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Chapter 1



Introduction and thesis outline



Introduction

Across surgical specialties, dreaded complications such as non-healing wounds, anastomotic
leakage, and flap necrosis remain a major cause of morbidity. For instance, anastomotic
leakage can occur in up to 41% of colorectal and oesophageal resections, fat necrosis in
free flap surgery is reported in up to 35%, and non-healing ulcers contribute to high rates
of amputation in patients with peripheral arterial disease (PAD) . These events are
associated with prolonged hospital stay, increased health care costs, and substantial impact
on patients’ quality of life 1. A common underlying factor in these complications
is inadequate tissue perfusion ¢!, While essential diagnostic tools exist to evaluate
macrovascular patency, such as ankle—brachial index, duplex ultrasound, and angiographic
techniques, they fail to capture local tissue perfusion. It is precisely at this microvascular
level that surgical outcomes are most directly determined, yet no objective method is
currently available to assess local microvascular perfusion perioperatively. This diagnostic
gap continues to challenge surgical decision-making, limiting the ability to predict tissue

healing, tailor interventions, and prevent complications.

Near-infrared fluorescence (NIRF) imaging with indocyanine green (ICG) has been
increasingly evaluated in clinical studies as a technique to visualize tissue perfusion.
The technique combines the intravenous injection of the fluorescent dye ICG with
illumination by near-infrared light and capture by a dedicated camera system, producing
a dynamic image of tissue perfusion. This imaging modality is attractive because it
relies on a safe intravenous dye that remains intravascular, thereby providing a real-
time representation of local blood flow with up to lem of penetration depth. Over the
past decade, NIRF imaging has found applications across various surgical domains,
including vascular, gastrointestinal and reconstructive surgery. In these settings, visual
interpretation of the fluorescence signal has been the primary approach. While larger
clinical studies, including randomized trials, have shown that this can yield significant
findings, interpretation remains qualitative and subject to considerable interobserver

variability, which is increasingly recognized as a major limiting factor %2V,

Quantitative analysis of the fluorescence signal has been explored as a way to overcome
the limitations of visual assessment. Instead of relying on a single visual impression,
the recorded video of the fluorescence signal can be converted into a time—intensity
curve, derived from a selected region of interest (ROI) in the tissue that reflects the
inflow and outflow of ICG and thereby tissue blood flow. From these curves, perfusion
parameters such as time-to-maximum intensity, inflow slope, or outflow characteristics
can be calculated. These metrics provide a numerical representation of perfusion,

(22-24

enabling objective and reproducible evaluation ). In this way, quantification offers

the potential to detect perfusion differences that may remain hidden to the human eye.
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Introduction and thesis outline

As a result, it has evolved into an active field of research, in which different perfusion

parameters are being explored for their robustness and clinical relevance.

Despite this promise, several challenges currently limit the clinical implementation of
quantitative ICG analysis. Research groups have applied different acquisition protocols,
varying in aspects such as camera distance, ICG dosage, and imaging systems, but it
remains unclear which of these factors contribute to variability in specific perfusion

22:227) Tn addition, no consensus

parameters and to what extent they influence the results ¢
exists on which perfusion parameters are most clinically relevant or how thresholds
should be defined ?*2¥. Furthermore, most investigations have been confined to single
subspecialties, further restricting the generalizability of findings. Together these issues
highlight the need not only for methodological standardization, but also for systematic

evaluation of applicability and clinical relevance across surgical domains.

This thesis addresses these gaps by evaluating quantitative ICG fluorescence imaging
across multiple surgical specialties and clinical contexts. The studies cover vascular surgery,
colorectal and oesophageal surgery, and reconstructive flap surgery, settings in which tissue
perfusion is a critical determinant of clinical outcome. Beyond demonstrating feasibility
and clinical applicability, the work critically examines variations in imaging protocols,
how this affects quantitative outcomes and explores strategies such as normalization to
improve comparability of data. Furthermore, the introduction of reference curves for
multiple vital tissues represents an important step toward standardized interpretation,

enabling results to be more widely generalizable.

The central aim of this thesis is to determine how quantitative ICG fluorescence analysis
can contribute to a more objective assessment of tissue perfusion. By addressing both
domain-specific applications and cross-disciplinary standardization, this thesis moves
beyond isolated investigations and provides a broader foundation for advancing the
technique from experimental use toward clinical implementation. Reliable perfusion
assessment using quantitative NIRF imaging could provide surgeons with a valuable tool to
refine surgical strategies, support data-driven decision-making, and reduce complications

related to inadequate tissue perfusion.
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Thesis outline

This thesis consists of eight chapters. Chapter 1 provides a general introduction to
this thesis, describing the clinical relevance of tissue perfusion within surgery, current
diagnostic limitations, and the potential of near-infrared fluorescence (NIRF) imaging
with indocyanine green (ICG), focusing on the added value of quantitative signal analysis.
Chapters 2 and 3 are set within the field of vascular surgery and focus on patients
with peripheral arterial disease (PAD). These chapters address the broader question of
how revascularization procedures can be optimized. Chapter 2 evaluates the potential of
quantitative NIRF imaging to predict clinical outcomes after revascularization. Chapter
3 examines the applicability of the angiosome concept in PAD patients by comparing

perfusion outcomes in directly and indirectly revascularized angiosomes.

Chapters 4 and 5 focus on gastrointestinal surgery, with the common aim of assessing
feasibility and characterizing quantitative perfusion patterns in tissue at risk of anastomotic
leakage. Chapter 4 investigates intraoperative perfusion measurements in colonic tissue
before resection. Chapter 5 describes intraoperative perfusion measurements in gastric

conduits prior to cervical anastomosis.

Chapter 6 presents the protocol of a multicenter randomized controlled trial, designed
to evaluate whether NIRF imaging can reduce fat necrosis after deep inferior epigastric
perforator (DIEP) and muscle-sparing transverse rectus abdominis myocutaneous (ms-

TRAM) flap breast reconstructions.

Chapter 7 takes a broader scope, investigating the establishment of quantified reference
curves for vital tissue perfusion across multiple tissues, based on measurements obtained

in five study cohorts from three hospitals.
Finally, Chapter 8 provides a general discussion of the findings presented in this thesis,

their implications for future research, and the potential role of quantitative NIRF imaging

in surgical decision-making.
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Abstract

Introduction

Contemporary quality control methods are often insufficient in predicting clinical
outcomes after revascularization in lower extremity arterial disease (LEAD) patients.
This study evaluates the potential of near-infrared fluorescence imaging with indocyanine

green to predict the clinical outcome following revascularization.

Methods

Near-infrared fluorescence imaging was per-formed before and within 5 days following the
revascularization procedure. Clinical improvement was defined as substantial improvement
of pain free walking distance, reduction of rest- and/or nocturnal pain, or tendency toward
wound healing. Time-intensity curves and 8 perfusion parameters were extracted from
the dorsum of the treated foot. The quantified post-interventional perfusion improvement

was compared within the clinical outcome groups.

Results

Successful near-infrared fluorescence imaging was performed in 72 patients (76 limbs,
52.6% claudication, 47.4% chronic limb-threatening ischemia) including 40 endovascular-
and 36 surgical/hybrid revascularizations. Clinical improvement was observed in 61
patients. All perfusion parameters showed a significant postinterventional difference in
the clinical improvement group (P-values <.001), while no significant differences were
seen in the group without clinical improvement (P-values .168-.929). Four parameters
demonstrated significant differences in percentage improvement comparing the outcome
groups (P-values within .002-.006).

Conclusion

Near-infrared fluorescence imaging has promising additional value besides clinical

parameters for predicting the clinical outcome of revascularized LEAD patients.
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ICG-NIRF for Outcome Prediction After Revascularization

Introduction

Lower extremity arterial disease (LEAD) affects over 230 million people worldwide
and the burden of this disease is increasing.! Besides medical treatment and supervised
walking therapy, improvement of peripheral perfusion through revascularization is
frequently performed in LEAD patients.? However, despite successful revascularization,
reintervention rates remain high, especially in patients suffering from chronic limb-
threatening ischemia (CLTT).** Presumably, a substantial amount of these intervention
rates can be attributed to technical failure of the initial revascularization procedure,
for example, stent or bypass occlusion.”” However, the lack of reliable (intraoperative)
information about improvement of tissue perfusion at skin level could also contribute to

the likelihood of undergoing successive interventions.

Currently, several modalities are used to measure the effect of a revascularization
procedure. Ankle-brachial index (ABI), toe pressure (TP) measurement, and radio- logical
imaging modalities are used to assess the post- interventional peripheral perfusion status;
however, they only provide macrovascular information.® The ABI is known to be unreliable
in patients with diabetes mellitus and chronic kidney disease due to medial calcinosis
and incompressible vessels.®” TP measurements can be more reliable in these patients,
yet variable diagnostic accuracy has been described besides impractical measurement
in toe amputation or ulceration.*® Additional imaging techniques consist of computed
tomography angiography (CTA), magnetic resonance angiography (MRA), digital
subtraction angiography (DSA), and duplex ultrasound (DUS). The added value of these
tools complementary to clinical judgment has been proven, though objectivation of
regional microvascular perfusion status can be of great added value as well, particularly in
patients with ischemic wounds.®’ This is underlined by current evidence that angiosome-
guided revascularization might improve outcome in this subgroup of LEAD patients."
Furthermore, the risk of developing contrast-induced nephropathy is a known lim- itation

of some conventional imaging techniques.'""?

Transcutaneous oximetry (TcP02) measures regional tissue oxygen pressure and is mainly
used to predict the likelihood of wound healing.®'* Other experimental microvascular
imaging techniques, including laser doppler flowmetry and hyperspectral imaging are
emerging, al- though evidence on the ability to predict interventional effectiveness is
still limited.®'¥'® Near-infrared (NIR) fluorescence imaging with indocyanine green
(ICG) is a promising technique able to assess regional microvascular tissue perfusion
and has already proven its value in various surgical disciplines.””'® This technique
uses the safe fluorescent coloring agent ICG to visualize blood flow. ICG emits a
fluorescence signal after absorbing NIR light from a laser or LED source, which

can be visualized by a NIR camera sensor creating real-time perfusion images.”
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'The usability of quantifying changes in the ICG NIR fluorescence signal has already been
evaluated as a seemingly promising quality control method after revascularization.”?*2* A
potentially beneficial consecutive application is to correlate these quantitative perfusion
changes to clinical outcome which could facilitate a more rapid interventional evaluation.
In a study by Colvard et al., NIR fluorescence imaging was performed in LEAD patients
undergoing revascularization, which demonstrated a significant improvement in
quantitative perfusion for patients with clinical improvement.” However, standardization
of quantification continues to be a challenge. Therefore, this study aims to address the
value of quantifying changes in standardized perfusion measurements for the prediction

of clinical outcome following revascularization in LEAD patients.

Methods

This prospective cohort study was approved by the Medical Research and Ethics Committee of
the Leiden University Medical Center. The NIR fluorescence imaging procedure and in- and
exclusion criteria were in accordance with a previously described protocol.? All patients who
underwent a technically successful revascularization and successful pre- and post- interventional
ICG NIR fluorescence imaging in a single academic hospital between July 2019 and December
2021 were included in this study. Patients which were included before implementation of ICG
NIR fluorescence imaging as standard of care provided written informed consent. All pa- tients
provided permission for data usage. Outpatient clinic follow-up was performed within 6 weeks
following the re- vascularization procedure according to protocol. Patients with either bypass
or stent occlusion on postoperative duplex ul- trasound imaging were defined as technical
failure and ex- cluded from analyses. Information concerning clinical outcome at the moment

of follow-up was obtained from the patient records.

Patients were divided in two groups depending on their clinical outcome: clinical
improvement or no clinical im- provement. Clinical improvement was defined as a substantial
improvement of pain free walking distance, reduction or disappearance of rest or nocturnal
pain, or tendency towards wound or ulcer healing assessed by the treating physician. Pre- and

postinterventional TP and ABI measurements were per- formed, if possible.

Measurement Setup

The Quest Spectrum Platform © (Quest Medical Imaging, Middenmeer, the Netherlands)
was used for the ICG NIR fluorescence imaging. This system uses a visible light engine
and an NIR light source (700-820 nm). Patients were administered an intravenous
bolus administration of .1 mg/kg indocyanine green (Verdye, Diagnostic Green GmbH,

Aschheim-Dornach, Germany) in an antecubital vein.

20



ICG-NIRF for Outcome Prediction After Revascularization

Following administration, the camera registered the near-infrared fluorescence intensity over
time in both feet for 10 min. Fluorescence measurements were performed by a senior clinical

researcher within 1 day prior to the intervention and within 5 days after the intervention.

Quantification

Post-process quantification of the fluorescence signal was performed using the Quest
Research Framework® (Quest Medical Imaging, Middenmeer, the Netherlands). This
soft- ware program generates absolute- and normalized time- intensity curves in a chosen
region of interest (ROI), which for this study was set at the dorsum of the foot on the
intervention side. A build-in motion tracker adjusted the image for foot movement during
the ICG NIR fluorescence measurement. Normalization of time-intensity curves was
per- formed according to a previously described protocol.?* Multiple inflow and outflow
parameters were extracted from the time-intensity curves, outlined in Supplemental Figure
1. The difference in pre- and postinterventional per- fusion parameters were described as
percentage changes. Percentage improvement of perfusion parameters was defined as an

increase in inflow parameter values and a decrease in outflow parameter values.

Statistical Analyses

Statistical analyses were conducted using IBM SPSS Statistics 25 (IBM Corp. Released 2017.
IBM SPSS Statistics for Windows, version 25.0. Armonk, NY, USA: IBM Corp.). The percentage
improvement of perfusion parameters were compared between the outcome groups with a
Mann-Whitney U test. Pre- and postinterventional perfusion parameters and conventional
ABI and TP were com- pared using the Wilcoxon signed rank test. Statistical outcomes were
significant when the P-value was <.05. Receiver operating characteristics (ROC) curves were

plotted depicting the predictive value of perfusion parameters for clinical improvement.

Results

Patient Characteristics

Successful pre- and postinterventional ICG NIR fluorescence imaging was performed in
72 patients (Table 1). No adverse events were observed, including no decline in kidney
function (eGFR) after ICG administration. The clinical improvement group consisted of 61
patients (65 limbs). Within this group, 37 limbs were classified with claudication (56.9%)
and 28 limbs were classified with CLTT (43.1%), of which 12 limbs had wound(s) (42.9%).
Surgical revascularization was performed in 30 limbs, endovascular revascularization

in 30 limbs and a hybrid procedure in five limbs (46.2, 46.2%, and 7.6%, respectively).

21

2



Eighteen limbs were revascularized at an aortoiliac level (27.7%), 41 limbs at a femoro-popliteal
level (63.1%), and six limbs (9.2%) at a crural level. The mean follow-up was 38.3 (+20.6)
days. No clinical improvement was re- ported in 11 patients (11 limbs). The characteristics
of patients without clinical improvement are shown in Supplementary Table 1. Three limbs
were classified with claudication (27.3%) and eight limbs were classified with CLTT (72.7%),
of which seven had wound(s) (87.5%). Ten limbs were treated endovascularly (90.9%) and one
limb was treated surgically (9.1%). Three limbs (27.2%) were revascularized on an aortoiliac
level, four limbs (36.4%) were treated on femoral/popliteal level, and four limbs (36.4%) were
treated on a crural level. The mean follow-up was 27.3 (£17.1) days.

Table I. Patient characteristics®

Clinical No clinical Total
improvement improvement
(n = 61, limbs = 65) (n =11, limbs = 11) (n =72, limbs = 76)

Age (years) 70.1 + 8.0 73.3+£7.6 70.6 + 8.0
Body Mass Index 26.1+4.3 274+ 4.8 26.3 +4.4
Female — n (%) 26 (42.6) 6 (54.5) 32 (44.4)
Hypertension — n (%) 45 (73.8) 9 (81.8) 54 (75)
Diabetes — n (%) 21 (34.4) 6 (54.5) 27 (37.5)
Active smoking — n(%) 11 (18) 4 (36.4) 15 (20.8)
History of smoking — n (%) 56 (91.8) 7 (63.6) 63 (87.5)
Missing 1(1.6) 0 1(1.4)
Renal insufficiency — n (%) 3 (4.9) 2(18.2) 5(6.9)
Baseline ABI 0.7+0.3 0.6+0.3 0.7+0.3*
Baseline TP (mmHg) 67.5 + 30.4 46.7 +22.9 66.0 +30.2°
Mean follow-up (days) 38.3 £20.6 27.3 171 36.9 +20.2
Clinical presentation — n (%)

Claudication 37 (56.9) 3 (27.3) 40 (52.6)

CLTI 28 (43.1) 8 (72.7) 36 (47.4)
Wound(s) 12 (42.9) 7 (87.5) 19 (52.8)
Type of revascularization — n(%)

Endovascular 30 (46.2) 10 (90.9) 40 (52.6)

Surgical 30 (46.2) 1(9.1) 31 (40.8)

Hybrid 5 (7.6) 0 5 (6.6)
Level of revascularization — n (%)

Aortoiliac 18 (27.7) 3(27.2) 21 (27.6)

Femoral/popliteal 41 (63.1) 4 (36.4) 45 (59.2)

Crural 6(9.2) 4 (36.4) 10 (13.2)

* Plus-minus values are means + SD
a Obtained in n=56 limbs
b Obtained in n=42 limbs

Abbreviations: ABI, Ankle Brachial Index, TP, Toe Pressure, CLT1, Chronic Limb-Threatening Ischemia
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Outcomes

Pre- and postinterventional results of the ICG NIR fluorescence measurements are
displayed in Table 2. A flow- chart of two included patient cases with- and without
clinical improvement and corresponding pre- and post- interventional fluorescence signal
is displayed in Figure 1. All 8 perfusion parameters in the clinical improvement group

displayed a significant postinterventional difference with P-values <.001.

No significant differences were observed for the same parameters in the group without clinical
improvement (P-values between .168 and .929). The percentage improvement of all perfusion
parameters in both groups are displayed in Table 3 and Figure 2. Significant differences
in percentual improvement comparing the outcome groups were observed in four inflow
parameters (absolute slope: = .006, ingtess rate: P = .004, normalized slope: ”=.003, and time
to maximum intensity (Tmax): P = .002). Of these parameters, the normalized slope, ingress
rate, and Tmax showed positive median percentage improvements in the clinical improvement
group, while negative median per- centage improvements were seen in group without clinical
improvement. Outflow parameters and the maximum intensity (Imax) displayed no significant

differences in per- centage improvement between the outcome groups.

A significant postinterventional increase in ABI and TP was observed within the clinical
improvement group, while no significant difference in ABI and TP was seen in the group
without clinical improvement (P = <.001, P = <.001; P = .398, P = .655, respectively).
Receiver operating characteristics (ROCs) curves of the four significantly differing inflow
parameters are presented in Figure 3. The area under the ROC curves was similar in all
four parameters: .759 for the absolute slope (Figure 3A), .769 for ingress rate (Figure 3B),
.783 for normalized slope (Figure 3C), and .790 for Tmax (Figure 3D).

Table II. Pre- and postinterventional ICG NIR fluorescence parameters

Clinical improvement No clinical improvement

Pre Post Pre Post
Parameters Median Median P Median Median P

(quartiles) (quartiles) (quartiles) (quartiles)

Imax 33.7 (23.3/ 44.0)  46.8 (32.5/59.7) <0.001 46.6 (39.4/ 66.1) 55.8 (43.3/80.1) 0.328
Absolute slope 1.0 (0.5/ 2.0) 2.4 (1.3/ 4.0) <0.001  2.6(1.1/5.3) 3.4 (1.1/ 4.0) 0.790
Ingress rate 0.3 (0.2/0.8) 1.0 (0.4/ 2.0) <0.001 1.1 (0.4/2.4) 1.4 (0.4/2.1) 0.929
Normalized slope 3.3(2.2/44) 5.5 (3.6/ 7.4) <0.001  5.2(2.8/8.2) 6.1(2.5/6.7) 0.534
Tmax 88.5(50.0/151.5) 43.5 (24.7/ 81.9) <0.001 49.3 (18.9/79.8) 52.2(21.8/143.6) 0.168

AUC egress 60 96.8 (94.1/97.8)  92.7 (86.7/96.7) <0.001 92.2(76.7/97.5)  92.9 (81.3/97.1)  0.859
AUC egress 120 92.2 (85.7/94.6)  88.5(76.0/ 91.0) <0.001 84.7 (67.4/93.5) 81.5(70.4/91.6) 0.575
AUC egress 180 86.3 (77.2/90.3)  78.2(69.0/ 86.0) <0.001 79.3 (60.6/ 88.3) 74.5(63.4/87.0) 0.721

Abbreviations: Imax, maximum intensity, Tmax, Time to Maximum intensity, AUC, Area Under the Curve
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Table ITI. Percentual improvement perfusion parameters after revascularization

Clinical improvement No clinical improvement
Parameters Median percentage Median percentage ?
(quartiles) (quartiles)

Imax 27.9 (-0.6/ 66.2) 2.1 (-10.1/ 38.4) 0.142
Absolute slope 119.8 (-1.9/ 249.3) 31.0 (-32.5/ 47.1) 0.006
Ingress rate 127.8 (2.5/ 298.5) -15.3 (-36.1/ 52.6) 0.004
Normalized slope 55.0 (1.3/ 131.6) -4.1 (-32.8/ 8.5) 0.003
Tmax 39.5 (8.9/ 66.3) -11.8 (-57.1/ 13.8) 0.002
AUC egress 60 2.2 (-0.8/ 8.0) 0.4 (-4.4/ 4.3) 0.235
AUC egress 120 4.9 (-0.3/ 12.8) 1.4 (-4.8/ 7.0) 0.186
AUC egress 180 7.4 (0.0/ 16.4) 1.1 (-5.0/ 8.1) 0.104

Abbreviations: Imax, maximum intensity, Tmax, time to max, AUC, area under the curve

Figure 3. Receiver operating characteristic (ROC) curves for the percentual improvement of the absolute slope
(A, AUC: .759 £ .056), ingress rate (B, AUC: .769 + .069), normalized slope (C, AUC: .783 + .058), and time
to max (D, AUC: .790 + .066) for predicting clinical improvement.
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Supplemental Figure 1. Time-intensity curve with extracted parameters. Abbreviations: a.u., arbitrary units;
AUC, Area Under the Curve; Tmax, Time to Max

Discussion

This study evaluates the potential of ICG NIR fluorescence imaging as an additional
tool for the prediction of clinical outcome following lower extremity revascularization.
A significant percentage improvement was seen in several inflow parameters for patients
with clinical improvement. Moreover, no significant pre- and postinterventional
improvement was seen for the same parameters in patients without clinical improvement.
These results demonstrate the promising usability of quantitative ICG NIR fluorescence
imaging for predicting clinical outcome after revascularization and imply a strong
recommendation for further appraisal of this application considering the potentially
clinically relevant added value. Direct intraoperative or postinterventional assessment
of perfusion alterations using this technique could provide guidance in deciding the

extensiveness of a revascularization and in personalizing follow-up and treatment strategy.

Several studies already showed the usefulness of quantitative ICG NIR fluorescence
imaging as a quality control measure following revascularization.”?°** Igari et al. showed
the ability of multiple perfusion parameters to demonstrate changes in peripheral perfusion
after revascularization.?! Although quantitative ICG NIR fluorescence imaging can be used
to quantify postinterventional changes in peripheral perfusion, evidence on predicting

the clinical outcome is limited.

28



ICG-NIRF for Outcome Prediction After Revascularization

In a study performed by Colvard et al, ICG NIR fluorescence measurements before and
after revascularization demonstrated significant improvement of perfusion parameters in
patients with clinical improvement, while no significant changes were observed for patients
without clinical improvement.?® Unlike the present study, Colvard et al. analyzed the
plantar surface of the foot and only three absolute intensity-related perfusion parameters

were analyzed.

Predicting the extent of successful outcome following different intervention types and in
various patient groups remains a substantial challenge. The present study cohort consisted
of claudication and CLTT patients, in whom the definition of clinical improvement is
subjective and varies considerably. Besides, foot-related problems of CLTT patients are
directly evaluated by perfusion assessment with ICG NIR fluorescence, while claudicants
suffer from lower leg muscle malperfusion which is therefore more indirectly evaluated
by detecting perfusion alterations of the foot. Furthermore, endovascular revascularized
patients shown higher re- intervention rates compared with surgical treatment, therefore
creating more room for improvement in this group.* A large prospective trial (n =
452) demonstrated long-term re- intervention rates after a percutaneous transluminal
angioplasty (PTA) to be 25.9% while 18.3% after bypass surgery in CLTT patients.* The
present study examined relatively short- term clinical outcomes defined as symptom- or
wound improvement. However, LEAD is a chronic disease which makes the prediction
of long-term clinical outcome such as re- intervention rate and amputation free survival

relevant as well, especially in advanced CLTT.

Several large studies tried to create a prognostic scoring system for these clinical outcomes
in CLTI, resulting in the wound, ischemia, and foot infection (Wifl) classification for
instance.” A variety of clinical parameters, as well as outcomes of diagnostic tools were
included as risk elements, emphasizing the broad variety of components influencing the
clinical outcome.? These diagnostic tools include post- intervention ABI and TP changes
which were shown to be of added value and often sufficient in predicting clinical out-

6-8.27.28 Rurthermore,

come, yet both tools are ineffective in several common circumstances.
TcP02 is able to predict the likelihood of wound- and ulcer healing in CLTT patients;
however, research shows that optimal postinterventional cutaneous oxygenation levels can
take up to 4 weeks to be reached.®*? ICG NIR fluorescence can be more broadly applied

with the only requirement that a patient has no contra- indication for ICG.

In this explorative study, quantitative ICG NIR fluorescence has proved its potential
for predicting clinical outcome after revascularization, though performing an accurate
predictive value analysis along with cut-off points for percentual parameter improvement

was not feasible due to the small sample size.
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The heterogeneity of intervention types, level of revascularizations and clinical
presentations (claudication/CLTT) limits this study and are recommended to be included
in sub-analysis when accurately assessing the predictive value of this technique is a larger
cohort. Furthermore, the assessment of wound healing by the treating physician was
subjective in this study and could be improved by using more objective wound healing

measures.

Early detection of perfusion alterations through quantitative ICG NIR fluorescence could
lead to a more accurate prediction of postinterventional clinical outcome and if necessary
to a more rapid transition towards the following interventional treatment step instead of
awaiting symptom- or wound improvement. This would allow for better interventional
decision making and more personalized follow-up. Additionally, intraoperative assessment
of perfusion alterations in for instance endovascular revascularizations could potentially
be used to immediately decide whether the intervention should be extended. In these
circumstances, intra- arterial administration of ICG might be beneficial relative to
intravenous administration for immediate perfusion assessment.’® These applications
are recommended to be investigated in future studies for providing reliable guidance in

revascularization strategy.

Conclusion

The present study shows a significant improvement of perfusion measured with ICG NIR
fluorescence imaging in patients with clinical improvement following revascularization.
Interestingly, no significant improvement was seen in patients without clinical
improvement. This study underlines the potential of ICG NIR fluorescence in addition
to clinical examination for predicting the clinical outcome after revascularization. These
findings should be confirmed by future studies, additionally evaluating possible cut-off

values for reliable inflow parameters.
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Abstract

Background

The angiosome concept is defined as the anatomical territory of a source artery within
all tissue layers. When applying this theory in vascular surgery, direct revascularization
(DR) is preferred to achieve increased blood flow toward the targeted angiosome of the
foot in patients with lower extremity arterial disease (LEAD). This study evaluates the
applicability of the angiosome concept using quantified near-infrared (NIR) fluorescence

imaging with indocyanine green (ICG).

Methods

This study included patients undergoing an endovascular- or surgical revascularization of
the leg between January 2019 and December 2021. Preinterventional and postinterventional
ICG NIR fluorescence imaging was performed. Three angiosomes on the dorsum of
the foot were determined: the posterior tibial artery (hallux), the anterior tibial artery
(dorsum of the foot) and the combined angiosome (second to fifth digit). The angiosomes
were classified from the electronic patient records and the degree of collateralization
was classified based on preprocedural computed tomography angiography and/or X-ray
angiography. Fluorescence intensity was quantified in all angiosomes. A subgroup analysis
based on endovascular or surgical revascularized angiosomes, and within critical limb

threatening ischemia (CLTI) patients was performed.

Results

ICG NIR fluorescence measurements were obtained in 52 patients (54 limbs) including
a total of 157 angiosomes (121 DR and 36 indirect revascularizations [IR]). A significant
improvement of all perfusion parameters in both the directly and indirectly revascularized
angiosomes was found (P-values between <0.001-0.007). Within the indirectly
revascularized angiosomes, 90.6% of the scored collaterals were classified as significant.
When comparing the percentual change in perfusion parameters between the directly and
indirectly revascularized angiosomes, no significant difference was seen in all perfusion
parameters (P-values between 0.253 and 0.881). Similar results were shown in the CLTI
patients subgroup analysis, displaying a significant improvement of perfusion parameters
in both the direct and indirect angiosome groups (P-values between <0.001 and 0.007),
and no significant difference when comparing the percentual parameter improvement
between both angiosome groups (P-values between 0.134 and 0.359). Furthermore, no
significant differences were observed when comparing percentual changes of perfusion
parameters in directly and indirectly revascularized angiosomes for both endovascular

and surgical interventions (P-values between 0.053 and 0.899).
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Conclusions

This study proves that both DR and IR of an angiosome leads to an improvement of
perfusion. This suggests that interventional strategies should not only focus on creating
in-line flow to the supplying angiosome. One can argue that the angiosome concept is

not applicable in patients with LEAD.
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Introduction

The angiosome concept was first described within the field of reconstructive surgery.! The
authors defined an angiosome as the anatomical territory of a source artery within all tissue
layers. Six angiosomes were identified in the foot, each originating from 3 source arteries
and their branches: the anterior tibial artery (ATA), the posterior tibial artery (ATP), and
the peroneal artery (AP). In lower extremity arterial disease (LEAD) patients with ischemic
wounds, it seems rational to target the revascularization to the angiosome that supplies the
site of the ulcer, known as direct revascularization (DR). Several studies, including meta-
analyses, showed that angiosome-targeted revascularization increased wound healing.*”
In contrast, a study by Rother et al. demonstrated no significant difference comparing the
microvascular perfusion improvement after DR or indirect revascularization (IR) using
near-infrared (NIR) fluorescence.® Furthermore, literature suggests to separate surgical and
endovascular interventions, as the angiosome theory might be of greater relevance in the
latter.” Although frequently investigated, critics consider the clinical applicability of the
angiosome theory as debatable as the growth of collateral vessels in the lower extremities will
interfere with the borders of the angiosomes. Both Spillerovd et al. and Jongsma observed
improved wound healing after IR when substantial collateralization was present. For the
evaluation of the angiosome concept in vivo, reliable quantification of local tissue perfusion
is essential. Different methods have been used to objectify microcirculation, including single-
photon emission computed tomography (CT), light guided spectrometry and laser doppler
flowmetry.!”"! NIR fluorescence imaging with indocyanine green (ICG) for the evaluation
of tissue perfusion in patients with LEAD seems promising.'* This technique has already
been used for intraoperative guidance in multiple medical fields, including reconstructive

and oncologic surgery.'*'¢

Furthermore, it has shown promising results in LEAD patients as
quality control following revascularization.'>7° After intravenous administration of ICG,
an intravascular fluorophore, the fluorescence intensity can be quantified depicting an in and
outflow perfusion pattern of the imaged tissue. Combining ICG NIR fluorescence imaging
and the angiosome concept can provide further insight in perfusion patterns following
revascularization and guide treatment for patients with LEAD. This study compares
preinterventional and postinterventional ICG NIR fluorescence measurements between
DR and IR for both endovascular and surgical interventions. Additionally, the effect of

collateralization on postinterventional perfusion after IR is evaluated.

Methods

'This prospective cohort study was approved by the Medical Research and Ethics Committee
of the Leiden University Medical Center and was performed in a single Dutch Academic
Medical Center. Patients classified with Fontaine 2a to Fontaine 4 disease stage who underwent

a revascularization procedure between July 2019 and December 2021 were included.
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DR was defined as an achievement of inline flow to the corresponding angiosome and IR
when in-line flow was not achieved. Collateral grading was performed by 2 independent
interventional radiologists. The classification of the collaterals was based on the most
recent preprocedural CT angiography and/or catheter angiography. The collateral grade
was classified as ‘substantial” when collaterals were visible for 25% of the calf length
and/or estimated to be 50% of the corresponding crural artery diameter and/or when
objectified as an extensive amount. Preinterventional ankle-brachial index and toe pressure

measurements were performed if feasible.

ICG NIR Fluorescence Imaging

Preinterventional and postinterventional ICG NIR fluorescence images of the dorsum
of the foot were obtained in accordance with a previously described protocol.20 ICG
NIR fluorescence imaging was performed using the Quest Spectrum Platform (Quest
Medical Imaging, Middenmeer, the Netherlands). Quantification of the measured ICG
NIR fluorescence intensity was performed using the Quest Research Framework (Quest
Medical Imaging, Middenmeer, the Netherlands). The quantification software program
generated absolute and normalized time-intensity curves out of all regions of interests
(ROIs). The method of normalizing the time-intensity curves was in accordance with a
formerly described protocol.?” A total of 10 perfusion parameters were extracted from the
time-intensity curves, displayed in Supplemental Figure 1. A postinterventional increase of
inflow parameters and decrease of outflow parameters was considered as an improvement

of perfusion status.

Angiosome Concept

The ATA from which the dorsalis pedis artery (ADP) originates feeds the complete dorsum
of the foot. However, the lateral plantar artery partially feeds the anterior part, the AP the
lateral part, and the superficial medial plantar artery the medial part. The ATP supplies
the medial ankle and plantar foot consisting out of 2 angiosomes; the lateral and medial
plantar angiosome. The lateral plantar artery of the ATP is the most common to feed
the hallux. However, the hallux can also be part of the medial plantar angiosome or
the dorsalis pedis. The lesser toes are fed by both the lateral plantar angiosome and the
dorsalis pedis angiosome with a variability depending on the dominance of the lateral
plantar or dorsalis pedis artery. The AP feeds the lateral calcaneal artery which supplies the
plantar heel and lateral ankle."?*?* The selected ROIs were based on the angiosome theory:
(1) the hallux angiosome classified as supplied by the ATP, (2) The dorsal angio- some
supplied by the ADP (ATA) and (3) the lesser toes defined as the combined angiosome
(ADP/ ATP) (Fig. 1).
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Supplemental Figure 1. Time-intensity curve with extracted parameters. Abbreviations: a.u., arbitrary units;

AUC, Area Under the Curve; Tmax, Time to Max

Figure 1. The classified dorsal angiosomes. Abbreviations: ADP, Arterial Dorsalis Pedis, ATP, Arteria Tibialis
Posterior
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Statistical Analyses

Preprocedural and postprocedural perfusion parameters were compared in the DR and
IR groups for all patients and in the critical limb threatening ischemia (CLTI) subgroup
using the Wilcoxon signed-rank test. Percentual changes of the perfusion parameters
preinterventionally and postinterventionally comparing the DR and IR groups for all
patients and in the CLTI subgroup was performed using the Mann-Whitney U test.
A subanalysis based on either endovascular or open surgical revascularization was performed
comparing the percentual change of the perfusion parameters after DR and IR using the Mann-
Whitney U test. Statistical analysis was performed using IBM SPSS Statistics 25 (IBM Corp.
Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.).

Results

Patient Characteristics

Preinterventional and postinterventional ICG NIR fluorescence imaging was successfully
performed in 52 patients (54 limbs), displayed in Table I. Fontaine stage 2a was classified
in 6 limbs (11.1%). Fontaine stage 2b was classified in 26 limbs (48.2%) and CLTI
considered as Fontaine stage 3 and 4 was classified in 22 limbs (40.7%). Endovascular
revascularization was performed in 26 limbs (48.2%) and surgical intervention in 24
limbs (44.4%). A hybrid intervention was performed in 4 limbs (7.4%). Revascularization
on femoral and/or popliteal level was performed in 40 limbs (74.1%) and 12 limbs were
treated on aortoiliac level (22.2%). Two limbs were treated on a crural level (3.7%). A total
of 157 angiosomes were identified, of which 121 were directly and 36 were indirectly
revascularized. Collateral grading was performed in the IR group consisting of 24 limbs
(36 angiosomes). Consensus in collateral grading was achieved in all cases. Significant
collaterals were scored in 19 limbs, insignificant collaterals in 3 limbs and unclassifiable
collaterals in 2 limbs due to insufficient contrast on preoperative CT angiography imaging

and/or missing lower limb angiographic images.

Angiosome Characteristics

Characteristics per angiosome are displayed in Table II. Fontaine stage 2b was classified in the
limbs of 60 DR angiosomes (49.6%) and 18 IR angiosomes (50.0%) and CLTT was classified in
44 DR and 17 IR angiosomes (36.4% and 47.2%, respectively). Sixty-two DR (51.2%) and 14
IR angiosomes (38.9%) were endovascularly treated. Surgical intervention was performed in 49
DR and 20 IR angiosomes (40.5%, and 55.5%, respectively). Revascularization in the femoral/
popliteal area was performed in 84 DR (69.4%) and 32 IR angiosomes (88.9%).
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Table I. Patient characteristics *

Total

(n=52, limbs=54)
Age (years) 70.2 7.5
Female — n(%) 24 (46.2)
Body mass index 25.8 +4.8
Diabetes — n(%) 15 (28.8)
Active smoking — n(%) 11 (21.2)
Smoking history — n(%) 48 (92.3)
Renal insufficiency — n(%) 1(1.9)
Hypertension — n(%) 35 (67.3)
Baseline TP (mmHg) 89.6 +42.4*°
Baseline ABI 0.7+0.3"
Fontaine stage — n(%)
2a 6 (11.1)
2b 26 (48.2)
3 13 (24.0)
4 9 (16.7)
Type of revascularization — n(%)
Endovascular 26 (48.2)
Surgical 24 (44.4)
Hybrid 4 (7.4)
Level of revascularization — n(%)
Aortoiliac 12 (22.2)
Femoral/popliteal 40 (74.1)
Crural 2 (3.7)
Angiosomes — n(%)
Total 157
DR 121 (77.1)
IR 36 (22.9)

* Plus-minus values are means + SD
* Obtained in n=37 limbs
® Obtained in n=41 limbs

Abbreviations: TP, toe pressure, ABI, ankle-brachial index, DR, direct revascularization, IR, indirect

revascularization
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Table II. Angiosome characteristics

DR (n=121) IR (n=36)
Fontaine stage — n(%)
2a 17 (14.0) 12.8)
2b 60 (49.6) 18 (50.0)
3 30 (24.8) 8(22.2)

14 (11.6) 9 (25.0)

Type of revascularization —n(%)
Endovascular 62 (51.2) 14 (38.9)
Surgical 49 (40.5) 20 (55.5)
Hybrid 10 (8.3) 2(5.6)
Level of revascularization — n(%)
Aortoiliac 33 (27.3) 3 (8.3)
Femoral/popliteal 84 (69.4) 32 (88.9)
Crural 4(3.3) 1(2.8)

Abbreviations: DR, direct revascularization, IR, indirect revascularization

ICG NIR Fluorescence Results

Preprocedural and postprocedural ICG NIR fluorescence parameter values and percentual
improvement for the DR and IR groups within all patients are depicted in Table III and
within the CLTT subgroup in Table I'V. Preinterventional and postinterventional normalized
time-intensity curves for the DR and IR groups are displayed in Figure 2. A schematic
overview of an endovascular treated patient along with corresponding normalized time-
intensity curves is presented in Figure 3. All postprocedural perfusion parameter values
changed significantly compared to the preinterventional values for both the DR (P-values
<0.001) and IR groups (P-values between <0.001 and 0.007). A median percentual
improvement was observed for all 10 perfusion parameters in both the DR and IR groups.
When comparing the percentual improvement of perfusion parameters between the DR
and IR groups, no significant differences were shown for all perfusion parameters (P-values
between 0.253 and 0.881). In the CLTI subgroup analysis, the perfusion parameters
changed significantly after both DR and IR (P-values between <0.001 and 0.003, 0.004
and 0.007, respectively). No significant difference was shown when comparing the percentual
improvement of the perfusion parameters between the DR and IR groups (P-values between
0.134 and 0.359). Results of the subgroup analysis comparing the percentual improvement
of perfusion parameters between the DR and IR groups within the endovascular and
surgical procedure subgroups are displayed in Supplementary Table I. In both subgroups, all
perfusion parameters displayed positive median percentual improvements and insignificant
differences were seen when comparing the percentual improvement between the DR and IR
groups (open: P-values between 0.053 and 0.899, endo: P-values between 0.290 and 0.883).
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Figure 2. Pre- and postinterventional normalized time-intensity curves for the direct and indirect revascularized
angiosome groups displayed as mean with standard deviations.

Figure 3. Overview of an endovascular revascularized AFS patient with an untreated ATP occlusion resulting
in two direct and one indirect treated angiosome. Corresponding pre- and postinterventional normalized
time-intensity curves are displayed. Abbreviations: AFS, Arteria Femoralis Superficialis, ATP, Arteria Tibialis
Posterior, DR, Direct Revascularization, IR, Indirect Revascularization
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Discussion

This study shows that perfusion measured with ICG NIR fluorescence significantly
increased for both the DR and the IR groups after surgical and endovascular
revascularization. Moreover, no difference in the degree of perfusion improvement was
found between the DR and IR groups. The same results were seen when solely evaluating
patients with CLTT. The significant increase in perfusion after revascularization measured
by NIR fluorescence for both DR and IR is in line with the study of Rother et al.,
which evaluated perfusion changes in bypass surgery patients.® Notwithstanding, others
have argued that the angiosome concept might be of greater importance in endovascular
revascularizations as during bypass surgery the most optimal outflow artery is selected.>*
Yet the subgroup analysis in this study displays no significant difference comparing DR
and IR in both the surgical and endovascular revascularization subgroups. Several studies
investigated the clinical outcome in patients undergoing IR, showing similar clinical
results compared to patients undergoing DR in case of present collaterals.”>*” The high
percentage of patients treated with IR and significant collaterals in this study (86.4%),
possibly reflecting to the population with LEAD, could therefore explain the significant
improvement of perfusion parameters in the IR group. Comparison of perfusion changes
using ICG NIR fluorescence in IR patients with and without significant collaterals would
be highly relevant; however, it was not feasible in this study due to the limited sample
size. Furthermore, the method for grading of collateralization is very heterogeneous
in literature. The single-grade scoring system of collaterals in this study was based on
2 articles, which assessed the length, size, and number of collaterals.?®? The use of a
validated and unambiguous collateral scoring system is preferable for a more accurate
future evaluation of this matter. The presence of choke vessels, as demonstrated by Taylor
and Palmer in 1987, should also be taken into account.! Choke vessels connect adjacent

arterial territories and therefore contribute to the variability in angiosomes borders.

In addition, the anatomical variance and pre- domination of different arteries within patients
make it even more complicated to agree on 1 angiosome map.**?%%° These major interpatient
differences combined complicate the uniform and precise evaluation of the angiosome concept’s
value in revascularization decision-making. The results of this study are additionally limited
by the sole evaluation of dorsal angiosomes and the small amount of crural revascularizations.
Another mentionable topic of consideration is the effect of diabetes on the applicability
of the angiosome concept. This patient subgroup is known for prolonged wound healing
and inferior collateralization compared to nondiabetics, resulting in a potentially increased
clinical benefit from DR.%*"32 ICG NIR fluorescence is a useful tool to evaluate microvascular
perfusion status. As microvascular dysfunction usually occurs in diabetic patients,

fluorescence imaging is specifically applicable in evaluation of perfusion for this group.?3-%5
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This study population was too small for adequate comparison of the perfusion difference
between diabetics and nondiabetics. Several reviews have given an overview of the
literature on the use- fulness of the angiosome concept in procedural decision-making.?”
Although DR seems to be of added value in certain clinical situations and patient
groups, the included studies were heterogeneous and the quality of evidence was very
low, resulting in the recommendation to further investigate the concept’s applicability.
Perfusion assessment using ICG NIR fluorescence has already proven its potential as
quality control method following revascularization.’>2° Given this potential and the
usability for microvascular perfusion assessment, the evaluation of the angiosome concept
using ICG NIR fluorescence seems to be of added value as demonstrated in this study.
Patients with claudication and CLTT were included in this study, as the main outcome
was to compare perfusion changes within DR and IR. However, the angiosome concept
is particularly applicable in CLTT patients with wounds as a revascularization could be

targeted toward the angiosome in which a wound is located.

Hence, gaining in-line flow to the foot in patients with wounds is reasonably advocated
in revascularization guidelines.*® However, a subgroup analysis in patients with CLTT was
performed in this study, which also demonstrated a significant improvement of perfusion
in indirectly revascularized angiosomes. Future research is recommended to further
evaluate the applicability of the angiosome concept in CLTT patients with the use of ICG
NIR fluorescence. We advise that the previously discussed patient-specific factors and
other relevant clinical parameters which influence the clinical outcome should be taken

into consideration.

Conclusion

This study proves that both DR and IR lead to an improvement of microvascular perfusion
measured with ICG NIR fluorescence imaging. This suggests that interventional strategies
should not only focus on creating in-line flow to the supplying angiosome. One can argue

that the angiosome concept is not applicable in patients with LEAD.
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Abstract

Background

Indocyanine green near-infrared fluorescence bowel perfusion assessment has shown its
potential benefit in preventing anastomotic leakage. However, the surgeon’s subjective
visual interpretation of the fluorescence signal limits the validity and reproducibility of
the technique. Therefore, this study aimed to identify objective quantified bowel perfusion

patterns in patients undergoing colorectal surgery using a standardized imaging protocol.

Method

A standardized fluorescence video was recorded. Postoperatively, the fluorescence videos
were quantified by drawing contiguous region of interests (ROIs) on the bowel. For each
ROI, a time-intensity curve was plotted from which perfusion parameters (n = 10)
were derived and analyzed. Furthermore, the inter-observer agreement of the surgeon’s

subjective interpretation of the fluorescence signal was assessed.

Results

Twenty patients who underwent colorectal surgery were included in the study. Based on
the quantified time-intensity curves, three different perfusion patterns were identified.
Similar for both the ileum and colon, perfusion pattern 1 had a steep inflow that reached
its peak fluorescence intensity rapidly, followed by a steep outflow. Perfusion pattern 2 had
a relatively flat outflow slope immediately followed by its plateau phase. Perfusion pattern
3 only reached its peak fluorescence intensity after 3 min with a slow inflow gradient
preceding it. The inter-observer agreement was poor-moderate (Intraclass Correlation

Coefficient (ICC): 0.378, 95% CI 0.210-0.579).

Conclusion

This study showed that quantification of bowel perfusion is a feasible method to
differentiate between different perfusion patterns. In addition, the poor-moderate inter-
observer agreement of the subjective interpretation of the fluorescence signal between

surgeons emphasizes the need for objective quantification.
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Introduction

Anastomotic leakage (AL) is a serious postoperative complication in colorectal surgery
with an incidence ranging from 1 to 20%. ! It is associated with high morbidity and
mortality, prolonged hospitalization, increased healthcare costs, and impaired oncological
outcomes. »? The etiology of AL is multifactorial, in which compromised bowel perfusion
is considered as a major contributing factor. Conventionally, bowel perfusion is assessed
intraoperatively based on subjective clinical indicators, including tissue color, peristaltic
movements, active bleeding from marginal arteries and palpable mesenteric arterial
pulsations. Additional tests that may be used to assess the integrity of the anastomosis
are the air leak test, intraoperative endoscopy and doughnut inspection.  However, the
surgeon’s judgement of these clinical indicators was found to have low predictive value

for AL, which indicates the need for more accurate intraoperative diagnostic tests. >°

Near-infrared (NIR) fluorescence imaging with indocyanine green (ICG) is a technique
that enables real-time assessment of bowel perfusion. Several studies have shown its
benefit to prevent AL. 7 This is currently being validated in ongoing phase III randomized
controlled trials, such as the AVOID trial 8 (NCT04712032), IntAct trial °, and EssentiAL
trial (jRCTs031180039), that should determine its clinical efficacy. However, the use of
this technique is based on subjective visual interpretation of the fluorescence signal by
the surgeon, which remains a limiting factor for the validity and reproducibility of these

data in daily practice. 12

Quantitative evaluation of the fluorescence signal could increase the objectivity and
accuracy of ICG NIR fluorescence bowel perfusion assessment. This method is based on
the analysis of fluorescence intensity over time from which various inflow and outflow
parameters can be derived. Some cohort studies have already investigated quantified bowel
perfusion assessment using various generic quantification software. > However, no
consensus has been reached on which perfusion pattern and/or quantitative parameters
can considered to be sufficiently reliable to assess bowel perfusion. 2¢ This is partly due to
the lack of a standardized imaging protocol, given the fact that intensity-based parameters
are altered by camera-to-target distance, angle of camera-to-target tissue, type of imaging

system and its settings. *

This prospective cohort study aimed to identify quantified bowel perfusion patterns in
patients undergoing colorectal surgery using a standardized imaging protocol. In addition,
the inter-observer agreement of the surgeon’s subjective interpretation of the fluorescence

signal was assessed.
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Methods

Study design and population

'This prospective, dual center, exploratory study was conducted at the Leiden University Medical
Center (LUMC) and Erasmus MC Cancer institute (EMC), according to the declaration of
Helsinki (10™ version, Fortaleza, 2013). Twenty patients with colorectal cancer who underwent
ICG NIR fluorescence-guided colorectal resection with a primary anastomosis were included
in the study. Medical ethical approval from the ethic committee Leiden-Den Haag-Delft was
obtained (MEC-2021-0876). Informed consent was given by all patients.

Surgical procedure

A standardized imaging protocol was used to obtain fluorescence videos for quantification
of the fluorescence signal. Fluorescence videos were recorded using the Quest Spectrum
2.0 camera system (Quest Medical Imaging, Middenmeer, the Netherlands). ICG NIR
fluorescence bowel perfusion assessment was performed extracorporeally in all patients
regardless the surgical approach chosen (i.e., open or minimally invasive surgery). In patients
undergoing minimally invasive surgery (i.e., laparoscopic or robotic), the ileum and/or
afferent/efferent colon was extracted extracorporeally through a Pfannenstiel incision. Before
extracorporeal ICG NIR fluorescence bowel perfusion assessment, the camera was fixed
in the camera arm and positioned 30 cm above the target tissue at an angle of 90 degrees.
Standardized camera settings (GAIN: color 3.5 dB, ICG-fluor 20.0 dB; EXPOSURE: color
11.0 ms, ICG-fluor 50.0 ms) were maintained. After dissection of the vascular branch and
prior to bowel transection, all patients received 5 mg ICG (2.5 mg/ml, Verdye, Diagnostic
Green, Aschheim, Germany) intravenously followed by 10 mL saline flush according
to standard care. Surgeons were allowed to change the surgical plan intraoperatively by
performing an additional bowel resection based on their subjective interpretation of the
fluorescence signal. Immediately after administration, a fluorescence video was recorded for

5 min. On each fluorescence video, the resection line was marked by the surgeon.

Quantitative analyses

The Quest Research Framework (Quest Medical Imaging, Middenmeer, the Netherlands)
was used for quantification of the fluorescence videos. Postoperatively, contiguous region of
interests (ROIs; approximately of 1 cm length) from proximal to distal of the resection line
were drawn on the ileum or afferent/efferent colon, depending on the surgical procedure
performed (Fig. 1). An example of a standardized fluorescence measurement is displayed
in supplementary Video 1. The fluorescence signal as shown in Video 1 was quantified

from multiple ROT’s into corresponding time-intensity curves as illustrated in Fig. 1.
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For each ROI, absolute (i.e., fluorescence intensity over time) and normalized (i.e.,
fluorescence intensity as a percentual change overtime by setting the maximum
fluorescence intensity at 100 percent to minimize the influences of patient and camera-
related factors %) time-intensity curves were plotted from which 5 inflow and 5 outflow
parameters were derived. These time-intensity curves were analyzed separately for the
ileum and colon. The inflow parameters included the maximum fluorescence intensity
(Imax), maximum inflow slope (Ingress slope), mean slope from baseline to maximum
fluorescence intensity (Ingress rate), maximum inflow slope in percentage per second
(Normalized slope), and time to maximum intensity (Tmax); the outflow parameters
included the maximum outflow slope (Egress slope), area under the curve in percentage

after 30, 60, 120, and 180 s from Tmax (AUC30, AUC60, AUC120, AUC180).

Figure. 1 Quantification of a standardized fluorescence video using the Quest Research Framework
quantification tool. Contiguous region of interests (ROIs) were drawn from proximal to distal of the resection
line (located at the dark blue ROI) on the afferent colon. For each ROI, an absolute time-intensity curve was
plotted. The color of each time-intensity curve corresponds to the color of the ROI

Outcomes

The primary outcome of this study was to identify quantified bowel perfusion patterns in
patients undergoing colorectal surgery by analyzing the time-intensity curves plotted from
each ROI and its derived inflow and outflow perfusion parameters. The secondary outcomes
were to assess the inter-observer agreement of the surgeon’s subjective interpretation of the
fluorescence signal and Als after 90 days (i.c., early and late AL). The colorectal surgeons
(FH, KP, DH, AB, GF, PT, CV) all experienced with fluorescence- guided surgery, were
individually asked to mark the intended resection line on all 20 fluorescence videos, based

on their subjective interpretation of the fluorescence signal.
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The distance between the markers (i.e., intended resection lines) on each fluorescence
video was measured with Image] (National Institutes of Health, USA), in which the
most proximal marker was used as the baseline measurement according to the previously
published method of Hardy et al.. "> AL was defined as AL that required active
therapeutic intervention but manageable without reoperation (Grade B) or AL that requires
reoperation (Grade C), according to the definition of the International Study Group of
Rectal Cancer. %% To associate the quantified perfusion patterns with the occurrence of

AL, the time-intensity curves plotted from the ROIs of the anastomosis were analyzed.

The time-intensity curves of the anastomosis from both the afferent ileum or colon and
the efferent colon were analyzed when both could be imaged extracorporeally. If not, only

the time-intensity curves of the afferent ileum or colon were analyzed.

Statistical analyses

Patient characteristics were described using summary statistics. The distribution of all variables
was assessed using histograms and verified with the Shapiro—Wilk test. Normally distributed
variables were reported as means and standard deviation (SD) and skewed continuous
variables were reported as medians and range. The inflow and out- flow parameters from
different perfusion patterns were compared using the One-way ANOVA or Kruskal Wallis
test, depending on the distribution. The inter-observer agreement of the surgeon’s subjective
interpretation of the fluorescence signal was assessed by calculating the intra- class correlation
coefhicient (ICC) according to a two-way mixed model, consistency type, single measurement
method. An ICC < 0.50 indicated “poor agreement”, ICC = 0.50 up to 0.75 indicated
“moderate agreement”, ICC > 0.75 up to 0.90 indicated “good agreement”, and ICC > 0.90
indicated “excellent agreement”. All statistical analyses were performed using SPSS Version

25.0. The statistical outcomes were considered significant if the p value was < 0.05.

Results

Patient characteristics

Twenty patients (13 males; 7 females) with a median age of 63 years (range 46—83) were
included in the analyses. Of these patients, 7 (35%) underwent a right-sided resection
(i.e., ileocecal resection, right hemicolectomy or subtotal colectomy) and 13 (65%) patients
underwent a left-sided resection (i.e., left hemicolectomy, sigmoid resection or low anterior
resection). The majority (85%) of patients underwent surgery for a malignant tumor.
Two (10%) patients received neo-adjuvant radiotherapy prior to surgical resection.
A minimally invasive approach (i.e., laparoscopic or robotic) was performed in most

patients (80%). The median in-hospital stay was 5 days (range 3-90).
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In total, 2 patients died during hospitalization of which 1 died due to an acute coagulation

disorder and 1 patient died from an acute myocardial infarction. A detailed overview of

all patient characteristics is shown in Table 1.

Table 1. Patient characteristics

TOTAL (n=20)

Age, median (range)
Male, 7 (%)

BMI:, 7 (%)
<30
>30

ASA-score, n (%)
1
2
3

Smoking, 7 (%)
Current
Former
Never

Neoplasm, 7 (%)
Benign
Malignant

Neo-adjuvant radiotherapy, 7 (%)

Type of surgery, n (%)
Right-sided resection”
Left-sided resection®

Surgical approach, 7 (%)
Open
Laparoscopic

Robotic

Type of anastomosis, 7 (%)
Side-to-side isoperistaltic
Side-to-side antiperistaltic
Side-to-end
End-to-side
End-to-end

Anastomosis technique, 7 (%)

Handsewn

Stapled

Hospitalization in days, median (range)

Anastomotic leakage, 7 (%)

Mortality, 7 (%)

63 (46 - 83)

13 (65%)

14 (70%)
6 (30%)

1 (5%)
14 (70%)
5 (25%)

4 (20%)
6 (30%)
7 (35%)

3 (15%)
17 (85%)

2 (10%)

7 (35%)
13 (65%)

4 (20%)
11 (55%)
5 (25%)

4 (20%)
4 (20%)

10 (50%)
0 (0%)
1 (5%)

3 (15%)
16 (80%)

5(3-90)
4 (20%)
2 (10%)

* Body Mass Index (weight per kilogram/length?)
" Included ileocecal resection, right hemicolectomy, and subtotal colectomy.
¢ Included left hemicolectomy, sigmoid resection, and low anterior resection
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Perfusion patterns

A total of 218 ROIs were drawn on the ileum or afferent/ efferent colon, with a mean
number of 11 + 3.8 ROIs per patient. From these ROIs, 35 (16%) time-intensity curves

of the ileum and 183 (84%) time-intensity curves of the colon were plotted and analyzed.

Based on qualitative assessment of the quantified time-intensity curves, three different
perfusion patterns were identified. Similar for both the ileum and colon, perfusion pattern
1 was characterized by a steep inflow slope (Ingress slope) that reached its peak fluorescence
intensity (Tmax) rapidly, followed by a steep outflow slope (Egress slope). In contrast,
perfusion pattern 2 had a relatively flat outflow slope immediately followed by its plateau
phase. Perfusion pattern 3 only reached its peak fluorescence intensity after 3 min with a

slow inflow gradient preceding it.

Cut-off points were determined for each perfusion pat- tern based on the quantified perfusion
parameters. For the ileum, the time-intensity curves were distributed among the three
different perfusion patterns using the following cut- off values; pattern 1: Tmax < 70 and

Egress slope < - 2.5; pattern 2: Tmax < 70 and Egress slope > - 2.5; pattern 3: Tmax > 70.

‘The time-intensity curves of the colon were distributed using cut-off values such as pattern
1: Tmax < 70 and Egress slope < - 1; pattern 2: Tmax < 70 and Egress slope > - 1; pattern
3: Tmax 2 70. The mean normalized time-intensity curve with standard deviation of each

perfusion pattern for both the ileum and colon are shown in Fig. 2.

‘The mean quantified perfusion parameters of each perfusion pattern were compared for both
the ileum and colon. The Imax, Ingress slope, Ingress rate, Normalized slope, Tmax, and Egress
slope of the ileum differed significantly between the three perfusion patterns. The AUC30,
60, 120 and 180 did not differ significantly. The perfusion parameters of the colon were all

significantly different between the three perfusion patterns as shown in Table 2.

Subjective interpretation of ICG NIR fluorescence imaging

All (n = 20) ICG NIR fluorescence imaging videos were independently assessed by
7 colorectal surgeons. The inter-observer agreement of the intended resection lines
determined by the surgeons based on their subjective interpretation of the fluorescence
signal was poor—moderate, with an ICC of 0.378 (95% CI 0.210-0.579). The median
distance between the most proximal marker (i.e., baseline) and the most distal marker on
the afferent and/or efferent ileum or colon was 1.122 cm (range 0.071-3.861). An overview
of the distances (in centimeter) between the markers (i.e., intended resection lines)

per fluorescence video are demonstrated in an ICC dot plot in Fig. 3.
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The surgical plan has been changed in 4 (20%) patients by performing an additional bowel
resection based on the intraoperative subjective interpretation of the fluorescence signal by
the surgeon (Fig. 4). In 1 patient, perfusion pattern 2 was observed at the location of the
intended anastomosis. After performing additional bowel resection, perfusion pat- tern

1 was observed.

Perfusion pattern 3 was observed in the other 3 patients at the location of the intended
anastomosis and after additional bowel resection, perfusion pattern 2 was observed in
2 patients and perfusion pattern 1 in another patient. In none of these patients an AL

occurred after 90 days of follow-up.

Clinical outcome

A total of 24 time-intensity curves plotted from the ROIs of the anastomosis [afferent
ileum or colon and efferent colon in 5 patients (7 = 10); afferent ileum or colon alone in
14 patients (7 = 14)] were analyzed (Fig. 5). Of all (z = 24) time-intensity curves, 17 (71%)
corresponded to perfusion pattern 1, 6 (25%) time-intensity curves to perfusion pattern

2, and 1 (4%) time-intensity curve cor- responded to perfusion pattern 3.

AL occurred in 4 (20%) patients. In 1 patient who underwent a right hemicolectomy, the
time-intensity curve of the anastomosis on the afferent ileum corresponded to perfusion
pattern 3 and the efferent colon to perfusion pattern 1. Postoperatively, this patient
developed an acute coagulation disorder with subsequent bowel ischemia and anastomotic
leakage as was observed during relaparotomy, after which the patient died. The other
3 patients who developed anastomotic leakage, underwent left-sided resection and the
time-intensity curve of the anastomosis on the afferent colon corresponded to perfusion
pattern 1. In 1 of these 3 patients, macroscopic ischemia on the afferent colon was observed

during relaparotomy.

61

A



SPU023s () 193J& 9AIND dY3 I9PUN BIIE ()] DY ‘SPUO0IIS (7] 193JB JAIND Y3 I9PUN BAIE :()Z[D (Y ‘SPUOIIS ()9 I91JB AIND Y3 I9PUN BIIE 109D Y

SPU023s ()¢ 191J JAIND Y1 Jopun BAIE ¢V @do[s mopno wnwixew :9dofs sso187 A1IsuUaUI WNWIXeW 01 SWN :Xew [ ‘puodds 19d a8erussrad ur adofs mopur wnwixew
:adoys pazijewIoN ‘AISULIUT 90UIISIIONY WNWIXEW 01 duTaseq woiy adofs ueaw :a1ex ssa13u] ‘9dofs moyur wnwixew :2dofs ssa13u] AISUIUT 20UIISITONY WNWIXEW XBW]
Pu023s 235 ‘srun £1eniqre :'n'e ‘s1aowered MopIno :smor £315) ‘s1o19wered MOUT :SMOT TY A\

100°0> (67'€6—TE'18) 6568 (10°S6 — S6££) 60'18 (6768 —96'SY) €%'8S (23uv4) 95 <081 DNV
100°0> (I1°96 — LE'18) $€°€6 (0£'96 — 0%°8€) Ly'#8 (066 —80°8%) $8'19 (23uvs) 95 ‘0T DNV
100°0> (IT°'86 — €5°08) 08°S6 (1696 — #$'T¥) TS'68 (8016 —8L7S) %89 (23uv4) 9 09 DNV
100°0> (8766~ €6'84) 1696 (80'86 — 69°CS) T8'%6 (686 = 656S) 9S'LL (25ur4) 96 “0€ DNV
100°0> (00°0-—0€%7) 9T°0- H1°0-=L607) 650~ F0'1-—90°CI) ¥¥'C- (23up4) 225 n°v >dofs ss213g
100°0> (00°0£T—00°28) 00°'1€T (00°€9—00'8) SL'6T (0$°6€ —00°8) 00°€T (98upt) 25 xew],
100°0> (891 —€¥'D) 91'% (6£'81-08°€) 91'8 (8€'61 —859) 81'T1 (78uv4) 935794 *>dofs pazijewrioN
100°0> (T9°0-100) 0T°0 @re—-cro) 1zt (9017 - 0€'D) 16°S (75up4) 225/ n° O1eX $5213U]
100°0> (8601 = 11°0) 0L°0 (6T11-TT0) 1€ (€0°S€—€£°¢) 986 (25up.) 235/ n°v 2doys ss218u]
100°0> (6598 — L£'0) TT'ST (1988 = 19'7) 9L9% (TE€61 — €8°0€) 67'£8 (23ups) ‘nv xew]
ANTVA-d (95=Y) € NYA.LLVd (2€=Y) T NYALLVd (S6=1) T NYALLVd NOTOD
£90°0 (L0'%6 = LO¥6) LOF6 (1916 — 8€'TS) 86'LL (£8°6L—8€°6S) T1'09 (23uv1) 95 <081 DNV
161°0 (FL£'96 — €8°6%) 16'S6 (95T6 = S¥'€S) 11'C8 (8078 — €5£S) ¥1°79 (23ur4) 96 “0T1 DNV
SET0 (T6'96 — T0°6H) ¥8'96 (9856 —89£S) €T°06 (8T°98 — 1T°79) 6£°89 (23uv4) 9 09 DNV
9L0°0 (€TL6 = 10°6Y) 9%°96 (6696 =~ 6£°89) 65'S6 (IS%6—96'14) T1'8L (23uv4) 95 <0¢ DNV
100°0> (90°0-—T¥%'8) ¥$°0- (86°0-—1€°7) 9T'T- (IS~ 65'87) 81'%- (25uv1) 225/ n°w 9doys ss13g
100°0> (0STLT=00'%8) ST'SIT (00°09 = 00°€1) 00T (0$'$T=00°TT) 0SHT (75ups) 225 Xew],
810°0 (86'0T—65°1) 99'% (TTCTI—SL9) 066 (0671 —9¢€'8) 66'11 (93u1) 225/9 ‘2do]s pazifewioN
100°0> (950 —20°0) 91°0 (L8T=690) 71’1 (LT01 - 65D 658 (95up4) 225/ np O1ex $3213u]
100°0> (£8°6—S%0) 8T'T (IyL=¢S1) 9%°S (091 = 6L%) SFSI (23up4) 225 n°v “odos ssaiBuy
100°0> (S8'LL—=CI'Y) LE6E (€¥'y9 —TE€T) SL'8Y (IT°T91 — L0°04) 1L'I€T (25ups) nv xew]
ANTVA-d (01=Y) € NYALLVd (8=v) T NYALLVd (L1=9) T NYALLV WNATI

"UO[0D PUE WNI[T Y JO $IAIND A11sudiut-own paynuenb oy jo s1o1owered mopgino pue -uj *g a[qe],

62



ICG-NIRF for Quantitative Bowel Perfusion

Figure. 2 The mean normalized time-intensity curve with standard deviation of each perfusion pattern for
both the ileum and colon.

Figure. 3 Inter-observer agreement of the surgeon’s subjective interpretation of the fluorescent signal per ICG
NIR fluorescence video. Each blue dot represents an intended resection line marked by the surgeon based on
the fluorescence signal, with the most proximal marker used as the baseline. An ICG NIR fluorescence video
of both the afferent ileum or colon and the efferent colon was analyzed separately. Intraclass correlation (ICC)
0f 0.378 (95% CI 0.210-0.579).
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Figure. 4 Time-intensity curves before and after additional bowel resection based on the surgeon’s subjective
interpretation of the fluorescence signal in 4 patients. The red time-intensity curves represent the fluorescence
signal of the intended anastomosis and the green time-intensity curves represent the fluorescence signal of the
actual anastomosis after additional bowel resection.

Figure. 5 The absolute time-intensity curves plotted from the ROI of the anastomosis. The red absolute time-
intensity curves represents the patients who developed an anastomotic leakage.
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Discussion

This prospective dual center cohort study identified quantified bowel perfusion patterns in
patients undergoing colorectal surgery by using a standardized imaging protocol. A clear
overview of the bowel perfusion was obtained by drawing contiguous ROIs from proximal
to distal of the resection line on the ileum and afferent/efferent colon. The quantified
time-intensity curves plotted from these ROIs could be divided into three different
perfusion patterns. Perfusion pattern 1 implied for well-perfused bowel tissue, as it was
mainly observed at the most proximal side of the resection line on the afferent ileum or
colon and at the most distal side of the resection line on the efferent colon. In contrast,
perfusion pattern 3 implied for poorly perfused bowel tissue, since it was generally present
at the avascular region of the ileum or colon from which the vascular branch was already
dissected. Perfusion pattern 2 implied for the transition zone, where perfusion pattern 1
transitions to perfusion pattern 3. These three perfusion patterns were identified in each

patient and might be a representation of the actual bowel perfusion.

Several cohort studies have investigated quantified bowel perfusion using various
quantification methods. '~ In contrast to our study, most of these studies did not use a
standardized imaging protocol (i.e., inconsistency in camera-to-target distance, angle of
camera on target tissue, type of imaging system and its settings, etc.). Moreover, the ROIs
were selected based on the surgeon’s subjective interpretation of the fluorescence signal.
14-16,18-21,23-5 A 3 result, the study results were difficult to compare, which may negatively
affect the reproducibility of previously reported quantification methods. Although in our
study cut-off values to divide the time-intensity curves among the three perfusion patterns
were determined based on qualitative assessment of the quantified time-intensity curves,
the subjective factor was limited. Therefore, our quantification method might be more

reproducible, which should be validated in larger studies.

Currently, ICG NIR fluorescence bowel perfusion assessment relies on the surgeon’s
subjective interpretation of the fluorescence signal to guide clinical decision-making, which
limits the reproducibility and validity of the technique. '*~'3 This is underlined in this study
where a poor-moderate inter-observer agreement of the surgeon’s subjective interpretation of
the fluorescence signal was observed, with an ICC of 0.378 (95% CI 0.210-0.579).

The ICC was lower compared to the previous published study by Hardy et al.. '? in
which a good ICC of 0.753 (95% CI 0.510-0.932) for experts and a moderate ICC of
0.613 (95% CI 0.409-0.856) for non-experts were found. In this study, there were some
outliers in the surgeon’s subjective interpretation of the fluorescence signal (e.g., ICG

NIR fluorescence videos 14, 15, and 21; Fig. 3) for which no clear explanation was found.
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A possible explanation for this variability could be the different ways in which surgeons
interpret the fluorescence signal, with one surgeon focusing on eventually the most distal
fluorescent resection line, another surgeon assessing the fluorescence signal by focusing on
the time to maximum fluorescence, and other surgeons being more cautious in defining
the resection line based on the fluorescence signal. Although a low ICC is not necessarily
detrimental to the clinical outcome (i.e., AL), this study demonstrates the need for
quantification of ICG NIR fluorescence imaging to improve the objectivity and accuracy
of the bowel perfusion assessment. Especially when bowel length preservation becomes more

important, for example in re-resections, Crohn’s disease, or in ultralow anterior resection.

The AL rate (20%) in this study was remarkably high when compared to the national AL rate
of 6% in 2016 according to the Dutch Colorectal Audit (DCRA). * This AL rate is believed
to be an overestimation due to the small sample size as both participating hospitals have
annual AL rates that are comparable with the national AL rate by the DCRA. Moreover, the
high AL rate could also be explained by the fact that all included patients underwent surgery
in tertiary academic hospitals that provide healthcare in highly complex patients in whom
the a priori risk of developing AL will be higher. This could also be an explanation of the
mortality rate of 10% (7 = 2) in our study. One patient who developed AL was postoperatively
admitted to the intensive care unit for respiratory insufficiency due to an aspiration pneumonia,
followed by an acute coagulation disorder which resulted in an acute ischemic limb and bowel
ischemia with AL as seen during relaparotomy, after which the patient died. The second patient
(ASA-3 with cardiovascular risk factors such as smoking, obesity and diabetes mellitus 2) died
of acute myocardial infarction postoperatively. In the other patients with AL, one patient
underwent robotic low anterior resection (LAR) and a relaparotomy was performed three days

postoperatively to evacuate a hematoma in the small pelvis.

A vital anastomosis was observed during this procedure, however, nine days after primary
surgery, the patient developed AL without any signs of ischemia on the afferent colon during
relaparotomy. In another patient using long-term prednisolone for IgG4 cholangiopathy, an
AL with macroscopic ischemia on the afferent colon was observed. The last patient developed
AL in whom LAR was combined with a left nephrectomy. During relaparotomy, a limited
AL was observed that required a diverting stoma. Given these highly complex cases, no

firm conclusions can be drawn about the high AL and mortality rates found in this study.

Although this pilot study was too small to assess the correlation between the quantified
perfusion patterns and AL, the perfusion patterns of the patients who developed AL (n
= 4) were analyzed. Interestingly, in three of these patients the time-intensity curves
of the anastomosis corresponded to perfusion pattern 1. However, in only one of

them macroscopic ischemia on the afferent colon was observed during relaparotomy.
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This may be explained by the fact that ICG NIR fluorescence bowel perfusion assessment
has been implemented as standard care, allowing the surgeon to change the surgical plan
intraoperatively based on subjective interpretation of the fluorescence signal. As a result,
risk factors other than tissue perfusion might be over-represented in this cohort, since
the development of AL is known to have a multifactorial cause. Future studies should

investigate the predictive value of each perfusion pattern on the development of AL.

This study has some limitations. First, the primary goal of this exploratory study was to
identify quantified bowel perfusion patterns. Therefore, the study design does not allow
for any firm conclusions to be drawn about the reliability of the determined cut-off values
distributing the time-intensity curves among the three perfusion patterns and the correlation
between each perfusion pattern and the development of AL. Thus, there might be a risk of
random sampling errors. Additionally, variation in patient-specific hemodynamic factors
or the use of vasopressors during the ICG NIR fluorescence measurement could affect the
observed perfusion pattern which requires further evaluation because of limited evidence
in literature. # Second, our standardized imaging protocol only allows for extracorporeal
video recordings of the ICG NIR fluorescence bowel perfusion assessment. Therefore, in
some patients undergoing laparoscopic or robotic left-sided resection, only quantification of
the ICG NIR fluorescence imaging video of the afferent colon was possible.

Standardization of the camera-to-tissue distance and angle of the camera-to-tissue can be
challenging to maintain during intra-abdominal imaging. However, some studies have
shown that quantification of the fluorescence signal using a laparoscopic imaging system
might be possible, but the technique of this intracorporeal method is still in its eatly stages

and needs further optimization. * %

Lastly, even though the quantification tool is suited to produce proper time-intensity
curves in most patients (7 = 18), the motion tracker of the quantification tool was unable to
correct for severe breathing-related movements in two patients. These movements resulted
in a fluctuating line in the time-intensity curve, which affected the accuracy of some
perfusion parameters (e.g., Tmax or Egress slope). Although this effect was negligible in
our study, the quantification software needs further improvement for daily use.

In the future, larger studies with powered sample sizes should investigate the variation
in perfusion patterns and corresponding cut-off values within various bowel parts in
correlation to the occurrence of an AL. In addition, these studies should give us a
conclusive answer whether quantified perfusion patterns are a reflection of the actual bowel
perfusion status and if these patterns could be of added value to predict AL intraoperatively.
Moreover, quantification of ICG NIR fluorescence bowel perfusion assessment should be
performed intraoperatively to guide the surgeon’s clinical decision-making during surgery
and to allow immediate modification of the surgical plan when needed.
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Conclusion

In conclusion, this prospective cohort study showed that quantification of ICG NIR
fluorescence bowel perfusion assessment is a feasible method to differentiate between
different perfusion patterns. The use of a standardized imaging protocol could improve
the reproducibility of the quantification method. Moreover, the poor-moderate inter-
observer agreement of the subjective interpretation of the fluorescence signal between
surgeons emphasizes the need for quantification of the fluorescent signal to improve the
objectivity and accuracy of the bowel perfusion assessment. Future studies should examine
the clinical value of these different perfusion patterns by correlating each perfusion pattern

with the development of AL.
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Abstract

Introduction

Anastomotic leakage is a severe complication after oesophageal resection with gastric
conduit reconstruction. Poor perfusion of the gastric conduit plays an important role in
the development of anastomotic leakage. Quantitative near-infrared (NIR) fluorescence
angiography with indocyanine green (ICG-FA) is an objective technique that can be
used for perfusion assessment. This study aims to assess perfusion patterns of the gastric

conduit with quantitative ICG-FA.

Methods

In this exploratory study, 20 patients undergoing oesophagectomy with gastric conduit
reconstruction were included. A standardized NIR ICG-FA video of the gastric conduit
was recorded. Postoperatively, the videos were quantified. Primary outcomes were the
time-intensity curves and nine perfusion parameters from contiguous regions of interest
on the gastric conduit. A secondary outcome was the inter-observer agreement of subjective
interpretation of the ICG-FA videos between six surgeons. The inter-observer agreement

was tested with an intraclass correlation coefficient (ICC).

Results

In a total of 427 curves, three distinct perfusion patterns were recognized: pattern 1 (steep
inflow, steep outflow); pattern 2 (steep inflow, minor outflow); and pattern 3 (slow inflow, no
outflow). All perfusion parameters were significantly different between the perfusion patterns.
The inter-observer agreement was poor e moderate (ICC: 0.345, 95%CI:0.164-0.584).

Discussion

This was the first study to describe perfusion patterns of the complete gastric conduit after
oesophagectomy. Three distinct perfusion patterns were observed. The poor inter-observer
agreement of the subjective assessment underlines the need for quantification of ICG-FA
of the gastric conduit. Further studies should evaluate the predictive value of perfusion

patterns and parameters on anastomotic leakage.
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Introduction

Annually, around 600.000 patients are diagnosed with oesophageal or junctional cancer
worldwide. ! For most patients with curable disease, neoadjuvant therapy followed by
oesophagectomy with gastric conduit reconstruction is the treatment of choice. Major
complications related to the gastric conduit or the anastomosis, such as anastomotic leakage,
abscesses, gastric conduit necrosis, or fistulas are reported in 4-30% of the cases. #? Occurrence
of major complications increases postoperative mortality significantly and decreases long term
survival. ¢ Poor perfusion of the gastric conduit is thought to play a significant role in the
development of these complications. Therefore, interest in intraoperative perfusion assessment
of the gastric conduit using optical imaging techniques is growing. The most commonly used

technique is near-infrared fluorescence angiography with indocyanine green (ICG-FA).

ICG-Fluorescence Angiography (ICG-FA) is being used extensively for perfusion
assessment of tissue such as colorectal anastomoses. However, no high-quality evidence has
been published yet proving the additional value of ICG-FA to prevent these anastomotic
complications. ®° Evidence that ICG-FA reduces the risk of anastomotic leakage of the
gastric conduit is also scarce. "> This might be due to the subjective interpretation of
the fluorescence signal, which depends on the ‘real-time’ interpretation of the surgeon.
With this subjective approach, it can be challenging to distinguish well-perfused from
poorly-perfused parts of the gastric conduit. ' We hypothesized that quantification of the

NIR fluorescence signal could be used to objectively assess various perfusion patterns. *?

Few studies have performed quantitative ICG-FA of the gastric conduit. '*"7 Time-intensity
curves of proximal parts of the gastric conduit generally showed a steep inflow, with a
peak immediately followed by a steep outflow. Distal parts showed a gradual increase of
fluorescence intensity without reaching a peak intensity. However, in these studies, the
location of the ROIs were pre-selected based on parts of the gastric conduit that were
subjectively assumed by surgeons to be well perfused or poorly perfused. In addition, none
of these studies plotted curves on the exact location of the anastomosis. This study aimed
to identify perfusion patterns within the entire gastric conduit to differentiate between well

and poorly perfused areas and to identify transition areas that could be of clinical relevance.

Methods

This study was reviewed and approved by the medical ethical committee ‘Leiden-Den
Haag-Delft’ (MEC-2021-0876) and was performed according to the declaration of
Helsinki (10th version, Fortaleza, 2013). Informed consent was obtained from all patients.
The study was conducted in the Leiden University Medical Centre (LUMC) and the
Erasmus MC Cancer Institute (EMC).
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Study design and imaging protocol

This was a prospective cohort study. Twenty patients undergoing oesophageal resection

with gastric conduit reconstruction with cervical anastomosis were included.

After creating the gastric conduit, it was placed on a flat surface. The Quest V2 Fluorescence
imaging platform (Quest Medical Imaging, Middenmeer, The Netherlands) was positioned
at a distance of 30 cm above the gastric conduit, at a 90° angle. The gastric conduit was
positioned in such a way that it could be imaged completely. All ambient light was switched
off and the windows were blinded. Camera settings were as follows: the gain was set
on 3.5 (colour) and 20 (ICG) decibels, exposure was set on 11 (colour) and 100 (ICG)
milliseconds. Five mg (2 ml of 2.5 mg/ml) ICG solution was then rapidly injected in a
peripheral intravenous catheter, followed by a flush of saline. After administration of ICG,
a standardized ICG-FA video was recorded for 5 min.

Outcomes

The primary outcome measure was the time-intensity curve and its derived parameters.
Secondary outcomes were the inter-observer agreement of subjective interpretation of
the ICG-FA videos by every upper-GI surgeon separately (HH, WS, MH, PS, SL, BW).
For the subjective interpretation, surgeons were asked to mark the most distal location
of the gastric conduit where perfusion was still deemed sufficient based on the ICG-FA
video (i.c. the location where they would create the anastomosis in order to save as much
length as possible). Finally, anastomotic complications (defined as: anastomotic leakage,
fistulas originating from the gastric conduit, gastric conduit necrosis, or abscesses near

the anastomosis) within 30 days from surgery were recorded.

Quantification

Postoperatively, continuous ROIs of approximately 1 cm width were drawn from proximal
to distal across the gastric conduit using the Quest Research Framework (Fig. 1).
Overexposed videos were excluded. From each ROI, an absolute- and normalised time
in- tensity curve was plotted from which nine perfusion parameters were derived. '® The
following five inflow and four outflow parameters were determined: time to maximum
fluorescence in- tensity (time to max); maximum fluorescence intensity (Imax); mean slope
of the inflow (ingress rate); maximum slope of the inflow (max ingress slope); normalised
maximum slope of the inflow (normalised ingress slope); maximum slope of the outflow
(maximum egress slope); and the area under the curve (AUC) after 30, 60, 120 s (auc30,

auc60, aucl20) starting from the Imax.
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Figure 1: output of the Quest research framework with time-intensity curves of the corresponding ROIs.

Statistics

Statistical analyses were performed with R-studio software (version 4.1.0, R Foundation
for statistical computing, Vienna Austria). Descriptive statistics were used to describe
numerical data (mean with standard deviation (SD), median with interquartile range
(IQR), or median with range). To calculate statistical differences in parameters between
perfusion pattern groups (>2 groups, normal distribution), a one-way ANOVA was
used. To test statistical difference in perfusion parameters between anastomotic leakage
and non-leakage groups (2 groups, non-normal distribution), a Mann-Whitney U test
was conducted. To assess inter-observer agreement, an intraclass correlation coefficient
(ICC) with 95% confidence interval (CI) was calculated according to a two-way mixed
modal, absolute agreement type, single measurement method. An ICC of <0.5 was
defined as ‘poor agreement’; 0.5 to 0.75 was defined as ‘moderate agreement’; >0.75 to

0.90 was defined as ‘good agreement’; and >0.90 was defined as ‘excellent agreement’.
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The distance between the chosen locations was measured with Image] (version 1.53 k,

National Institutes of Health, USA) according to a previously published method. !* The

most proximal selected location (i.e. the closest to the base of the gastric conduit) was used

as the baseline measurement. Figures were created in Graphpad (version 9.3.1., Graphpad

software Inc. San Diego, California, USA).

Results

Patient characteristics

The study comprised of 20 patients, 17 (85%) males and 3 (15%) females. The median age
was 63 years (IQR: 62-70.5). All patient characteristics are shown in Table 1. In total, 427

curves were plotted. The median number of curves per gastric conduit was 22 (range 18-25).

Table 1. Patient characteristics

Characteristic N (%)
Sex

Male 17 (85)
Female 3 (15)
Age (median [IQR]) 63.00 [62.00, 70.50]
Hospital

LuMcC 12 (60)
EMC 8 (40)
T stage

cl 1(5)
c2 3 (15)
c3 13 (65)
o4 3 (15)
Surgical approach

Transthoracic 9 (45)
Transhiatal 11 (55)
Minimal invasive

Yes 12 (60)
No 8 (40)

Days of admission (median [IQR])

8.00 [7.00, 23.50]
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Perfusion patterns

Based on qualitative and quantitative assessment of the time-intensity curves and the
corresponding perfusion parameters, three distinctive perfusion patterns of the gastric
conduits were observed. These patterns were present on every gastric conduit. Pattern 1:
a steep inflow with a short peak and steep outflow. Pattern 2: a steep inflow but no/little
egress and an immediate plateau phase. Pattern 3: a slow gradient inflow that does not
or slowly reaches its peak fluorescence intensity. Pattern 1 was pre- sent at the base of the
gastric conduit that was clinically selected as a vital part of the gastric conduit. Pattern 2

displayed the transition zone and pattern 3 the ischemic zone at the tip of gastric conduit.

Based on qualitative interpretation of the curves with a quantitative check afterwards, cut-
off values were established for each pattern. pattern 1: time to max < 50 s and max egress
< -1.5; pattern 2: time to max < 50 s and max egress > -1.5; and pattern 3: time to max
>50 s. Fig. 2 shows the mean curves per perfusion pattern and Fig. 3 shows the separate
curves with the standard deviation (top row) and the normalised curves per perfusion
pattern (bottom row). The mean perfusion parameters per pattern are presented in Table 2.

All perfusion parameters were significantly different between the perfusion patterns.

Subjective interpretation of ICG-FA recordings

Six surgeons reviewed all ICG-FA videos and selected the location where they would
place the anastomosis. Inter-observer agreement for this subjective evaluation was poor -
moderate; ICC: 0.349 (95% CI: 0.164-0.584). Per gastric conduit, the median distance
between the most proximal- and distal selected location was 2.79 ¢cm (range 0.49-6.46 cm).
Supplementary Fig. 1 shows the ICC dot plot with the distance (in centimeters) between

the locations selected by the surgeons.

Clinical outcome

In twelve patients (60%), quantitative analysis of the part of the gastric conduit that was
used for the anastomosis showed perfusion pattern 2. In two patients (10%), pattern 1 was
present at the location of the anastomosis and pattern 3 was present in six (30%) patients.
Fig. 4 displays all 20 curves at the location of the anastomosis. Anastomotic leakage
occurred in three patients (15%) and all complications were clinically relevant (Clavien-
Dindo > 3). In two (67%) patients with anastomotic leakage the anastomosis location
showed pattern 2, and in one patient (33%) pattern 3. The median Imax was significantly
lower in the anastomotic leakage group compared to the non-leakage group (97.69 vs.
46.81, p = 0.023). The ingress rate (2.13 vs. 0.85, p = 0.101) and max ingress slope (7.58
vs.1.63, p = 0.153) did not significantly differ between the groups. Supplementary Table

1 presents all perfusion parameters stratified by anastomotic leakage.
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Table 2. Quantitative perfusion parameters of all ROIs, stratified by perfusion pattern

Perfusion parameter Pattern 1 Pattern 2 Pattern 3 r
(mean(SD)) (mean(SD)) (mean(SD))

N (curves) 211 92 124

Time to max (sec) 15.47 (5.22) 31.28 (11.30) 173.92 (79.68) :
Imax (a.u.) 142.64 (33.90) 96.09 (30.99) 59.15 (27.76) <0.001
Ingress rate (a.u./sec) 9.40 (3.44) 3.27 (1.72) 0.45 (0.39) <0.001
Max ingress slope (a.u./sec) 16.06 (5.54) 7.67 (3.48) 3.08 (2.32) <0.001
Max egress slope (a.u./sec) -4.34 (1.89) -0.96 (0.29) -0.53 (0.61) @
Normalised max slope (%/sec) 11.20 (2.70) 7.96 (2.63) 5.09 (2.33) <0.001
AUC 30 (%) 78.12 (6.59) 93.19 (5.44) 96.76 (6.21) <0.001
AUC 60 (%) 70.64 (7.16) 88.61 (7.13) 95.37 (8.38) <0.001
AUC 120 (%) 64.85 (7.47) 83.91 (8.28) 91.59 (10.45) <0.001

* patterns are categorized based on the time to max and the max egress slope. Therefore, these parameters are
not statistically compared.
Abbreviations: sec = seconds | a.u. = arbitrary units | AUC = area under the curve

Figure 2: Average curves of the three perfusion patterns.
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Perfusion patterns
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Figure 3: The three separate perfusion patterns, with standard deviations. The top row represents the absolute
curves. The bottom row represents the normalised curves.

Figure 4: All curves on locations where the anastomosis was placed. The red lines represent the patients that
developed anastomotic leakage.
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Supplementary table 1. Quantitative perfusion parameters of the ROIs on the location of the anastomoses,

stratified by anastomotic leakage

Perfusion parameter No leakage (median (IQR)) Leakage (median (IQR)) p
N (curves) 17 3

Time to max (sec) 45.00 [23.00, 58.00] 42.00 [39.00, 100.00] 0.56
Imax 97.69 [91.96, 105.50] 46.81 [39.97, 67.69] 0.023
Ingress rate (a.u./sec) 2.13 [1.46, 3.38] 0.85 [0.56, 1.39] 0.101
Max ingress slope (a.u./sec) 7.58 [5.62, 10.92] 1.63 [1.55, 5.41] 0.153
Max egress slope (a.u./sec) -1.06 [-1.22, -0.81] -0.95 [-1.62, -0.71] 0.958
Normalised max slope (a.u./sec) 7.97 [5.75, 10.23] 4.91 [4.03, 7.65] 0.315
AUC 30 96.53 [89.42, 98.28] 95.70 [95.53, 96.39] 0.634
AUC 60 94.03 [84.79, 96.16] 93.34 [91.57, 94.17] 0.737
AUC 120 89.04 [80.33, 93.26] 88.29 [86.15, 89.98] 0.767
Perfusion Pattern (%) 0.822
1 2 (12) 0(0)

2 10 (59) 2 (67)

3 5(29) 1(33)

Abbreviations: sec = seconds | a.u. = arbitrary units | AUC = area under the curve

Supplementary figure 1: Inter observer agreement between surgeons, per gastric conduit. Every dot displays
a selected location of a surgeon. The distance between the dots displays the distance between the selected parts

on the gastric conduit per surgeon.
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Discussion

This is the first study that used quantitative ICG fluorescence angiography to assess
perfusion patterns of the complete gastric conduit after oesophageal resection. By plotting
contiguous ROIs on the gastric conduit, a clear representation of perfusion of the
entire gastric conduit was obtained. Based on these curves, three distinct patterns were
recognized. Pattern 1 generally presented on the base of the gastric conduit, whereas
pattern 3 was usually found at the distal end, corresponding with the expected area of
poorest perfusion. Pattern 2 was observed in the transition zone of the gastric conduit.
These three perfusion patterns were clearly distinguishable in each patient and might
adequately reflect the perfusion status of the gastric conduit. Although these results suggest
that quantitative ICG-FA can objectively identify differences in perfusion throughout the

gastric conduit, the clinical value of these perfusion patterns should be further explored.

Another important outcome of this study was the inter-observer agreement of the surgeons’
subjective assessment of the ICG-FA videos, which was considered poor - moderate (ICC =
0.349, 95% CI: 0.164-0.584). This ICC is lower than an earlier study from Hardy et al. [12],
where analysis of ICG-FA videos resulted in a moderate overall ICC of 0.717 for experts and
0.641 for non-experts. Our findings underline the need for standardization and quantification
of these ICG-FA assessment videos. In particular in the gastric conduit, in which a trade-off

between length of the conduit and corresponding tissue perfusion is present.

This study was not powered to assess the correlation between quantitative perfusion
assessment and anastomotic leakage. Although there was only a small group of patients
with anastomotic leakage (n = 3), a significantly lower Imax was found in these patients,
compared to patients without leakage. These findings should be interpreted with caution,
as external factors such as ICG dose, administration method, and camera distance all
influence Imax, even if they are standardized. Optical properties of the tissue may also
influence Imax by causing scattering and absorption of the emitted photons. ?° In addition,
patient-related factors, such as cardiac output and vascular status, may be of importance.
Still, it remains remarkable that the two patients with the lowest Imax both developed
anastomotic leakage. Other parameters, such as the ingress rate, max ingress slope, and the
normalised max slope also showed a non-significant difference between the groups. Further
studies should explore the clinical significance of all perfusion patterns and parameters

and normalisation of the curve, and their predictive value on anastomotic leakage.

This study only included patients with cervical anastomoses. This was due to the difficulty
of making standardized recordings when the gastric conduit is located in the thorax.
Intrathoracic gastric conduits require imaging with endoscopic or robotic NIR fluorescence

cameras. In the intrathoracic setting, standardization of distance and angle can be challenging.
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However, as there is more surgical possibility to adjust the anastomosis location on the
g y
gastric conduit in intrathoracic anastomosis, ICG-FA assessment may have more direct

clinical consequences in this group of patients.

Several studies have been published regarding quantitative ICG- FA of the gastric conduit.
Due to the use of varying analysis software, a clear comparison of the results is difficult.
Similar to our study, Yukaya et al. reported perfusion patterns based on ICG-FA of the
gastric conduit. ¥ In this study, only two ROIs were drawn. Interestingly, three perfusion
patterns were reported: the ‘normal flow’ pattern that was similar to our pattern 1, the
‘inflow delayed’ pattern that was similar to our pattern 3, and the ‘outflow delayed’ pattern
that was similar to our pattern 2. A study by Jansen et al. *analysed quantitative ICG-FA
videos of 20 patients undergoing oesophagectomy with gastric conduit reconstruction.
Four pre- selected ROI's were analysed. Slope and maximum intensity decreased at more
distal locations of the gastric conduit. Von Kroge et al. 7 measured the slope, time-to-max
and Imax on 20 gastric conduits. Perfusion patterns were not reported, but a decrease in
all three parameters was seen in the most proximal compared to the most distal part of
gastric conduit. In general, these findings are in line with our data. However, in our study,
continuous series of ROIs were drawn on the gastric conduit. Furthermore, we used an

extensive set of perfusion parameters and we applied curve normalisation.

The authors recognize that there remains a subjective factor in the determination of the
cut-off values for categorizing perfusion patterns. Cut-off values were chosen based on
qualitative interpretation of the curves with a quantitative check afterwards. Although
these cut-off values were subjective, the method of categorizing the curves is reproducible.
A general limitation of ICG-FA assessment of gastric conduits is that there is often not a
possibility to reduce length of the gastric conduit in a way that an anastomosis with the
proximal oesophagus is still feasible. Therefore, some patients have an anastomosis on a
location of high risk of anastomotic leakage. However, even when it is not possible to
reduce length of the gastric conduit, clinical value of ICG-FA exists. In these high-risk
patients surgeons should be more alert to anastomotic leakage by rapidly performing

radiological assessment. Also other surgical options can be taken into account.

Larger datasets are needed to assess the prognostic value of the perfusion patterns and
parameters that were found in this study. A follow-up study should be sufficiently powered
to assess whether these patterns and parameters are correlated with anastomotic leakage.
Also, quantitative measurements should be performed intraoperatively to facilitate change

in surgical management.
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In conclusion, this study described three perfusion patterns of the gastric conduit by
performing quantified ICG fluorescence angiography. These perfusion patterns were clearly
recognized in every patient. The exact clinical meaning of these perfusion pat- terns,
and the corresponding parameters, should be evaluated further. The poor inter-observer
agreement of subjective analysis of the videos underlines the need for quantification of
NIR fluorescence imaging with ICG. Larger studies should assess the predictive value of

the observed perfusion patterns and parameters on the occurrence of anastomotic leakage.
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Abstract

Background

A common complication after a DIEP flap reconstruction is the occurrence of fat necrosis
due to inadequate flap perfusion zones. Intraoperative identification of ischemic zones in
the DIEP flap could be optimized using indocyanine green near-infrared fluorescence
angiography (ICG-NIR-FA). This randomized controlled trial aims to determine whether
intraoperative ICG-NIR-FA for the assessment of DIEP flap perfusion decreases the

occurrence of fat necrosis.

Design/methods

This article describes the protocol of a Dutch multicenter randomized controlled
clinical trial: the FAFI-trial. Females who are electively scheduled for autologous
breast reconstruction using DIEP or musclesparing transverse rectus abdominis muscle
(msTRAM) flaps are included. A total of 280 patients will be included in a 1:1 ratio
between both study arms. In the intervention arm, the intraoperative assessment of flap
perfusion will be based on both regular clinical parameters and ICG-NIR-FA. The control
arm consists of flap perfusion evaluation only through the regular clinical parameters,
while ICG-NIR-FA images are obtained during surgery for which the surgeon is blinded.
The main study endpoint is the difference in percentage of clinically relevant fat necrosis

between both study arms, evaluated two weeks and three months after reconstruction.

Conclusion

The FAFI-trial, a Dutch multicenter randomized controlled clinical trial, aims to
investigate the clinical added value of intraoperative use of standardized ICG-NIR-FA
for assessment of DIEP/msTRAM flap perfusion in the reduction of fat necrosis.
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ICG-NIRF for DIEP Flap Perfusion

Introduction

Over the past 20 years the deep inferior epigastric perforator (DIEP) flap has increasingly
been used for breast reconstruction with natural results and superior patient-reported
outcomes. '~ When the calibre and quality of the perforator(s) is/are judged insufficient,
extra muscle around the perforator(s) is transplanted by means of a muscle sparing
transverse rectus abdominis muscle (msTRAM) flap. ¢” A common complication after
autologous breast reconstruction is the occurrence of fat necrosis in the transplanted flap
due to zones of inadequate flap perfusion or ischemia reperfusion injury. ° In the current
literature the reported incidence of fat necrosis in abdominal-based free flaps varies, ranging
from 10% to 35%. '3 In addition, there is no consequent definition of fat necrosis used in
previous clinical studies, which might explain the large variation in reported percentages.
Fat necrosis has several levels of severity and can lead to major morbidity, infections,
pain, delays in further oncologic treatment, and need for reinterventions. Furthermore,
fat necrosis can result in poor aesthetic outcomes or cause fear and anxiety by mimicking
breast cancer, also leading to additional invasive diagnostics. *!® Minimization of
these complications could be achieved by more accurate assessment of flap perfusion.
Preoperative CT angiography for identification of perforators is currently standard of
care. '® Intraoperatively, subjective clinical assessment of perfusion is based on capillary
refill, colour, temperature and handheld Doppler. Several intraoperative techniques for
objective evaluation of flap perfusion have been analysed, including indocyanine green
near-infrared fluorescence angiography (ICG-- NIR-FA). '8 Studies which investigated
this clinically available technology for perfusion assessment demonstrated the potential
of decreasing fat necrosis and flap failure rates. =% This technique is still not used
consistently, possibly because ICG- NIR-FA elongates operation time and reliable data
on consequent reduction of fat necrosis is not available. In addition, all studies were
performed with low patient numbers and without a clear definition of fat necrosis. This
study protocol describes a randomized controlled trial that aims to investigate the clinical
added value of intraoperative use of standardized ICG-NIR-FA for assessment of DIEP/
msTRAM flap perfusion in the reduction of fat necrosis.

Methods

Primary aim

The primary aim of this study is to investigate whether intra- operative perfusion
assessment of DIEP or msTRAM flaps using ICG-NIR- FA decreases the occurrence of

fat necrosis compared to standard clinical perfusion assessment only.
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Hypothesis
It is hypothesised that intraoperative perfusion assessment of the free DIEP/msTRAM

flap using ICG-NIR-FA will decrease the occurrence of clinically relevant fat necrosis.

Study design

This study is a multicenter single-blinded randomized controlled trial. Eligible patients will
undergo an uni- or bilateral autologous breast reconstruction using DIEP or msTRAM
flaps. For randomization no distinction or stratification will be made for the type of
flap. A total of 280 flaps will be randomised in a 1:1 ratio between assessment of flap
perfusion with ICG-NIR-FA (intervention arm) and a standard DIEP procedure (control
arm). In this study ICG administration is named intervention arm, however, ICG is
not experimental and is standard of care and should therefore not be confused with

experimental interventions. Patients will be stratified by institution.

Sample size calculation

Sample size calculation was performed for the primary endpoint, the occurrence of
fat necrosis. The historical fat necrosis rate for the control arm, based on data of the
department of Plastic Surgery of the LUMC and Erasmus MC, is approximately 15%. It is
hypothesised this can be reduced to 5%. In order to decrease the incidence of fat necrosis
with 10% (80% power and 2-sided significance level a = 0.05), a total of 280 patients
should be enrolled in the study.

Study population

Female patients of 18 years and older who are electively scheduled for one- or two-
sided autologous breast reconstruction using DIEP or msTRAM flaps after mastectomy
are included. Patient will have to sign informed consent. In case of a bilateral breast
reconstruction, the flaps should be bilaterally anastomosed. Exclusion criteria are
known allergy for ICG, iodine or shellfish, and impaired renal function (eGFR< 50
mL/ min/1.73m?). Patients will also be excluded if there is any medical condition that
in the opinion of the investigators could potentially jeopardize the safety of the patient.
Subjects can leave the study at any time for any reason if they wish to do so without any
consequences. The investigator can decide to withdraw a subject from the study for urgent

medical reasons.

Spectrum fluorescence imaging system

Imaging is performed using the Quest Spectrum fluorescence imaging system (Quest
Medical Imaging, Middenmeer, the Netherlands). This system consist of three wavelength-

isolated light sources, including a “white” light source and two separate NIR light sources.
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Colour video and fluorescence images are acquired simultaneously by separate sensors and
are displayed in real time using custom-built optics and software, thereby displaying colour
video and NIR fluorescence images separately. A pseudo-coloured (lime green) merged
image of the colour video and fluorescence images can be generated also. The camera is
attached to a freely moveable arm. During surgery, the camera and moveable arm are

enclosed in a sterile shield and drape (Medical Technique Inc., Tucson, AZ, U.S.A.).

Randomisation, blinding and treatment allocation

Patients will be randomized in a 1:1 ratio between the intervention and the control group.
All participants will receive ICG. Flaps in the control group will be assessed based on
the current standard of care with only clinical evaluation. A recording of the flap will be
made after anastomosis in the control group, but without the surgeon being present in the
room and the recording will have no consequence for the procedure. In the intervention
group, the surgeon is present in the room and is able to adjust the flap shape based on

fluorescence imaging. A schematic overview of the study design is displayed in Fig. 1.

After all eligibility criteria are verified and written informed consent is obtained, patients
are randomized through the internet-based randomization tool in Castor. Castor uses
a variable block randomization method and patients will be allocated a unique study
number. Furthermore, all needed information, study parameters and information from
the case report forms will be collected in a CASTOR database.

In patients who undergo a bilateral reconstruction, with both flaps being anastomosed
to the mammarial artery and vein of either side, the patient will firstly be randomized to
determine in which arm the patient is included. Subsequently, the randomization tool
determines which flap is included in the study (left or right). Both breasts undergo the
procedure according to the assigned study arm. The data of only one breast is included
in the database, because otherwise the baseline characteristics of patients who undergo

bilateral reconstruction will be weighed twice.
Patients will be blinded for the randomization and will be unblinded one year after the

procedure. Hereby, bias is prevented since the patient’s opinion about development of fat

necrosis may affect the primary outcome.

93

O



Figure 1. Schematic representation of the study design.

Study procedures

Surgery of patients in the interventional arm will be performed according to local protocol.
The DIEP flap composed of abdominal skin and fat is elevated from the abdomen with
minimal trauma to the abdominal fascia and rectus abdominis muscle. Based on the
desired volume of the DIEP flap, the perforator or perforators to be used is/are chosen.
All other perforators are ligated and the DIEP vessels are dissected. After dissection the
flap is clinically evaluated for viability and the parts with arterial or venous insufliciency
are marked. Flap viability during adequate hemodynamic conditions is evaluated as
standard of care by assessing: capillary refill, turgor, temperature, colour and bleeding.

Meanwhile, the acceptor vessels (e.g. internal mammary vessels) are exposed.

After anastomosis of the flap blood vessels, but before the inset, ICG- NIR-FA images are
made. In case of a control arm patient, the surgeon will temporarily leave the operating room
during the fluorescence imaging. A standard bolus of 7.5 mg ICG is intravenously injected
and directly flushed with saline. The ICG-NIR-FA images are made using a standardized
imaging protocol in which the camera settings are fixed and the camera is perpendicularly
positioned at a distance of 60 cm from the flap. In case of an ‘intervention-arm’ patient, the flap
is marked according to the fluorescence imaging, and insufficiently perfused parts are resected.
The remaining flap will be shaped and used for breast reconstruction. After completing the

surgery, the surgeon will have to fulfil the NASA TASK questionnaire to assess the work load.
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Follow-up

Standard-of-care follow-up at the outpatient clinic will be conducted. Patients are seen
two weeks and approximately three months after discharge by the surgeon. During the
appointment three months after discharge, the patient will also be seen by an independent
blinded breast surgeon who will determine whether clinically relevant fat necrosis is
present. BREAST-Q questionnaires will be taken directly after inclusion and 3 months

after the operation to measure patient satisfaction.

Outcome measures

Primary outcome

The primary objective is to determine whether ICG-NIR-FA for the assessment of DIEP/
msTRAM flap perfusion during surgery decreases the occurrence of clinically relevant fat
necrosis compared to standard clinical assessment of flap perfusion. Clinically relevant fat
necrosis is defined as a palpable mass, either painful or not, and with or without aesthetic
complaints, which has developed within three months after surgery. The fat necrosis grading
system according to Lie et al. is used and displayed in Table 1. ** Only grade III to IV
is classified as clinically relevant fat necrosis. In case the surgeon or independent breast
surgeon suspects fat necrosis, an ultrasound guided biopsy will be performed by a radiologist.
Subsequently, the pathologist will assess the biopsy for histological confirmation of fat necrosis.
The presence of fat necrosis will be noted as well as the potential need for re-intervention.

Table 1. Fat necrosis grading system according to Lie et al. 2

Grade Description Flap Clinical findings Surgical management
involvement

I Minimal impact on final  <5% Nonmalignant lump <2 Conservative
outcome cm diameter

11 Minor aesthetic defects 5-15% Minor contour defects Debridement/excision

(single) and closure

11 Major compromised 15-50% Major contour defects Debridement,
reconstructive outcome (multiple) secondary procedure

v Subtotal poor >50% Skin defects, inadequate Second local flap/ re-
reconstructive outcome volume, volume loss intervention initial flap

\% Unviable 100% No/poor flow, prolonged Flap removal

ischemia, patient unwell
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Secondary outcomes

* To quantify flap perfusion, based on ICG-NIR-FA recordings in both study arms,
correlated to the development of fat necrosis.

e To determine clinical and treatment-related factors that could contribute to the risk
of developing fat necrosis.

e To assess intra-patient differences in percentage of fat necrosis in patients with
bilateral breast reconstruction in whom one breast is randomized in the intervention

arm.

The noted operation details consist of blood pressure and pulse during the fluorescence
measurement, operation time, duration of flap ischemia, the type (retrograde/antegrade)

and amount of arterial/ venous anastomosis, total flap weight and the resected flap volume.

Between the study arms, the incidence of partial or total flap loss, duration of surgery,
percentage of resected tissue of initial flap (weight), personal experience/opinion of surgeon

performing surgery and patient satisfaction will be compared.

Statistical analysis

Baseline characteristics

All main analyses will be performed according to the intention to treat principle. Patients
initially randomized but considered ineligible afterwards based on information that should
have been available before randomization, will be excluded from all analyses. A two-sided

p-value of 0.05 is considered statistically significant.

Descriptive statistics for patient demographics, baseline disease status, and patient
disposition will be provided. Continuous demographic variables (age, height, weight,
BMI) will be summarized by descriptive statistics (n, mean, SD, median, min, max).
Qualitative demographic characteristics (sex, race/ethnicity) will be summarized by counts

and percentages.

The endpoint for the primary analysis is the occurrence of clinical relevant fat necrosis.
The formal test for comparing the fat necrosis percentages of the interventional arm with
the control arm will be performed with a categorical frequency comparison, using the

Chi- square test.
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Secondary study parameters

* A univariable logistic regression analysis will be performed for the determination of
clinical and treatmentrelated factors contributing to the risk of developing fat necrosis.
Significant variables will be included in a multivariable logistic regression analysis.

* Intra-patient differences in percentage of fat necrosis in patients with bilateral breast
reconstruction in whom one breast is randomized in the intervention arm.

* Incidence of partial or total flap loss will be compared with a Fisher exact or chi-
square test.

e Duration of surgery will be compared with a T-test or Wilcoxon test.

* Percentage of resected tissue of initial flap (weight) will be compared with a Fisher
exact or chi-square test.

* Personal experience/opinion of surgeon performing surgery with ICG-NIR-FA will
be compared with a T-test or Wilcoxon test.

* Satisfaction of patients based on questionnaire BREAST-Q: the BREAST-Q score
will be calculated using the Q-score program, converting the raw survey scores
to continuous scores of 0—-100. An unpaired #-test will be used to examine the
significance of changes in mean scores of satisfaction with breast appearance,
psychosocial well-being, sexual well-being, and physical well-being between the
preoperative and postoperative surveys.

* Fisher’s exact test will be used to detect any significant differences between pre-
reduction and post-reduction satisfaction for a dichotomous outcome. A Pearson’s
correlation coefficient will be calculated to determine whether satisfaction in the

overall outcomes section of the postoperative survey correlated with any other section.

Ethical consideration

This protocol has been approved by the Medical Ethical Committee Leiden-Den Haag-
Delft (METC-LDD) and is registered at ClinicalTrials. gov. The investigator will ensure
that this study is conducted in full compliance with the Subjects Act (WMO) and with

the other laws and regulations of the country in which the clinical research is conducted.
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Abstract

Purpose

Assessment of tissue perfusion using near-infrared fluorescence (NIR) with indocyanine
green (ICG) is gaining popularity, however reliable and objective interpretation remains
a challenge. Therefore, this study aimed to establish reference curves for vital tissue

perfusion across target tissues using this imaging modality.

Methods

Data from five prospective study cohorts conducted in three Dutch academic medical
centres between December 2018 and June 2023 was included. Quantitative analysis using
time-intensity curves was performed in ten target tissues, including the colon, ileum,
gastric conduit, deep inferior epigastric artery perforator (DIEP) flap, skin of the foot,
trachea, sternocleidomastoid muscle (SCM), carotid artery, parathyroid gland, and skin

of the neck.

Results

A total of 178 patients were included in this study, representing 303 target tissues. Three
different patterns of reference curves were identified based on a subjective assessment.
Seven out of ten tissues showed a reference curve with rapid inflow (median time-to-
max (tmax): 13.0-17.8 s, median maximum-normalized-slope (slope norm): 10.6-12.6%/
sec), short outflow (median area-under-the-curve of tmax + 60 s (AUCG60): 65.0—85.1%)
followed by a gradual/absent outflow. Secondly, the DIEP flap and SCM tissue showed a
reference curve with longer inflow (median tmax: 24.0, 22.0 s, median slope norm: 9.3,
9.7%/sec respectively) and reduced outflow (median AUCG60: 89.1, 89.0% respectively).
Thirdly, the skin of the foot showed slow inflow (median tmax 141.1 s, median norm slope

2.1%/sec) without outflow.

Conclusion

This study demonstrates reference curves for vital tissue perfusion of multiple target
tissues identified with ICG NIR fluorescence imaging, providing a critical step towards

the clinical implementation of this technique.
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Introduction

Adequate assessment of tissue perfusion is a critical part of surgery and heavily influences
patient outcomes. '~* Comprised tissue perfusion can lead to severe complications such as
impaired wound healing, necrosis, and organ dysfunction. ! Traditionally, tissue perfusion
assessment has predominantly relied on clinical judgement including visual inspection,
palpation, and tissue temperature. While clinical judgement remains indispensable in
surgical decision-making, it is a subjective method that often lacks predictive accuracy. >4
Moreover, surgical procedures are increasingly performed minimally invasive, impeding
adequate assessment. ” To reduce the risk of undesired outcomes related to malperfusion,
the implementation of a more objective modality for perioperative perfusion assessment
can offer significant clinical value. >'®' One of these modalities is near-infrared (NIR)
fluorescence imaging with indocyanine green (ICG), a valuable technique that is already
being used extensively in various surgical fields. > 7= This technique uses the contrast dye
ICG which can be visualised by a NIR camera system upon intravenous injection, allowing
real-time perfusion assessment. This imaging modality has been widely evaluated in the
literature, including large, randomized trials, often by using a qualitative and there- fore
subjective interpretation of the fluorescence signal. 2°=* In recent years, studies focusing
on quantification of the fluorescence intensity are emerging, supported by the increasing
availability of dedicated software programs for this purpose. For various target tissues, these
studies have shown that quantification of the fluorescence significantly improves the validity
and reliability of ICG NIR fluorescence imaging. **** 2-3' However, the high variability
of utilized quantification methods impedes the clinical usefulness and hampers adequate
interpretation of actual perfusion. ** 32 The results however always focus on the interpretation
of time-intensity curves. Moreover, it is essential to establish reference curves of perfusion for
vital tissue. These reference curves could serve as a threshold for the differentiation between
adequately and inadequately per- fused tissue. 2% 2% 2423033 Ag an initial step, this study

aims to explore the reference curves of adequate perfusion in multiple vital target tissues.

Methods

Data originating from five separately designed prospective study cohorts conducted in
three Dutch academic centres was pooled. The included tissue types and imaging protocols
of each study cohort are described in Table 1. Each study cohort was approved by the
respective medical ethics committee and was performed according to the declaration of
Helsinki (10th version, Fortaleza, 2013). All patients provided informed consent. Each
study cohort used ICG VERDYE (25 mg vial, Diagnostic Green GmbH, Aschheim-
Dornach, Germany) which was intravenously injected, directly followed by a saline flush.
The fluorescence videos were all recorded with the Quest Spectrum 2.0 camera system
(Quest Medical Imaging, Middenmeer, the Netherlands).
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Data collection

The data for this study was collected from December 2018 to June 2023. For the colorectal
resection and the gastric conduit cohort, the data was acquired according to previously
described study protocols. > %° The data from the DIEP flap cohort originates from an
ongoing randomised controlled trial (NCT05507710) and was acquired according to the
published trial protocol. ** Data from the skin foot study cohort originates from the control
group of a previously published study by van den Hoven et al.."* The total thyroidectomy
cohort is an ongoing study from which the included data was collected (UMCG research
register: 201,900,307). The fluorescence imaging was performed directly after the total
thyroid gland was resected.

Data analysis

All acquired fluorescence videos were analysed using the Quest Research Framework®
software (Quest Medical Imaging, Middenmeer, the Netherlands). An overview of the
signal quantification workflow in two example cases is visualized in Fig. 1. The ROIs for
this study were systematically defined by the first author for each tissue type to ensure
consistency, independent of previously used ROI’s of each study cohort. For each tissue,
the ROI placement was guided by clinical assessment (expert surgeon opinion) of perfusion
adequacy and aimed to capture the most representative regions. If there was uncertainty
in the clinical assessment of vitality, tissue ROIs were excluded. In the colon and ileum
groups, the ROI was located most distally from the resection plane, or on a visual part
of the colon/ileum which was not operated on. The selected ROI of the gastric conduit
was located at the most proximal part of the gastric conduit (nearest to the pylorus).
The selected DIEP flap ROI directly surrounded the location where the perforator artery
entered the flap. The ROI of the skin foot group consisted of the total dorsum of the foort,
including the toes. The selected ROI for the skin of the neck group was located dorsal
from the incision wound. The selected ROI on the sternocleidomastoid muscle (SCM)
was located at the best visual part of the muscle. For the carotid artery, the ROI comprised
the total visual artery. The ROI of the trachea was set at the complete visual trachea.
In the parathyroid gland group, the included patients did not suffer from postoperative
hypoparathyroidism. The parathyroid glands were identified by the attending surgeon and

all visual glands were selected as ROls.

The fluorescence signal from each ROI was quantified into a time-intensity curve,
displaying the fluorescence intensity over time. Both absolute and normalized time-
intensity curves were generated, and three parameters were calculated from the normalized
time-intensity curves, including the time to maximum intensity (Tmax), maximum

normalized slope (slope norm) and the area under the curve + 60 s after Tmax (AUCG60).
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Normalization of the time-intensity curves was performed according to a previously
described method. *° Baseline subtraction, motion tracking and a moving average filter
were applied in the quantification software. All fluorescence videos were analysed for two
minutes. To analyse the perfusion patterns, the curves were subjectively categorized into

three distinct patterns based on visual assessment, parameter values and expert judgement.

The Kruskal-Wallis test was employed for an overall comparison of Tmax, Slope norm,
and AUCG0 values across the three identified perfusion pattern groups. To examine
differences between each pair of patterns within the three perfusion parameters, pairwise
comparisons were conducted using the Mann—Whitney U-test. A p-value of less than 0.05
was considered statistically significant for all tests. Statistical analysis was performed using
IBM SPSS Statistics 29.0 (IBM SPSS Statistics for Windows, Version 29.0. Armonk, NY:
IBM Corp).
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Results

Patient characteristics

A total of 178 patients (303 ROIs) were included in this study. Baseline patient
characteristics are presented in Table 2. The mean age in the tissue groups ranged from
38.3 to 66.6 years and the mean body mass index ranged from 25.3 to 28.4. The proportion
of females in the DIEP flap group was 100% and ranged from 13.2 to 93.3% in the
other nine tissue groups. The colorectal resection cohort consisted of 30 patients, from
which colon perfusion was analysed in 29 patients (30 ROIs) and ileum perfusion in
11 patients (11 ROIs). The gastric conduit cohort consisted of 53 patients. Nineteen
patients undergoing a DIEP flap reconstruction were included, in which 29 perforators
were identified. The skin foot cohort consisted of 16 patients with a total of 32 included
feet. The total thyroidectomy cohort consists of 60 patients. From these patients, 52 ROIs
of skin in the neck region, 44 ROIs of the trachea, 13 ROIs of the sternocleidomastoid
muscle and 15 ROIs of the carotid artery were included. The parathyroid gland group
consisted of 10 patients with 24 identified parathyroid glands.

Time-intensity curves and perfusion parameters

The mean normalized time-intensity curves with standard deviation for all tissues are
illustrated in Fig. 2, and the mean absolute time-intensity curves are illustrated in Fig.
3. Parameter extraction of the target tissues is illustrated in Fig. 4 and Table 3. Three
distinct perfusion patterns were identified across the analysed tissues, characterized by
different inflow and outflow dynamics. Table 4 displays the parameters with overall and

pairwise statistical comparison of perfusion metrics across three identified patterns.

Pattern one was observed in seven out of ten tissues and generally describes rapid inflow,
followed by a brief outflow phase that transitioned into a stable state. The rapid inflow
was marked by a short time to maximum intensity (Tmax, medians between 13.0 — 17.8
s, total median 15.0 s) and a steep maximum normalised slope ( medians between 12.6 —
0.6%/sec, total median 11.3%/sec). The outflow phase displayed median AUCG60 values
between 65.0 — 85.1%, with a total median of 74.5%. The tissues demonstrating this
pattern included the colon, ileum, gastric conduit, trachea, carotid artery, parathyroid
glands, and skin of the neck. Furthermore, the onset of fluorescence intensity in the
carotid artery was always faster than any other adjacent tissue, demonstrating a median

of 5.0 s (quartiles: 3.0 /5.5).
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Pattern two displays a reference curve with a slightly longer inflow period compared
to pattern one, followed by a reduced outflow phase. This pattern was observed in the
DIEP flap and sternocleidomastoid muscle (SCM) groups. The prolonged inflow phase
was marked by longer median Tmax values of 22.0 (SCM) and 24.0 s (DIEP flap), and
maximum normalised slopes of 9.3 (DIEP flap) and 9.7%/ second (SCM). The outflow
phase demonstrated median AUCG60 values of 89.0% (SCM) and 89.1% (DIEP flap).
Pattern three demonstrates a distinct reference curve, characterised by a slow and long
inflow phase, without reaching a peak and therefore not showing outflow within the first
two minutes. This pattern was only observed in the skin of the foot group, and showed a
median maximum normalised slope of 2.1%/second and inadequate Tmax and AUCG60

values due to not reaching the outflow phase.

The Kruskal-Wallis test revealed significant differences in Tmax, slope norm, and AUCG60
across the three perfusion patterns (p < 0.001). Pairwise comparisons using the Mann—
Whitney U-test showed the following significant differences: Tmax and AUCG60 were
significantly different between pattern 1 and pattern 2 (p < 0.001), pattern 1 and pattern
3 (p < 0.001), and pattern 2 and pattern 3 (p < 0.001). Slope norm showed significant
differences between pattern 1 and pattern 2 (p = 0.044), as well as between pattern 1 and
pattern 3 (p < 0.001), and between pattern 2 and pattern 3 (p < 0.001).

Table 4. Statistical comparison of perfusion metrics across three identified perfusion patterns

Variable Pattern 1 Pattern 2 Pattern 3 Overall Pairwise comparisons
comparison (p-value)
Tmax (s) 15.0 (8.7) 24.0 (37.5) 141.4(112.7) p <0.001 1 vs 2: <0.001
Median (IQR) 1 vs 3: <0.001
2 vs 3: <0.001
Slope norm (%/s) 11.3 (4.8) 9.5 (4.5) 2.1 (1.4) p <0.001 1vs 2:0.044
Median (IQR) 1 vs 3: <0.001
2 vs 3: <0.001
AUCG60 (%) 74.5 (17.8)  89.0 (9.2) 97.4 (3.0) p <0.001 1 vs 2: <0.001
Median (IQR) 1 vs 3: <0.001
2 vs 3: <0.001

Abbreviations: Tmax, time to max intensity, s, seconds, norm, normalized, AUC, area under the curve, DIEP,
deep inferior epigastric perforator, SCM, sternocleidomastoid muscle, IQR, interquartile range
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Figure. 4 The median values of the quantified perfusion parameters for each tissue type displayed in a bar
chart. Abbreviations: sec, seconds, AUC, area under the curve, DIEP, deep inferior epigastric perforator, SCM,
sternocleidomastoid muscle

Discussion

The establishment of reference curves to assess perfusion status using quantified ICG NIR
fluorescence imaging is of paramount importance for the implementation of this technique
in daily clinical practice. This study provides a first step towards this goal by displaying
reference perfusion curves of ten unique, vital target tissues. First, seven out of ten target tissues
demonstrated a similar pattern of reference curves. This curve was characterized by three stages,
demonstrating a rapid inflow (1), a short period of outflow (2) followed by a gradual or absent
outflow (steady state) (3). Outliers of these reference curves were the foot of the skin (gradual,
slow inflow), the DIEP flap and the sternocleidomastoid muscle (reduced outflow). Secondly,
normalized analysis of the data proved to be the most consistent method for establishing these
reference curves, with the normalized slope demonstrating the least variance. Displaying these
reference curves for vital tissue perfusion is important since most studies on quantitative ICG

NIR fluorescence have predominantly focused on perfusion assessment of tissue at risk. >33

In earlier studies on quantified ICG NIR fluorescence imaging, considerable clinical
value in multiple perioperative settings was shown, such as intraoperative identification of

19.23,37.39 Fyurthermore,

malperfusion to prevent dreaded ischemia- related complications.
pre- and postoperative applications also arise, including the objective evaluation of wound
perfusion or quality control for a perfusion-enhancing intervention such as a peripheral
bypass. 244 These studies investigated absolute, relative, and time-related parameters, but
showed comparable curves of malperfusion, generally described as prolonged inflow and
reduced outflow. In the present study, variations in reference curves were observed within
tissues, for which several explanations can be given. The only tissue showing an apparent
variation of inflow was the skin of the foot, characterised by a slow inflow with low normalized
slope, and high Tmax values. This variation could be explained by the distal location of this

tissue from the central blood supply.
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Furthermore, the DIEP flap and SCM showed a noticeable minimal amount of outflow, with
aslight delay of inflow. In the DIEP flaps, this finding could be explained by the absence of
collateral flow resulting in less outflow of ICG in the flap. For the SCM, the limited outflow
could be explained by the retraction of the muscle during surgery and imaging, impeding
outflow. The other seven tissues demonstrated comparable reference curves of vital tissue
perfusion with rapid inflow, a period of outflow followed by a gradual or absent outflow
(steady state), a pattern which has also been described in literature as adequate perfusion.
29.30.42 The absolute time-intensity curves displayed in this study showed the anticipated
large variation between curves, emphasizing the inaccuracy of intensity-related (absolute)
parameters once again. *> % 4 A limitation of this study is the inclusion of data from five
separate cohorts with varying imaging protocols (e.g. camera distance, ICG dosage). While
normalization reduced variability and allowed for consistent reference curves within this
study, it remains uncertain to what extent such variations, or the use of different commercially

available devices, may impact fluorescence parameters.

Furthermore, the influence of patient-specific factors like hemodynamics (e.g. blood
pressure, cardiac output) on a time-intensity curve is known, however, the limited evidence
makes correction for these factors not yet achievable. 3 -4 Another limitation of this
study is that the vitality of the analysed tissues in this study was presumed, however, not
completely guaranteed as it was clinically assessed and most tissues were measured in
an operative setting. Additionally, the selection of ROIs involved variation in size and
location across different tissue types, tailored to the specific anatomical and physiological
characteristics of each tissue. While this approach ensured relevance and consistency, it
may also introduce a degree of variability in the results. Since an objective method for
intraoperative tissue perfusion assessment is still lacking, the use of clinical assessment
as the predominant mode of evaluation seems justifiable. Added to this, the observed
minimal variation among the normalized curves within the tissue groups underscores the

likelihood of selectively identifying vital tissue.

The significant differences observed in Tmax, Slope norm, and AUCG60 across the three
perfusion patterns suggest that these patterns reflect distinct physiological states, which
could be of clinical relevance in assessing tissue perfusion. The tested tissue groups varied
in sample size and the calculated p-values were not corrected for multiple comparisons
due to the descriptive nature of this study and small sample sizes, therefore the results
should be interpreted accordingly. The clinical utility of these patterns will require further
validation, particularly in defining clinically relevant thresholds for differentiating between

good and poor perfusion.
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Therefore, dedicated clinical studies evaluating perfusion curves of tissue in vital and
malperfused states, including clinical outcomes, will be needed to address the predictive
value of quantified perfusion parameters for assessing the risk of postoperative perfusion
related complications. Moreover, better comprehension of tissue perfusion curves in
various conditions is needed to determine the technique’s ability to distinguish arterial

and venous pathology.

The use of artificial intelligence (Al is a promising approach to address challenges associated
with perfusion assessment using quantitative ICG NIR fluorescence. Despite the clinical
promise, the challenges of interpreting results objectively, standardizing imaging protocols,
and accounting for patient-specific factors necessitate innovative solutions. AI models have the
potential to provide invaluable insights into the detection of perfusion deficits and underlying
pathologies [49]. Such Al-driven analysis, possibly combined with other innovative techniques
like hyper- spectral imaging, could address the full clinical potential of quantitative perfusion
assessment, enhancing its precision and reliability in diverse perioperative settings. °° Building
on the insights provided in this study, this technique holds significant potential to become
a key tool in preventing complications related to malperfusion in diverse surgical settings,
such as anastomotic leakage or skin necrosis. Its clinical adoption could markedly enhance

perioperative decision-making and improve patient outcomes.

Conclusion

This study is the first to describe reference curves for vital tissue perfusion in ten target
tissues using quantified NIR fluorescence imaging with indocyanine green, providing a
benchmark for adequate perfusion. These findings mark an important step towards the
clinical implementation of this technique and highlight its potential to provide surgeons

with an objective and reliable tool for perioperative perfusion assessment.
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Chapter 8



Summary

Discussion and future perspectives



Summary

Dreaded complications in surgery, such as anastomotic leakage, flap necrosis, and non-
healing ulcers, remain an important source of morbidity and are all strongly linked
to inadequate tissue perfusion. Conventional diagnostic tools provide information on
macrovascular level, but do not capture local perfusion, which is most directly related
to tissue viability. Near-infrared fluorescence (NIRF) imaging with indocyanine green
(ICG) enables real-time visualization of local, microvascular blood flow, and has been
increasingly applied across surgical disciplines. However, interpretation of the fluorescence
signal remains predominantly visual, making it qualitative and subject to interobserver
variability. Quantitative analysis of the fluorescence signal has therefore been proposed to
provide objective and reproducible assessment of tissue perfusion. The aim of this thesis
was to evaluate the feasibility, clinical applicability, and standardization of quantitative
NIRF imaging with ICG across multiple surgical domains in order to bring this technique

closer to clinical implementation, as outlined in Chapter 1.

First off with vascular surgery, Chapter 2 evaluates the potential of quantitative NIRF
imaging to predict clinical outcome after revascularization procedures in patients with
lower extremity arterial disease (LEAD). Perfusion images were performed before and
after intervention, and the changes in quantified parameters were correlated to clinical
improvement. Patients in whom clinical improvement was observed showed significant
differences in perfusion parameters, whereas those without clinical improvement did
not. This finding indicates that quantitative NIRF imaging may provide predictive value
for revascularization success and enable timely adaptation of treatment when required.
These findings relate to the broader question of how revascularization procedures can
be optimized, which was further explored in Chapter 3. In this study, the angiosome
concept was examined, which assumes that direct revascularization of the wound-related
angiosome would provide superior clinical outcomes. Quantitative perfusion changes
were assessed in directly and indirectly revascularized angiosomes. Significant changes
of perfusion parameters were observed in both groups, with consistent results across
subgroups of patients with chronic limb-threatening ischemia and within endovascular
and surgical techniques. In addition, significant collateral were very frequently observed in
indirectly revascularized angiosomes. These findings suggest that the angiosome concept
may not be applicable in patients with LEAD and therefore revascularization strategy

should not solely focus on creating in-line flow to the affected angiosome.

Chapters 4 and 5 share the aim of evaluating quantitative perfusion assessment in
gastrointestinal surgery, focusing on tissue at risk of anastomotic leakage. In Chapter 4,
intraoperative imaging was performed on bowel segments after transection of the vascular

supply, but before resection.
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In Chapter 5, intraoperative imaging was performed after creation of the gastric conduit,
immediately before construction of the cervical anastomosis. In both studies, three
comparable perfusion patterns were identified, potentially corresponding to adequate
perfusion, a transition zone, and poor perfusion, although larger studies are needed to
establish their relationship with anastomotic leakage risk. Interobserver agreement for
subjective assessment of fluorescence signal in both studies was poor to moderate. These
findings demonstrate that quantitative NIRF imaging is feasible in both colorectal and
oesophageal surgery, and emphasize that subjective interpretation is highly variable,

underlining the potential of quantification to support the prevention of anastomotic leakage.

In Chapter 6, the study protocol of a multicenter randomized controlled trial is presented,
evaluating whether the use of NIRF imaging can reduce fat necrosis after deep inferior
epigastric perforator (DIEP) and muscle-sparing transverse rectus abdominis myocutaneous
(ms-TRAM) flap breast reconstructions. The trial is designed as a randomized comparison
of standard intraoperative clinical assessment versus clinical assessment supplemented
with fluorescence imaging, using a standardized protocol that also includes quantitative
analysis. This study represents a critical step toward generating high-level evidence for

the role of NIRF imaging in reducing complications after reconstructive flap surgery.

In the last part of this thesis, Chapter 7, perfusion patterns of vital tissues are quantified
using NIRF imaging, with the aim of establishing a reference perfusion curve for a
specific tissue. Measurements were performed across ten tissue types, derived from five
study cohorts in three hospitals. Each tissue type demonstrated a characteristic perfusion
pattern, with normalized curves displaying only limited variation within tissue groups
despite differences in imaging protocols. At the same time, comparable patterns were
observed between most tissue types. These findings provide a first step toward standardized
benchmarks, enabling broader comparability and future definition of clinically relevant

cut-off values for adequate perfusion.

Lastly, Chapter 8 discusses the broader implications and future perspectives of quantitative
NIRF imaging. It highlights that while feasibility and clinical applicability have been
demonstrated across surgical domains, challenges remain regarding parameter selection,
standardization of protocols, and clinical validation in larger outcome-driven trials. Future
integration will depend on automated analysis, multicenter collaboration, and possibly
complementary imaging techniques, with the ultimate goal of evolving quantitative NIRF
imaging into a clinically integrated tool that reduces perfusion-related complications and

improves surgical outcomes.
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Discussion

The assessment of tissue perfusion is a pivotal element of surgical decision-making, yet
current methods remain limited in their reliability and standardization (1-5). Near-infrared
fluorescence (NIRF) imaging with indocyanine green (ICG) is an established technique
for assessing tissue perfusion, yet its interpretation in clinical practice predominantly relies
on subjective evaluation (6-9). In this thesis, quantitative NIRF imaging with ICG was
evaluated across several surgical domains, including peripheral arterial disease, colorectal
and oesophageal surgery, free flap procedures, and in the establishment of general reference
values for multiple tissues. These studies collectively demonstrate that quantitative analysis
is technically feasible, broadly applicable, and provides more consistent and objective

information about tissue perfusion compared to visual assessment alone.

Subjective interpretation of fluorescence could be useful in specific situations such as
amputation surgery (10). However, in most other surgical contexts without evident
ischemic zones or demarcation borders, its reliability is limited and quantitative analysis
offers the potential to provide reproducible and objective information (11-13). Among
the quantification parameters explored, absolute (intensity-related) parameters repeatedly
proved to be highly variable due to strong dependence on factors such as camera settings,
distance, and injected ICG dose (14-17). In contrast, time-based and normalised
parameters, such as time-to-maximum intensity (Tmax) and normalized maximum slope
(norm slope), demonstrated robustness and association with clinical outcomes, as also
demonstrated in this thesis. Furthermore, existing literature has focussed on quantitative
parameters related to the inflow phase, which seem to correlate best with clinical outcomes
(12, 13). This thesis consistently included outflow analysis, but its clinical value remains
unclear and should be addressed in larger cohorts (15, 18, 19)

Normalization may improve comparability of perfusion measurements, potentially even
when different camera systems or imaging protocols are used (14, 15). This is supported by
the reference curve study in this thesis, where normalized data produced with variations of
imaging protocols showed very limited variation. This finding suggests that normalization
can reduce methodological bias and possibly facilitate multicenter comparison. Beyond
technical comparability, clinical interpretation requires a reference to distinguish adequately
perfused from poorly perfused tissue. Internal references, such as adjacent well-perfused
colonic tissue, can provide an optimal reference (20, 21). Though, internal references are not
always available during measurements, for example in patients with ischemic limbs. External
reference curves based on healthy tissue therefore offer an important alternative, although
their applicability may be influenced by inter-patient differences including hemodynamic

variability. Larger cohorts are needed to quantify and if necessary correct for these effects.

124



Summ:n‘\, (li\( ussion ;UK‘ 1‘[”1]1‘(‘ p(‘l'%p(‘kli\'(‘&

In settings where intra-arterial access is already established, such as vascular procedures,
intra-arterial ICG administration could be considered to minimize systemic hemodynamic
influences (22). Importantly, this thesis demonstrated that establishing such external references

is both feasible and clinically relevant, providing a first step toward broader standardization.

The studies of this thesis have several common limitations, including relatively small
cohorts and outcomes that were often based on indirect measures rather than conclusive
clinical endpoints. Nevertheless, the studies in this thesis were primarily designed to
demonstrate feasibility and applicability of quantification across surgical domains, and
not to determine threshold values or prove final clinical impact. The favourable outcomes
of the studies indicate that the next step will be larger, outcome-driven trials, as already
exemplified by the study protocol of the multicenter DIEP flap RCT included in this
thesis. Of note, quantification was performed postoperatively, as results had no direct
clinical consequences. Nevertheless, intraoperative quantification is technically feasible
and could already be applied in practice, indicating that implementation should not be
hindered by this aspect (21, 23). A further strength of this thesis is the multicenter design
of most studies, which demonstrates that standardized data collection across institutions

is achievable and provides a solid foundation for future large-scale studies.

The studies in this thesis illustrate how quantitative ICG NIR fluorescence may translate
into clinical benefit for multiple surgical applications. In peripheral arterial disease,
quantitative analysis could facilitate early detection of perfusion alterations, enabling
more accurate prediction of postinterventional outcome and allow for faster transition to
additional treatment when needed. Moreover, real-time assessment of perfusion during
endovascular procedures has the potential to directly inform whether additional treatment
is required. The angiosome study additionally demonstrated that perfusion does not
consistently follow anatomical arterial borders, underlining the need for objective imaging
rather than relying on theoretical models. In colorectal and oesophageal surgery, more
reliable identification of poorly perfused anastomotic sites could be provided, thereby
reducing the risk of leakage. In reconstructive surgery, malperfused skin zones could be
objectively identified, hereby guiding intraoperative adjustments to lower the risk of fat
necrosis and all related negative patient outcomes. Finally, the development of reference
curves demonstrated that standardized benchmarks can be established, paving the way

toward uniform cut-off values and wider clinical implementation.

As demonstrated in this thesis, the clinical potential of quantitative ICG fluorescence
imaging is substantial, but it should be emphasized that perfusion is only one of several
factors contributing to postoperative complications (24-27). This means that while

objective perfusion assessment can play a major role, it cannot prevent all adverse outcomes.
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Surgeons’ clinical judgment therefore remains essential, and ICG analysis should be seen
as complementary rather than substitutive. Other modalities such as hyperspectral and
laser speckle imaging may provide additional information, or even be of superior value in

certain circumstances (28-31).

A further consideration is that all studies in this thesis were performed with open camera
systems. Such an approach will remain indispensable in settings such as vascular surgery
where skin perfusion is evaluated. At the same time, laparoscopic and robotic procedures
are common, for instance in gastrointestinal surgery, during which standardized
camera distance and angle are barely achievable (32, 33). Although highly relevant, the
applicability of quantitative fluorescence imaging in minimally invasive procedures was

beyond the scope of this thesis.

Future perspectives

‘The most important perspective of this thesis is how quantitative ICG fluorescence imaging can
develop into a clinically integrated tool in the near future. A key requirement will be automation
of fluorescence analysis. Current manual workflows are time-consuming and inconsistent for
routine use. Automated solutions that provide real-time curve evaluation, perfusion heatmaps,
and threshold-based alerts could transform the technique from a research tool into an intuitive
aid for surgeons. Artificial intelligence may play a central role in this development. By detecting
complex perfusion patterns and integrating multiple parameters simultaneously, Al-driven
models could enhance accuracy and consistency beyond what conventional analyses can achieve.
In addition, AI could assist in defining clinically relevant cut-off values, an important need that

would enable objective and actionable intraoperative decision-making,

Another promising direction is the exploration and possibly combination of imaging
modalities. Techniques such as hyperspectral imaging (HSI), laser speckle imaging (LSCI)
and optical coherence tomography (OCT) each capture different aspects of tissue perfusion
and vitality. Their integration with ICG fluorescence may provide a more comprehensive
assessment of tissue health. Exploring when and how to combine these approaches will

be an important focus for future research.

Extending quantitative fluorescence imaging to minimally invasive procedures will be essential
for broad clinical adoption, as these procedures are increasingly common. Time-related and
normalized parameters may provide the robustness needed to overcome variability in camera
distance and angle during laparoscopy and robotic surgery. Moreover, the integration of
fluorescence modes into most modern minimally invasive platforms offers an opportunity for

seamless clinical implementation once validated analysis tools become available.
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Summary, discussion and future perspectives

Finally, significant progress will require large, outcome-driven clinical trials to demonstrate
that objective perfusion assessment can reduce complications related to malperfusion. Such
studies will demand broad international and multicenter collaboration, not only among
surgeons but also with data scientists and industry partners to harmonize protocols,
develop user-friendly software, and scale implementation. The studies in this thesis already
demonstrate that multicenter data collection and standardization are achievable, providing

a foundation for this next phase.

Ultimately, quantitative ICG fluorescence imaging should evolve from an experimental
tool into an integrated element of surgical decision-making. If these steps are realized,
the technique has the potential to reduce complication rates, improve patient safety, and

advance surgical precision across multiple domains.
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Dutch summary

Gevreesde chirurgische complicaties, zoals anastomoselekkage, flapnecrose en niet-
genezende ulcera, zijn nog altijd belangrijke oorzaken van morbiditeit. Een tekortschietende
weefselperfusie speelt hierbij een centrale rol. Bestaande diagnostische technieken geven
vooral informatie over de macrovasculaire circulatie, maar zeggen weinig over de lokale
perfusie, juist op het niveau waarop weefselvitaliteit wordt bepaald. Nabij-infraroodflu
orescentiebeeldvorming (NIRF) met indocyaninegroen (ICG) maakt het mogelijk om
lokale, microvasculaire doorbloeding in realtime zichtbaar te maken en wordt binnen
verschillende chirurgische disciplines steeds vaker toegepast. De beoordeling van het
fluorescentiesignaal gebeurt echter nog grotendeels visueel. Daardoor blijft de interpretatie
kwalitatief en gevoelig voor variatie tussen beoordelaars. Kwantitatieve analyse van
het fluorescentiesignaal kan daarom bijdragen aan een objectieve en reproduceerbare
beoordeling van weefselperfusie. Dit proefschrift onderzocht de haalbaarheid, klinische
toepasbaarheid en standaardisatie van kwantitatieve NIRF-beeldvorming met ICG in
verschillende chirurgische domeinen, met als doel deze techniek dichter bij klinische

toepassing te brengen, zoals beschreven in Hoofdstuk 1.

Vaatchirurgie vormt het cerste toepassingsgebied. Hoofdstuk 2 onderzockt of
kwantitatieve NIRF-beeldvorming kan helpen om de klinische uitkomst na revascularisatie
bij patiénten met perifeer arterieel vaatlijden (PAV) te voorspellen. Hiervoor werden v46r
en na de interventie perfusiemetingen verricht, waarna veranderingen in kwantitatieve
perfusieparameters werden gerelateerd aan klinische verbetering. Bij patiénten met
klinische verbetering veranderden de perfusieparameters significant, terwijl dit bij
patiénten zonder klinische verbetering niet het geval was. Dit suggereert dat kwantitatieve
NIRF-beeldvorming voorspellende waarde kan hebben voor het succes van revascularisatie
en kan helpen om het behandelbeleid tijdig bij te sturen. Hoofdstuk 3 sluit hierop aan
en onderzoekt hoe revascularisatiestrategieén verder kunnen worden geoptimaliseerd.
In dit hoofdstuk werd het angiosoomconcept geévalueerd, dat ervan uitgaat dat directe
revascularisatie van het wondgerelateerde angiosoom tot betere klinische uitkomsten
leidt. Kwantitatieve veranderingen in perfusie werden beoordeeld in direct en indirect
gerevasculariseerde angiosomen. In beide groepen werden significante veranderingen in
perfusieparameters gevonden, met consistente resultaten bij patiénten met chronische
kriticke ischemie en na zowel endovasculaire als chirurgische revascularisatie. Daarnaast
werden in indirect gerevasculariseerde angiosomen vaak significante collaterale
perfusiepatronen gezien. Deze bevindingen suggereren dat het angiosoomconcept bij
patiénten met PAV mogelijk beperkt toepasbaar is en dat de revascularisatiestrategie niet

uitsluitend gericht moet zijn op directe bloedtoevoer naar het aangedane angiosoom.
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Nederlandse samenvatting

Hoofdstukken 4 en 5 richten zich op kwantitatieve perfusiebeoordeling binnen de gastro-
intestinale chirurgie, met aandacht voor weefsel dat risico loopt op anastomoselekkage.
In Hoofdstuk 4 werd intraoperatieve beeldvorming verricht van darmsegmenten
na onderbreking van de vasculaire toevoer, maar vo6r resectie. In Hoofdstuk 5 vond
intraoperatieve beeldvorming plaats na het vormen van de buismaag, direct vé6r het
aanleggen van de cervicale anastomose. In beide studies werden drie vergelijkbare
perfusiepatronen geidentificeerd, mogelijk passend bij adequate perfusie, een overgangszone
en inadequate perfusie. Grotere studies zijn nodig om de relatie tussen deze patronen en het
risico op anastomoselekkage verder vast te stellen. De overeenkomst tussen beoordelaars
bij subjectieve beoordeling van het fluorescentiesignaal was in beide studies laag tot matig.
Deze bevindingen laten zien dat kwantitatieve NIRF-beeldvorming haalbaar is binnen
zowel de colorectale als de slokdarmchirurgie. Tegelijkertijd onderstrepen zij dat subjectieve
interpretatie aanzienlijk varieert, wat de potentiéle meerwaarde van kwantificatie bij het

voorkomen van anastomoselekkage benadrukt.

Hoofdstuk 6 beschrijft het studieprotocol van een multicenter gerandomiseerde studie
naar de vraag of NIRF-beeldvorming vetnecrose kan verminderen na borstreconstructies
met een deep inferior epigastric perforator (DIEP)-lap of een muscle-sparing transverse
rectus abdominis myocutaneous (ms-TRAM)-lap. In deze studie wordt standaard
intraoperatieve klinische beoordeling vergeleken met klinische beoordeling aangevuld
met fluorescentiebeeldvorming. Daarbij wordt gebruikgemaakt van een gestandaardiseerd
protocol waarin ook kwantitatieve analyse is opgenomen. De studie vormt een belangrijke
stap naar hoogwaardig bewijs voor de rol van NIRF-beeldvorming bij het verminderen

van complicaties na reconstructieve flapchirurgie.

In Hoofdstuk 7 worden perfusiepatronen van vitaal weefsel gekwantificeerd met NIRF-
beeldvorming, met als doel referentiecurven voor specifieke weefseltypen op te stellen.
De metingen werden verricht in tien weefseltypen, afkomstig uit vijf studiecohorten
in drie ziekenhuizen. Elk weefseltype liet een karakteristick perfusiepatroon zien.
Na normalisatie vertoonden de curves binnen weefselgroepen slechts beperkte variatie,
ondanks verschillen in beeldvormingsprotocollen. Tegelijkertijd waren de patronen tussen
de meeste weefseltypen vergelijkbaar. Deze bevindingen vormen een eerste stap richting
gestandaardiseerde referentiewaarden. Daarmee kunnen toekomstige studies beter met
elkaar worden vergeleken en kan uiteindelijk worden toegewerkt naar klinisch relevante

afkapwaarden voor adequate perfusie.
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Hoofdstuk 8 bespreckt de bredere implicaties en toekomstperspectieven van kwantitatieve
NIRF-beeldvorming. Hoewel de haalbaarheid en klinische toepasbaarheid binnen verschillende

chirurgische domeinen zijn aangetoond, blijven er belangrijke uitdagingen bestaan.

Deze liggen vooral op het gebied van parameterselectie, standaardisatie van
beeldvormingsprotocollen en klinische validatie in grotere, uitkomstgerichte studies.
Verdere implementatie zal afhankelijk zijn van geautomatiseerde analyse, multicenter
samenwerking en mogelijk aanvullende beeldvormingstechnieken. Het uiteindelijke doel
is om kwantitatieve NIRF-beeldvorming te ontwikkelen tot een geintegreerd klinisch
instrument dat perfusiegerelateerde complicaties helpt verminderen en chirurgische

uitkomsten verbetert.
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