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Surveillance to detect colonic ischemia with extraluminal pH

measurement after open surgery for abdominal aortic aneurysm

Samuel Ersryd, MD,a,b Khatereh Djavani Gidlund, MD, PhD,a,b Anders Wanhainen, MD, PhD,a and

Martin Björck, MD, PhD,a Uppsala and Gävle, Sweden
ABSTRACT
Objective: Colonic ischemia (CI) is a life-threatening complication after aortic surgery. Postoperative surveillance of
colonic perfusion might be warranted. The aim of the present study was to evaluate the safety and feasibility of post-
operative extraluminal pH measurement (pHe) using colonic tonometry after open abdominal aortic aneurysm (AAA)
repair.

Methods: Before closing the abdomen after open AAA repair, a tonometric catheter was placed transabdominally in
contact with the sigmoid colon serosa, similar to a drainage catheter. Extraluminal partial pressure of carbon dioxide was
measured postoperatively and combined with arterial blood gas analysis to calculate the pHe. The measurements were
repeated every 4 hours with simultaneous intra-abdominal pressure measurements. The threshold for colonic malper-
fusion was set at pHe <7.2.

Results: A total of 27 patients were monitored, 12 had undergone surgery for ruptured AAAs and 15 for intact AAAs. Of the
27 patients, 4 developed clinically significant CI requiring surgery. All four cases were preceded by a prolonged (>5 hours)
pHe<7.2 indicatingmalperfusion. A fifth patient, who, duringmonitoring, had had the lowest pHe of 7.21, developedmild
CI with the onset after completion of monitoring, which was successfully managed conservatively. Seven patients who
had had brief durations (<5 hours) of pHe <7.2 did not develop clinical signs of CI or any related adverse events.

Conclusions: Measurements of pHe using colonic tonometry indicated malperfusion in all four patients who had
developed clinically significant CI. A shorter duration of low pHe was well tolerated without any signs of CI. Measurement
of pHe was safe and reliable for the surveillance of colonic perfusion after open aortic surgery, indicating a promising
technique. However, larger studies are needed. (J Vasc Surg 2021;74:97-104.)

Keywords: Abdominal aortic aneurysm; Abdominal compartment syndrome; Colonic ischemia; Intra-abdominal
hypertension; Intra-abdominal pressure
Colonic ischemia (CI) is a dreaded complication after
abdominal aortic aneurysm (AAA) repair with a reported
incidence of 0.5% to 3% after intact AAA (iAAA) repair1-3

and 6% to 22% after ruptured AAA (rAAA) repair.1,3-6

The postoperative development of CI is multifactorial.
The development of CI is influenced by the strength of
the collateral blood flow to the left colon, the most
vulnerable part of the colon after AAA repair.7 Intra-
abdominal hypertension (IAH) and the abdominal
compartment syndrome (ACS)8,9 also play a role,
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because colonic perfusion is reduced in the presence of
an elevated intra-abdominal pressure (IAP).6 The mortal-
ity associated with postoperative CI is significant at 20%
after iAAA repair and 25% to 50% after rAAA repair.3,6,10-13

The recent clinical practice guidelines on AAAs from
both the Society for Vascular Surgery and the European
Society for Vascular Surgery have specifically addressed
the importance of the identification and management
of postoperative CI.12,14

After aortic surgery, and especially after rAAA when the
risk of CI is considerable, postoperative surveillance of
colonic perfusion might be associated with improved
survival.15 Surveillance can facilitate the early detection
of colonic hypoperfusion and also provide real-time feed-
back of any applied measures to reverse CI, such as the
treatment of IAH.6

Beginning in the 1980s, intraluminal colonic tonometry
was developed as a method of surveillance of colonic
perfusion. The technique involves a silastic balloon cath-
eter, which is placed in the sigmoid colon under colono-
scopic guidance, to measure the partial of pressure of
carbon dioxide (pCO2) in the colon wall.15-20 With the
addition of the blood bicarbonate level, correcting for
systemic acidosis/alkalosis, the intramucosal pH (pHi)
could be calculated. The drawbacks of the technique
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ARTICLE HIGHLIGHTS
d Type of Research: A single-center, prospective
cohort study

d Key Findings: Postoperative surveillance to detect
colonic ischemia using extraluminal pH measure-
ment was performed in 27 subjects who had under-
gone surgery for intact or ruptured abdominal aortic
aneurysms. Clinically significant colonic ischemia
developed in four patients, with extraluminal pH
indicative of colonic malperfusion in all four. Brief du-
rations of low extraluminal pH occurred in seven pa-
tients and was tolerated without adverse events.

d Take Home Message: Extraluminal pH measure-
ment is a promising technique for surveillance of
colonic ischemia after open abdominal aortic aneu-
rysm repair, and larger studies are warranted.
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include catheter displacement resulting from bowel
movements and interference from fecal content in the
unprepared bowel, a particular problem after emergency
surgery. Extraluminal colonic tonometry, which would
circumvent the drawbacks of intraluminal measure-
ment, was later reported as a possible alternative
method by two studies of pigs.21,22 Therefore, our
research group compared the measurements between
intraluminal (pHi) and extraluminal (pHe) catheter place-
ment, with the latter placed as a left fossa transabdomi-
nal drain in close contact with the sigmoid serosa in
patients who had undergone surgery for AAAs.20 The
comparisons showed good agreement, although the
serosa was less affected by hypoperfusion than was the
mucosa. This was expected, given the described
“counter-current mechanism,” which results in pooling
of the blood flow to the serosa during ischemia, sacri-
ficing the mucosa to save the integrity of the bowel
wall.23 A pHe of <7.2 was suggested as a threshold for
colonic malperfusion, equivalent to that of pHi of <7.1 us-
ing the intraluminal technique.15,18 Furthermore, mea-
surement of the pHe seemed safe with no adverse
events noted in that small cohort and more feasible
than the intraluminal method.20

Extraluminal colonic tonometry has not been evaluated
as a standalone method, however. Thus, the aim of the
present pilot study was to further evaluate the safety
and feasibility of extraluminal colonic tonometry and
the predictive values to detect clinical CI.

METHODS
In a prospective study performed from 2013 to 2019, pa-

tients who had undergone open surgery for iAAA and
rAAA at Gävle County Hospital were eligible for inclusion
in the study. For practical and logistical reasons (eg, the
main investigator [S.E.] was absent for certain periods
owing to fellowship and administrative leave), only a
portion of the patients eligible during the study period
were included. We also sought to include an equal num-
ber of iAAA and rAAA patients why iAAA patients were
included at the same rate as rAAA patients. To capture
more events of CI, anatomically more complex intact re-
pairs were selected for inclusion in the present study.
At theendof theprimaryopenAAArepair, beforeabdom-

inal closure, a balloon catheter was tunneled through the
abdominal wall of the left fossa, lateral to the inferior
epigastric artery, andplaced in theperitoneal fold adjacent
to thesigmoidcolon. Theballoonwaspositioned incontact
with the sigmoid serosa. If any doubt existed regarding the
stability of the catheter position, a loose suture was placed
to stabilize the catheter at the peritoneum adjacent to the
serosa of the sigmoid colon. The catheterwas then sutured
to the skin to prevent accidental dislodgement. The cath-
eter was connected to a Tonocap device (GE Healthcare,
Helsinki, Finland), and the pCO2 was measured inside the
balloon catheter. The pHe was calculated by combining
the pCO2 concentration with the arterial bicarbonate con-
centration,which, in turn,wasobtained fromsimultaneous
arterial blood gas sampling, using the Henderson-
Hasselbalch equation. All patients were admitted to the
intensive care unit (ICU). In the ICU, the pHewasmeasured
every 4 hours postoperatively for as long as the patient was
in the ICUor for amaximumof 48hours,when the catheter
was removed. Measurements of pHe of <7.2, the recom-
mended threshold determined by previous studies,5,20

warranted contact with the attending vascular surgeon.
Subsequently, the measurements were performed more
frequently, if deemed necessary. The pHe catheters cost
w115 USD per unit. The IAP was measured simultaneously
using the Foleymanometer device (HoltechMedical, Char-
lottenlund, Denmark).24 CI was considered clinically signif-
icant when equal to a severity of grade II to III, as described
byTollefsonandErnst25: grade I,mucosal ischemia;grade II,
mucosal and muscularis ischemia; and grade III, full-
thickness ischemia. All cases of neuromuscular blockade
had used atracurium as the active substance.

Ethical considerations. The regional research ethics
committee for the Uppsala/Örebro region approved the
present study. All the patients who had undergone elec-
tive surgery had provided written informed consent
before inclusion. Of the 12 patients with rAAA, 6 had
also been able to provide written informed consent.
The committee had waived the requirement for consent
for the six patients with rAAAs who were so ill that the
consent process was not feasible. For the latter six pa-
tients, informed consent was obtained as soon as feasible
postoperatively if they survived. In addition, their relatives
were asked to provide written informed consent as soon
as possible after surgery.

Statistical analysis. Statistical analysis was performed
using SPSS Statistics, version 25 (IBM Corp, Armonk,



Table. Clinical characteristics and outcomes of study population

Variable
Monitored intact AAA group

(n ¼ 15)
Monitored ruptured AAA group

(n ¼ 12)

Age, years 68 (65-68) 79 (72-86)

Female sex 2 (13.3) 2 (16.7)

Cardiac disease 2 (13.3) 6 (50.0)

Hypertension 11 (73.3) 12 (100)

Pulmonary disease 2 (13.3) 4 (33.3)

Active smoking 5 (33.3) 3 (25.0)

Diabetes 2 (13.3) 0 (0)

Previous CVE 0 (0) 2 (16.7)

Renal insufficiency 0 (0) 2 (16.7)

Preoperative hypotension <90 mm
Hg

0 (0) 8 (66.7)

Bilateral patency internal iliac arteries 12 (80.0) 9 (100)

Intraoperative internal iliac artery
ligation

0 (0) 0 (0)

Operative time, minutes 227 (195-276) 161 (129-221)

Aortic clamping time, minutes 107 (70-120) 85 (60-114)

Reimplantation of IMA 2 (13.3) 0 (0)

Intraoperative bleeding, mL 3000 (1800-4500) 2800 (2000-5200)

IAH grade

0-I, IAP # 15 mm Hg 6 (40) 7 (58.3)

II, IAP 16-20 mm Hg 8 (53.3) 3 (25.0)

III, IAP 21-25 mm Hg 1 (7) 2 (16.7)

ACS 1 (7) 3 (25.0)

Colonic ischemia 0 (0) 5 (41.7)

30-Day mortality 0 (0) 5 (41.7)

90-Day mortality 0 (0) 5 (41.7)

AAA, Abdominal aortic aneurysm; ACS, abdominal compartment syndrome; CVE, cerebrovascular event; IAH, intra-abdominal hypertension; IAP,
intra-abdominal pressure; IMA, inferior mesenteric artery.
Data presented as median (interquartile range) for continuous values and as number (%) for nominal and ordinal values.
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NY). Continuous variables are expressed as the median
and interquartile range (IQR) and nominal variables as
counts and percentages. Correlation was evaluated using
the Spearman rank test. Linear interpolation was used for
the estimated hourly values of pHe between two existing
measurements. The threshold for significance was set at
P < .05, with all tests two-sided.

RESULTS
A total of 27 patients were included in the present

study, 12 (44%) had undergone surgery for rAAAs and 15
(56%) for iAAAs. The clinical characteristics and out-
comes are presented in the Table. Of the 15 iAAA pa-
tients, preoperative contrast-enhanced computed
tomography (CT) showed that 12 had both internal iliac
arteries patent and 3 had unilateral artery occlusion. Of
the 12 rAAA patients, all 9 patients who had undergone
contrast-enhanced CT had both internal iliac arteries
patent. The remaining three patients had undergone
CT without contrast. The blood flow in all internal iliac ar-
teries was preserved during surgery.
The overall median mean arterial pressure (MAP)
during monitoring was 72 mm Hg (IQR, 67-
78 mm Hg), and the overall median arterial lactate
level was 1.7 mmol/L (IQR, 1.2-2.2 mmol/L). The MAP
and lactate both correlated with the pHe (r ¼ 0.186,
P ¼ .009; r ¼ �0.345, P < .001) among 196 and 181
measurements, respectively.

The overall IAP was 14 mmHg (IQR, 10-16 mmHg). Of 27
patients, 6 (22%) had grade I IAH (IAP, 12-15 mm Hg), 11
(41%) had grade II IAH (IAP, 16-20 mm Hg), and 3 (11%)
had grade III IAH (IAP, 21-25 mm Hg). An increasing IAP
correlated weakly with a decreasing pHe (r ¼ �0.144,
P ¼ .044).

The median number of pHe measurements per patient
was 7 (IQR, 5-10), and the overall pHe was 7.30 (IQR, 7.26-
7.33) among 208 measurements. The median of the
lowest measured pHe in each patient was 7.23 (IQR,
7.15-7.28). Four patients had a pHe of <7.2 for >5 hours,
all of whom developed significant CI. Another seven pa-
tients had short episodes of pHe <7.2, all with a duration



Fig 1. a-d, Extraluminal pH measurements and temporal intra-abdominal pressures in the four patients who
developed colonic ischemia after ruptured abdominal aortic aneurysm repair.
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of <5 hours. None of the seven patients had developed
clinical signs of CI or any related adverse events. The
sensitivity of pHe to detect significant CI (ie, requiring
colonic resection), was 100%. The specificity of any pHe
measurement of <7.2 to detect CI was w70% but
reached 100% with the requirement that the duration
was $5 hours.

Development of CI. After rAAA repair, four patients had
developed CI requiring bowel resection, two of whom
had also developed concurrent ACS and two of whom
had already undergone prophylactic open abdomen
treatment (OAT). In all four patients, the pHe measure-
ments were consistent with colonic malperfusion (Figs 1
and 2). The temporal relationship to IAP and lactate
values are also shown in Figs 1 and 2, respectively. All four
patients were receiving vasopressor support, with a MAP
of 70 mm Hg (IQR, 68-75 mm Hg) during monitoring,
and all had received intravenous antibiotics.
Patient 1 (Figs 1, a and 2, a) had developed grade II to III

IAH after rAAA repair that was resistant to neuromuscular
blockade. After progression to ACS and a decreasing pHe,
decompressive laparotomy (DL) was performed. The co-
lon was found to be viable, and the pHe had initially
improved after DL. However, progressive cardiovascular
deterioration with an, again, decreasing pHe mandated
abdominal reexploration, which revealed colonic and
small bowel gangrene. Further treatment was considered
futile, and the patient died shortly thereafter.
Patient 2 (Figs 1, b and 2, b) had been treated with pro-

phylactic OAT after rAAA repair. Owing to the need for
continuous transfusion, hypotension, and a decreasing
pHe, the patient was admitted for abdominal reexplora-
tion 8 hours postoperatively. A gangrenous sigmoid co-
lon was found but without ongoing bleeding. The
gangrenous sigmoid colon was resected, and the patient
recovered and survived.
Patient 3 (Figs 1, c and 2, c) had also been treated with

prophylactic OAT after rAAA repair. Very low pHe values
had been measured early, with the lowest being 6.83.
Despite prophylactic OAT, the IAP had increased owing
to the swollen and ischemic bowel. A sigmoidoscopy



Fig 2. a-d, Extraluminal pH measurements and temporal arterial lactate in the four patients who developed
colonic ischemia after ruptured abdominal aortic aneurysm repair.
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showed complete mucosal gangrene. Abdominal reex-
ploration confirmed sigmoid and descending colon
ischemia, and the affected bowel was resected. The pa-
tient later developed multiorgan failure and died.
Patient 4 (Figs 1, d and 2, d) had developed ACS and a

low pHe after rAAA repair, which was initially treated
with neuromuscular blockade. Despite a marked reduc-
tion in IAP, the pHe had continued to deteriorate.
Abdominal reexploration revealed an ischemic sigmoid
and descending colon, which was resected. However,
the patient developed multiorgan failure and died.
None of these four patients had had the classic sign of

CIddiarrhea, with or without blood. In patients 1 and 2,
worsening pHe measurements were obtained, in addi-
tion to hemodynamic deterioration and elevated lactate
levels, which, taken together, was the reason for reexplo-
ration. In contrast, the worsening pHe was the main
reason for further investigation and abdominal reexplo-
ration in patients 3 and 4.
A fifth rAAA patient had experienced recurring episodes
of diarrhea beginning on postoperative day 2. Because of
the relatively moderate nature of the symptoms, sigmoid-
oscopy was performed first on postoperative day 18, which
revealed CI restricted to the mucosa and was successfully
managed conservatively. pHe monitoring had been
concluded on postoperative day 1 after inadvertent
dislodgement of the catheter during patient care in the
ICU, with the lowest pHe up to that point being 7.21.

Development of ACS. ACS had developed in four pa-
tients, three after rAAA repair and one after iAAA repair.
Of the three patients treated for rAAA, two had also devel-
oped CI, as described in the previous section. The third pa-
tient was treated successfully with neuromuscular
blockade and had had a stable pHe throughout (median
pHe, 7.35;minimumpHe, 7.27). The patient whohaddevel-
oped ACS after iAAA repair was treatedwithDL (Fig 3), and
the colon was found to be viable as indicated by the pHe.



Fig 3. Extraluminal pHmeasurements and temporal intra-
abdominal pressures in one patient who developed
abdominal compartment syndrome after intact abdom-
inal aortic aneurysm repair.
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Complications. Two pHe catheters had become dis-
lodged in the ICU, one inadvertently by patient care
and the other by the patient pulling on the catheter.
No patient harm occurred but the monitoring was termi-
nated for both patients. No other catheter-related com-
plications had occurred during placement or
measurement.

DISCUSSION
Postoperative surveillance of colonic perfusion using

extraluminal colonic tonometry was feasible and indica-
tive of colonic malperfusion in all patients who had
developed clinically significant CI after open AAA repair.
Except for sporadic catheter dislodgement, no complica-
tions associated with the monitoring were noted, and no
patient had developed severe CI that was not identified
by extraluminal colonic tonometry.
Although intraluminal sigmoid colonic tonometry has

been detailed in several studies and is an established
method for the surveillance of colonic perfusion after
aortic surgery,6,15-19,26 only one previous study has re-
ported on extraluminal colonic tonometry after aortic
surgery.20 That report compared the classic intraluminal
method with extraluminal catheter placement in 18 pa-
tients treated for rAAA or iAAA. Of their 18 patients, 2
had developed postoperative CI. Extraluminal colonic
tonometry was found to be useful as a screeningmethod
for CI, with pHe <7.2 as the suggested threshold. The re-
sults from the present study were consistent with those
findings, because all four patients who had developed
significant CI had had multiple pHe
measurements <7.2. Seven patients, who had not devel-
oped CI, had had either a single pHe measurement
of <7.2 or a duration of <5 hours with a pHe of <7.2.
Well-tolerated brief durations of a pHe of <7.2 is consis-
tent with the report by Bjorck et al15 on intraluminal
pHi measurements, in which shorter durations of 1 to
5 hours with a pHi of <7.1 were not associated with CI
or adverse outcomes.
One patient who had been diagnosed with mild CI
2 weeks into postoperative care had not had a pHe
of <7.2 during monitoring. However, the symptoms had
started after completion of the measurements and
were mild in nature; thus, it is reasonable to believe
that the measurements were correct and that no
ongoing CI was present during monitoring. The last
measured pHe was 7.21, indicating near borderline hypo-
perfusion. A drawback of the extraluminal technique is
that duration of the surveillance is limited. To not place
the patient at risk of infection, the catheter was left in
place for only 48 hours. Still, the results from both previ-
ous studies and the present study have shown that pa-
tients who develop significant CI will exhibit low pHi or
pHe measurements within 48 hours, many even during
the first postoperative day.6,15-17,20 Although extraluminal
catheter placement does not use a natural body orifice
and, thus, theoretically results in a greater risk of infec-
tion, no such complications were seen in our study. The
benefits of extraluminal placement are related to the
measurements not being disturbed by feces or the cath-
eter being displaced by bowel movements. Nor is a
sometimes laborious sigmoidoscopy required to place
the catheter, a procedure not entirely without risk in
this setting.20

Arterial lactate is a commonly used marker for bowel
ischemia and correlated with the pHe measurements.
However, lactate is often elevated after rAAA repair unre-
lated to CI and can be normal or showing an improving
trend, such as was found in the present study, despite
progressing CI. The European Society for Vascular Sur-
gery 2017 mesenteric guidelines issued a strong recom-
mendation against using lactate as an early diagnostic
marker of acute mesenteric ischemia27 because most
lactate from the intestines is metabolized when passing
the liver. In contrast, pHe is highly specific, with ability to
indicate malperfusion before irreversible ischemic injury
has occurred; thus, providing early warning and enabling
the performance of possible countermeasures.
The pHe showed two patterns among those who had

developed CI. The first pattern was a continuously wors-
ening pHe, as if CI was inevitable under the prevailing cir-
cumstances. The second pattern was a sign of marginal
circulation, amenable to improvement given optimiza-
tion of the physiology, such as the reduction of IAP by
neuromuscular blockade or the treatment of hypovole-
mia. In both situations, the use of pHe measurements
can affect the outcome by enabling early detection
and guiding proactive medical and surgical treatment.
When DL was performed to treat ACS, without consider-
ation of the pHe, instant improvement occurred in the
pHe, reflecting improved colonic perfusion.
In those who had not developed CI, transient decreases

in the pHe to levels of 7.25 were still common. Seven pa-
tients had even had a pHe of <7.2 for a short duration,
three of whom had experienced a temporary decrease
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in MAP shortly before the low pHe was observed. Alto-
gether, these findings reflect the vulnerability of the left
colon after AAA surgery.
We are cautious regarding the recommendation of an

algorithm from the findings from the present pilot study
only. In our own practice, however, a pHe of <7.2 would
result in prompt measures to improve colonic perfusion,
and the effect of these measures would be evaluated by
intensified measurements. If no improvement occurs,
with a pHe of <7.2 for >5 hours, we would perform
sigmoidoscopy.
One limitation of the study design was that subclinical,

milder CI could not be ruled out, because sigmoidoscopy
was not performed routinely. We had two main reasons
for this rationale. First, our objective was to evaluate
pHe monitoring as a useful method for the surveillance
and detection of severe CI in routine clinical practice.
Second, shorter durations of a low pHe have been previ-
ously shown to be tolerated without adverse events.15

CONCLUSIONS
In the present pilot study, postoperative extraluminal

colonic tonometry was safe and reliable for the detection
of severe CI. Its ability to guide early proactive surgical
and nonsurgical therapy to improve colonic perfusion
should be further evaluated in a larger cohort of patients.
Although an international trend exists toward an
increased use of endovascular AAA repair, a proportion
of patients will still require open surgical repair in the
future. Thus, for the sake of such patients, it is important
that technical developments in open surgery continue.
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