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Abstract

:

Background: In restorative proctocolectomy with ileal J-pouch, perfusion assessment is vital to prevent complications such as anastomotic leak (AL). Indocyanine green near-infrared fluorescence (ICG-NIRF) is gaining popularity, while its interpretation and relevance remain subjective. This study aimed to evaluate a standardized ICG-NIRF imaging protocol combined with a novel, software-based assessment to detect areas of impaired perfusion and a possible correlation with AL of the pouch. Methods: In this prospective study, patients undergoing ileal J-pouch for ulcerative colitis at an inflammatory bowel disease (IBD) referral center were included. Intraoperatively, strictly standardized ICG-NIRF visualization was performed and video-recorded. Postoperatively, a specific software was utilized to determine the change in fluorescence intensity per second (i/s) for systematic regions of interest, generating perfusion-time curves and a pixel-to-pixel map. These were analysed in detail and correlated with clinical outcome (primary end point: AL within 30 days; clearly defined and screened for by pouchoscopy). Results: Four out of 18 included patients developed AL of the ileal pouch-anal anastomosis (IPAA). In the AL group, the perfusion curves on the area adjacent to the IPAA (pouch apex) displayed considerably lower ingress/inflow (median = 1.7; range = 8.5; interquartile-range = 3.8 i/s) and egress/outflow (median = −0.1; range = 0.7; interquartile-range = 0.5 i/s) values than in the non-AL group (ingress: median = 4.3; range = 10.3; interquartile-range = 4.0 i/s); egress: median = (−1.1); range = 3.9; interquartile range = 1.0 i/s). This was confirmed by further novel parameters of pouch perfusion (maximum ingress; maximum egress) and pixel-to-pixel analysis. Conclusions: This study presents the feasibility of a novel methodology to precisely assess pouch perfusion with ICG-NIRF, identifying comparable, quantifiable, and objective parameters to potentially detect perfusion-associated complications in surgery in real-time.
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1. Introduction


Restorative proctocolectomy (RPC) with the construction of an ileal J-pouch and ileal pouch-anal anastomosis (IPAA) has been established as the surgical procedure of choice for patients with medically refractory ulcerative colitis (UC) or familial adenomatous polyposis (FAP) and selected patients with Crohn’s colitis [1,2,3]. A two- or three-stage approach is usually chosen, depending on the individual patient’s condition and risk factors [4,5]. The J-pouch and IPAA are presently usually fashioned by mechanical stapling, although a hand-sewn anastomosis can be required, especially after mucosectomy [6]. While RPC generally improves quality of life with favorable long-term functional outcomes, complications such as anastomotic leak (AL) of the pouch with pelvic sepsis, pouch necrosis, strictures, fistulas and sinuses as well as pouchitis can severely affect patient outcome [6,7,8,9,10,11]. Especially early complications including AL and pelvic sepsis increase the risk of pouch failure and long-term morbidity [11,12,13]. AL of the pouch has a reported incidence of 5–20%, while associated local septic complications have a reported incidence of 7–36% [14,15,16,17].



The risk of AL is increased by an impaired blood flow to the pouch and IPAA [18,19]. Consequently, performing an accurate perfusion assessment and a tension-free anastomosis during pouch formation are crucial. Currently, fluorescence-guided imaging techniques such as indocyanine green-derived near-infrared fluorescence (ICG-NIRF) are increasingly being used for intraoperative intestinal perfusion assessment, additionally to conventional parameters (such as intestinal colour, bleeding from transection sites, pulse of vascular arcades) [20,21,22,23,24,25]. ICG-NIRF allows the surgeon to visualise bowel perfusion in real-time and may have potential to reduce the incidence of AL [22,25,26]. Nevertheless, its interpretation is still subjective, predominantly consisting of an individual real-time assessment of a fluorescence or overlay image. As with conventional clinical parameters of perfusion, the validity of ICG-NIRF perfusion visualization is highly dependent on the individual experience and degree of specialization of the surgeon [27]. To date, the accuracy and sensitivity for the detection not only of an absolute lack of perfusion, but rather of venous congestion and other degrees of (micro-) perfusion impairment and the AL-associated perfusion indicators of ICG-NIRF are unknown. Approaches for quantifying ICG-NIRF for bowel perfusion assessment have been described occasionally but have not been implemented or validated mechanistically [23,28,29,30]. A quantitative and objective approach of ICG-NIRF perfusion assessment has not been described for pouch surgery. Additionally, in the existing literature, the intraoperative ICG-NIRF measuring environment is not standardized, resulting in differing or variable ICG doses, measuring time points, surrounding light, and distances of the detection device and light source to the operating field. This makes a comparison of individual visualizations and related scientific findings difficult, if not impossible.



This study aimed to evaluate a systematic approach of intraoperative ICG-NIRF imaging (with standardized measuring time points, dosage and distance) combined with a software-based perfusion assessment for the detection of areas of impaired perfusion by correlation with postoperative outcome including AL of the pouch. We hypothesized that a dynamic depiction of fluorescence intensity over time would result in novel, quantifiable and objective indicators of pouch perfusion.




2. Materials and Methods


This prospective cohort study (NCT04695184) was conducted from February 2019 to December 2020 at the Department of General and Visceral Surgery, Charité University Medicine Berlin, Campus Benjamin Franklin, a tertiary referral center for colorectal and inflammatory bowel disease (IBD) surgery. Study approval was given by the Charité University Hospital Ethics Committee (No. EA4/116/19; Date of approval: 24 January 2019) and all data were reported in conformity with the STROBE guidelines [31].



Patients receiving RPC with an ileal J-pouch in either a two- or three-stage approach were included. In the two-stage approach, patients underwent proctocolectomy simultaneously with ileal J-pouch and protective ileostomy, followed by ileostomy reversal. Patients undergoing the three-stage approach received subtotal colectomy with end ileostomy in stage one, completion proctectomy with ileal J-pouch formation and loop ileostomy in stage two, and ileostomy reversal in stage three.



Study inclusion required a diagnosis of medically refractory UC, indeterminate colitis (IC), Crohn´s colitis or familial adenomatous polyposis (FAP), age ≥ 18 years and an American Society of Anesthesiologists (ASA) physical status ≤ 3. Patients were excluded if they displayed a hypersensitivity to ICG or sodium iodide, iodine allergy, hyperthyroidism, thyroid nodules, a previously poorly tolerated injection of ICG, pregnancy or breastfeeding, a coexisting malignancy or liver dysfunction (with a Model End Score Liver Disease (MELD) score > 10).



Informed consent for study participation was received at least 24 h prior to surgery.



2.1. Surgical Technique


Following the standard surgical operating procedure of the tertiary IBD referral center, laparoscopic preparation was followed by fashioning of the J-pouch to a length of 14–16 centimetres (cm) by linear single-stapling. It was then ensured that the fashioned J-pouch had sufficient mobility to extracorporeally reach down to the symphysis pubis without tension, to enable tension-free IPAA. IPAA was achieved by circular mechanical double-stapling using an end-to-end anastomosis (EEA) 29 millimeter (mm) stapler. In cases where mucosectomy was required due to risk of malignancy, single-layer hand-sewn anastomosis was performed after completed mucosectomy. In cases where laparoscopic preparation was considered a risk for patient safety, open surgery was conducted.




2.2. Intraoperative ICG-NIRF Perfusion Visualization


During ileal J-pouch formation, intraoperative real-time perfusion visualization was performed with the Quest Spectrum® Fluorescence Imaging Platform (Quest Medical Imaging, Middenmeer, The Netherlands) at three consecutive, predefined measuring time points (Figure 1A). ICG (VerDye, Diagnostic Green GmbH, Aschheim, Germany, 25 mg) was dissolved in 5 mL sterile water to yield a 5 mg/mL concentration and administered intravenously as a bolus of 1 mL (5 mg) at each time point.



At time point 1 (T1), prior to J-pouch formation, the terminal ileum was visualized to ensure adequate baseline perfusion. At time point 2 (T2), the J-pouch was visualized immediately after its formation by side-to-side stapled anastomosis. At time point 3 (T3), after trans-anal circular stapling, the completed ileal pouch-anal anastomosis (IPAA) was visualized. At time points 1 and 2, the Quest Spectrum® system was equipped with the ring light camera for open surgery, which was secured in position with a stabilizing arm to ensure a fixed distance to the operating site and adjusted for focus and field of view (Figure 1B). At time point 3, the IPAA was visualized at 360 degrees by inserting the Quest Spectrum® laparoscope anally via a covered 12 mm laparoscopy port (Versaport™ Bladeless Optical Trocar, Medtronic, Minneapolis, MN, USA), protecting the IPAA while allowing manual air insufflation.



At each time point, the effect of surrounding light was minimized by turning off the operating room and surgical lights. Each visualization was video recorded for 120 s to enable postoperative analysis. Patient baseline, intraoperative clinical and technical imaging environment data were documented, as well as the timing between the measurements.




2.3. Postoperative ICG-NIRF Perfusion Rate Assessment


Using the Quest Research SoftwareTM, the video recordings underwent a postoperative perfusion assessment by analysing the distribution of fluorescence intensity over time. To achieve this, 10 regions of interest (ROIs) were manually selected on each pouch visualization in a standardized, predefined order: 8 ROIs on the pouch body including the pouch appendage (blind end) as well as two ROIs at the pouch apex (Figure 2A,B). One ROI was placed on the surrounding surgical drape as a negative control to indicate autofluorescence and background noise (control ROI). Each ROI was given an individual color to allow a clear allocation of the planned successive assessment.



By depicting fluorescence intensity over time, a perfusion curve was generated for each ROI, resulting in an individual perfusion graph for each pouch. The shape and characteristics of each perfusion graph were analysed in R statistical software (version number 4.1.2, www.r-project.org, the R foundation, Vienna, Austria; accessed on 1 December 2021). Additionally, a computed pixel-to-pixel analysis of fluorescence intensity over time was conducted for each video recording. In this assessment mode, the software utilized each pixel as an individual ROI, allowing an analysis for maximum ingress and maximum egress and its detailed depiction as a heat map.




2.4. Definition of Anastomotic Leak


A standardized definition of AL of the ileal pouch is lacking. Thus, to avoid further ambiguity and improve comparability, in conformity with previous definitions of AL in colorectal surgery [32], we applied the following definition: AL of the pouch is defined as a defect of intestinal wall integrity at the anastomotic sites of the pouch leading to a communication between intra- and extraluminal compartments and an exodus of pouch luminal content (including air, faecal content and abscess formation communicating with the anastomotic site). Diagnosis is made by pouchoscopy and can be radiographically supported by CT, MRI and pouchography with contrast enema. It can occur with or without symptoms of pelvic sepsis.




2.5. Clinical Data and Follow-Up


Detailed clinical follow-up was performed on 30-day postoperative morbidity for all patients, with AL of the pouch as the primary outcome. To screen for this, flexible pouchoscopy was regularly performed in every patient 6–8 weeks after surgery or during the postoperative hospital stay if signs of AL or pelvic sepsis (prolonged postoperative ileus; fever > 38.5 °C; leucocytosis; elevated C-reactive protein) were detected. Additionally, radiologic pouchography with contrast enema was performed 6–8 weeks after surgery.




2.6. Primary and Secondary End Points


AL of the pouch as described within 30 postoperative days was defined as the primary end point. Baseline patient characteristics, 30-day postoperative morbidity and the imaging environment were defined as secondary end points, including sex, American Society of Anesthesiologists (ASA) physical status classification, underlying condition, disease category, preoperative immunosuppressive medication, type of surgery, two- or three-stage approach, hand-sewn ileal pouch-anal anastomosis (IPAA), intraoperative change of the anastomotic site, age at operation (years), body mass index (BMI) and the presence of autofluorescence in the imaging environment.




2.7. Sample Size


We applied a novel assessment method investigating the correlation of novel perfusion indicators with clinical outcome, discriminating between cases of AL and no AL. No previous data investigating this specific correlation existed prior to study commencement to enable the prediction of a suitable sample size. Based on the results of this study, power analysis for sample size may be possible in future studies, taking into account the prevalence of AL.





3. Results


In total, 18 patients underwent ileal J-pouch with intraoperative ICG-NIRF visualization and video recording, follow-up, and statistical and perfusion assessment analysis (Table 1). Reasons for exclusion from the enrolled total of patients that completed clinical follow-up were an initial non-availability of a video recording of the perfusion visualization, impairment by movement and an incomplete data set with regards to intraoperative additional data (Figure 3). Four out of 18 patients developed AL of the IPAA within 30 days (AL group), all of them with grade A leak. No AL occurred at the pouch body or appendage. The other 14 patients did not develop AL of the pouch (non-AL group). Intraoperative ICG-NIRF perfusion visualization was achieved with a sufficient subjective signal strength and time to signal in all cases. There was no intraoperative change of anastomotic site after perfusion visualization.



The software-based analysis resulted in a depiction of fluorescence intensity measured per pixel (i: intensity) over time in seconds (s) for the ROIs of each pouch, resulting in a rate of intensity change per second (i/s). A distinctive perfusion curve was generated for each ROI, allowing the differentiation between pouch body, pouch apex and pouch appendage. A general shape could be observed in most cases, which was similar and aligned synchronously with the other ROIs of the same pouch. A fluorescence ingress (i.e., inflow) phase was followed by an intensity peak and egress (i.e., outflow) phase (Figure 4A).



Thus, recurring time points and characteristics of the perfusion curves were identified (Figure 4B): “Ingress begin” marked the beginning of the ingress phase, defined by a positive slope of the perfusion curve, representing the inflow of blood at the ROI. “Maximum slope” of the perfusion curve represented the point at which the inflow of blood (ingress) had reached its maximum rate. “Maximum intensity” represented the point at which the fluorescent signal had reached its maximum intensity and marked the beginning of the outflow of blood (i.e., egress). “Maximum intensity + 5 s” represented the time point 5 s after the maximum fluorescence intensity was reached. To calculate the slope for the egress phase (egress), the intensity value at the time point of maximum intensity (Itmax) and the intensity value at the time point 5 s after the maximum intensity was reached (Itmax+5) were used (Formula (1)).


  e g r e s s =    I  t m a x + 5   −  I  t m a x    5   



(1)







Differences in the shapes of the perfusion graphs became evident by preliminary visual comparison. In the AL group, ROIs of the pouch apex (directly adjacent to the IPAA) predominantly showed weaker ingress, peak and egress as well as weaker overall fluorescence intensity when compared to the non-AL pouches (Figure 4B).



The identified novel characteristics of the perfusion curve (ingress, maximum ingress, egress and maximum egress) were examined in depth for each pouch according to clinical outcome and ROI location on the pouch body or pouch apex (Figure 5). The corresponding numerical values are presented in detail in Table 2.



The ingress of ROIs on the pouch body was similar in both AL (median = 6.8; range = 10.5 {12.6–2.1}; interquartile range = 6.4 {8.0–3.6} i/s) and non-AL cases (median = 5.6; range = 13.3 {14.1–0.8}; interquartile range = 4.3 {8.0–3.6} i/s). In contrast, the ingress of ROIs on the pouch apex was considerably lower in the AL group (median = 1.7; range = 8.5 {8.6–0.1}; interquartile range = 3.8 {4.1–0.3} i/s) than in the non-AL group (median = 4.3; range = 10.3 {10.6–0.3}; interquartile range = 4.0 {7.1–3.1} i/s), indicating an impaired inflow at the apex.



The same distribution was evident for the maximum ingress, which represented the maximum positive slope of the perfusion curve.



Concordantly, the egress of ROIs on the pouch body was similar in both AL (median = −1.9; range = 2.2 {(−0.9)–(−3.1)}; interquartile range = 0.7 {(−1.5)–(−2.2)} i/s) and non-AL cases (median = −1.4; range = 4.8 {0.0–(−4.8)}; interquartile range = 1.7 {(−0.7)–{{−2.4)} i/s). Contrarily, the ROIs on the pouch apex displayed considerably lower egress in cases of AL (median = −0.1; range = 0.7 {0.0–(−0.7)}; interquartile range = 0.5 {(−0.1)–(−0.6)}i/s) than in non-AL cases (median = −1.1; range = 3.9 {0.0–(−4.0)}; {0.0–(−0.7)}; interquartile range = 1.5 {(−0.5)–(−2.0)} i/s), indicating an impaired outflow at the apex. The maximum egress value of ROIs of the pouch body was again similar for both outcomes, while the ROIs of the pouch apex showed lower maximum egress values in cases of AL.



In summary, ROIs on the pouch apex displayed lower ingress, maximum ingress, egress and maximum egress values in cases of AL, while ROIs on the pouch body showed no considerable difference. In non-AL cases, all parameters for both the pouch apex and pouch body had an overlapping range. Conversely, in cases of AL, there was a notable difference between pouch apex and pouch body.



In the analysis of ingress versus egress (Figure 6), pouches with a normal outcome showed an evenly spread-out distribution of ROIs on the pouch body and pouch apex. Pouches with AL showed considerably lower ingress and egress values for ROIs of the pouch at the apex (Figure 6A). This was also the case when comparing the distribution of ingress and egress for each individual ROI location in AL cases with non-AL cases (Figure 6B). In cases of AL, ROIs on the pouch apex (ROIs 1 and 2) exhibited considerable grouping at low ingress and egress values, while ROIs of the pouch body appeared evenly spread out, especially in non-AL cases.



The computed pixel-to-pixel analysis of the video recordings resulted in a parametric map for maximum ingress and maximum egress (Figure 6). The parametric mapping required pixel-for pixel registration and was not possible in recordings with even minimal movement due to bowel movement (patients 4, 6, 8, 10, 16, 17). It was successful in patients 2, 3, 5, 7, 9, 11, 12, 13, 14, 15, and 18.



In the resulting parametric map, each pixel of the recording was analysed as an ROI for maximum ingress and maximum egress, respectively, resulting in an objective high-resolution map of each pouch. For clarity and to enable direct comparison, we have shown the parametric mapping for patient 1 (non-AL) and patient 2 (AL) from Figure 3 (Figure 7).



In maximum ingress mapping (Figure 7A), patient 1 (non-AL), exhibited evenly distributed values (red, yellow and green) on both pouch apex and pouch body. Patient 2 (AL) displayed minimal values of maximum ingress (blue) om the pouch apex (adjacent to the IPAA), while the pouch body showed medium (yellow) to maximum values (red).



In maximum egress mapping (Figure 7B), patient 1 displayed medium to high values on both pouch body and apex. Patient 2 (AL) exhibited an area of minimal maximum egress values on the pouch distal apex, while the pouch body also displayed medium to high values.




4. Discussion


The study presented here provides a novel, systematic methodology (with standardized measuring time points, dosage and imaging environment) to quantitatively assess anastomotic perfusion with ICG-NIRF and clinical outcome in ileal J-pouch surgery. Furthermore, this study describes a novel multi-step software-based assessment with objective indicators of pouch perfusion and areas of impaired perfusion, which are described for the first time in the medical literature.



In studies investigating anastomotic perfusion with ICG-NIRF, the ICG dosage varies considerably, while the standardization of measuring time points, surrounding light, camera distance to target, device settings (auto-visualization or signal amplification modes) are rarely ever mentioned [23,24,33]. However, these are factors that may influence the fluorescence signal detected and are thus potential confounders to a quantitative, objective and comparable perfusion assessment. In the reported studies investigating ileal pouch perfusion with ICG-NIRF, the study settings were not standardized accordingly [34,35,36]. Spinelli et al. performed an interesting pioneering study on the ileal pouch; however, the intraoperative visualization, the devices used, and follow-up were not quantitative or comparable [37]. The methodology presented in our study strictly standardized and recorded the imaging environment (dosage, timing, camera distance to target, surrounding light, device settings, patient vital signs), providing comparability. As we have recently shown, even with such a systematic imaging approach, the subjective interpretation of the fluorescence signal alone may not be sufficient to indicate impaired perfusion in cases of AL [38].



However, the combination of this systematic imaging approach combined with a novel software-based perfusion assessment resulted in quantifiable results. A graphic depiction of fluorescence intensity over time for defined ROIs resulted in perfusion graphs, which in turn were composed of perfusion curves following a reproducible pattern. So far, only a few clinical feasibility studies mention perfusion-time curves; however, none investigate the ileal J-pouch in a standardized manner or examine ingress and egress in detail [39,40].



For the first time in the medical literature, novel parameters of pouch perfusion were identified by examining the perfusion curves of the pouch apex and pouch body according to clinical outcome with regards to AL. The possible significance of the slope of the perfusion curve for AL in software-based assessment has previously been described, while ingress and egress have not [29]. Maximum intensity has been described to be influenced by factors such as blood pressure [41]. It is also likely to be affected by the imaging environment (e.g., surrounding visible light), which was strictly controlled in our study. Our results suggest that absolute maximum intensity values are less representative than the detailed changes in intensity over time.



The applied methodology resulted in perfusion graphs for each pouch consisting of repeatable, similar perfusion curves per ROI. Non-imaging related baseline patient and intraoperative factors did not show a statistical difference with regards to AL of the pouch, verifying high internal validity. The differences in the perfusion graphs of the AL and non-AL group are mechanistically comprehensible, as are the differences in ROIs of the pouch apex and pouch body. Impaired perfusion at the pouch apex is likely to contribute to AL of the IPAA. Interestingly, when ingress, maximum ingress, egress and maximum egress for all pouches (regardless of ROI location) were compared for regular outcome and AL, there was no considerable difference for cases of AL. However, when the differentiation was made between ROIs located on the pouch body and the pouch apex (Figure 4), there was a difference in all of the respective values. This suggests that in order to evaluate anastomotic perfusion and predict clinical outcome, it is not sufficient to collectively assess a (large) surgical area of interest, but rather that an accurate differentiation and resolution are needed. It points towards the possibility that micro-perfusion is highly relevant to anastomotic perfusion. Micro-perfusion cannot likely be assessed by examining static intraoperative fluorescence images and overlays. Rather, it needs an objective assessment with a high resolution (i.e., distinctive ROIs) and a standardized visualization methodology—as applied in our study. While the findings are promising, they need to be assessed for statistical significance with a larger sample size in the future.



The novel, dynamic parameters of perfusion identified here represent the rate of inflow and outflow of blood at a region of surgical interest and are mechanistically comprehensible, enabling us to detect impaired perfusion not only due to reduced blood supply but also due to venous congestion. This is a feature that the widespread subjective real-time interpretation of ICG-NIRF has not been able to deliver. The relevance of this study is emphasized by the urgent need for objective and comparable intraoperative perfusion assessment and follow-up in ileal pouch surgery, which can only be achieved by systematic standardization of ICG-NIRF visualization and quantitative, software-based protocols such as those proposed here.



Our study included a limited number of patients and can be improved, which we would like to address in the future by increasing the number of patients included, introducing randomization and blinded assessment to investigate statistical significance. The three time points of visualization had different degrees of relevance for predicting AL of the pouch. Time point T1 (ileal segment before pouch construction) was designed to indicate baseline perfusion and to exclude an overall perfusion deficit, which was not the case in any patient. Time point T2 (J-pouch after fashioning) allowed visualization and assessment of the whole J-pouch, which is why it was given the highest priority for assessing pouch perfusion. Time point T3 (intraluminal visualization of ileal pouch-anal anastomosis after circular stapling) had a high theoretical relevance to assess anastomotic perfusion locally at the IPAA. However, the intraluminal measurement was technically difficult to standardise in terms of the distance from the camera to the imaging site and reducing movement. Software-based assessment was not yet possible. This needs to be addressed in the future, when flexible ICG-NIRF endoscopes will offer additional intraluminal visualization possibilities.



The parametric pixel-to-pixel mapping holds great promise for intraoperative real-time use, as it is highly accurate and removes further subjectivity and bias from the perfusion assessment (no manual ROI placement is required, as every pixel represents an ROI). We have recently shown its feasibility for perfusion assessment in gracilis muscle interposition [42]. However, to implement its widespread use, further optimisation of intraoperative visualization, recordings and movement-correction software are needed, as our results reflect: for several recordings, the pixel-to-pixel analysis was not successful due to movement in the recording caused primarily by intestinal peristalsis and secondarily by aortic pulse (patients 14, 4, 6, 8, 10, 16, 17). This needs to be addressed in upcoming trials by adding improved motion-correction software.



Requiring less than one minute of computing time, the software-based perfusion assessment could have technically been performed intraoperatively in real-time; however, to increase patient safety, we decided to perform a retrospective analysis first to prove its feasibility before altering intraoperative decision making. To further investigate whether the novel parameters of perfusion identified here are indeed objective indicators of perfusion, larger, randomized and blinded trials are needed to investigate statistical significance.




5. Conclusions


This study provides the feasibility of a methodology to objectively assess anastomotic perfusion with ICG-NIRF and clinical outcome in pouch surgery. By analysing and depicting fluorescence intensity over time dynamically, perfusion graphs could be characterized in detail and correlated with clinical outcome. Novel parameters of pouch perfusion such as ingress, maximum ingress, egress and maximum egress could be identified and confirmed by parametric pixel-to-pixel mapping. They have never been described before and have the potential to improve the objectivity and quantifiability of intraoperative perfusion assessment in the future in real-time, not only for pouch surgery, but also for intestinal surgery in general.







Author Contributions


Conceptualization, L.A.L. and B.W.; methodology, L.A.L. and B.W.; software, R.J.M.H.; validation, C.S., J.C.L. and R.M.S.; formal analysis, L.A.L. and B.W.; investigation, L.A.L., S.B., L.R.S., J.C.L. and C.S.; resources, K.B.; data curation, S.B. and L.R.S.; writing—original draft preparation, L.A.L.; writing—review and editing, B.W., J.C.L. and C.S.; visualization, L.A.L., R.M.S. and R.J.M.H.; supervision, B.W. and K.B.; project administration, K.B., B.W., L.A.L., S.B. and L.R.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by The CHARITÉ UNIVERSITY HOSPITAL Ethics Committee (protocol code EA4/116/19, date of approval 11 October 2019, Ethikkommission der Charité—Universitätsmedizin Berlin).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Acknowledgments


We sincerely thank all patients for their consent and anonymized participation in the study. Clinical research and innovation cannot proceed without the concern for patient safety and its improvement, first and foremost. Furthermore, we would like to thank all colleagues and staff at Charité—Universitätsmedizin Berlin for their support in conducting the study with great diligence, despite the considerable workload of day-to-day hospital performance. Finally, we would like to thank all surgical colleagues and medical students involved for their feedback and assistance during intraoperative measurements.




Conflicts of Interest


The authors declare no conflict of interest. The company had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Ng, K.-S.; Gonsalves, S.J.; Sagar, P.M. Ileal-anal pouches: A review of its history, indications, and complications. World J. Gastroenterol. 2019, 25, 4320–4342. [Google Scholar] [CrossRef] [PubMed]

	



Jansen-Winkeln, B.; Lyros, O.; Lachky, A.; Teich, N.; Gockel, I. How does the ileoanal pouch keep its promises? Functioning of the ileoanal pouch after restorative proctocolectomy. Chir. Z. Alle Geb. Oper. Medizen 2017, 88, 1033–1039. [Google Scholar] [CrossRef] [PubMed]

	



Maggiori, L.; Michelassi, F. Ileal J-pouch construction. J. Gastrointest. Surg. Off. J. Soc. Surg. Aliment. Tract 2013, 17, 408–415. [Google Scholar] [CrossRef] [PubMed]

	



Ikeuchi, H.; Uchino, M.; Matsuoka, H.; Bando, T.; Matsumoto, T.; Tomita, N.; Syoji, Y.; Kusunoki, M.; Yamamura, T.; Utsunomiya, J. Surgery for ulcerative colitis in 1000 patients. Int. J. Colorectal Dis. 2010, 25, 959–965. [Google Scholar] [CrossRef]

	



Travis, S.P.; Stange, E.F.; Lémann, M.; Oresland, T.; Bemelman, W.A.; Chowers, Y.; Colombel, J.F.; D’Haens, G.; Ghosh, S.; Marteau, P.; et al. European evidence-based Consensus on the management of ulcerative colitis: Current management. J. Crohns Colitis 2008, 2, 24–62. [Google Scholar] [CrossRef]

	



Sheedy, S.P.; Bartlett, D.J.; Lightner, A.L.; Trenkner, S.W.; Bruining, D.H.; Fidler, J.L.; VanBuren, W.M.; Menias, C.O.; Reber, J.D.; Fletcher, J.G. Judging the J pouch: A pictorial review. Abdom. Radiol. 2019, 44, 845–866. [Google Scholar] [CrossRef]

	



Murphy, P.B.; Khot, Z.; Vogt, K.N.; Ott, M.; Dubois, L. Quality of Life after Total Proctocolectomy with Ileostomy or IPAA: A Systematic Review. Dis. Colon Rectum 2015, 58, 899–908. [Google Scholar] [CrossRef]

	



Heikens, J.T.; de Vries, J.; Goos, M.R.; Oostvogel, H.J.; Gooszen, H.G.; van Laarhoven, C.J. Quality of life and health status before and after ileal pouch-anal anastomosis for ulcerative colitis. Br. J. Surg. 2012, 99, 263–269. [Google Scholar] [CrossRef]

	



Heuschen, U.; Schmidt, J.; Allemeyer, E.; Stern, J.; Heuschen, G. The ileo-anal pouch procedure: Complications, quality of life, and long-term results. Zent. Chir. 2001, 126 (Suppl. S1), 36–42. [Google Scholar] [CrossRef]

	



Gorgun, E.; Remzi, F.H. Complications of ileoanal pouches. Clin. Colon Rectal Surg. 2004, 17, 43–55. [Google Scholar] [CrossRef]

	



Worley, G.H.T.; Segal, J.P.; Warusavitarne, J.; Clark, S.K.; Faiz, O.D. Management of early pouch-related septic complications in ulcerative colitis: A systematic review. Colorectal Dis. Off. J. Assoc. Coloproctol. Great Br. Irel. 2018, 20, O181–O189. [Google Scholar] [CrossRef]

	



Shen, B. Problems after restorative proctocolectomy: Assessment and therapy. Curr. Opin. Gastroenterol. 2016, 32, 49–54. [Google Scholar] [CrossRef]

	



Leinicke, J.A. Ileal Pouch Complications. Surg. Clin. N. Am. 2019, 99, 1185–1196. [Google Scholar] [CrossRef]

	



Lovegrove, R.E.; Heriot, A.G.; Constantinides, V.; Tilney, H.S.; Darzi, A.W.; Fazio, V.W.; Nicholls, R.J.; Tekkis, P.P. Meta-analysis of short-term and long-term outcomes of J, W and S ileal reservoirs for restorative proctocolectomy. Colorectal Dis. Off. J. Assoc. Coloproctol. Great Br. Irel. 2007, 9, 310–320. [Google Scholar] [CrossRef]

	



Lovegrove, R.E.; Constantinides, V.A.; Heriot, A.G.; Athanasiou, T.; Darzi, A.; Remzi, F.H.; Nicholls, R.J.; Fazio, V.W.; Tekkis, P.P. A comparison of hand-sewn versus stapled ileal pouch anal anastomosis (IPAA) following proctocolectomy: A meta-analysis of 4183 patients. Ann. Surg. 2006, 244, 18–26. [Google Scholar] [CrossRef]

	



Shen, B.; Remzi, F.H.; Lavery, I.C.; Lashner, B.A.; Fazio, V.W. A proposed classification of ileal pouch disorders and associated complications after restorative proctocolectomy. Clin. Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2008, 6, 145–158; quiz 124. [Google Scholar] [CrossRef]

	



Fazio, V.W.; Kiran, R.P.; Remzi, F.H.; Coffey, J.C.; Heneghan, H.M.; Kirat, H.T.; Manilich, E.; Shen, B.; Martin, S.T. Ileal pouch anal anastomosis: Analysis of outcome and quality of life in 3707 patients. Ann. Surg. 2013, 257, 679–685. [Google Scholar] [CrossRef]

	



Kienle, P.; Weitz, J.; Reinshagen, S.; Magener, A.; Autschbach, F.; Benner, A.; Stern, J.; Herfarth, C. Association of decreased perfusion of the ileoanal pouch mucosa with early postoperative pouchitis and local septic complications. Arch. Surg. 2001, 136, 1124–1130. [Google Scholar] [CrossRef]

	



Manilich, E.; Remzi, F.H.; Fazio, V.W.; Church, J.M.; Kiran, R.P. Prognostic modeling of preoperative risk factors of pouch failure. Dis. Colon Rectum 2012, 55, 393–399. [Google Scholar] [CrossRef]

	



Karliczek, A.; Harlaar, N.J.; Zeebregts, C.J.; Wiggers, T.; Baas, P.C.; van Dam, G.M. Surgeons lack predictive accuracy for anastomotic leakage in gastrointestinal surgery. Int. J. Colorectal Dis. 2009, 24, 569–576. [Google Scholar] [CrossRef]

	



Urbanavičius, L.; Pattyn, P.; de Putte, D.V.; Venskutonis, D. How to assess intestinal viability during surgery: A review of techniques. World J. Gastrointest. Surg. 2011, 3, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



van den Bos, J.; Al-Taher, M.; Schols, R.M.; van Kuijk, S.; Bouvy, N.D.; Stassen, L.P.S. Near-Infrared Fluorescence Imaging for Real-Time Intraoperative Guidance in Anastomotic Colorectal Surgery: A Systematic Review of Literature. J. Laparoendosc. Adv. Surg. Tech. Part A 2018, 28, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Lütken, C.D.; Achiam, M.P.; Osterkamp, J.; Svendsen, M.B.; Nerup, N. Quantification of fluorescence angiography: Toward a reliable intraoperative assessment of tissue perfusion—A narrative review. Langenbeck’s Arch. Surg. 2021, 406, 251–259. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Che, X. Effect of indocyanine green fluorescence angiography on preventing anastomotic leakage after colorectal surgery: A meta-analysis. Surg. Today 2021, 51, 1415–1428. [Google Scholar] [CrossRef]

	



Blanco-Colino, R.; Espin-Basany, E. Intraoperative use of ICG fluorescence imaging to reduce the risk of anastomotic leakage in colorectal surgery: A systematic review and meta-analysis. Tech. Coloproctol. 2018, 22, 15–23. [Google Scholar] [CrossRef]

	



Jafari, M.D.; Pigazzi, A.; McLemore, E.C.; Mutch, M.G.; Haas, E.; Rasheid, S.H.; Wait, A.D.; Paquette, I.M.; Bardakcioglu, O.; Safar, B.; et al. Perfusion Assessment in Left-Sided/Low Anterior Resection (PILLAR III): A Randomized, Controlled, Parallel, Multicenter Study Assessing Perfusion Outcomes with PINPOINT Near-Infrared Fluorescence Imaging in Low Anterior Resection. Dis. Colon Rectum 2021, 64, 995–1002. [Google Scholar] [CrossRef]

	



Hardy, N.P.; Dalli, J.; Khan, M.F.; Andrejevic, P.; Neary, P.M.; Cahill, R.A. Inter-user variation in the interpretation of near infrared perfusion imaging using indocyanine green in colorectal surgery. Surg. Endosc. 2021, 35, 7074–7081. [Google Scholar] [CrossRef]

	



Gomez-Rosado, J.-C.; Valdes-Hernandez, J.; Cintas-Catena, J.; Cano-Matias, A.; Perez-Sanchez, A.; del Rio-Lafuente, F.-J.; Torres-Arcos, C.; Lara-Fernandez, Y.; Capitan-Morales, L.-C.; Oliva-Mompean, F. Feasibility of quantitative analysis of colonic perfusion using indocyanine green to prevent anastomotic leak in colorectal surgery. Surg. Endosc. 2022, 36, 1688–1695. [Google Scholar] [CrossRef]

	



Gosvig, K.; Jensen, S.S.; Qvist, N.; Agnus, V.; Jensen, T.S.; Lindner, V.; Marescaux, J.; Diana, M.; Ellebaek, M.B. Remote computer-assisted analysis of ICG fluorescence signal for evaluation of small intestinal anastomotic perfusion: A blinded, randomized, experimental trial. Surg. Endosc. 2020, 34, 2095–2102. [Google Scholar] [CrossRef]

	



Gosvig, K.; Jensen, S.S.; Qvist, N.; Nerup, N.; Agnus, V.; Diana, M.; Ellebæk, M.B. Quantification of ICG fluorescence for the evaluation of intestinal perfusion: Comparison between two software-based algorithms for quantification. Surg. Endosc. 2021, 35, 5043–5050. [Google Scholar] [CrossRef]

	



von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. J. Clin. Epidemiol. 2008, 61, 344–349. [Google Scholar] [CrossRef]

	



Rahbari, N.N.; Weitz, J.; Hohenberger, W.; Heald, R.J.; Moran, B.; Ulrich, A.; Holm, T.; Wong, W.D.; Tiret, E.; Moriya, Y.; et al. Definition and grading of anastomotic leakage following anterior resection of the rectum: A proposal by the International Study Group of Rectal Cancer. Surgery 2010, 147, 339–351. [Google Scholar] [CrossRef]

	



Liu, D.; Liang, L.; Liu, L.; Zhu, Z. Does intraoperative indocyanine green fluorescence angiography decrease the incidence of anastomotic leakage in colorectal surgery? A systematic review and meta-analysis. Int. J. Colorectal Dis. 2021, 36, 57–66. [Google Scholar] [CrossRef]

	



Nishikawa, T.; Kawai, K.; Ishii, H.; Emoto, S.; Murono, K.; Kaneko, M.; Sasaki, K.; Shuno, Y.; Tanaka, T.; Hata, K.; et al. The impact of indocyanine-green fluorescence imaging on intraluminal perfusion of a J-pouch. Tech. Coloproctol. 2019, 23, 931–932. [Google Scholar] [CrossRef]

	



Joosten, J.J.; Reijntjes, M.A.; Slooter, M.D.; Duijvestein, M.; Buskens, C.J.; Bemelman, W.A.; Hompes, R. Fluorescence angiography after vascular ligation to make the ileo-anal pouch reach. Tech. Coloproctol. 2021, 25, 875–878. [Google Scholar] [CrossRef]

	



Freund, M.R.; Kent, I.; Agarwal, S.; Wexner, S.D. Use of indocyanine green fluorescence angiography during ileal J-pouch surgery requiring lengthening maneuvers. Tech. Coloproctol. 2022, 26, 181–186. [Google Scholar] [CrossRef]

	



Spinelli, A.; Carvello, M.; Kotze, P.G.; Maroli, A.; Montroni, I.; Montorsi, M.; Buchs, N.C.; Ris, F. Ileal pouch-anal anastomosis with fluorescence angiography: A case-matched study. Colorectal Dis. Off. J. Assoc. Coloproctol. Great Br. Irel. 2019, 21, 827–832. [Google Scholar] [CrossRef]

	



Lobbes, L.A.; Berns, S.; Warschkow, R.; Schmidt, L.R.; Schineis, C.; Strobel, R.M.; Lauscher, J.C.; Beyer, K.; Weixler, B. Perfusion Visualization during Ileal J-Pouch Formation—A Proposal for the Standardization of Intraoperative Imaging with Indocyanine Green Near-Infrared Fluorescence and a Postoperative Follow-Up in IBD Surgery. Life 2022, 12, 668. [Google Scholar] [CrossRef]

	



Slooter, M.D.; Mansvelders, M.S.E.; Bloemen, P.R.; Gisbertz, S.S.; Bemelman, W.A.; Tanis, P.J.; Hompes, R.; van Berge Henegouwen, M.I.; de Bruin, D.M. Defining indocyanine green fluorescence to assess anastomotic perfusion during gastrointestinal surgery: Systematic review. BJS Open 2021, 5, zraa074. [Google Scholar] [CrossRef]

	



Jansen, S.M.; de Bruin, D.M.; Wilk, L.S.; van Berge Henegouwen, M.I.; Strackee, S.D.; Gisbertz, S.S.; van Bavel, E.T.; van Leeuwen, T.G. Quantitative Fluorescence Imaging of Perfusion—An Algorithm to Predict Anastomotic Leakage. Life 2022, 12, 249. [Google Scholar] [CrossRef]

	



Higashijima, J.; Kono, T.; Shimada, M.; Sugitani, A.; Kashihara, H.; Takasu, C.; Nishi, M.; Tokunaga, T.; Yoshikawa, K. High Ligation of the Inferior Mesenteric Artery Induces Hypoperfusion of the Sigmoid Colon Stump during Anterior Resection. Front. Surg. 2021, 8, 756873. [Google Scholar] [CrossRef] [PubMed]

	



Lobbes, L.A.; Hoveling, R.J.M.; Schmidt, L.R.; Berns, S.; Weixler, B. Objective Perfusion Assessment in Gracilis Muscle Interposition-A Novel Software-Based Approach to Indocyanine Green Derived Near-Infrared Fluorescence in Reconstructive Surgery. Life 2022, 12, 278. [Google Scholar] [CrossRef] [PubMed]








[image: Life 12 01144 g001 550] 





Figure 1. (A) Visualization at three predefined time points during ileal J-pouch formation. Time point T1: prior to J-pouch fashioning. Time point T2: after formation by side-to-side stapled anastomosis. Time point T3: visualization of the completed ileal pouch-anal anastomosis (IPAA). (B) Standardization of the imaging environment. The Quest Spectrum® system was secured in position with a stabilizing arm to ensure a fixed distance to the operating site and adjusted for focus and field of view. At each time point, the effect of surrounding light was minimized by turning off the operating room and surgical lights. Each visualization was video recorded for 120 s to enable postoperative analysis. Patient baseline, intraoperative clinical and technical imaging environment data were documented, as well as the timing between the measurements. This set-up was designed to achieve a standardized imaging environment to allow comparability between individual measurements. 
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Figure 2. Components of the ileal J-pouch and the respective placement of regions of interest (ROIs). (A) For postoperative software-based perfusion assessment of fluorescence intensity over time, 10 regions of interest (ROIs) were manually selected on each pouch visualization in a predefined order: 8 ROIs on the pouch body including the pouch appendage (blind end); two ROIs at the pouch apex, one ROI on the surrounding surgical drape as a negative control to indicate autofluorescence (control ROI). Each ROI was given an individual color to allow a clear allocation of the planned successive assessment (B) This was repeated in a standardized manner for all visualization recordings for patients 1 to 18. 
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Figure 3. Flow-chart illustrating the number of patients included for software-based perfusion assessment and statistical analysis due to the necessity of a movement-free video recording and strict accrual/exclusion criteria to generate high quality data. 
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Figure 4. Perfusion graph consisting of perfusion curves for each region of interest and their characteristics. (A) The software-based depiction of fluorescence intensity over time per ROI resulted in a perfusion graph for each pouch. Distinctive perfusion curves of the same color were generated for each individually colored ROI, allowing a differentiation between pouch body and pouch apex. The shape of the perfusion curves for non-AL pouches was similar and aligned synchronously with the other ROIs of the pouch, consisting of a fluorescence ingress phase, intensity peak and egress phase (example on the left). In AL pouches, the perfusion curves of ROIs on the pouch apex (ROI 1 and ROI 2) did not show alignment with the other ROIs, suggesting impaired perfusion (example on the right). (B) Recurring time points and characteristics of the perfusion curves could be identified. The ingress phase, defined by a positive slope of the perfusion curve, represents the inflow of blood at the ROI. Maximum slope represents the maximum rate of the inflow of blood (maximum ingress). Maximum intensity marks the point at which the fluorescent signal has reached its maximum intensity and marks the beginning of the outflow of blood (i.e., egress phase). Egress represents slope starting at the time of maximum intensity and ends at the time point 5 s after the time of maximum intensity and is calculated according to Formula (1). 
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Figure 5. Novel parameters of the perfusion curves correlated with outcome and location on the pouch. The novel characteristics of the perfusion curve identified (ingress, maximum ingress, egress and maximum egress) were correlated with the clinical outcome of each pouch. A differentiation was further made between ROIs on the pouch body and the pouch apex. The ingress of ROIs on the pouch body was similar in both AL- and non-AL cases. In contrast, the ingress of ROIs on the pouch apex was considerably lower in the AL group. The same distribution was evident for maximum ingress, which represents the maximum positive slope of the perfusion curve. The egress of ROIs on the pouch body was similar in AL and non-AL cases, whereas ROIs on the pouch apex displayed considerably lower egress in cases of AL, representing a delayed or impaired outflow of blood. The same distribution was seen for maximum egress. In summary, ROIs on the pouch apex displayed lower ingress, maximum ingress, egress and maximum egress values in cases of AL, while ROIs on the pouch body showed no considerable difference. In non-AL cases, all parameters for both the pouch apex and pouch body had an overlapping range. Conversely, in cases of AL, there was a notable difference between pouch apex and pouch body. 
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Figure 6. (A) Ingress versus egress. Ingress is displayed on the y-axis. Egress is displayed on the x-axis. ROIs are displayed by outcome as “anastomotic leak” or “no anastomotic leak”. They are further differentiated by location on the pouch body (blue circle) or pouch apex (yellow triangle). Pouches with a regular outcome showed an evenly spread-out distribution of both ROIs of the pouch body and pouch apex. AL pouches showed considerably lower ingress and egress values for ROIs on the pouch apex, while ROIs on the pouch body showed no considerable difference. (B) Distribution of ingress and egress per ROI according to clinical outcome. Maximum ingress is displayed on the y-axis, egress is displayed on the x-axis for each ROI, respectively, sorted by outcome “anastomotic leak” and “no anastomotic leak”. For cases of AL, ROIs on the pouch apex (ROIs 1 and 2) exhibit considerable grouping at low ingress and egress values, while ROIs of the pouch body appear evenly spread out, especially in non-AL cases. 
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Figure 7. (A) Computed parametric pixel-to-pixel map of maximum ingress over time for patient 1 (non-AL) and patient 2 (AL). Each pixel of the video recording was analysed as an ROI of maximum ingress over time, resulting in a parametric map showing the distribution of maximum ingress values across a pouch developing AL. The patient on the left (no anastomotic leak), exhibits evenly distributed values (red, yellow and green) on both pouch apex and pouch body. The patient on the right (anastomotic leak) displays minimal values of maximum ingress (blue) on the pouch apex (adjacent to the IPAA), while the pouch body shows medium (yellow) to maximum values (red). (B) Computed parametric pixel-to-pixel map of maximum egress over time for patient 1 (non-AL) and patient 2 (AL). Each pixel of the video recording was analysed as an ROI of maximum egress over time, resulting in a map showing the distribution of maximum egress values across a pouch developing AL. The patient on the left (no anastomotic leak) displays medium to high values on both pouch body and apex. The patient on the right (anastomotic leak) exhibits an area of minimal values on the distal pouch apex, while the pouch body also displays medium to high values. 
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Table 1. Baseline patient data.
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Characteristic

	
All Patients

(n = 18)

	
No Anastomotic Leak

(n = 14)

	
Anastomotic Leak






	
Sex

	
male

	
8

	
6

	
2




	
female

	
10

	
8

	
2




	
ASA physical status

	
I

	
1

	
1

	
0




	
II

	
14

	
11

	
3




	
III

	
3

	
2

	
1




	
Underlying condition

	
ulcerative colitis

	
17

	
14

	
3




	
Crohn’s disease

	
0

	
0

	
0




	
indeterminate colitis

	
1

	
0

	
1




	
Disease category

	
malignant

	
1

	
1

	
0




	
medically refractory

	
17

	
13

	
4




	
Preoperative prednisolone

	
yes

	
0

	
0

	
0




	
no

	
18

	
14

	
4




	
Additional immunosuppressive medication

	
yes

	
5

	
2

	
3




	
no

	
13

	
12

	
1




	
Type of surgery

	
laparoscopic

	
14

	
11

	
3




	
open

	
4

	
3

	
1




	
Two- or three-stage approach

	
Two-stage

	
3

	
1

	
2




	
Three-stage

	
15

	
13

	
2




	
Hand-sewn IPAA

	
yes

	
4

	
4

	
0




	
no

	
14

	
10

	
4




	
Intraoperative change of anastomotic site

	
yes

	
0

	
0

	
0




	
no

	
18

	
14

	
4




	
Age at operation (years)

	
mean

	
35.8

	
34.4

	
40.7




	
median

	
34.4

	
32.0

	
35.9




	
range

	
19.9–57.0

	
19.9–57.0

	
34.8–56.0




	
BMI (kg/m2)

	
mean

	
24.9

	
25.0

	
24.7




	
median

	
24.7

	
24.7

	
23.7




	
range

	
18.2–34.6

	
18.0–34.6

	
18.2–33.1








Abbreviations: n = number; AL = anastomotic leak; ASA status = American Society of Anesthesiologists (ASA) physical status classification; IPAA = ileal pouch-anal anastomosis; IQR = interquartile range; BMI = body mass index; kg = kilograms; m2 = square metres.
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Table 2. Median, range and interquartile range values for novel perfusion indicators by outcome and location on pouch body or apex.
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No Anastomotic Leak (n = 14)

	
Anastomotic Leak (n = 4)




	
Pouch Body

	
Pouch Apex

	
Pouch Body

	
Pouch Apex






	
Ingress (i/s)

	




	
Median

	
5.6

	
4.3

	
6.8

	
1.7




	
Range

{maximum–minimum}

	
13.3

{14.1–0.8}

	
10.3

{10.6–0.3}

	
10.5

{12.6–2.1}

	
8.5

{8.6–0.1}




	
IQR

{P75%–P25%}

	
4.3

{8.0–3.6}

	
4.0

{7.1–3.1}

	
6.4

{8.0–3.6}

	
3.8

{4.1–0.3}




	
Egress (i/s)

	




	
Median

	
−1.4

	
−1.1

	
−1.9

	
−0.1




	
Range

{maximum–minimum}

	
4.8

{0.0–(−4.8)}

	
3.9

{0.0–(−4.0)}

	
2.2

{(−0.9)–(−3.1)}

	
0.7

{0.0–(−0.7)}




	
IQR

{P75%–P25%}

	
1.7

{(−0.7)–(−2.4)}

	
1.5

{(−0.5)–(−2.0)}

	
0.7

{(−1.5)–(−2.2)}

	
0.5

{(−0.1)–(−0.6)}




	
Maximum ingress (i/s)

	




	
Median

	
8.8

	
7.2

	
10.6

	
2.7




	
Range

{maximum–minimum}

	
20.1

{22.0–2.0}

	
16.8

{17.6–0.8}

	
17.7

{20.8–3.1}

	
12.4

{13.6–1.3}




	
IQR

{P75%–P25%}

	
6.7

{12.6–5.8}

	
6.6

{11.1– 4.5}

	
12.2

{18.1–5.9}

	
5.5

{7.3–1.8}




	
Maximum egress (i/s)

	




	
Median

	
−2.5

	
−2.1

	
−3.4

	
−0.7




	
Range

{maximum–minimum}

	
7.2

{(−0.1)–(−7.3)}

	
5.9

{(−0.2)–(−6.1)}

	
4.7

{(−0.8)–(−5.5)}

	
5.9

{0.0–(−5.9)}




	
IQR

{P75%–P25%}

	
3.4

{(−1.3)–(−4.6)}

	
2.0

{(−1.5)–(−3.6)}

	
2.1

{(−2.4)–(−4.5)}

	
3.5

{(−0.2)–(−3.7)}








Abbreviations: n = number; i = intensity value measured per pixel; s = second, i/s = rate of intensity change per second; IQR = interquartile range; P75% = 75th percentile; P25% = 25th percentile.
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