion level similar to Q-ICG. In contrast,
quantifying perfusion using the variations in LSPU signal
(X-corr) showed the weakest correlation; r=0.46 (p <0.001)
(Fig. 6).

Discussion

In this study, we investigated the utility of objective near-
infrared perfusion video assessment using Q-LSCI to the
histologically and clinically validated Q-ICG parameter
of normalized peak inflow slope. We report that LSCI
quantification methods of LSPU, RPU, and X-corr reliably
distinguish between perfused and ischemic regions of
interest in this porcine model. Peak normalized inflow
slope (Q-ICG) showed greater than 4.5-fold increase from
ischemic to perfused regions, supporting previous studies
that it is a clinically useful parameter that reliably identifies
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Fig.6 Correlation between quantified indocyanine green fluorescence
imaging (normalized peak inflow slope) to quantified laser speckle
contrast imaging parameters throughout different levels of tissue per-
fusion. Dashed line represents linear regression. Laser speckle quan-

ischemic tissue [14, 16, 20]. The Q-LSCI parameters LSPU,
RPU, and X-corr also showed ability to reliably distinguish
between ischemic and perfused regions. Among these
parameters, LSPU and RPU showed the greatest change
from ischemic to perfused regions with an approximately
3.5-fold increase, while X-corr showed an approximate
twofold increase. This large magnitude of difference between
ischemic and perfused regions suggests that LSPU and RPU
may allow for immediate real-time identification of ischemia
in a binary fashion that is often employed clinically [9].

To further dissect the similarities between Q-LSCI and
Q-ICG throughout a gradient of tissue perfusion levels, we
assessed correlation between the two modalities throughout
all regions of interest from perfused, watershed, and
ischemic. We found that Q-LSCI using RPU had the highest
correlation to Q-ICG imaging normalized slope parameter
(r=0.79). This indicates that Q-LSCI quantifies the level
of bowel perfusion comparable to the validated normalized
peak inflow slope metric of Q-ICG. However, LSPU also
had high correlation (r=0.74) despite the dependency on
camera distance, angle, and tissue optical properties that
could limit the use in real-world clinical applications. This
high correlation in this study can be explained by the fixed
camera distance and angle to the target tissue, mitigating
these limitations of LSPU. Finally, X-corr had the lowest
correlation (r=0.46). This correlation was much lower than
RPU, indicating that in this porcine model, the variation
in the laser speckle curve due to cardiac activity is less
predictive of level of tissue perfusion throughout a broad
range of perfusion levels compared to the average LSPU
value.

Q-1CG methodology
ICG-FI measures the signal intensity emitted from the

volume of contrast dye in the tissue. ICG-FI can be quantified
using static or dynamic parameters. Static quantification

0.100
Q-ICG (normalized slope)

0.150 0.200 0.000 0.050 0.100 0.150

Q-ICG (normalized slope)

0.200

tification parameters are (A) laser speckle perfusion units (LSPU,
r=0.74, p<0.001), (B) relative perfusion units (RPU, r=0.79,
p<0.001), and (C) zero-lag normalized cross-correlation (X-corr,
r=0.46, p<0.001)

indicates that the fluorescence intensity is measured at a
single point in time while dynamic means that the change
in fluorescence intensity is measured over time. Static
analysis suffers from variability introduced by differences
in contrast dye concentration and timing, distance and angle
to the target tissue, diffusion of contrast dye into ischemic
tissue [31], and technological choices made by the imaging
platform manufacture [32, 33]. Previous literature supports
the superiority of dynamic quantification parameters, such as
time to max intensity, time to half-max intensity, and inflow
slope as these avoid confounding variables encountered with
static analysis [14, 16]. One study showed differences in the
shape of the intensity curves in patients with and without
anastomotic leak after esophageal reconstruction, although
the study was not powered to show statistical differences
[6]. However, another study on colorectal reconstruction
showed a statistical difference in the normalized inflow slope
parameter in patients that went on to develop anastomotic
leak versus those that did not [7].

Similar to using dynamic over static analysis,
normalization to the peak fluorescence intensity provides
additional advantage as it further reduces variable effects of
camera distance, dye dosage, and technological differences
between imaging platforms that could reduce comparability
of quantified parameters between patients and imaging
systems [16, 20]. Normalized peak inflow slope was selected
as the ICG-FI quantification parameter in this study due to
the high correlation with histologic and clinical endpoints
and being a prime candidate for clinically usable and
relevant ICG-FI quantification [14-16, 20].

Q-LSCI methodology

LSPU are the arbitrary unit-less values derived from the
laser speckle imaging system and are defined in Eq. 1.
[28] LSPU have been shown to correlate modestly with
tissue lactate levels [23] and previously showed poor
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correlation with Q-ICG [26]. However, LSPU are known
to vary in magnitude due to distance from and angle to the
target tissue, intrinsic tissue properties, laser power, and
technological specifications within the imaging platform
like laser power [21]. Although LSPU quantification is the
easiest to implement clinically, it is generally unreliable to
compare LSPU from one patient to the next, especially in a
clinical setting within a diverse clinical contexts and patient
factors. This would mean that values that represent high
perfusion in one case may not represent the same level of
perfusion in the next.

One way to mitigate LSPU limitations is to use a
quantification methodology that utilizes an internal control
and relative values specific to that patient and tissue. RPU
are derived from measuring LSPU relative to a surface-level
capillary on the target tissue, which tend to have the highest
LSPU values, and are defined by Eq. 2. RPU quantification
converts LSPU into a relative scale represented as a
percentage ranging from 0 (no flow) to 100% (LSPU of
the reference tissue) [30]. This quantification parameter
has previously been described in pre-clinical studies by
Nerup et al. and Liu et al. [26, 29, 30] and Skinner et al. in
human colorectal resections [24]. The strength of RPU is
that confounding variables that effects on LSPU like camera
distance, angle to the tissue, and the optical properties of
the tissue and imaging platform are minimized since the
quantification is internally controlled using the reference
region.

LSPU are also known to oscillate in response to pulsatile
blood flow caused by cardiac activity [34]. To investigate
if the variability of the laser speckle perfusion units better
represent tissue perfusion status, we quantified laser speckle
using X-corr as defined by Eq. 3. In Fig. 3, LSPU from two
regions over time are visualized. X-corr quantifies the cor-
relation between the LSPU deviations from the respective
mean values of a reference region and a region of interest
at each time point over the given time window. This means
that regions that deviate from the mean LSPU value in the
same direction and with similar magnitude as the reference
region will have higher X-corr values, regions that deviate
in opposite directions and with dissimilar magnitude will
have lower X-corr values. The values range from -1, indi-
cating the deviations are in exactly opposite directions with
identical magnitude, to+ 1, indicating the deviations move
in the same directions with identical magnitude and 0 indi-
cating no correlation between the LSPU deviations from the
means. X-corr had the lowest percent change from ischemic
to perfused regions of interest and poorest correlation over
a broad range of tissue perfusion suggesting that the devia-
tions of the LSCI signal caused by cardiac activity are less
indicative of perfusion than the average LSPU value itself.
This is analogous to how mean arterial blood pressure is
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used to measure global systemic perfusion as opposed to
pulse pressure.

As with any quantification method that uses relative
values to a reference region, implementation must be
carefully designed. To function properly in a clinical setting,
the user either must select the reference region or it must be
accurately chosen algorithmically. Then, camera or tissue
movement must be mitigated by either fixing them in space
or using computer vision tracking software.

In this study, we present three Q-LSCI parameters: LSPU,
RPU, and X-corr. Based on the ability to robustly distinguish
between perfused and ischemic tissue regions, high
correlation with validated Q-ICG parameter of normalized
peak inflow slope, and potential mitigation of variables such
as camera distance, angle, and tissue and patient factors,
RPU is proposed to be the most clinically relevant parameter
in this study.

Previous Q-LSCI studies

A recent study by Rgnn et al. compared Q-LSCI, using
LSPU and RPU, to Q-ICG and were found to have poor
correlation, although they were both found to correlate
well to tissue lactate levels [26]. Importantly, this study
used two different imaging systems, a commercially
available, minimally invasive ICG-FI system, and a non-
minimally invasive laser speckle imaging system. Because
of the difference in form factors, distance and angle to
the tissue could not be controlled. In contrast, our study
captured both near-infrared imaging modalities in a single
unified, minimally invasive imaging platform. This single
imaging platform is not only more clinically relevant as it
is a minimally invasive system that offers both ICG-FI and
LSCI, but it also allows for capturing the ICG-FI and LSCI
video at the exact same distance and angle in this study
compared to previous study.

Q-LSCl vs Q-ICG

Q-ICG is a promising technology that may improve more
objective interpretation of the ICG-FI video, bypassing
error-prone subjective interpretation. However, Q-ICG does
not allow for on-demand real-time quantification and clinical
utility at this time has major limitations; the camera and
tissue must remain fixed for a long period of time during
the injection of contrast dye and collection of ICG-FI video,
any movement of the camera or tissue degrades the spatial
resolution as more and more pixels are averaged together
[19], and repeat dosing is difficult, with the minimal
time between injections described as 15-20 min. [20] In
contrast, Q-LSCI is real-time, dye-free, on-demand with
minimal latency, and repeatable which may make it a more
satisfactory option for use in minimally invasive surgeries.
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Study limitations and conclusion

This study is limited by the fact we could not compare
Q-ICG parameter of normalized slope between different
ICG-FI systems and quantification platforms and that
quantification using the given platform was done with non-
commercially available custom software.

In conclusion, this study showed that quantified laser
speckle contrast imaging offers on-demand, real-time, dye-
free, and repeatable perfusion quantification comparable to
validated quantified indocyanine green fluorescence imaging
in a porcine model and thus shows great potential for clinical
utility as an objective measure of tissue perfusion.
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