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Pneumatosis intestinalis (PI) is a rare radiographic finding that can range from being a benign process to needing emergency sur-
gery. Sufficiently powered studies are lacking, and recommendations for management remain unclear. The purpose of this study

A retrospective cohort study was conducted at two quaternary academic centers (2010-2020). A total of 334 consecutive patients
18 years or older with radiographic evidence of PI were identified. Patients were excluded if they pursued comfort care or if there
was concurrent radiographic evidence of vaso-occlusive process. Pathologic PI was defined as presence of ischemic and/or perfo-

Of the 334 patients included in our study, 91 (27%) underwent exploratory laparotomy, of which 59 (65%) had ischemic and/or
perforated bowel. These latter patients and 10 other patients who died before exploratory laparotomy defined the pathologic PI
cohort. A stepwise model was created for predicting pathologic disease. Significant predictors were the presence of portal venous
gas, multisegment P, vasopressor use, peritonitis, increasing leukocyte count, and end organ injury, which were used to construct a

A nomogram score based on presence of portal venous gas, multisegment PI, vasopressor use, peritonitis, leukocytosis, and end
organ injury may help predict the probability of pathologic PI and therefore can inform surgical decision making. (J Trauma Acute
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P neumatosis intestinalis (PI) is the rare radiographic finding
of gas in the intestinal wall, which has implications that
range from a benign process requiring no treatment to having
life-threatening bowel ischemia and/or perforation in need of
emergent operative intervention. While PI in neonates is more
clearly worrisome for its association with necrotizing enterocoli-
tis,' PI in adults is often found incidentally on imaging in an oth-
erwise asymptomatic patient.> Thus, the true incidence of PI in
adult patients is difficult to discern. A retrospective study by Morris
etal.® in 2008 reviewing all abdominal computed tomography (CT)
imaging performed during a 7-year period at one institution found
that 0.37% scans identified the presence of PI. Others have tried to
evaluate the proportion of patients with PI who had bowel ischemia
and/or perforation on exploratory laparotomy; numbers range from

Submitted: May 13, 2024, Revised: October 20, 2024, Accepted: November 11, 2024,
Published online: February 13, 2025.

From the Harvard Medical School (J.S., B.Z., DM., T.D., R.A.); Center for Surgery and
Public Heath, Brigham and Women's Hospital (J.S., M.S., M.C.-A., T.D., R.A.); De-
partment of Surgery (J.S., B.Z., DM., M.S., M.C.-A., T.D,, R.A.), Brigham and
Women's Hospital, Boston, Massachusetts; Department of Surgery (M.S.), Yale
New Haven Hospital, New Haven, Connecticut; and Memorial Sloan Kettering Can-
cer Center (D.M.), New York City, New York.

This study was presented at the 41st Annual Meeting of the Surgical Infection Society,
April 23-26, 2022, in Dallas, Texas.

Supplemental digital content is available for this article. Direct URL citations appear in
the printed text, and links to the digital files are provided in the HTML text of this
article on the journal’s Web site (www.jtrauma.com).

Address for correspondence: Julia Song, MD, Harvard Medical School, 75 Francis St,
Boston, MA 02115; email: jsong22@bwh.harvard.edu.

DOI: 10.1097/TA.0000000000004548

J Trauma Acute Care Surg
Volume 00, Number 00

24% in the 2013 Pneumatosis Intestinalis Predictive Evaluation
Study (PIPES) conducted by the Eastern Association for the
Surgery of Trauma in 2013 to 44% at a single institutional study
by Hawn et al. in 2004.* Notably, these data suggest that less
than half of all PI patients taken for emergency exploratory lap-
arotomy were found to have true bowel ischemia and/or perfora-
tion, demonstrating the difficulty in using this finding alone in
surgical decision making.

The pathogenesis of PI is likely multifactorial. While a
well-recognized cause of pathologic PI requiring surgical inter-
vention is acute mesenteric ischemia,” it still remains unclear
why some patients without radiographic evidence of mesenteric
ischemia have PI. One possible cause is nonocclusive mesenteric
ischemia, which is most often due to vasoconstriction. However,
several nonischemic hypotheses have also been suggested: (1)
mechanical, (2) immune, (3) bacterial, and (4) pulmonary.6

The mechanical theory describes a situation in which in-
creased intraluminal pressure forces gas into the bowel wall,
such as blunt abdominal trauma.®® The immune theory attri-
butes immune compromise of the mucosa to the introduction
of gas into the bowel wall.® Examples include human immuno-
deficiency virus,'® systemic lupus,'' chemotherapy,'*'* and in-
flammatory bowel disease.'® The bacterial theory su%gests that
bacterial infection, such as necrotizing enterocolitis® or Clos-
tridium difficile colitis,'® can introduce gas into the bowel wall.
Lastly, the pulmonary theory proposes that lung disease, such as
asthma, chronic obstructive pulmonary disease, interstitial lung
disease, cystic fibrosis, and pneumonia, can cause alveolar rup-
ture, which forces gas into the retroperitoneum and mesenteric
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vasculature from the mediastinum.'”!° However, other studies
postulate that the association between lung disease and PI can
be instead explained by the mechanical theory, via increased
intra-abdominal pressure from coughing, and/or the immune
theory, via immunosuppression from chronic steroid use.?*?!
Given the wide variety of potential causes and rarity of the
finding, sufficiently powered studies are lacking, and guidelines
to determine the need for surgery remain elusive. Currently, PI
has largely been managed on a case-by-case basis, which carries
both the risk of performing unnecessary surgery and the risk of
overlooking patients who require surgery. We thereby sought to ex-
amine potential predictors of pathologic PI without radiographic
evidence of acute mesenteric ischemia for improved risk stratifica-
tion and to develop a tool that informs surgical decision making.

PATIENTS AND METHODS

Patients

All patients aged 18 years or older with radiographic evi-
dence of PI on abdominal/pelvic CT between January 1, 2010,
and December 31, 2020, who received care at either Brigham
and Women's Hospital or Massachusetts General Hospital were
identified using the Mass General Brigham Research Patient
Data Registry. This study was approved by the Massachusetts
General Brigham Institutional Review Board. Patients were ex-
cluded if they exhibited concurrent radiographic evidence of a
vaso-occlusive process, as PI together with vaso-occlusion is
highly indicative of ischemic bowel** and therefore does not
present as a similar management dilemma as those with only
PI. Unlike prior analyses on pathologic PL***2° our study also
excluded patients who pursued comfort measures, as this care
pathway involved cessation of not only subsequent evaluations
needed to confirm benign versus pathologic PI but also the sur-
gical decision-making process as a whole (Fig. 1).

Variables

The outcome of interest was pathologic PI, defined as (1)
radiographic evidence of PI with ischemic and/or perforated
bowel confirmed on exploratory laparotomy or (2) radiographic
evidence of PI with patient death prior to planned exploratory
laparotomy. Extensive chart review was performed to collect in-
formation regarding patient demographics, initial presentation,
past medical and surgical history, physical examination and lab-
oratory values on the surgical history and presentation or consult

note, radiographic findings, medications, operative events, and
complications.

“Peritonitis” was identified by documentation of peritoneal
signs such as involuntary guarding and rebound tenderness.?’
“Sepsis” was verified using surgery documentation and when pa-
tient vital signs and laboratory values indicated systemic inflam-
matory response syndrome.”® Acute kidney injury (AKI) was de-
fined as an increase in serum creatinine at or above 1.5 times that
of either patient baseline or the hospital laboratory's upper limit of
normal in the event that baseline values were not known.** “Mul-
tisystem organ failure” was identified if the term was written on
surgery documentation or if all three of the following were con-
currently documented: AKI, acute lung injury/mechanical venti-
lation, and acute transaminitis. “Hypotension with vasopressor
use” was defined as having a systolic blood pressure below
90 mmHg that failed to improve with fluid administration alone,
requiring vasopressor medication to raise blood pressure to goal.

Statistical Analysis

Descriptive analyses compared the number and percent-
age of patients with certain characteristics, treatments, and out-
comes in benign versus pathologic PI. X tests of proportion
were used to test for the statistical significance of differences
in patients with benign versus pathologic PI. Variables with
a p value of <0.05 on X analysis were then included in our
univariable and full multivariable regression models to deter-
mine whether they were independently associated with patho-
logic PI. Missing data were omitted from analysis.

Given our extensive list of variables, we elected to use
more parsimonious regression models to improve statistical
power by selecting for the most significant independent predic-
tors of pathologic P1.2° To do this, all variables with a p value of
<0.05 on X analysis were entered into a stepwise backward lo-
gistic regression model with a threshold of p <0.1 and a least ab-
solute shrinkage and selection operator (LASSO) regression
model.®' The stepwise backward logistic regression model is
an iterative statistical model of sequentially eliminating the least
statistically significant variable until each variable remaining is
statistically significant. The stepwise model is a commonly used
model in medical literature because of its user-friendliness and
efficiency; of the four previous studies on PI that have used more
parsimonious regression models to select independent predic-
tors, all used this method. 232526 However, the stepwise model
has, in recent years, received growing criticism, as it does not

CT abdomen/pelvis finding of PI in patients age 18+
years at two quaternary care centers (2010-2020)
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Figure 1. Consolidated Standards of Reporting Trials diagram.
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consider all possible combinations and prioritizes individual fit
over group fit.*?

The LASSO model, on the other hand, has become a more
often preferred model in many other fields, such as genetics, en-
vironmental science, and finance. This machine learning algo-
rithm chooses predictors by minimizing the residual sum of
squares while also adding regularization, thus circumventing the
problem in stepwise.*! However, the LASSO model can struggle
with collinear variables by arbitrarily selecting one instead of an-
other; it can also be less reproducible and interpretable by being
too sensitive to slight variations in different datasets.**

The full, stepwise, and LASSO models were then com-
pared using Akaike information criterion (AIC) divided by sam-
ple size and adjusted R? to determine the best fit model for predic-
tion. The model with the lowest AIC and highest R* was selected
as our final model to be implemented in a nomogram that would
calculate a patient's probability of pathologic PI. All analyses
were performed using Stata, version 17.0 (StataCorp LLC, Col-
lege Station, TX). This study was written in accordance with the
STrengthening the Reporting of OBservational studies in Epide-
miology checklist (Supplemental Digital Content, Supplemen-
tary Data 1, http://links.lww.com/TA/E238).%*

RESULTS

Between 2010 and 2020, 388 patients 18 years or older
with radiographically confirmed non—vaso-occlusive PI were
identified. Fifty-four patients pursued comfort measures; thus,
344 patients were ultimately included in our analyses. The median
age was 60.8 years (interquartile range [IQR], 52.5-70.1 years).
Fifty-eight percent of our cohort was male; 84% was White.
Ninety-one patients (26%) underwent exploratory laparotomy,
of which 59 (65%) had ischemic and/or perforated bowel. These
latter patients and 10 other patients who died before planned ex-
ploratory laparotomy defined the pathologic PI cohort of 69
patients, which formed 20% of the total PI cohort (Table 1).
Meanwhile, 23 patients (7%) died within 30 days of radiographic
findings of PI but were included in the benign PI cohort because
of confirmation on exploratory laparotomy, clinical and/or radio-
graphic improvement or resolution, death from non—Pl-related
cause, and/or lack of abdominal symptoms throughout admission.

Of all clinical variables evaluated, the following were sig-
nificantly associated with pathologic PI on x* analysis: peritonitis
(40% vs. 5%, p < 0.001), lack of ability to evaluate symptoms
because of intubation and/or altered mental status (22% vs.
11%, p = 0.01), hypotension with vasopressor requirement
(52% vs. 8%, p < 0.001), sepsis (48% vs. 11%, p < 0.001),
AKI (59% vs. 20%, p < 0.001), acute lung injury/ventilation
use (44% vs. 10%, p < 0.001), and multisystem organ failure
(33% vs. 4%, p < 0.001). Interestingly, hypotension without va-
sopressor requirement (15% vs. 14%, p = 0.85) was not a statis-
tically significant variable.

In terms of laboratory and imaging characteristics, patients
with higher serum lactate (median [IQR], 2.4 [1.4-4.2] vs. 1.4
[0.9-2.0]), higher serum white blood cell (WBC) count (median
[IQR], 14.5[10.1-20.1] vs. 9.2 [5.0-13.8]), and lower serum bicar-
bonate (median [IQR], 22.0 [19.0-26.0] vs. 24.0 [21.0-27.0]) were
significantly associated with pathologic PI. There was no location
of PI on CT that was found to be more associated with pathologic
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PIL. Multisegment PI on CTwas significantly associated with path-
ologic PI (54% vs. 40%, p = 0.04), while foci of pneumatosis on
CT were significantly associated with benign PI (7% vs. 17%,
p = 0.04). Other CT findings that were significantly associated
with pathologic PI were presence of portal venous gas (51% vs.
17%, p < 0.001) and ascites (46% vs. 30%, p = 0.009).

Patients with concurrent pneumonia (25% vs. 13%,
p = 0.01), preexisting lung disease (42% vs. 20%, p < 0.001),
or lupus (3% vs. 0.4%, p = 0.05) were significantly associated
with pathologic PI. Meanwhile, patients with solid organ cancer
(20% vs. 39%, p = 0.003), with metastatic cancer (4% vs. 15%,
p = 0.02), or on chemotherapy within the past 30 days (12% vs.
34%, p < 0.001) were significantly associated with benign PIL.

Variables with a p value of <0.05 on x?* analysis were in-
cluded in our univariable logistic regression model (Table 2).
When the aforementioned statistically significant variables were
included in a full multivariable logistic regression model, serum
WBC count (odds ratio [OR], 1.06; 95% confidence interval
[CI], 1.01-1.11), peritonitis (OR, 7.43; 95% CI, 2.71-20.35),
and hypotension with vasopressor use (OR, 3.13; 95% CI,
1.07-9.17) remained statistically significant (Table 3).

In the stepwise backward logistic regression model, six
variables were selected as independent predictors, with the
ORs of five of the predictors proving statistically significant:
WBC count (OR, 1.05; 95% CI, 1.00-1.10), peritonitis (OR,
11.14; 95% CI, 4.62-26.87), hypotension with vasopressor use
(OR, 4.59; 95% CI, 1.79-11.80), end organ injury (OR, 1.74;
95% CI, 1.16-2.61), and portal venous gas (OR, 2.20; 96%
CIL 1.02-4.78).

In the LASSO model, 10 variables were selected as inde-
pendent predictors, with the ORs of four of the predictors prov-
ing statistically significant: WBC count (OR, 1.05; 95% CI,
1.01-1.10), peritonitis (OR, 9.85; 95% CI, 3.93-24.69), hypo-
tension with vasopressor use (OR, 3.77; 95% CI, 1.39-10.21),
and end organ injury (OR, 1.65; 95% CI, 1.07-2.54).

When all three multivariable regression models were com-
pared to determine the best fit model, the stepwise model was found
to have the largest adjusted R* and smallest AIC adjusted for sample
size, indicating that it had the best fit regression. The areas under
the curve for all three models remained above 0.8 (Fig. 2).

A nomogram based on the six independent predictors
identified by the stepwise model was created to predict the prob-
ability of pathologic PI (Fig. 3). Each predictor was assigned
points based on their effect size in the regression model.*> The
total score, the sum of points for each individual predictor vari-
able, would range from 0 to 40 and correspond to a risk for hav-
ing pathologic PI. The probability of pathologic PI was found to
be less than 5% for those with fewer than 4 points and greater
than 99% for those with more than 35 points.

DISCUSSION

Pneumatosis intestinalis can be a concerning radiographic
finding in the adult patient with life-threatening complications.
It can be associated with bowel ischemia and/or perforation in
need of emergency operative intervention. However, PI is also
commonly seen as an incidental finding in an otherwise asymp-
tomatic patient who is clinically well. The clinical significance
of PI depends on a patient's clinical context. Therefore, a study
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TABLE 1. Patient Characteristics, Treatments, and Outcomes, Benign Versus Pathologic Pl

No. Patients, n (%)

Total Benign PI Pathologic PI P
Total patients 334 265 (79.3) 69 (20.7) NA
Patient characteristics
Age, median (IQR), years 60.8 (52.5-71.3) 59.5 (51.0-70.1) 66.1 (61.3-75.0) <0.001*
Sex, male 193 (57.8) 158 (59.6) 35(50.7) 0.18
Race
White 280 (83.8) 217 (81.9) 63 (91.3) 0.08
Black 22 (6.8) 17 (6.4) 5(7.3)
Asian 1134 11 (4.2) 0(0.0)
Other 21 (6.4) 20 (7.6) 1(L.5)
Presenting symptoms
Diarrhea 95 (284) 77 (29.1) 18 (26.1) 0.63
Constipation 61 (18.3) 45 (17.0) 16 (23.2) 0.24
Unable to evaluate (e.g., intubated) 43 (12.9) 28 (10.6) 15 (21.7) 0.01%*
Laboratories, median (IOR)
Lactate 1.5 (1.0-2.5) 1.4 (0.9-2.0) 2.4(14-42) <0.001%*
WBC count 10.2 (6.1-16.0) 9.2 (5.0-13.8) 14.5 (10.1-20.1) <0.001*
CO, 24.0 (21.0-26.7) 24.0 (21.0-27.0) 22.0 (19.0-26.0) 0.02*
K 4.0(3.64.4) 3.9 (3.6-43) 4.3 (3.9-5.1) <0.001%*
Platelet 235 (155-333) 230 (150-321) 250 (179-345.5) 0.12
Presenting signs
Distension, no peritonitis 129 (43.4) 105 (41.5) 24 (54.6) 0.11
Peritonitis 41 (12.5) 14 (5.3) 27 (40.3) <0.001*
Heme-positive stool 25(7.5) 19 (7.2) 6 (8.8) 0.65
Hypotension, no vasopressors 38 (13.7) 33 (13.5) 5(14.7) 0.85
Hypotension, with vasopressors 56 (16.8) 21(7.9) 35(51.5) <0.001*
Sepsis 63 (18.9) 30(11.3) 33 (47.8) <0.001*
AKI 95 (28.4) 54 (20.4) 41 (59.4) <0.001%*
Acute lung injury 56 (16.8) 26 (9.8) 30 (43.5) <0.001*
Transaminitis 36 (10.8) 25(9.5) 11(16.2) 0.11
Multisystem organ failure 34 (10.2) 114.2) 23 (33.3) <0.001*
Radiographic findings
Gastric PI 20 (6.0) 16 (6.0) 4(5.8) 0.88
Small bowel PI 147 (44.1) 112 (42.4) 35(50.7) 0.41
Right colon PI 157 (47.1) 122 (46.2) 35(50.7) 0.70
Transverse colon PI 71(21.3) 55(20.8) 16 (23.2) 0.80
Left colon PI 51(15.3) 43 (16.3) 8 (11.6) 0.55
Rectum PI 6(1.8) 5(1.9) 1(L1.5) 0.85
Foci of PI 51(15.3) 46 (17.4) 5(7.3) 0.04*
Isolated segment PI 140 (41.9) 115 (43.4) 25(36.2) 0.28
Multisegment PI 142 (42.5) 105 (39.6) 37 (53.6) 0.04*
Bowel wall thickening 100 (29.9) 75 (28.3) 25(36.2) 0.20
Portal venous gas 81(24.3) 46 (17.4) 35 (50.7) <0.001*
Free air 40 (12.0) 33 (12.5) 7 (10.1) 0.60
Ascites 111 (33.2) 79 (29.8) 32 (46.4) 0.009*
Concurrent infection 123 (36.8) 91 (34.3) 32 (46.4) 0.07
Pneumonia 50 (15.0) 33 (12.5) 17 (24.6) 0.01*
UTI 29 (8.7) 22 (8.3) 7 (10.1) 0.63
C. diff colitis 20 (6.0) 16 (6.0) 4(5.8) 0.94
Bacteremia 39 (11.8) 31(11.8) 8 (11.6) 0.97
Other 42 (12.6) 34 (12.8) 8 (11.6) 0.78
Comorbidities
Prior PI 16 (4.8) 13 (4.9) 3(4.4) 0.85
Continued next page
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TABLE 1. (Continued)
No. Patients, n (%)
Total Benign PI Pathologic PI p
Ileus 29 (8.7) 26 (9.8) 3(4.4) 0.15
Bowel obstruction 65 (19.5) 55(20.8) 10 (14.5) 0.24
Lung disease (e.g., COPD, asthma, PF, CF) 81(24.3) 52 (19.6) 29 (42.0) <0.001*
IBD 23 (6.9) 23 (8.7) 0(0.0) 0.01*
Enteritis 14 (4.2) 11 (4.2) 3(4.4) 0.94
Diverticulitis 13(3.9) 8(3.0) 5(7.3) 0.11
Peptic ulcer disease 4(1.2) 0(0.0) 4(5.8) <0.001*
GI bleed 29 (8.7) 22 (8.3) 7 (10.1) 0.63
Gallbladder disease 29 (8.7) 22 (8.3) 7 (10.1) 0.63
Pancreatitis 18 (5.4) 14 (5.3) 4(5.8) 0.87
Cirrhosis 19 (5.7) 15(5.7) 4(5.8) 0.97
Lupus 3(0.9) 1(0.4) 2(2.9) 0.05%*
Amyloidosis 3(0.9) 3(1.1) 0(0.0) 0.38
Sarcoidosis 1(0.3) 1(0.4) 0(0.0) 0.61
HIV/AIDS 1(0.3) 1(0.4) 0(0.0) 0.61
CKD 25(7.5) 17 (6.4) 8 (11.6) 0.15
ESRD 27 (8.1) 18 (6.8) 9 (13.0) 0.09
Transplant 34 (10.2) 28 (10.6) 6 (8.7) 0.65
Hematologic cancer 4(13) 3(1.2) 1(1.5) 0.87
Solid organ cancer 119 (35.7) 105 (39.8) 14 (20.3) 0.002*
Metastatic cancer 42 (12.6) 39 (14.7) 3(4.4) 0.25
Recent procedure (within past 30 days)
EGD 27 (8.1) 20 (7.6) 7 (10.1) 0.48
Laparoscopy 17 (5.1) 17 (6.4) 0(0.0) 0.03*
Open abdominal surgery 37 (11.1) 29 (10.9) 8 (11.6) 0.88
Treatment
Antibiotics 226 (67.7) 166 (62.6) 60 (87.0) <0.001*
Exploratory laparotomy 91 (27.3) 32 (12.1) 59 (85.5) <0.001*
Outcomes
Radiographic improvement or resolution 100 (70.0) 80 (76.9) 20 (51.3) 0.003*
Initially asymptomatic 14 (4.2) 13 (4.9) 1(1.5) <0.001*
Clinical improvement or resolution 159 (74.7) 145 (88.4) 14 (28.6) <0.001*
Death within 30 days of diagnosis 48 (14.4) 23 (8.7) 25 (36.8) <0.001*

*p < 0.05.

C. diff; Clostridium difficile; CF, cystic fibrosis; CKD, chronic kidney disease; CO,, bicarbonate; COPD, chronic obstructive pulmonary disease; EGD, esophagogastroduodenoscopy;
ESRD, end stage renal disease; GI, gastrointestinal; HIV/AIDS, human immunodeficiency virus/acquired immunodeficiency syndrome; IBD, inflammatory bowel disease; K, potassium;

NA, not applicable; PE, pulmonary fibrosis; UTI, urinary tract infection.

meant to identify risk factors for harboring pathologic as op-
posed to benign PI demands thorough chart review. As Pl is also
a rare entity,” very few clinical groups have had both a suffi-
ciently large sample size and full access to patients' clinical in-
formation required to make meaningful conclusions about the
implications of such a radiographic finding, let alone construct
a predictive tool for future clinical use.

Our data spanning a decade of experience managing PI pa-
tients from two high-volume quaternary care centers in the United
States and gathered from extensive chart review indicate that se-
lect physical examination, laboratory, and radiographic data may
meaningfully predict a patient's risk for having pathologic PI in
need of surgical intervention. We are also the only study to ex-
clude patients with concurrent evidence of occlusive mesenteric
ischemia and/or comfort care status to gear our predictive tool to-
ward surgical candidates with an unclear operative need.

© 2025 Wolters Kluwer Health, Inc. All rights reserved.

Overall, it seems that surgeons were able to identify pa-
tients with pathologic PI who were surgical candidates, as they
operated on 59 (86%) of the pathologic PI cohort, with 10
(14%) dying prior to surgery. However, they were not always
able to identify all patients with benign PI, as they also operated
on 32 (12%) of the benign PI cohort.

Our analyses indicate that the presence of portal venous
gas, multisegment PI, vasopressor requirement, peritonitis, leu-
kocytosis, and end organ injury are independent predictors for
having ischemic and/or perforated bowel or for dying prior to
planned operative exploration. Using these variables, we were
able to quantify the relative risk of each variable and create a
more nuanced prediction tool to help guide surgical decision
making and patient/family discussions.

Our data are consistent with prior work demonstrating as-
sociations between peritonitis, vasopressor requirement, and end
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TABLE 2. Odds of Pathologic Pl, Univariable Analysis

OR 95% CI P

Age, years 1.03 1.01-1.05 0.001*
Laboratories

Lactate, continuous 1.6 1.32-1.93 <0.001*

‘WBC count, continuous 1.08 1.05-1.12 <0.001*

CO,, continuous 0.94 0.89-0.99 0.03*

K, continuous 1.17 0.92-1.48 0.2
Presenting symptoms

Unable to evaluate (e.g., intubated) 2.35 1.18-4.70 0.02*
Presenting signs

Peritonitis 11.96 5.78-24.73 <0.001*

Hypotension, with vasopressors 12.32 6.42-23.65 <0.001*

Sepsis 7.18 3.92-13.17 <0.001%*

End organ injury (1, AKI or acute lung injury; 2, AKI and acute lung injury; 3, multisystemic organ failure) 2.86 2.16-3.78 <0.001*
Radiographic findings

Multisegment PI 1.76 1.03-3.00 0.04*

Foci of PI 0.37 0.14-0.98 0.04*

Portal venous gas 4.90 2.77-8.66 <0.001*

Ascites 2.04 1.18-3.50 0.01*
Concurrent infection

Concurrent pneumonia 2.30 1.19-4.44 0.01*
Active treatment use (within past 30 days)

Chemotherapy 0.26 0.12-0.56 0.001*
Comorbidities

Lung disease (e.g., asthma, COPD, PE, CF) 297 1.69-5.23 <0.001%*

Lupus 7.88 0.70-88.22 0.09

Solid organ cancer 0.47 0.29-0.77 0.002*

# < 0.05.

CF, cystic fibrosis; CO,, bicarbonate; COPD, chronic obstructive pulmonary disease; K, potassium; PF, pulmonary fibrosis.

organ injury and the incidence of pathologic PI. Vasopressor re-
quirement and end organ injury likely indicate septic shock second-
ary to bowel ischemia and/or perforation. The 2013 PIPES study
revealed that peritonitis, vasopressor requirement, AKI, and acute
lung injury were associated with pathologic PI on multivariable
analysis.* Other smaller investigations such as Hawn et al.,” Duron
et al.,36 Lee et al.,25 Ferrada et al.,26 and Rieser et al.> identified
similar variables to be of statistical significance on either
univariable or multivariable analysis. Of note, Ferrada et al.* re-
mains the only prospective study on predictive factors of patho-
logic PI to this date. Peritoneal signs in particular have long been
known to be a concerning physical examination finding; it is
thought to indicate inflammation of the parietal peritoneum,
which may occur secondary to perforated bowel contents or ne-
crotic tissue irritating the lining.>> Pneumatosis intestinalis on
imaging with peritonitis on examination would therefore be rea-
sonably suggestive of pathologic PI.

However, our analyses also highlighted certain variables
not previously consistently associated with pathologic PI and
questioned the relevance of others. While we found portal ve-
nous gas, multisegment PI, and WBC count to be independent
predictors of pathologic PI, their statistical significances in pre-
vious studies are much more varied. Presence of portal venous
gas, associated with severe necrotizing enterocolitis in neonates,
was found to be significantly associated with pathologic PI on
univariable analysis in many previous studies*?>>>-26-3437-41

those that also conducted multivariable analysis did not continue
to find statistical significance.****>2%**3" Presence of multisegment
PI, which theoretically could have a higher risk of pathologic PI
than those confined in a single intestinal segment, was found to
have statistical significance on univariable analysis only in the
2013 PIPES study and Lee et al.,*** while Ferrada et al.*° did
not find statistical significance on either univariable or multivar-
iable analysis. Statistical significance of WBC count, while con-
sistent with the bacterial theory, was especially varied, with
Greenstein et al.>’ finding statistical significance on multivari-
able analysis, several studies finding statistical significance only
on univariable analysis,***-*° and Duron et al.*® finding no sta-
tistical significance on either analysis.

Meanwhile, unlike many previous studies, our
study did not find elevated serum lactate to be an independent
predictor of PI on multivariable analysis, although we did find
statistical significance on univariable analysis.

Differences between our findings and those of previous
studies can be partly explained by variations in sample size
and regression analyses. Our study, apart from the 2013 PIPES
study of 500 patients, has the largest sample of PI cases to date.
Smaller sample sizes may lead to wider fluctuations in statistical
significance. Many previous studies also did not conduct regres-
sion analyses on as many variables as included in the present
study. For example, most studies did not analyze the association
between extent of PI on imaging and pathologic P1.>2***7

4,5,23,26,34
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TABLE 3. Comparison of Multivariable Regression Models for Pathologic PI

Full Model (n = 264)

Stepwise Model (n = 322) LASSO Model (n = 322)

Odds of Pathologic PI OR 95% CI P OR 95% CI ¥4 OR 95% CI P
Age, continuous, years 1.00 0.97-1.03 0.93 1.02 0.99-1.04 0.22
Laboratories
Lactate, continuous 1.24 0.95-1.61 0.11
WBC count, continuous 1.06 1.01-1.11 0.02* 1.05 1.00-1.10 0.02%* 1.05 1.01-1.10 0.02*
CO,, continuous 1.02 0.94-1.1 0.65
Presenting symptoms
Unable to evaluate (e.g., intubated) 1.53 0.48-4.92 0.48 1.44 0.534.01 0.49
Presenting signs
Peritonitis 7.43 2.71-20.35 <0.001* 11.14 4.62-26.87 <0.001* 9.85 3.93-24.69 <0.001%*
Hypotension, with vasopressors 3.13 1.07-9.17 0.04* 4.59 1.79-11.80 0.002* 3.77 1.39-10.21 0.01*
Sepsis 1.67 0.6-4.66 0.33 1.33 0.51-3.48 0.56
End organ injury 1.54 0.93-2.54 0.09 1.74 1.16-2.61 0.01%* 1.65 1.07-2.54 0.02*
Radiographic findings
Multisegment PI 2.06 0.86-4.94 0.11 1.91 0.92-3.96 0.08 1.86 0.89-3.89 0.10
Foci of PI 0.68 0.15-3.11 0.62
Portal venous gas 1.88 0.76-4.63 0.17 2.20 1.02-4.78 0.05* 2.05 0.93-4.48 0.07
Ascites 0.86 0.35-2.13 0.74
Concurrent infection
Pneumonia 0.96 0.33-2.78 0.94
Active treatment use (within 30 days)
Chemotherapy 1.86 0.75-4.59 0.18
Comorbidities
Lung disease (asthma, COPD, PE, CF) 0.90 0.22-3.63 0.88 1.61 0.73-3.57 0.24
Solid organ cancer 0.60 0.18-1.98 0.41
Constant 0.01 0.00-0.16 0.001* 0.02 0.01-0.05 <0.001* 0.01 0.00-0.05 <0.001*
Measures of fit
Adjusted R 0.31 0.33 0.32
AIC divided by n 0.74 0.68 0.69
*p < 0.05.

CO,, bicarbonate; COPD, chronic obstructive pulmonary disease; PF, pulmonary fibrosis; CF, cystic fibrosis.

Furthermore, our patient selection criteria are uniquely tai-
lored to guide the surgical decision-making process. All previous
studies included patients with concurrent evidence of vaso-
occlusive process, >>* 263 which is a known etiology of bowel
ischemia, and therefore does not present the same level of opera-
tive uncertainty.*** Most previous studies also chose to not only
include patients who pursued comfort measures in their study but
also to count them as pathologic PI patients.*>**2® These dif-
ferences in patient population can potentially skew the patho-
logic PI cohorts in previous studies toward a more severe clinical
picture. Morris et al.® in 2008, for example, found that the me-
dian serum lactate value of PI patients was higher in those
who pursued comfort care (median, 6.1; IQR, 2.0-9.1) than both
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the operative (median, 2.9; IQR, 1.5-3.3) and nonoperative
groups (median, 1.3; IQR, 0.8—1.6). Lactic acidosis, in the right
clinical context, can increase concern for bowel ischemia and/or
perforation**** but can also be a general reflection a severely ill
patient nearing the end of their life. Therefore, our exclusion of
patients who pursued comfort measures ensures that variables
identified in our analysis may be especially helpful in teasing
pathologic from benign PI in cases that would otherwise be
unclear.

Limitations
Our study results must be taken with consideration of
sample size and missing variables. First, while it is one of the
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Figure 2. Areas under the curve of different regression models. (A) Full model. (B) LASSO model. (C) Stepwise model.
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Figure 3. Nomogram predicting probability of pathologic PI. This nomogram provides a method to calculate probability of a patient
having pathologic Pl based on our identified predictors. To use, choose “0” or “1” depending on whether a patient has portal venous
gas on CT; draw a line straight down to the points axis to establish the score associated with portal venous gas. Repeat for the five

predictors. Of note, a score of “0” for end organ injury refers to no evidence of injury to kidney, lung, or other organs; a score of

II‘I "

refers to evidence of AKl or acute lung injury; a score of “2” refers to evidence of both AKl and acute lung injury; and a score of “3” refers
to evidence of not only AKI and acute lung injury but also of injury to at least one other organ. Add the scores for each predictor together
and locate the total score on the points axis. Draw a line straight down from the total score to obtain the probability of pathologic PI.

largest studies on PI to this date, our sample size still required
more parsimonious models to tease out the statistical signifi-
cance of our independent predictors on multivariable analysis
given that our pathologic PI cohort had only 69 patients. Second,
variability in clinical decision making within our hospital system
can introduce biases in the data. For example, serum lactate was
not routinely collected and therefore was missing in 19% of our
cohort. While it was not found to be an independent predictor of
PI in our analysis, more consistent testing in future prospective
studies can further evaluate whether this laboratory value can
be useful in surgical decision making. Third, other potential con-
founders such as frailty and socioeconomic status were not mea-
sured, which could introduce biases in clinical decision making
ranging from diagnosis to evaluation of surgical candidacy, to
health outcomes and follow-up. Fourth, our predictive tool has
not been validated with a separate patient cohort. Our next step
is to validate our nomogram in a prospective study to test our in-
dependent predictors of pathologic PI identified in this. This
prospective study would not only be able to validate our nomo-
gram in a separate cohort but also minimize missing data and ac-
count for possible confounders that were not controlled in this
retrospective study.

CONCLUSION

This study is one of the largest studies examining the dif-
ference between benign and pathologic PI in existing literature.
Furthermore, it is the only study looking at patients not pursing
comfort care with PI without evidence of vaso-occlusive mesen-
teric ischemia to focus on patients who require more nuanced

surgical judgment. Our analyses reveal that the presence of peri-
tonitis, portal venous gas, multisegment PI, leukocytosis, vaso-
pressor requirement, and end organ injury were independent
predictors of pathologic PI. These predictors were used to de-
velop a nomogram to calculate the likelihood that a patient with
PI would benefit from surgical intervention. Future efforts to
validate our predictive tool via larger retrospective studies and
prospective trials may further elucidate optimal guidelines and
counsel patients and their family on managing PI.
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