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Abstract
Background An objective evaluation of the functional state and viability of biological tissues during minimally invasive 
surgery remains unsolved task. Various non-contact methods for evaluating perfusion during laparoscopic surgery are dis-
cussed in the literature, but so far there have been no reports of their use in clinical settings.
Methods and patients Imaging photoplethysmography (iPPG) is a new method for quantitative assessment of perfusion 
distribution along the tissue. This is the first study in which we demonstrate successful use of iPPG to assess perfusion of 
organs during laparoscopic surgery in an operation theater. We used a standard rigid laparoscope connected to a standard 
digital monochrome camera, and abdominal organs were illuminated by green light. A distinctive feature is the synchronous 
recording of video frames and electrocardiogram with subsequent correlation data processing. During the laparoscopically 
assisted surgeries in nine cancer patients, the gradient of perfusion of the affected organs was evaluated. In particular, meas-
urements were carried out before preparing a part of the intestine or stomach for resection, after anastomosis, or during 
physiological tests.
Results The spatial distribution of perfusion and its changes over time were successfully measured in all surgical cases. In 
particular, perfusion gradient of an intestine before resection was visualized and quantified by our iPPG laparoscope in all 
respective cases. It was also demonstrated that systemic administration of norepinephrine leads to a sharper gradient between 
well and poorly perfused areas of the colon. In four surgical cases, we have shown capability of the laparoscopic iPPG system 
for intra-abdominal assessment of perfusion in the anastomosed organs. Moreover, good repeatability of continuous long-
term measurements of tissue perfusion inside the abdominal cavity was experimentally demonstrated.
Conclusion Our study carried out in real clinical settings has shown that iPPG laparoscope is feasible for intra-abdominal 
visualization and quantitative assessment of perfusion distribution.
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Laparoscopically assisted surgery has low invasiveness and 
significantly reduces the time of subsequent recovery of the 
patient. Intraoperative assessment of intestinal perfusion 
plays a primary role in making surgical decisions when per-
forming reconstructive intestinal resections [1]. If perfusion 
could be monitored and quantified during the laparoscopic 
stage of surgery, the surgeon could change the reconstruc-
tive design at the earliest stage. However, during standard 
laparoscopy, an objective intraoperative assessment of the 
functional state and viability of biological tissues remains an 
unsolved task. In recent years, the most promising results in 
intra-abdominal assessment of intestinal perfusion have been 
demonstrated using near-infrared fluorescence (NIR) tech-
nology with indocyanine green (ICG) [2–4]. This method 
provides a full field of view of organs perfusion inside the 
abdominal cavity in real time. Since only a digital camera 
and appropriate tissue illumination are required to imple-
ment this modality, it can be easily integrated into a standard 
laparoscope [5]. This modality is commercially available in 
laparoscopic imaging cameras and surgical robots for mini-
mally invasive surgery. However, this technique requires 
injection of the fluorophore, and perfusion monitoring in 
the prolonged time scale is impossible. Therefore, search for 
alternative methods of intraoperative assessment of tissue 
perfusion inside the abdominal cavity is an urgent task [6].

Among the various techniques proposed for intraopera-
tive perfusion visualization, the methods of multispectral/
hyperspectral imaging (MSI/HSI) and laser-speckle-contrast 
imaging (LSCI) should be distinguished since these can be 
integrated with laparoscopes, as well. Currently, many dif-
ferent groups are developing MSI/HSI systems integrated 
with either endoscopic or laparoscopic optics to assess tis-
sue parameters in clinical settings [7–11]. Recently reported 
compact HSI-laparoscope [12] is a good example of the sys-
tem capable to quantitatively assess various tissue param-
eters. However, most of the experimental verifications were 
done either ex vivo or using phantoms. There are only few 
recent publications reporting the first trials of in vivo perfu-
sion imaging of organs and/or tissues inside an abdominal 
cavity by using MSI-laparoscope, two of them were per-
formed on animal models [9, 13], while Clancy et al. [10] 
demonstrated that MSI-laparoscope can derive quantitative 
measures of oxygen saturation in human tissue during colo-
rectal resection. However, perfusion assessment inside the 
abdominal cavity is always strongly affected by motion arti-
facts caused by peristalsis and breathing. To correct these 
artifacts, video frames should be recorded at the rate higher 
than 30 frames per second [10], which requires high light 
power in each spectral band. Consequently, available data 
are currently limited, and the definition of thresholds or 
cut-off values, which distinguish between well- and poorly 
perfused tissue and correlate with anastomotic healing, is 
still pending [6].

Similarly, there are few publications devoted to intra-
abdominal perfusion assessment using LSCI-laparoscopes 
[14–18]. Again, in most studies, experimental in vivo test-
ing was carried out on an animal model. First application 
of laparoscopic LSCI for in vivo blood-flow visualization 
in mesentery of rats and pigs was demonstrated by Zheng 
et al. [14]. The only study on in vivo imaging of organ perfu-
sion in humans using an LSCI laparoscope was carried out 
by Heeman et al. [15]. However, there are more challenges 
in developing the LSCI-based endoscope due to the com-
plex scattering and inevitable tissue motions in abdominal 
environments and/or inside the cavities [17]. Moreover, the 
results of the LSCI technique are ambiguous in interpreta-
tion due to multiple light scattering in biological tissue [19].

Recently, another optical modality, imaging photop-
lethysmography (iPPG) has been suggested as a simple and 
reliable tool for intraoperative visualization and contactless 
quantification of tissue blood perfusion [20, 21]. Like HIS/
MSI and LSCI modalities, iPPG also uses conventional 
video camera, but in contrast to former techniques, the tis-
sue is illuminated by green light provided by light-emitting 
diodes (LED). In addition, correlation-based processing of 
video frames synchronously recorded with electrocardio-
gram allows detection of tiny light modulations associated 
with cardiac activity against a highly variable background 
caused by inevitable strong tissue motion in abdominal envi-
ronment thus solving challenging task of reliable and sensi-
tive perfusion assessment in real clinical conditions. More 
recently, successful application of the iPPG system to visual-
izing and quantitative measuring the perfusion of stomach 
and bowel tissues during open surgery in clinical setting 
has been demonstrated in our group [22, 23]. It is worth 
noting that simultaneous intraoperative monitoring during 
open abdominal surgery by using iPPG and ICG revealed a 
high correlation in assessing the perfusion distribution along 
bowels by these methods [23].

The objective of this study was to develop an iPPG-based 
laparoscope and demonstrate in real clinical conditions its 
feasibility for visualization and quantitative assessment of 
perfusion distribution across organs or tissues inside the 
abdominal cavity during different minimally invasive sur-
geries related to oncological resection.

Materials and methods

The study was performed at the first surgical department of 
the North-Western District Scientific and Clinical Center 
named after L.G. Sokolov of the Federal Medical and Bio-
logical Agency (Saint-Petersburg, Russia) in accordance 
with ethical standards presented in the 2013 Declaration 
of Helsinki. The study plan was approved by the Ethics 
Committee of the North-Western District Scientific and 
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Clinical Center, decision No 3 of March 13, 2023 (prior 
of the study). All patients and/or their legal representatives 
provided informed consent in written form for participation 
in the study.

Nine patients with gastric or colorectal cancer were 
selected in this study as listed in Table 1. All surgical pro-
cedures were performed by board-certified laparoscopic 
surgeons at our Clinical Center. Maintenance of combined 
anesthesia during all operations was carried out accord-
ing to an author’s method [24], which provided the same 
conditions for performing different studies. During surgi-
cal treatment, we evaluated the perfusion of organs inside 
the abdominal space using an iPPG laparoscope at various 
stages of the operation to assess the limits of applicability of 
the developed system for intraoperative assessment of blood 
flow parameters. In particular, measurements were carried 
out when preparing a section of the intestine or colon for 
resection or transection, after anastomosis, or during physi-
ological tests. Several types of surgeries were used in this 
study: laparoscopic gastrectomy (n = 2), laparoscopic sig-
moid colectomy (n = 5), laparoscopic right hemicolectomy 
(n = 1), and diagnostic laparoscopy (n = 1), see Table 1. We 
evaluated the areas of the intestine (jejunum for gastrec-
tomy and colon for colorectal resection) that were supposed 
to be used for anastomosis. The exception was one case of 
diagnostic laparoscopy in which it was decided to refrain 
from resection due to intraoperative detection of dense 
inflammatory infiltrate due to diverticulitis. In other cases, 
measurements were made at different stages of dissection of 
the mesentery of the intestine: initial, after dissection of the 
mesentery before the transection of the intestine and after 
the formation of the anastomosis. In one case, during resec-
tion of the sigmoid colon, we were able to carry out meas-
urements at three stages of mesentery dissection: after high 
ligation of the inferior mesenteric artery, after high ligation 
of the inferior mesenteric vein and after complete intersec-
tion of the mesentery at the rectosigmoid level.

Photoplethysmographic laparoscopy system

In this study, we used standard laparoscopic equipment, 
namely an Olympus rigid 10-mm zero-degree laparoscope 
(model WA53000A Olympus). A powerful (50 W) light-
emitting diode operating at the wavelength of 525 nm is 
housed in a light supply unit “Endoscopic Illuminator 
EFA-M LED” (EFA Medica Ltd, St. Petersburg, Russia). 
The light is directed to a standard laparoscopic illumina-
tion channel by using fiber optic bundle 2.5 m long and 
5 mm in diameter (see Fig. 1). The laparoscope is attached 
to an endoscope coupler with a focal length of 25 mm and 
a C-mount connection on the Complementary Metal Oxide 
Semiconductor (CMOS) camera UI-3060CP-M-GL (Imag-
ing Development Systems GmbH, Germany). To improve 

the measurements accuracy and obtain reliable results, we 
recorded video of the organs and tissues inside the abdomi-
nal cavity simultaneously and synchronously with the elec-
trocardiogram (ECG). It was done by using digital electro-
cardiograph (KAP-01 “Kardiotekhnika-EKG,” Incart Ltd., 
St. Petersburg, Russia) using a standard ECG recording in 
three leads, with the placement of four electrodes on the 
patient's limbs. To synchronize the ECG and video data in 
time, the signal from the camera was connected to the fourth 
ECG pin (sync pulse) via the camera flash synchronization 
port. The images were captured using the C++ software 
developed in our group using the software library supplied 
by the camera manufacturer. Video was recorded at the rate 
of 21 frames per second with a resolution of 752 × 480 pixels 
and continuously stored in the personal computer in which 
the ECG recorded at the sampling frequency of 1 kHz was 
stored, as well.

Before recording the video, the surgeon directed the lapa-
roscope inside the abdominal cavity so that the organ or tis-
sue to be assessed for perfusion distribution were inside the 
field of view. The laparoscope was then fixed on a tripod to 
reduce the impact of motion artifacts.

Data processing

After being recorded and saved in the computer, video frames 
and ECG were processed offline by using custom software 
implemented on the MATLAB® platform (MathWorks Inc., 
Natick, Massachusetts). The total time required to process 
the recorded data and display the perfusion distribution on 
the screen did not exceed three minutes. The dynamics of the 
perfusion index was assessed in every small region of inter-
est (ROI) sizing 2 × 2 pixels, which corresponds to about 
40 × 40 μm at the tissue, by the algorithm described in detail 
in our previous papers [22, 23]. In brief, at the first step, we 
minimize inevitable motion artifacts compensating for the dis-
placement of separate parts of the digital image using sectorial 
optical flow algorithm [25]. Then, a photoplethysmographic 
(PPG) waveform was calculated as frame-by-frame evolution 
of the average pixel value in every ROI throughout the chosen 
time interval for analysis. To compensate for the inhomogene-
ity of tissue illumination, the ratio of the alternating compo-
nent (AC) of the PPG waveform modulated at the heartbeat 
frequency and slowly varying (DC) component (AC/DC ratio) 
was calculated. The time borders for each heartbeat were deter-
mined using the R-peaks of the synchronously recorded ECG. 
Thereafter, a mean PPG pulse was calculated by averaging the 
waveforms of 15 subsequent heartbeats. Finally, a parameter 
called an amplitude of the pulsatile component (APC) was 
calculated as the difference between the maximal and minimal 
values of the mean PPG pulse. The parameter APC was coded 
in pseudo colors and its spatial distribution was overlaid with 
the image of the tissue under study. Physiologically, it indicates 
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changes in arterial blood volume due to their pulsating nature: 
the greater variations of the vessels diameter regulated by the 
arterial tone, the higher amplitude of pulsations, i.e., APC [26, 
27]. As known, this parameter represents the tone of the blood 
supply vessels [26] and, consequently, its map displays spatial 
distribution of the perfusion index.

Statistical analysis

Basic statistics were used to analyze the results. Statistical 
analysis of the data was performed in the MATLAB® soft-
ware. The significance level was set to p = 0.05.

Results

Several comparative tests were performed to demonstrate 
feasibility of the proposed laparoscopic iPPG system to 
assess the perfusion of organs inside the abdominal cavity 
during different intestinal surgeries of the nine patients.

Changes in tissue perfusion caused by arterial 
clamping

Clamping of vessels feeding damaged organs should lead 
to a decrease in their perfusion. Intra-abdominal perfusion 
imaging using our iPPG laparoscope during the surgery 

of laparoscopic resection of the sigmoid colon in patient 
#3 experimentally confirmed this assumption as shown 
in Fig. 2. Comparing the spatial distribution of perfu-
sion before and after clamping and subsequent ligation 
of the feeding artery, a significant decrease in perfusion 
can be observed. The average perfusion index decreased 
from 1.84 ± 0.61% in Fig. 2A to 0.33 ± 0.11% in Fig. 2B; 
p < 0.001. The reaction to the artery ligation certainly 
depends on the individual characteristics of the collateral 
blood supply. In this particular case, ligation of the artery 
had a significant effect on the perfusion reduction, which 
should alert the surgeon to the diminished possibilities 
of perfusion compensation due to collaterals for this ana-
tomic zone.

Another example demonstrating the potential of the 
iPPG laparoscope for quantifying perfusion is shown in 
Fig. 3, where the distribution of the perfusion index before 
and after clamping of the feeding artery is compared dur-
ing laparoscopic sigmoid colon resection for patient #7. 
In this case, intra-abdominal assessment of the perfusion 
index of the sigmoid colon before any clamping (Fig. 3A) 
also demonstrated significantly higher perfusion compared 
to when both the feeding artery and venous vessels were 
clamped (Fig. 3B): 2.09 ± 1.01% versus 0.97 ± 0.24%; 
p = 0.02.

Fig. 1  The photoplethysmographic laparoscopy system developed 
in this study. A Layout of the system consisting of five major sub-
systems: a rigid laparoscope, a digital camera with a Complemen-
tary Metal–Oxide–Semiconductor (CMOS) matrix, a light source, a 

digital electrocardiograph (ECG), and a personal computer for data 
acquisition, processing, and displaying results. B Photograph of the 
system shortly before taking the intra-abdominal measurements
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Perfusion after anastomosis formation

With the help of our iPPG laparoscope, the initial dis-
tribution of perfusion in the intestine intended for anas-
tomosis was compared with that yielded after anastomo-
sis formation. All measurements were carried out inside 
the abdominal cavity. A typical example of visualization 
and quantification of perfusion during laparoscopically 
assisted gastrectomy is shown in Fig. 4. As can be seen 
from Fig. 4A, before the start of intestinal mobilization, 
there is a fairly uniform distribution of perfusion along 
the esophagus with average perfusion index of 2.0 ± 0.3%. 
However, after the anastomosis formation (Fig.  4B), 

intestinal perfusion increased significantly to 3.4 ± 0.7%, 
p < 0.001. At the same time, the index of esophageal perfu-
sion was at an even higher level of 5.3 ± 1.2%, p < 0.001. 
The red dashed line in Fig. 4B indicates the location of the 
anastomosis suture.

Nevertheless, increase in intestinal perfusion after anas-
tomosis formation shown in Fig. 4 is not uniquely observed 
dynamics. Evaluation of organs perfusion in the other four 
surgical cases showed that after anastomosis, perfusion in 
the intestine can change according to any scenario: increase 
(see Supplementary Fig. S1), decrease (see Supplementary 
Fig. S2), or remain at the level assessed before the anasto-
mosis (see Supplementary Figs. S3 and S4).

Fig. 2  Perfusion distribution in organs of patient #3 with the diag-
nosis of sigmoid colon cancer. Surgery: laparoscopic sigmoid colon 
resection. A Distribution of colon perfusion before any impact to 
abdominal organs. B Colon perfusion after dissection of colon mes-

entery and ligation of the feeding artery. The color scale of the index 
perfusion is the same for both panels and shown in the right (Color 
figure online)

Fig. 3  Perfusion distribution in organs of patient #7 with the diag-
nosis of sigmoid colon cancer. Surgery: laparoscopic sigmoid colon 
resection. A Distribution of colon perfusion before any clamping. B 

Colon perfusion after clamping both the feeding artery and venous 
vessels. The color scale of the index perfusion is the same for both 
panels and shown in the right  (Color figure online)
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Changes in tissue perfusion due to functional test

In the case of laparoscopically assisted anterior rectal resec-
tion, a physiological test was performed to assess changes 
in tissue perfusion due to an increase in the patient's blood 
pressure. After mesenteric resection, we started intra-
abdominal recording of sigmoid colon images, which lasted 
five minutes. At the 50th second of recording, the patient 
was injected with norepinephrine at a rate of 3.3 μg/min. The 
distribution of the perfusion index before the norepineph-
rine injection when the blood pressure was 93/51 mmHg 
is shown in Fig. 5A. Two minutes after the introduction of 
vasoconstrictor, the pressure increased to 103/59 mmHg 
and the perfusion distribution at this moment is shown in 
Fig. 5B. As one can see, the increase in blood pressure sig-
nificantly changed the intestinal perfusion: it increased in the 

left part of the intestine, and on the contrary, decreased in 
the right part. This is proof that the iPPG laparoscope allows 
both visualization and quantitative assessment of organ per-
fusion during laparoscopic operations. Yellow dashed lines 
in Fig. 5 indicate location of the steepest perfusion gradient. 
Therefore, the proposed method is sensitive to fluctuations 
in perfusion parameters and demonstrates their changes both 
during surgical manipulations and with the introduction of 
vasoactive substances.

Reproducibility of perfusion assessment

Study of the reproducibility of visualization and quantita-
tive assessment of perfusion inside abdominal cavity was 
carried out on three patients. Figure 6 shows the distribution 
of the perfusion index in the intestine and stomach after 

Fig. 4  Perfusion distribution in organs of patient #6 with the diag-
nosis of gastric cancer. Surgery: laparoscopic total gastrectomy. A 
Jejunum perfusion prior to any impact. The distribution of perfusion 
through the intestine is fairly uniform. B Perfusion after the anasto-

mosis formation. Compared to the basal recording, the perfusion of 
the jejunum increased significantly, and the perfusion of the esopha-
gus (to the left of the suture) increased even more. The color scale of 
the index perfusion is the same for both panels  (Color figure online)

Fig. 5  Perfusion distribution in organs of patient #1 with the diagno-
sis of sigmoid colon cancer. Surgery: sigmoid colon resection. Sig-
moid colon perfusion after mesenteric dissection and ligation the 
inferior mesenteric artery and vein. Pharmacological test: Change of 
the blood perfusion distribution due to norepinephrine injection. A 

Before norepinephrine (blood pressure 93/51 mmHg). B Two minutes 
after injection (blood pressure 103/59 mmHg). Location of the steep-
est perfusion gradient is indicated by yellow dashed line. The color 
scale of the index perfusion is the same for both panels  (Color figure 
online)
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anastomosis in the case of laparoscopic sigmoid colectomy 
(patient #9). As seen, both organs are perfused at a compa-
rable level, and perfusion is distributed fairly evenly across 
the anastomosis. No significant changes in perfusion were 
observed during seven minutes of continuous recording 
despite a significant change of the topology of organs viewed 
by the laparoscope in the course of measurements as can be 
easily seen comparing the photographs A and B in Fig. 6. 
Red dashed lines in Fig. 6 indicate the location of the staple 
line in the anastomosis.

The dynamics of perfusion changes for patient #9 is 
shown in more detail in Fig. 7, where box plots represent 
perfusion dispersion across the anastomosis, measured 
every 10 s. Relatively small size of boxes in Y-direction 

reflects the uniformity of the spatial distribution of the 
perfusion. An example of continuous long-term (7 min) 
visualization of perfusion dynamics across the anastomo-
sis is shown in Supplementary Video shot inside abdomi-
nal cavity.

More examples of the reproducibility tests are given in 
Supplementary Figs. S5 and S6. While in Fig. 6 we have 
shown the repeatability in time of homogeneous perfusion 
of anastomosed organs, Figs. S5 and S6 illustrate the repro-
ducibility in time of the assessed spatial perfusion gradient 
across an intestine. No statistically significant difference in 
the location of the perfusion gradient was revealed during 
40 min of measurements in the case of patient #4 (Fig. S5), 
as well as during 4 min for patient #8 (Fig. S6).

Fig. 6  Perfusion distribution in organs of patient #9 with the diagno-
sis of sigmoid colon cancer. Surgery: Laparoscopic sigmoid colec-
tomy with sigmorectoanastomosis reconstruction. Checking the 
repeatability of the perfusion visualization during prolonged continu-
ous measurements after the anastomosis formation. A Perfusion dis-

tribution measured at the beginning of recording. The perfusion index 
in both organs is the same. B Perfusion index after 7 mutes of record-
ing. Despite a significant change in the field of view of the laparo-
scope, the distribution of perfusion in the connected organs remains 
quantitatively unchanged  (Color figure online)

Fig. 7  Evolution of the index 
perfusion during of a prolonged 
continuous monitoring of the 
anastomosis blood supply 
inside the abdominal cavity for 
patient #9 with the diagnosis of 
sigmoid colon cancer



8927Surgical Endoscopy (2023) 37:8919–8929 

1 3

Discussion

Our study aims to demonstrate for the first time the suc-
cessful implementation of the laparoscopic iPPG system 
to support minimally invasive surgery in clinical setting. 
Its use proved to be safe and feasible in all patients. In 
this study, we used a standard laparoscope equipped with 
a monochrome CMOS camera to acquire intra-abdomi-
nal images of organs under study. We have developed an 
algorithm that allows us to quantify the spatial distribu-
tion of the perfusion index under conditions of significant 
dynamic changes in the topology of the organ under study. 
The main distinguishing feature of our algorithm is the 
correlation processing of video data recorded synchro-
nously with the ECG. With the developed laparoscopic 
perfusion imager, we were able to detect both compro-
mised intestinal perfusion and the distribution of perfusion 
across the organs after anastomosis. In addition, the pos-
sibility of long-term continuous quantification of perfusion 
distribution has been demonstrated.

Assessment of the spatial gradient of blood supply to 
the impacted organs is one of the most important factors 
influencing intraoperative decision-making. The param-
eters of blood flow can be influenced by numerous factors, 
the indicators of which are noticeably varying during a 
single surgery. However, it is the difference in the level 
of blood-flow parameters in different parts of a colon (or 
another organ) that gives the key to assessing the state 
of the organ’s perfusion in terms of surgically significant 
events. In our study, we have demonstrated for the first 
time a phenomenon of pharmacological enhancement 
of perfusion gradients. In particular, systemic adminis-
tration of norepinephrine lead to an increased gradient 
between well and poorly perfused areas of the colon due 
to an increased systemic arterial pressure. Notably that all 
perfusion assessments were carried out inside the abdomi-
nal cavity during laparoscopic surgeries in the operations 
theater. It is a reliable assessment of the perfusion gra-
dient, which is the main criterion used by the surgeon 
when choosing a resection line. Nevertheless, the opera-
tion involves many different stages, in particular, no less 
important is the control of perfusion in the anastomosed 
organs, during which an adequate intraoperative assess-
ment of intestinal perfusion is required to ascertain the 
viability of the newly formed anastomosis. As we have 
demonstrated, the iPPG-laparoscope successfully copes 
with this task.

The main advantage of the developed laparoscopic sys-
tem is the possibility to easily and continuously acquire 
new quantitative images during the surgery, representing 
the perfusion distribution along organs. It should be espe-
cially emphasized that the system allows for a quantitative 

assessment of the perfusion gradient inside the abdomi-
nal cavity in challenging conditions when different areas 
of the organs are displaced both relative to each other in 
arbitrary directions, and relative to the entrance pupil of 
the laparoscope.

Current limitation of the laparoscopic perfusion imager 
is an offline data processing. However, in the nearest future 
we will develop an advanced data processing algorithm that 
will allow continuous visualizing and quantifying perfusion 
in real time.

Conclusion

Imaging photoplethysmography, improved due to correlation 
processing of video data synchronously recorded with an 
ECG, can be easily combined with a standard laparoscope 
thus allowing intra-abdominal visualization and quantita-
tive assessment of perfusion distribution. This is a new 
technology that holds great potential for clinical applica-
tions in minimally invasive surgery. Our current study is an 
important step toward the clinical implementation of iPPG-
laparascope for minimally invasive surgery.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00464- 023- 10506-y.
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