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Abstract

:

This study tests fluorescence imaging-derived quantitative parameters for perfusion evaluation of the gastric tube during surgery and correlates these parameters with patient outcomes in terms of anastomotic leakage. Poor fundus perfusion is seen as a major factor for the development of anastomotic leakage and strictures. Fluorescence perfusion imaging may reduce the incidence of complications. Parameters for the quantification of the fluorescence signal are still lacking. Quantitative parameters in terms of maximal intensity, mean slope and influx timepoint were tested for significant differences between four perfusion areas of the gastric tube in 22 patients with a repeated ANOVA test. These parameters were compared with patient outcomes. Maximal intensity, mean slope and influx timepoint were significantly different between the base of the gastric tube and the fundus (p < 0.0001). Patients who developed anastomotic leakage showed a mean slope of almost 0 in Location 4. The distance of the demarcation of ICG to the fundus was significantly higher in the three patients who developed anastomotic leakage (p < 0.0001). This study presents quantitative intra-operative perfusion imaging with fluorescence. Quantification of the fluorescence signal allows for early risk stratification of necrosis.
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1. Introduction


Patients diagnosed with esophageal malignancies may undergo esophagectomy, removal of the malignant esophagus, and subsequent gastric tube reconstruction: the reconstruction of a functional tube out of stomach tissue. To pull up the constructed ‘gastric-tube’, two of the three most important gastric arteries are ligated. Consequently, perfusion of the gastric tissue solely depends on the right gastroepiploic artery and some branches of the right gastric artery, with a risk of decreased perfusion. Decreased perfusion results in a lack of oxygen, nutrients and an accumulation of metabolic waste, and is considered a major contributing factor for the development of anastomotic leakage postoperatively [1]. Anastomotic leakage unfortunately develops in 5–20% of patients and is associated with high rates of morbidity and mortality (3–4%) [2].



Imaging the fluorescence of an intravenously administered exogenous fluorophore allows visualization of the blood vessels in tissue. Using near-infrared light, the autofluorescence induced by tissue structures is lower than for visible light, thereby facilitating the detection of fluorescent light from deeper tissue layers and blood vessels.



Despite the developments in fluorescence imaging during surgery and previous research on fluorescent imaging techniques [3,4,5], evaluation of the fluorescent signal in quantitative values remains challenging [6,7]. This study focuses on the use of quantitative parameters extracted from the recorded fluorescent signals (F) obtained at four locations during surgery of the gastric tube.



We hypothesize that due to the ligation of arteries and veins, the maximal fluorescent intensity (Fmax) and the mean slope (Fslope) will be smaller at the fundus compared to the base of the gastric tube. Furthermore, the influx timepoint (τ), the timepoint where the fluorescence intensity starts to increase per location, is expected to be larger at the fundus compared with the base of the gastric tube. We also hypothesize that the distance from the end of the right gastroepiploic artery to the fundus and the distance of the end of the fluorescent signal to the fundus can be indicative for the development of anastomotic leakage [8].



The first objective of this study is to develop and test quantitative perfusion-related parameters obtained by fluorescence imaging during surgery in patients with esophageal cancer, which allow to distinguish four perfusion areas (from biologically normal to reduced perfusion). The second objective is to explore the correlation between the quantitative parameters obtained during surgery and hemodynamic parameters and patient outcome in terms of risk assessment of tissue necrosis and anastomotic leakage, defined by the ECCG classification [9].




2. Methods


This study applies to the phase 2A of the IDEAL framework [10]. The STROBE (The Strengthening the Reporting of Observational Studies in Epidemiology) guideline [11] and STARD (Standards for Reporting of Diagnostic Accuracy) statement [12] were used to develop the trial methodology.



2.1. Patients


Patients who underwent esophagectomy with gastric tube reconstruction were included in this prospective study between October 2015 and June 2016 (Amsterdam UMC, location Academic Medical Center, Amsterdam, The Netherlands). Surgery was performed by two expert upper-gastrointestinal surgeons (SSG, MIB). Patients were selected for either an Ivor Lewis or McKeown procedure (see Surgical procedure), based upon the location of the esophageal tumor. We included 22 consecutive patients based on our sample size analysis (see Statistical analysis) to create a patient group reflecting reality as well as possible. Approval by the medical ethics committee of the Amsterdam UMC, location Academic Medical Center of Amsterdam and written informed consent was obtained before the start of study inclusion.




2.2. Surgical Procedure


In all patients, a two- or three-stage thoracolaparoscopic procedure was performed. Twenty patients underwent an minimally invasive Ivor Lewis procedure (2 stage procedure with an intra-thoracic anastomosis) and two patients underwent a minimally invasive McKeown procedure (3 stage procedure with a cervical anastomosis). Due to the intra-thoracic anastomosis, the gastric tube in an Ivor Lewis procedure is slightly shorter than in a McKeown procedure. Mobilization and vascularization of the gastric conduit is the same in both procedures. In all patients a two-field (abdominal and thoracic) lymphadenectomy was performed. Procedures have been described in detail by Chen, Nguyen and Jones [13,14,15]. In brief, after mobilization of the esophagus and intrathoracic and abdominal lymphadenectomy, ligation of the left gastric artery, part of the right gastric artery, the left epiploic artery and the short gastric vessels was performed. In all patients a 3–4 cm wide gastric tube was reconstructed using a powered ECHOLON FLEX Stapler (Ethicon, Johnson and Johnson Health Care Systems, Bridgewater Township, NJ, USA). The right gastric artery divided just at the base of the gastric tube (3–4 cm from the pylorus). This artery supplies the remains of the lesser curvature, while the right gastroepiploic artery supplies the greater curvature from its origin. The 3–4 cm wide gastric tube was constructed with a linear stapeler outside the patients just before the Fluorescence Imaging. After imaging the gastric tube was pulled-up inside the patient to create an intrathoracic anastomosis using a circular stapler, usually 29 mm, in case of a narrow esophagus 25 mm. After stapling, the anastomosis was oversewn with two sutures and fixated behind a pleural flap and concealed in an omentum-plasty.



Hemodynamic parameters, in terms of mean arterial pressure (MAP), cardiac index (CI), cardiac output (CO), stroke volume (SV) and spO2, minute volume (MV), FiO2, tidal volume (TV) and respiratory rate (RR) and vasoactive medication at the timing of the fluorescene imaging during surgery, were recorded in a Clinical Report Form (CRF).




2.3. Intra-Operative Perfusion Imaging by Fluorescence Imaging


Fluorescence imaging was performed with the Artemis NIR (near-infrared) imaging system (Quest Medical Imaging, Middenmeer, the Netherlands). This system used a ring light with a white light source and a NIR light source at 793 nm to illuminate the tissue. Back reflected light was split, the NIR light was directed to an infrared camera and the visible light to a Bayer color camera. The computer created an overlay of both images. To create vascular contrast, indocyanine green (ICG) was used (ICG Pulsion, 25 mg/10 mL). A disposable drape was placed over the camera before advancing into the sterile operation field. All light in the operation room was switched off to minimize external light reflection.



Directly after construction, the gastric tube was placed on a sterile surface, still distally attached to the patient, and fluorescence imaging was performed (Figure 1). The Artemis NIR imaging system was placed under an 90 degree angle and at a distance of 40 cm above the gastric tube (measured with the distance laser; Leica Geosystems D110, Germany) and the gastric tube was brought into focus. A metric ruler was placed in the field of view for image calibration and a sterile gauze was placed to point out the watershed area (the end of right gastroepiploic artery). The anesthesiologist administered 2.5 mg ICG intravenously. Perfusion was imaged in continuous video recordings of 2–3 min. No changes were made in location of the anastomosis based on our FI findings, so the FI parameters could objectively be compared with the clinical outcomes.




2.4. Data Analysis


Software developed at the AMC was used to analyze fluorescence imaging data. Quantitative data analysis was carried out using custom-made scripts written in MATLAB (The Mathworks Inc., Natick, MA, USA). Before measurements in the clinical setting, the illumination profile of the Artermis system was measured in a laboratory setting. Illumination heterogeneity was corrected for in the software. In every patient, four regions of interest (ROIs) of 300 pixels were selected from the base of the gastric tube towards the fundus (from normal to decreased perfusion): location #1 = 3 cm below the watershed, #2 = watershed, #3 = 3 cm above the watershed and #4 = fundus. By calculating the average fluorescent intensity in these ROIs for consecutive images, four region-specific temporal ICG fluorescence intensity profiles (Figure 2) per patient were obtained. Because of the high risk nature of this surgical procedure, the measurement time was maximized to 2–3 min after ICG administration. Because this time was too short to reach a peak in intensity for all locations in all patients, maximal intensity (Fmax) was determined in the range between the influx timepoint and 50 s. In order to quantify the influx of ICG for each location, two parameters were evaluated: (1) The rate at which the fluorescence intensity increased (Fslope), and (2) the influx timepoint (τ) indicating the time at which the fluorescence intensity was statistically significantly larger than the background. The first parameters are widely used in CT brain perfusion imaging, where the parameter Fslope is indicated as ‘cerebral blood flow’ (CBF), the area under the curve is ‘cerebral blood volume’ and the Fmax is Tmax [17].



Location-specific mean slopes Fslope were computed by performing a succession of signal processing steps. First, a smoothing filter was applied to all temporal fluorescence traces. Here, local regression was employed, using weighted linear least squares and a 1st degree polynomial model with a span of 21 data points assigning zero weight to outliers outside six mean standard deviations. Following this smoothing operation, point-wise derivatives were calculated for all traces (see Figure 3. Next, to enable automatic detection of the location-dependent moment of ICG influx time (τ i.e., the trace-specific inflection points), we calculated the mean (μnoise,i) and standard deviation (σnoise,i) of the point-wise derivatives in the first 10 s of each of the four derivative curves (i = 1, 2, 3, 4). μnoise,i and σnoise,i then served as trace-specific reference points in a statistical criterion: an initial curve-specific increase in fluorescence intensity was deemed significant if the corresponding point-wise derivative deviated from its respective μnoise,i by more than 5.5 σnoise,i (these significance levels are indicated as horizontal lines in Figure 3). Following this automated influx-detection, four 10 s intervals were defined from the trace-specific influx moments onwards (beginning and ends of which are demarcated by colored vertical lines, in Figure 1, panel C and Figure 3). Using these four sampling intervals, trace-specfic (i.e., location-specific) mean slopes were calculated by averaging the contained point-wise derivatives.




2.5. Statistical Analysis


Data were analyzed using Prism (GraphPad Prism Version 5.01, GraphPad Software, San Diego, CA, USA). Study size was based on the detection of hemodynamic change in images, using Hedges’ g. A sample size of 20 patients will have 80% power to detect an effect size of 0.66, using a paired t-test with a 0.05 two-sided significance level. Taking 10% missing/unevaluable measurements into account, 22 patients were included. To check data sets for normality a D’Agostino-Pearson test was applied. Quantitative perfusion parameters at four locations were compared by means of a repeated measure ANOVA test. Significance of the differences of these intensity parameters, distances of perfusion demarcation to the fundus and distances of the watershed to the fundus between the leakage group and non-leakage group were measured using a unpaired t-test. Patient-specific hemodynamic parameters were tested for correlation with quantitative perfusion-related parameters using a Wilcoxon signed-rank test.





3. Results


3.1. Participants


In total, 26 consecutive patients who underwent esophagectomy with gastric tube reconstruction signed informed consent and were included in this study between October 2015 and June 2016 (Amsterdam UMC, location Academic Medical Center, Amsterdam, The Netherlands). Four patients were excluded based on the long operation time and therefore did not undergo imaging, and two patients were excluded based on evaluability of images (stability).



Patient characteristics showed the inclusion of 18 men and 2 women with a mean age of 61 and a body mass index of 25.8 kg/m2 (Table 1). There was no correlation between hemodynamic parameters (Table 2) and Fmax, Fslope or τ.




3.2. Feasibility of Fluorescence Imaging


Fluorescence imaging of gastric tube perfusion was visible in all patients (n = 22). Figure 4 shows a typical NIR fluorescence image and overlay image. In four patients, the fluorescence imaging light intensity settings were adjusted too late, which had to be corrected for during data analysis. In three patients, Location 1 (=3 cm below watershed) was inside the patient and could not be evaluated. In two patients the camera was moved during measurements, and those data therefore had to be excluded (Figure 4). In all analyzed patients (n = 20), influx of ICG was visible intra-operatively and the ischemic fundus regions could be successfully differentiated from the non-ischemic perfusion areas (Locations 1 and 2) since the influx of ICG was later and less intense. Additionally, at the end of the measurement the accumulation of ICG was still visible in the fundus area due to the decrease in clearance by the ligated veins. Fluorescence images were easy to obtain because of the non-contact set-up in the OR. Obtained images depicted small blood vessels after the influx of ICG by the arteries (Figure 5).




3.3. Quantitative Perfusion Imaging with FI


In Figure 6A the results of Fmax of ICG measured with the custom-made software are shown in boxplots with median, interquartile ranges, and maximum and minimum values. Fmax was significantly different at Location 4 (p < 0.0001) compared with Locations 1, 2 and 3, with a lower intensity value at Location 4 (51 ± 39) in contrast to Locations 1, 2 and 3 (129 ± 49, 129 ± 56, 123 ± 64). The Fmax were not significantly different between Locations 1, 2 and 3.



The mean slope of the fluorescent intensity over time Fslope, as depicted in Figure 6B, was significantly lower at the fundus (Location 4) compared with Locations 1, 2 and 3 (p = 0.0002, p = 0.0003 and p < 0.0001). Moreover, in patients 1, 6 and 9, the mean slope was almost zero at Location 4. Interestingly, from these patients, patients 1 and 6 developed anastomotic leakage (Figure 6C). In patient 9, Location 4 was measured exactly on the stapler side, and therefore intensity was low. The gastric tubes of patients 5, 18 and 20 were shorter in length, and therefore, Location 1 was located intra-thoracically and could not be imaged.



The third quantitative parameter τ, the time point where the fluorescence intensity started to increase per perfusion area, was higher at Location 4 compared with Locations 1, 2 and 3 (p < 0.0001, p < 0.0001 and p = 0.0009) (Figure 6D).



In eight patients, fluorescence was clearly visible in the whole gastric tube, while in 14 patients, a clear demarcation of fluorescence intensity at the end of the recording time was visible. The distance of this demarcation to the fundus, measured with the custom-made software, was larger for patients who developed anastomotic leakage (p = 0.0005, n = 3), (Figure 6E). The watershed area, at the end of the right gastroepiploic artery, was selected by the surgeon based on arterial pulse pressure and visualization. The distance of the watershed area to the fundus did not differ between the leakage and non-leakage groups, and therefore does not seem to be a predictive parameter for the occurance of anastomotic leakage (Figure 6F).





4. Discussion


This study demonstrates the feasibility of fluorescence imaging to evaluate perfusion in terms of quantitative perfusion-related parameters. A significant difference was observed in terms of maximal intensity Fmax, mean slope Fslope and influx timepoint τ between the fundus (Location 4) and the other three perfusion areas. Moreover, Fslope < 0.2 and an increased distance of the demarcation towards the fundus tip were found in patients who developed anastomotic leakage (n = 3). These findings demonstrate potential parameters in quantification of the fluorescence imaging signal that could help the surgeon in perfusion evaluation for the prediction of anastomotic leakage development. The observed lack of difference in the distance of the watershed area to the fundus between the leakage and non-leakage groups, means that this distance does not seem to be a predictive parameter for the occurance of anastomotic leakage.



Multiple risk factors have been studied for the development of anastomotic leakage, such as age, nutritional state and radiation. Additionally, the duration of the operation, blood transfusion, tumor stage and location and type of reconstructions have a significant impact on post-operative recovery, morbidity and mortality. Perfusion is still seen as the major contributing factor in the development of anastomotic leakage and success in anastomosis dependson a good perfusion state. Fluorescence imaging has been studied increasingly in the past decade, especially in cancer surgery for the intra-operative imaging of malignant tissue and sentinel nodes [18]. However, a lack of data interpretation by missing quantitative perfusion-related parameters inhibits the implementation of fluorescence imaging for standard clinical practice.



In esophageal surgery, previous research focused on the qualitative imaging of perfusion in terms of ‘good vs. sparse or absent’ blood flow and detection of blood flow routes [3,4,5,6]. Yukaya et al. measured perfusion quantitatively as luminance over time, however they did not find any significant correlation with decreased perfusion and anastomotic leakage [7]. Yamaguchi et al. used fluorescence time to decide the location of anastomoisis and found good results in an Randomized Control Trial (RCT) with a low number of anastomic leakages [19] Zehetner et al. measured the distance of demarcation assessed by fluorescence imaging towards the anastomosis and also found a significant correlation with leakage [8]. In the area after the demarcation, there is no perfusion, no viability of cells and necrosis occurs [20]. Jafari et al. retrospectively showed the decrease in leakage complications after use of fluorescence imaging [21]. Additionally, the tension on the anastomotic site is also an important factor, as described by Kitagawa et al. [22]. The fluorescence quantitative parameter could be good (at location one or two for example), but if the gastric tube is too short, tension on the anastomosis will be so high that ulceration will develop. Surgeons should take this into account.



Fluorescence imaging gives a real-time wide field image and therefore the evaluation of the fundus can be compared with the base of the gastric tube in the same image. The Artemis system in this study gives an overlay of the NIR image and the video image, enabling real-time perfusion evaluation. The evaluation makes the microcirculation visible, however the image interpretation during surgery is still subjective. Custom-made software enabled us to objectively look at the fluorescence images of gastric tube perfusion in terms of maximal intensity, mean intensity slope and influx time. Comparable parameters are widely used in software for CT perfusion imaging (Tmax, Cerebral Blood Flow (CBF) and Mean Transit Time (MTT)), which points out the valuable implementation of these perfusion parameters in the clinic. The study in this manuscript used offline analysis methods to find and optimize quantitative fluorescence parameters. After the study presented here, a follow-up study was executed (clinical trials NL8527) to test these parameters in a larger patient group, while using intra-operative real-time software. With these parameters, we hopefully show how FI can be used to (A) find the best anastomic side and (B) show that these parameters influence the patient outcome.



Objective fluorescence interpretation by quantitative parameters can help the surgeon: (1) in the correct placement of anastomosis in well perfused tissue, (2) to decide to administer fluid or medication for perfusion improvement, (3) to improve perfusion by bloodletting of the short gastric veins or by creating an extra arterial vessel anastomosis, (4) to select high risk patients with comorbidities and a decreased perfusion in the anastomotic area for strict post-operative monitoring by barium swallowing and endoscopy [23,24].



Because the fluorescence images are made without tissue contact, this technique can easily be used in the clinic during operations, without intervening in the sterile field. However, still some limitations exist. First, lights needed to be be switched off in the OR to decrease back reflection, which is a disadvantage for surgeons in short time operation settings, especially for such a critical operation with a high risk of complications. The imaging time consequently was limited to 2–3 min. Off-line data analysis revealed that this imaging time was not sufficient to reach the maximal intensity in all locations, which can be attributed to impaired perfusion and ligations of arteries in the fundus area. The maximal intensity between the influx timepoint plus 50 s still gave us the opportunity to evaluate the fluorescence imaging signal quantitatively. Additionally, due to ligation of veins, venous engorgement developed, as is described before by Jansen et al. [25]. The engorgement of veins is thought to result from the impaired outflow of blood that will lead to accumulation of ICG in the fundus area, which wil influence the maximal intensity.



Secondly, the illumination of the tissue was not homogeneous, inducing low fluorescence intensity values in the corners of the image. This inhomogeneous illumination profile can be corrected for in the analysis of the signals, as we did in the laboratory and built-in in our custom-made software, but was visible during surgery. These lower values may result in a false observation of less perfusion in the corners of the image, an artefact that surgeons should be aware of. In the future, flat panel tissue illumination could solve this problem. Additionally, one patient showed very low fluorescence intensity values at the fundus, without the development of anastomotic leakage. In this patient the intensity was measured on top of the stapler line, which resulted in low perfusion-related parameters. Clearly, these artefacts should be avoided or ignored during surgery.



Thirdly, in this study, only a small number (n = 3) of patients developed anastomotic leakage, which hampers our ability to draw final conclusions. We did observe extremely low measurements of Fslope at the fundus in the leakage patients (Fslope < 0.2). In contrast to other studies, the surgical design was not changed by the interpretation of fluorescence imaging, since it was desired to objectify the correlation of the fluorescence imaging-derived perfusion-related parameters and anastomotic leakage.




5. Conclusions


We presented quantitative perfusion imaging based on intravenously administered ICG during esophagectomy with gastric tube reconstruction. Influx of perfusion with fluorescence imaging was visible in all patients. The quantitative perfusion-related parameters of maximal intensity, mean intensity slope, and influx timepoint were significantly lower at the fundus. A low slope and a longer distance of the dermarcation of fluorescence intensity towards the fundus were found in patients with anastomotic leakage, potentially allowing early objective evaluation of impaired gastric microcirculation. These parameters could help the surgeon in choosing the optimal anastomotic site and preventing necrosis, which will reduce post-operative complications.







Author Contributions


Conceptualization, S.M.J., D.M.d.B., M.I.v.B.H., S.D.S., S.S.G., E.T.v.B. and T.G.v.L.; Data curation S.M.J., M.I.v.B.H. and S.S.G.; Formal analysis S.M.J., D.M.d.B. and L.S.W.; Funding acquisition D.M.d.B. and T.G.v.L.; Investigation S.M.J., S.D.S., S.S.G. and M.I.v.B.H.; methodology S.M.J., D.M.d.B., L.S.W., M.I.v.B.H., S.D.S., S.S.G. and T.G.v.L.; Recources M.I.v.B.H., S.S.G. and T.G.v.L.; Software D.M.d.B., L.S.W. and E.T.v.B.; Supervision D.M.d.B., M.I.v.B.H., S.S.G., S.D.S. and T.G.v.L.; Validation E.T.v.B. and T.G.v.L.; Writing original draft S.M.J.; Writing-review & editing D.M.d.B., S.S.G., L.S.W., M.I.v.B.H., S.D.S., E.T.v.B. and T.G.v.L. All authors have read and agreed to the published version of the manuscript.




Funding


Source of funding: ZonMW WBS W.001775.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of the Academic Medical Center of Amsterdam (NL52377.018.15, 26 June 2015).




Informed Consent Statement


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




Data Availability Statement


Data was archived at the Department of Biomedical Engineering and Physcis, Amsterdam UMC, location AMC, L0, Amsterdam, The Netherlands.




Acknowledgments


The authors would like to thank Paul Bloemen for his contribution to this study. Additionally, they would like to thank ZonMw for their financial support and Institute Quantivision for their support in trial conception, and I. Kos for her contribution in technical drawings.




Conflicts of Interest


M.I.v.B.H. is consultant for Mylan, Johnson & Johnson, Alesi Surgical, BBraun and Medtronic, and received unrestricted research grants from Stryker. All fees paid to institution.




References


	



Futier, E.; Robin, E.; Jabaudon, M.; Guerin, R.; Petit, A.; Bazin, J.E.; Constantin, J.M.; Vallet, B. Central venous O(2) saturation and venous-to-arterial CO(2) difference as complementary tools for goal-directed therapy during high-risk surgery. Crit. Care 2010, 14, R193. [Google Scholar] [CrossRef]

	



van Hagen, P.; Hulshof, M.C.; van Lanschot, J.J.; Steyerberg, E.W.; van Berge Henegouwen, M.I.; Wijnhoven, B.P.; Richel, D.J.; Nieuwenhuijzen, G.A.; Hospers, G.A.; Bonenkamp, J.J.; et al. Preoperative chemoradiotherapy for esophageal or junctional cancer. N. Engl. J. Med. 2012, 366, 2074–2084. [Google Scholar] [CrossRef]

	



Rino, Y.; Yukawa, N.; Sato, T.; Yamamoto, N.; Tamagawa, H.; Hasegawa, S.; Oshima, T.; Yoshikawa, T.; Masuda, M.; Imada, T. Visualization of blood supply route to the reconstructed stomach by indocyanine green fluorescence imaging during esophagectomy. BMC Med. Imaging 2014, 14, 18. [Google Scholar] [CrossRef] [PubMed]

	



Shimada, Y.; Okumura, T.; Nagata, T.; Sawada, S.; Matsui, K.; Hori, R.; Yoshioka, I.; Yoshida, T.; Osada, R.; Tsukada, K. Usefulness of blood supply visualization by indocyanine green fluorescence for reconstruction during esophagectomy. Esophagus 2011, 8, 259–266. [Google Scholar] [CrossRef] [PubMed]

	



Kubota, K.; Yoshida, M.; Kuroda, J.; Okada, A.; Ohta, K.; Kitajima, M. Application of the HyperEye Medical System for esophageal cancer surgery: A preliminary report. Surg. Today 2013, 43, 215–220. [Google Scholar] [CrossRef] [PubMed]

	



Kumagai, Y.; Ishiguro, T.; Haga, N.; Kuwabara, K.; Kawano, T.; Ishida, H. Hemodynamics of the reconstructed gastric tube during esophagectomy: Assessment of outcomes with indocyanine green fluorescence. World J. Surg. 2014, 38, 138–143. [Google Scholar] [CrossRef] [PubMed]

	



Yukaya, T.; Saeki, H.; Kasagi, Y.; Nakashima, Y.; Ando, K.; Imamura, Y.; Ohgaki, K.; Oki, E.; Morita, M.; Maehara, Y. Indocyanine Green Fluorescence Angiography for Quantitative Evaluation of Gastric Tube Perfusion in Patients Undergoing Esophagectomy. J. Am. Coll. Surg. 2015, 221, e37–e42. [Google Scholar] [CrossRef]

	



Zehetner, J.; DeMeester, S.R.; Alicuben, E.T.; Oh, D.S.; Lipham, J.C.; Hagen, J.A.; DeMeester, T.R. Intraoperative Assessment of Perfusion of the Gastric Graft and Correlation With Anastomotic Leaks After Esophagectomy. Ann. Surg. 2015, 262, 74–78. [Google Scholar] [CrossRef] [PubMed]

	



Low, D.E.; Alderson, D.; Cecconello, I.; Chang, A.C.; Darling, G.E.; D’Journo, X.B.; Griffin, S.M.; Holscher, A.H.; Hofstetter, W.L.; Jobe, B.A.; et al. International Consensus on Standardization of Data Collection for Complications Associated With Esophagectomy: Esophagectomy Complications Consensus Group (ECCG). Ann. Surg. 2015, 262, 286–294. [Google Scholar] [CrossRef] [PubMed]

	



McCulloch, P.; Altman, D.G.; Campbell, W.B.; Flum, D.R.; Glasziou, P.; Marshall, J.C.; Nicholl, J.; Collaboration, B. Surgical Innovation and Evaluation 3 No surgical innovation without evaluation: The IDEAL recommendations. Lancet 2009, 374, 1105–1112. [Google Scholar] [CrossRef]

	



Vandenbroucke, J.P.; von Elm, E.; Altman, D.G.; Gotzsche, P.C.; Mulrow, C.D.; Pocock, S.J.; Poole, C.; Schlesselman, J.J.; Egger, M.; Initiative, S. Strengthening the Reporting of Observational Studies in Epidemiology (STROBE): Explanation and elaboration. Int. J. Surg. 2014, 12, 1500–1524. [Google Scholar] [CrossRef]

	



Bossuyt, P.M.; Reitsma, J.B.; Bruns, D.E.; Gatsonis, C.A.; Glasziou, P.P.; Irwig, L.M.; Moher, D.; Rennie, D.; de Vet, H.C.; Lijmer, J.G.; et al. The STARD statement for reporting studies of diagnostic accuracy: Explanation and elaboration. Clin. Chem. 2003, 49, 7–18. [Google Scholar] [CrossRef]

	



Chen, B.; Zhang, B.; Zhu, C.; Ye, Z.; Wang, C.; Ma, D.; Ye, M.; Kong, M.; Jin, J.; Lin, J.; et al. Modified McKeown minimally invasive esophagectomy for esophageal cancer: A 5-year retrospective study of 142 patients in a single institution. PLoS One 2013, 8, e82428. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, N.T.; Follette, D.M.; Lemoine, P.H.; Roberts, P.F.; Goodnight, J.E., Jr. Minimally invasive Ivor Lewis esophagectomy. Ann. Thorac. Surg. 2001, 72, 593–596. [Google Scholar] [CrossRef]

	



Jones, D.R. Minimally Invasive Ivor Lewis Esophagectomy. Oper. Tech. Thorac. Cardiovasc. Surg. 2013, 18, 254–263. [Google Scholar] [CrossRef]

	



Vahrmeijer, A.L.; Frangioni, J.V. Seeing the invisible during surgery. Br. J. Surg. 2011, 98, 749–750. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L.; Bivard, A.; Krishnamurthy, V.; Levi, C.R.; Parsons, M.W. Whole-Brain CT Perfusion to Quantify Acute Ischemic Penumbra and Core. Radiology 2016, 279, 876–887. [Google Scholar] [CrossRef]

	



Frangioni, J.V. In vivo near-infrared fluorescence imaging. Curr. Opin. Chem. Biol. 2003, 7, 626–634. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, K.; Kumagai, Y.; Saito, K.; Hoshino, A.; Tokairin, Y.; Kawada, K.; Nakajima, Y.; Yamazaki, S.; Ishida, H.; Kinugasa, Y. The evaluation of the gastric tube blood flow by indocyanine green fluorescence angiography during esophagectomy: A multicenter prospective study. Gen. Thorac. Cardiovasc. Surg. 2021, 69, 1118–1124. [Google Scholar] [CrossRef]

	



Moon, H.K.; Taylor, G.I. The vascular anatomy of rectus abdominis musculocutaneous flaps based on the deep superior epigastric system. Plast. Reconstr. Surg. 1988, 82, 815–832. [Google Scholar] [CrossRef]

	



Jafari, M.D.; Lee, K.H.; Halabi, W.J.; Mills, S.D.; Carmichael, J.C.; Stamos, M.J.; Pigazzi, A. The use of indocyanine green fluorescence to assess anastomotic perfusion during robotic assisted laparoscopic rectal surgery. Surg. Endosc. 2013, 27, 3003–3008. [Google Scholar] [CrossRef] [PubMed]

	



Kitagawa, H.; Namikawa, T.; Iwabu, J.; Fujisawa, K.; Uemura, S.; Tsuda, S.; Hanazaki, K. Assessment of the blood supply using the indocyanine green fluorescence method and postoperative endoscopic evaluation of anastomosis of the gastric tube during esophagectomy. Surg. Endosc. 2018, 32, 1749–1754. [Google Scholar] [CrossRef]

	



Kono, K.; Sugai, H.; Omata, H.; Fujii, H. Transient bloodletting of the short gastric vein in the reconstructed gastric tube improves gastric microcirculation during esophagectomy. World J. Surg. 2007, 31, 780–784, discussion 785–786. [Google Scholar] [CrossRef]

	



Maish, M.S.; DeMeester, S.R.; Choustoulakis, E.; Briel, J.W.; Hagen, J.A.; Peters, J.H.; Lipham, J.C.; Bremner, C.G.; DeMeester, T.R. The safety and usefulness of endoscopy for evaluation of the graft and anastomosis early after esophagectomy and reconstruction. Surg. Endosc. 2005, 19, 1093–1102. [Google Scholar] [CrossRef] [PubMed]

	



Jansen, S.M.; de Bruin, D.M.; van Berge Henegouwen, M.I.; Bloemen, P.R.; Strackee, S.D.; Veelo, D.P.; van Leeuwen, T.G.; Gisbertz, S.S. Quantitative change of perfusion in gastric tube reconstruction by sidestream dark field microscopy (SDF) after esophagectomy, a prospective in-vivo cohort study. Eur. J. Surg. Oncol. 2021, 47, 1034–1041. [Google Scholar] [CrossRef] [PubMed]








[image: Life 12 00249 g001 550] 





Figure 1. Schematic image of fluorence imaging set-up with two light sources, NIR camera and colour video camera, and ICG injection [16]. 
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Figure 2. Combined fluorescence and white light image of a gastric tube during surgery with influx of ICG (A). In Panel (B) a greyscale image of the gastric tube is shown with the four perfusion areas selected in circles with 300 pixels with #1 = 3 cm below the watershed, #2 = watershed, #3 = 3 cm above the watershed and #4 = fundus. In both pictures the sterile gauze (red triangle) is indicating the watershed (end of the right gastroepiploic artery) and the metric ruler is placed in the FOV for pixel calibration (scalebar = 1 mm). Panel (C) shows the temporal fluorescence imaging intensity traces for the 4 locations with the colored arrows indicating the automatically detected influx timepoints (arrows) of the curves. Colored areas indicate the 10 s interval. 
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Figure 3. Panel (A–D) show the point-wise derivative curves of the four intensity traces as a function of time at location #1 (dark blue) (A), #2 (green) (B), #3 (red) (C) and #4 (light blue) (D), with colors indicating the corresponding fluorescence trace in Figure 2. 
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Figure 4. Flow diagram of patient inclusion. 
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Figure 5. Fluorescence image of the gastric tube during surgery with the overlay image (A), the near infrared image at the influx timepoint of ICG (τ), clearly depicting the arteries (B). After influx in the arteries, perfusion of the microvascular network (yellow arrows) is visible in the NIR image (C) τ + 10 s. The sterile gauze indicates the watershed. Upper scale of the metric ruler is in cm. 
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Figure 6. Panel (A): Maximal intensity Fmax of ICG and Panel (B): mean slope of fluorescence intensity over time (Fslope) measured with the custom-made software at the four perfusion areas. Panel (C): Mean slope of fluorescence intensity at Location 4 for patients who developed leakage (3) versus patients without leakage (17). Fslope was <0.2 in patients who developed leakage. Panel (D): Influx timepoint (τ) in seconds of all patients with Location 1 imaged (n = 16). Panel (E): Measured distance between demarcation of ICG and fundus in cm, differences are shown between the patients with leakage (n = 3) and the non-leakage group (n = 17). The distance was smaller in the non-leakage group (p = 0.0005). Panel (F): Measured distance of the watershed area (selected by the surgeon based on arterial pulse and visualization, pointed out with a sterile gauze) in cm. No significant differences were present between the leakage group and non-leakage group (p = 0.30). Data in all patients are presented in boxplots with median, interquartile ranges and maximum and minimum values. 
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Table 1. Patient characteristics. COPD = chronic obstructive pulmonary disease.
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	Patient Characteristics
	





	Age—yr
	



	median
	62



	range
	37–79



	Gender—m, f (n)
	19, 1



	Body mass index, kg/m2
	



	Median
	25.9



	Range
	17–34.2



	Procedures—no.(%)
	



	Ivor Lewis
	19 (95)



	McKeown
	1 (5)



	Duration of operation—mean, sd (min)
	449 (46)



	Blood transfusion—no. (%)
	1 (5)



	Tumor stage—no. (%)
	



	T1
	0 (0)



	T2
	4 (20)



	T3
	15 (75)



	Tumor location—no. (%)
	



	Mid esophagus
	2 (10)



	Distal esophagus
	18 (90)



	Cardiovascular disease—no. (%)
	7 (35)



	Diabetes Mellitis 1—no. (%)
	0 (0)



	Diabetes Mellitis 2—no. (%)
	2 (10)



	COPD—no. (%)
	2 (10)
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Table 2. Parameters (mean arterial pressure (MAP), heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP), cardiac output (CO), stroke volume (SV), stroke volume variation (SVV), and cardiac index (CI).
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	Hemodynamic Parameters

(Mean, SD)
	





	MAP (mm Hg)
	71 ± 9



	HR (beats/min)
	85 ± 14



	SBP (mm Hg)
	106 ± 17



	DBP (mm Hg)
	65 ± 16



	Temperature nasopharyx (°C)
	36.2 ± 0.6



	CO (L/min)
	6.9 ± 2.3



	SV (mL)
	75.4 ± 18.5



	SVV (%)
	7.8 ± 2.6



	CI (L/min m2)
	3.1 ± 0.9
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Intensity (A.U.)

150

100

0

Location 2

Location 2

Location 4

s0 55 60764 70775 80 85 90 95 100

Time (seconds)





nav.xhtml


  life-12-00249


  
    		
      life-12-00249
    


  




  





media/file2.png
(_ Surgical Display )
—

MIR camera

“2 L
% o

.. - Colour video
camera

Light collection
optics

lllumination
light source

NIR fluorescent

contrast agent ‘“.Q_:\

Target /
illuminated
surgical field

J






media/file13.png
300+

o

Maximal intensity (F,ax) T-50sec

T

— -

2 3
Location

-
4

(A)

Mean slope of fluorescence intensity (Fgope)
30+

N
T

Felope (AU/S)
o

ﬂ_.

1





media/file5.jpg
1ste derivative (AU/time)

1ste derivative (AU/time)

10

0

0 20 40 60 8 100

10
5
[r— [ J v ————
0 20 40 60 8 10 0 20 40 60 8 100
Time [sec] Time [sec]





media/file12.jpg
Wiean siope of fuorescence iNtensity (F(Usiope)

Alnflux Timepoint (z)
© _
s
g
;. |
F
- 5
. :
leakage. non leakage: e EX]
batent group " Tocations
© o)
Distance demarcation - fundus Distance watershed - fundus
. 20
N E 180
Ee £ —
H o 8 10
5, 5
& 2w —I—
o o
'@nf
e
&
patient group

(E)





media/file3.jpg
Intensity (A.U)

150

100

0

Location »

Location2.
Location3,

Locationa

—1

50 55 604 70775 80 85 90 95 100

Time (seconds)





media/file1.jpg
Surgical Display
NIR camera

llumination

ight source Colour video

camera

Light collection
optics

NIR fluorescent

contrastagent

surgical field





media/file7.jpg
26

Signed informed consent

22 data a

20 data

Costum ma

cquisition

4 excluded (iogisticsin OR)

2 excluded

analysis
cesotware

(image stabilty: movement of camera)

]
(it





media/file10.png





media/file9.jpg





media/file0.png





media/file14.png
Mean slope of fluorescence intensity (F(t)siope)

F(t)siope (AU)

10+

5
1
0 I
leakIaQe nonTe'aTage
patient group
(€)

Distance demarcation - fundus

6 -

H
1

Distance (cm)
i

patient group

(E)

time in seconds

distance (mm)

Alnflux Timepoint (t)

30~
204 |
10-
= e
-r 3-1 4-1
104 locations
(D)
Distance watershed - fundus
200-
150+
—
100-
Jr— —
50 -
0 1} L
’b@& 'b@&
@ «\"’
&

patient group

(F)






media/file8.png
26
Signed informed consent

4 excluded (logistics in OR)

-
L

~N
22 data acquisition
-
2 excluded
L(image stability: movement of camera)
~N

20 data analysis

Costum made software






media/file11.jpg
‘Maximal intensity (Fra,) ©-50sec  Mean slope of fluorescence intensity (Fiope)

g, i1






media/file6.png
1ste derivative (AU/time)

1ste derivative (AU/time)

15

-l
o

(&)}

-
o

Sy}

0

[N PRTTY TR T DI TRRPTRIY Ne—-.

0 20 40 60
Time [sec]

80

100

80 100

10

0 \IJM.WMAM

0 20 40 60 80 100
Time [sec]






