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Introduction

In patients with local and locoregionally advanced 
esophageal and gastroesophageal junction cancers, an 

esophagogastrectomy is an important component of 

their treatment regimen. The most morbid complication 

associated with Ivor Lewis esophagectomies is anastomotic 
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Table 1 Publications on tissue oxygenation measurement

Article N Year
TiO2 
evaluation

Type of  
surgery

Tissue 
oxygenation 

measurement—
objective (O)  

or subjective (S)

Registered 
clinical  

trial

Primary  
outcome

Conclusions

Schilling et al. 11 1996 US doppler Esophagectomies S No US Doppler 
blood flux

Blood flux decreases as 
gastric conduit is created

Jacobi et al. 33 1997 Polarographic 
oxygen 
electrode

Esophagectomies O No TiO2 of leak  
vs. no leak 
groups

No difference was noted 
in TiO2 between the two 

groups

Karliczek et al. 77 2009 Visible light 
spectroscopy

Colorectal O No TiO2 of leak  
vs. no leak 
groups

Lack of rise in TiO2 after 
creation of anastomosis is 
associated with increased 
leaks

Gareau et al. 22 2010 Optical fiber 
spectroscopy 

Esophagectomies O No Median TiO2, 
BVF and all 
anastomotic 
complications

Low TiO2 at the last two 
stages of esophagectomy 
correlate with increased 
leaks

Pham et al. 23 2011 Optical fiber 
spectroscopy

Esophagectomies O No TiO2, BVF and 
all anastomotic 
complications

Large drop in TiO2 

during conduit creation 
corresponded to leaks

Campbell et al. 90 2015 Indocyanine 
dye + US 
doppler

Esophagectomies S No Leak rates 
before and 
after protocol 
implementation

Noted a decrease in leak 
rate after implementation 
of protocol

Adusumilli et al. 114 2016 Reflectance 
pulse 
oximetry

Esophagectomies O Yes TiO2 of leak vs. 
no leak groups

No difference was noted 
in TiO2 between the two 

groups

leak, with a reported incidence of 0% to 26% (1-5). Patients 
with an anastomotic leak have a mortality rate 3 times 
greater than patients without one and in those who survive 
their perioperative course three-year survival is half of that 
in patients who did not have an anastomotic leak (1).

The most important step necessary to minimize risk 
of anastomotic leaks is using generally accepted surgical 
techniques, such as minimizing tissue tension and 
approximating mucosa to mucosa. Other factors, such 
as anastomotic technique (6) and use of preoperative  
therapy (7), have not been found to be associated consistently 
with incidence of anastomotic leaks. One potential 
contributing factor to incidence of anastomotic leaks is 
variability of tissue oxygenation at the anastomotic site (8).  
When mobilizing the gastric conduit, the short gastric 
arteries, the left gastric artery, the left gastroepiploic artery, 
and, less frequently, the right gastric artery are sacrificed; 
the consequence is relative hypo-perfusion of the conduit. 

Moreover, the anastomotic site tends to be in regions most 
distal to the stomach’s main residual blood supply, which is 
the right gastroepiploic artery.

In creating an anastomosis, surgeons minimize tension 
on it and evaluate it for good perfusion, usually by visual 
inspection only. A drawback of visual inspection for 
perfusion compromise is that it is subjective and there can be 
poor perfusion without gross physical changes (9). Several 
modalities, such as Doppler ultrasound (10) and intravenous 
fluorescent dye (9), have been used to help identify poor 
perfusion objectively. To measure tissue oxygenation 
directly rather than by utilizing tissue perfusion as an 
indirect measure, there have been previous studies using 
laser Doppler flowmetry (11) and spectroscopy (12-14).  
While these studies suggested a possible correlation 
between conduit oxygenation and complications, they were 
underpowered—the largest study evaluated 23 patients 
retrospectively (Table 1)—and no definite conclusions 
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Table 2 Comparison of current oximeter options

Oximeter design Benefits Limitations

Electrochemical sensor • Noninvasive • Requires local vasodilation

• Can be applied intraoperatively • High electrical resistivity

• Moderate sensitivity • Poor accuracy

• Needs frequent calibration

Reflectance electro-optical 
plethysmography probe

• Intraoperative oxygen monitoring • Requires dark room calibration

• Disposable sensor cover • High motion sensitivity

• Accurate measurements • Large prove size

Intrapartum pulse oximeter 
probe

• Noninvasive • Large probe

• Signal processing executed away so less power and 

device bulk needed
• Reduced sensitivity depending on location

• Measures systemic oxygen

Hybrid reflectance pulse 
oximeter

• Continuous fetal blood oxygen saturation monitoring • Requires precalibration

• Intrauterine device used to guide sensor • Reduced reading accuracy at local points of 

interest

Reflectance esophageal 
pulse oximeter probe

• Blood gas analysis & co-oximetry used as gold 

standards for measuring oxygen against esophageal 
values

• Device not tested in region of low pH, where gastric 

acidity may affect measurements

Intraoperative oral pulse 
oximeter sensor 

• Higher accuracy when compared to peripheral 

oximeter readings in burn patients
• Measure systemic oxygen

• Specific conditions required for readings >85%

• Contact period determines oxygen readings

WiPOX • Noninvasive, intraoperative sensor • Requires sterilization for multiple uses

• Compact and economic design • Battery operated

• Reliable readings (accuracy ±4%)

• Measures O2 saturation locally throughout the 

anastomosis (>45 minutes)

• Multiple application points

were drawn. Of the few studies with objective tissue 
oxygenation measurements, some found a link between low 
tissue oxygenation and anastomotic complications while 
others found paradoxically normal and even elevated tissue 
oxygenation in the anastomotic leak group (15). To date, 
there have been no prospective clinical trials that have 
demonstrated an objective method for establishing accurate 
tissue oxygenation at the anastomotic site.

Following evaluation of commercially available devices 
for measuring tissue oxygenation at extra-thoracic sites, 
we found no device that could be used reliably during an 
Ivor Lewis esophagectomy (Table 2). Subsequently, we (I) 
designed a handheld wireless pulse oximetry (WiPOX) 
device capable of real-time monitoring of serosal and 

mucosal tissue oxygenation with data transmission to 
standard intraoperative monitors; (II) constructed the 
WiPOX device using materials that met FDA regulations 
for intraoperative use and reuse; (III) performed accuracy 
testing in human surface tissue (skin) by comparing the 
WiPOX device to standard pulse oximeters; and (IV) tested 
WiPOX efficacy for detection of early tissue hypoxia in 
stomach, intestines, and kidneys of anesthetized rats and 
swine (16). We further developed the WiPOX device to a 
handheld, Ivor Lewis esophagectomy-specific, ergonomic 
design that has a real-time display and feedback for surgeon 
confidence. The WiPOX device was then optimized to 
measure tissue oxygenation reliably at various pH levels, 
temperatures, contact force, and interference by blood 
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or body fluids (Figure 1A). Subsequently, we conducted a 
feasibility study in 12 patients who were undergoing an Ivor 
Lewis esophagectomy and observed that, after mobilization 
of the stomach, the WiPOX device was able to detect, 
on average, a 10% difference in tissue oxygenation at the 
eventual anastomotic site compared with the pre-mobilized 
conduit. It was also able to detect that there was a higher 
likelihood of anastomotic leaks in patients with a WiPOX 
measured tissue oxygenation saturation of ≤80% (range, 
59–95%); the range in patients without an anastomotic leak 
was 80% to 99%) (17). Using the WiPOX device did not 
interfere with surgical procedure flow given the rapidity of 
obtaining the measurements (approximately 30 seconds per 
measurement). These observations prompted us to conduct 
a prospective clinical trial.

In our prospective trial, we used the WiPOX device 
to measure intraoperative tissue oxygenation levels at 
the gastric conduit planned anastomotic site prior to 
anastomosis of patients who were undergoing Ivor Lewis 
esophagectomies and correlated tissue oxygenation values 
obtained with postoperative complications. The device uses 
reflectance pulse oximetry technology to measure local 
tissue oxygenation and heart rate along with oxygenation 
wave form. We utilized the WiPOX device to assess the 
primary endpoint, anastomotic leaks (short term outcome), 
and the secondary endpoint, strictures (long term outcome). 
Our hypothesis was that these complications would be 
correlated with lower operative tissue oxygenation of the 
gastric conduit.

Methods

Study cohort

Our prospective clinical trial (IRB# 11-192) was approved 
by the Institutional Review Board of Memorial Sloan 
Kettering Cancer Center. This single center trial was 
conducted over a 2-year period between July 2012 and July 
2014. Informed consent was obtained from all prospective 
patients. Preoperative demographics were collected, which 
included age, sex, co-morbidities, and whether patients 
received preoperative chemotherapy or chemoradiation 
therapy.

Inclusion and exclusion criteria

All patients who were undergoing minimally invasive or 
open Ivor Lewis esophagectomies were enrolled. The 
following patients were excluded from the study: (I) patients 
who did not undergo an Ivor Lewis esophagectomy for 
esophageal cancer (example transhiatal esophagectomy); 
(II) patients who were undergoing reoperative surgery; 
(III) patients with an aborted Ivor Lewis esophagectomy; 
or (IV) patients who died from non-surgical complications 
prior to a 60-day follow-up period. All of the patients 
who underwent the surgical procedure had a tumor at the 
lower end of the esophagus; end-to-side circular stapler 
anastomosis was performed at the level of the azygos vein. 
The width of the conduit varied among surgeons (4 to  
8 cm).

Figure 1 Wireless Pulse Oximetry (WiPOX) device (A) optimized for measurement of gastric conduit tissue oxygenation intra-operatively. 
The tissue contact sensors measure the tissue oxygenation and display the number along with simultaneous measurement of the heart rate 
along with the pulsatile oxygenation wave form for measurement reliability (B).

Tissue contact 
sensors

Procedure specific 
reticulated neck

On board processing with 
ultra-bright display

Handheld 
display

BA
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Intervention

Seven surgeons participated in our study. The thoracic 
surgical operating experience of the surgeons varied 
between 3 and 30 years. During the surgery, once the 
gastric conduit was mobilized and the anastomotic site was 
identified by the surgeon, the WiPOX device was presented 
to the surgical fellow who took a single tissue oxygenation 
measurement on the serosal surface of the planned 
anastomotic site. The measurement was deemed accurate 
when the heart rate reading by the device matched (within 
5 beats per minute) the heart rate on the operating room 
monitors. Additionally, we were careful to only record the 
measurement when there was a pulsatile oxygenation wave 
form on the display (Figure 1B). Tissue oxygenation levels, 
systemic oxygen saturation, heart rate, and blood pressure 
were all recorded at the time of the reading. Surgeons were 
blinded to the reading.

Study objectives

The primary objective was to determine whether there 
was an association between tissue oxygenation levels 
measured using the WiPOX device at the anastomotic 
site and incidence of anastomotic leaks after an Ivor Lewis 
esophagectomy. The secondary objectives were: (I) to 
correlate various demographics (i.e., age, co-morbidities, 
and smoking history) and clinical variables (i.e., pre-
operative therapy, intra-operative blood pressure, and 
systemic oxygen saturation) with tissue oxygenation at the 
anastomotic site; and (II) to correlate anastomotic site tissue 
oxygenation with the post-discharge incidence of stricture.

Post-operative surveillance

Post-operatively, all complications were recorded and 
graded according to the standard Common Terminology 
Criteria for Adverse Events (CTCAE) v4.0 criteria. Both 
symptomatic and asymptomatic anastomotic leaks within 
the first 30-day post-operative period were recorded. We 
defined an anastomotic leak as any clinical evidence of a 
leak (enteric contents in the peri-anastomotic drains or 
interventional radiology guided drainage of a collection 
containing enteric contents) or radiographic evidence of a 
leak (on CT scan with oral contrast extravasation or barium 
esophagram showing extravasation). Additionally, post-
discharge patients were followed for 6 months and any post-
operative strictures that required endoscopic dilation were 

also recorded.

Statistical analysis

Based on our pilot data and estimation that 30% of 
the patients will have low tissue oxygenation levels at 
the anastomotic site, a sample size of 111 patients was 
required to provide 90% power for detecting a 30% 
absolute risk reduction in the incidence of anastomotic 
leaks between patients with low and normal tissue 
oxygenation levels (40% vs. 10%, respectively), with 
two-sided type 1 error of 5%. Demographic and clinical 
characteristics of patients are summarized by anastomotic 
leak status. The correlation between systemic and 
WiPOX-recorded heart rate as well as the correlation 
between systemic pulse oximetry and WiPOX-recorded 
oxygenation were quantified by Spearman correlation 
coefficients. We compared continuous tissue oxygenation 
measured by WiPOX between patients with anastomotic 
leaks and patients without anastomotic leaks and between 
patients with anastomotic strictures and patients without 
anastomotic strictures using the Wilcoxon rank sum test. 
Additionally, we examined the dichotomized version of 
tissue oxygenation level—the high oxygen saturation 
group (tissue oxygen saturation >80%; n=93) and the low 
oxygenation saturation group (tissue oxygen saturation 
≤80%; n=21). The cutoff value of 80% was based on a prior 
pilot study that utilized the WiPOX device to take multiple 
measurements of tissue oxygenation on the mucosal 
and serosal surfaces of the gastric conduit in patients 
who were undergoing Ivor Lewis esophagectomies (17).  
The proportion of patients with anastomotic leak 
between the two groups was compared using Fisher’s 
exact test. Statistical significance was set at P<0.05. We 
also compared anastomotic leak rates between the study 
cohort and the cohort of patients who did not participate 
in the trial during the study period. These comparisons 
were completed using the Fisher’s exact test. All statistical 
tests were performed using Stata 13 (Stata Corp., College 
Station, TX).

Results

During the study duration, we performed 185 Ivor Lewis 
esophagectomies; 2 were for benign disease, 1 was for GIST 
tumor, and the rest were for cancer. In our cohort, 75% of 
the patients received induction chemoradiation therapy and 
3% received induction chemotherapy. Patient clinical and 
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Table 3 Patient characteristics

Characteristic All patients (n=114) No leak group (n=106) Leak group (n=8)

Age

≤65 67 (58.8) 62 (58.5) 5 (62.5)

>65 47 (41.2) 44 (41.5) 3 (37.5)

Sex

F 17 (14.9) 16 (15.1) 1 (12.5)

M 97 (85.1) 90 (84.9) 7 (87.5)

Smoking history

Never 35 (30.7) 32 (30.2) 3 (37.5)

Former 76 (66.7) 71 (67.0) 5 (62.5)

Current 3 (2.6) 3 (2.8) 0 (0.0)

Pathologic stage

0 22 (19.3) 21 (19.8) 1 (12.5)

1 33 (28.9) 29 (27.4) 4 (50.0)

2 32 (28.1) 31 (29.2) 1 (12.5)

3 25 (21.9) 23 (21.7) 2 (25.0)

Benign pathology 2 (1.7) 2 (1.9) 0 (0.0)

Neo-adjuvant therapy

No chemo 24 (21.1) 21 (19.8) 3 (37.5)

ChemoRT 86 (75.4) 82 (77.4) 4 (50.0)

Chemo only 4 (3.5) 3 (2.8) 1 (12.5)

Comorbidity

HTN 54 (47.4) 49 (46.2) 5 (62.5)

CAD 13 (11.4) 10 (9.4) 3 (37.5)

Arrhythmia 4 (3.5) 4 (3.8) 0 (0.0)

COPD 6 (5.3) 5 (4.7) 1 (12.5)

DM 10 (8.8) 10 (9.4) 0 (0.0)

Data are No. (%). CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; Chemo, chemotherapy; chemoRT, 
chemoradiotherapy; DM, diabetes mellitus; HTN, hypertension. 

pathological characteristic are listed in Table 3. Sixty-nine 
patients were not included in our study because they either 
did not consent or the device was not available at the time 
of surgery. A total of 116 patients were accrued and only 
2 patients were excluded. Among study participants, there 
was a positive correlation between systemic and WiPOX-
recorded heart rate (Spearman’s rho =0.58; P<0.001).

Among the 114 patients who completed the study, there 
were 8 (7.0%) anastomotic leaks and 3 (2.6%) strictures 

observed. Median tissue oxygen saturation in patients 
with and without leaks was 98% (range, 82–99%) and 
92% (range, 84–98%), respectively, and there was no 
statistically significant difference (P=0.2; Figure 2). Median 
tissue oxygen saturation in patients with and without 
strictures was 89% (range, 86–93%) and 92% (range, 
83–98%), respectively; there was no statistically significant 
difference (P=0.6). Among the 93 patients in the high tissue 
oxygenation group, 7 (7.5%) had leaks, while no patients in 
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Figure 3 Anastomotic leak rates in study participants and non-participants (A) and the severity of anastomotic leaks graded according to 
standard Common Terminology Criteria for Adverse Events (CTCAE) v4.0 criteria in study participants and non-participants (B).

Figure 2 Median tissue oxygenation values in patients with and 
without anastomotic leak shown as a box plot.
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the low oxygenation group (n=21) had leaks (0%); there was 
no statistically significant difference between the groups 
(P=0.3).

The difference in tissue oxygenation was not associated 
with clinical or demographic variables. There was a higher 
leak rate (12%) among study non-participants who were 
undergoing an Ivor Lewis esophagectomy during the 
study period (Figure 3A). However, this difference was 
not statistically significant (P=0.3). The severity of leaks 
between study participants and non-participants did not 
differ (Figure 3B).

There was no correlation between systemic pulse 
oximetry and WiPOX-recorded oxygenation (Spearman’s 
rho =0.08, P=0.4, Figure 4A). There were no differences 
noted in gastric conduit tissue oxygenation between patients 
who received induction chemotherapy and those who did 

not (P=0.4, Figure 4B) and between patients who received 
induction radiation therapy and those who did not (P=0.1, 
Figure 4C).

Discussion

In an effort to provide an objective real-time reading of 
tissue oxygenation at the point of interest for surgeons, 
we utilized the novel WiPOX device, which is based on 
pulse reflectance technology that, in prior trials, has been 
shown to provide accurate variations in tissue oxygenation 
values in both a porcine model (16) and a human pilot 
trial (17). While there have been prior publications that 
have investigated tissue oxygenation and its correlation to 
leaks in small retrospective studies (10-15), to date this is 
the first prospective clinical trial that has correlated tissue 
oxygenation values with anastomotic leaks and strictures. 
The strengths of our study are: (I) its prospective nature 
with the predefined objective of evaluating the association 
between tissue oxygenation levels and anastomotic leak rates 
and stricture formation; (II) a multi-surgeon participating 
investigation in a large cohort of patients with a comparable 
cohort that did not participate in the study; (III) real-time, 
intraoperative, objective assessment with a device that is 
optimized specifically for Ivor Lewis esophagectomies; 
and (IV) use of simultaneous intraoperative quality control 
measures such as heart rate measurement and wave form 
documentation. In addition, our study was the first to 
demonstrate that induction chemo- and/or radiation 

14%

12%

10%

8%

6%

4%

2%

0%

100%

80%

60%

40%

20%

0%

Study participants Non-participants

N1 114 69

Leaks 8 8

Leak rate 7% 12%

Grade IV
12%

Grade II
63%

Grade III
75%

Grade II
25%

Grade I
25%

Leaks in study
participants (n=8)

Leak Severity

Leaks in non-participants 
(n=8)

A B



1456 Adusumilli et al. Intraoperative tissue oxygenation

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2020;12(4):1449-1459 | http://dx.doi.org/10.21037/jtd.2020.02.58

Figure 4 Systemic oxygenation does not reflect gastric conduit tissue oxygenation (A). There are no differences in gastric conduit tissue 
oxygenation among patients who received induction chemotherapy and those who did not (B). There are no differences in gastric conduit 
tissue oxygenation among patients who received induction radiation therapy and those who did not (C). 

therapy does not influence tissue oxygenation.
Anastomotic leaks following esophagectomies with 

gastric conduit pull-up are thought to be more common 
because reconstruction requires ligation of 3 of the 4 
vessels that provide the blood supply to the conduit, thus 
leaving only the right gastroepiploic artery for perfusion. 
Additionally, vagotomy was also shown to decrease tissue 
oxygenation (18). Postmortem examination of gastric 
conduits in post-esophagectomy patients showed that 
the blood supply of the proximal 20% of the gastric 
conduit was through a microscopic network of capillaries 
and arterioles (19). Ischemia of the gastric conduit due 
to altered arterial inflow and venous drainage has been 
implicated in high anastomotic leak rates and poor 
outcomes (19-23). Our group has previously published 
that technical complications have a negative impact on 
survival after esophagogastrectomy for cancer (1). In a 
study of 150 patients, 27% had complications directly 
attributable to surgical technique and 21% of patients had 
anastomotic leaks. At 3 years, 31% of the patients who had 
technical complications were still alive, compared with 

48% of patients without technical complications. Technical 
complications were associated with increased length of stay, 
increased in-hospital mortality, and higher rate of medical 
complications. After controlling for age, medical comorbidities, 
use of induction therapy, tumor stage, histology, location, and 
completeness of resection, presence of a technical complication 
was highly predictive of poorer overall survival (1).

Surgeons are trained to avoid technical complications 
by ensuring adequate perfusion to both edges of 
the anastomosis and minimizing the tension on the 
anastomosis. To date, these factors are evaluated only by 
surgeon visual inspection. Prior studies have indicated that 
perfusion may be compromised despite the anastomosis 
appearing visually healthy (9). There have been several 
studies that have investigated gastric conduit perfusion by 
use of Doppler ultrasound (10) and IV fluorescent dye (9). 
These methods of assessing gastric conduit perfusion are 
subjective and do not give direct tissue oxygenation values. 
Laser Doppler flowmetry has demonstrated significant 
decreases in blood flow to the distal gastric conduit after 
division of the short and left gastric vessels in patients 
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who were undergoing esophagectomy (11). However, 
lack of data on sensitivity and specificity of laser Doppler 
flowmetry have limited its routine use for intraoperative 
assessment of visceral perfusion. Interestingly, using laser 
Doppler flow measurement, Schilling et al. (11). noticed 
that in patients with distal esophageal cancer or tumor 
involvement of the cardia, blood flux in the cardiac area 
was 2.5 to 3.5 times higher than in patients without tumor 
involvement of the cardia; this was speculated to be due to 
tumor-induced neovascularization. Dissection of the greater 
curvature and left gastric artery decreased blood flux at the 
proximal part of the greater curvature to a higher degree in 
patients without tumor infiltration of the cardia compared 
with patients with tumor infiltration of the cardia. They 
also observed that stretching of the gastric conduit further 
reduces microperfusion (11).

Our findings failed to show a statistically significant 
difference in tissue oxygenation between patients who 
had anastomotic leaks and those who did not; this was 
also true for stricture formation. Furthermore, there 
were no anastomotic leaks or strictures in the low 
tissue oxygenation group. These observations counter 
the assumption that intraoperative conduit poor tissue 
perfusion is an important factor in the development of 
anastomotic leaks or strictures. That we did not notice a 
difference in tissue oxygenation between the groups and 
that overall trial participants had lower anastomotic leak 
rates than non-participants indicates one of two false-
negative possibilities: either (I) there was inefficient 
surgeon blinding and the attending surgeons modified 
their anastomotic site based on the WiPOX measurement 
or (II) there may have been a Hawthorne effect at play 
where the anastomosis during the trial period was 
constructed with additional attention. Although the above 
assumptions cannot be validated, we observed that over 
a period of 2 years following completion of the study, 
the anastomotic leak rates went back up to the pre-study 
levels. Similar observations have been reported by other 
investigators. Campbell et al. performed intraoperative 
vascular evaluation with a combination of indocyanine 
green fluorescence imaging and Doppler examination 
of the gastric conduit to assist reconstruction after 
esophagectomy (10). After introduction of intraoperative 
vascular evaluation of the gastric conduit, the authors 
reported a decrease in anastomotic leak rates from 20% in 
the first 60 patients to 0% in the succeeding 30 patients. 
Although the reported results were dramatic, the report 
is retrospective in nature with no control cohort and the 

authors report an increase in leak rate in the subsequent 
30 patients, attributing the increased anastomotic leak rate 
to performing surgery on more complicated patients (10).

One limitation of our study was that the study leak rate 
was lower than that observed in the pilot study. Future 
studies should take the variation in leak rate into calculation 
when determining the power of the study. Another 
limitation is the lack of continuous measurement of tissue 
oxygenation in the post-operative period. This would 
require leaving a probe or a sensor inside the mucosa for 
continuous measurement of tissue oxygenation, which in 
addition to regulatory hurdles poses the practical difficulty 
of interference of the measurement by gastric conduit fluids. 
One study by Jacobi et al. used this approach to measure 
tissue oxygenation during and after the surgical procedure 
and measured submucosal tissue oxygen tension (PtO2) 
in 33 patients with cervical esophagogastrostomy using a 
Clark-type oxygen electrode (15). During the procedure, 
there was no significant evidence of decreased PtO2 levels 
in groups with and without anastomotic leaks. By contrast, 
postoperative PtO2 levels showed a significant increase in 
patients with anastomotic leakage. Since the PaO2 remained 
constant with increases in PtO2, the authors hypothesize 
that a disorder in oxygen consumption may cause a 
significant increase of PtO2 in anastomotic tissue, which is 
associated with anastomotic leakage. In multiple studies, 
post-operative leaks have been most commonly observed at 
day 4–7, leading to speculation that perhaps post-operative 
venous congestion of the conduit reciprocally compromises 
the arterial microperfusion, thereby decreasing tissue 
oxygenation and anastomotic leaks. 

To simultaneously measure oxygen saturation (SaO2) 
and blood volume fraction, and thereby potential venous 
congestion, Pham et al. conducted a study of optical fiber 
spectroscopy of the distal gastric conduit at baseline 
and after gastric devascularization, conduit formation, 
and transposition in 23 patients who were undergoing 
esophagectomy, 4 of whom previously had undergone 
gastric ischemic conditioning (12). This method assesses 
blood oxygenation in the gastric conduit by spectral analysis 
of shifts between unbound and oxygen bound hemoglobin 
molecules. They observed that SaO2 decreased and tissue 
blood volume fraction increased with successive division 
of the short gastric, left gastric, and conduit completion; 
however, these increases were not statistically significant. 
Conversely, after transposition of the gastric conduit, blood 
volume fraction increased by 53% above baseline and SaO2 
returned to baseline levels. Comparing SaO2 and blood 
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volume fraction in patients who had undergone ischemic 
conditioning with patients who did not, conditioned 
conduits showed a nonsignificant trend toward higher SaO2 
and lower blood volume fractions. Unlike our study, 78% 
of the study participants in this study had undergone cervical 
transposition, which produced a significant increase in tissue 
blood content that was thought to be due to venous congestion. 
The significant technical limitation of the spectroscopy system 
is that the collected data can only be analyzed post hoc and 
cannot be used to guide real-time decision making. Also, the 
effect of pressure on tissue and degree of tissue apposition on 
measurements were not optimized.

Unlike the other devices discussed above, the WiPOX 
device we developed and optimized can reliably measure 
intraoperative tissue oxygenation in a large cohort of 
patients. This novel device can be used to objectively measure 
tissue oxygenation during colon or small bowel interposition 
procedures, assess differential intestine saturation in patients 
being explored for ischemic bowel resection, and assess 
intraoperative tissue flap oxygenation. Furthermore, with 
growing use of robotic surgery where there is no tactile or 
visual feedback of anastomotic tension or tissue oxygenation, 
the WiPOX device can be incorporated into robotic fingers to 
measure tissue oxygenation.

In this prospective, single institution, multiple surgeon-
participating trial of patients who were undergoing 
Ivor Lewis esophagectomies, utilizing an intraoperative 
WiPOX device to measure tissue oxygenation directly at the 
anastomotic site, we did not observe a statistically significant 
difference in tissue oxygenation levels between patients who 
had anastomotic leaks or stricture formation and those who 
did not develop those complications. Future studies with 
measurements of serial tissue oxygenation in the postoperative 
period may shed light on compromised tissue oxygenation 
resulting from arterial perfusion deficiency and/or venous 
congestion that may result in anastomotic leaks.
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