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Abstract
Background: Impaired gastric emptying (GE) is associated withmorbidity in surgical critically ill children. The relationship between
inflammation, gut barrier integrity (lipopolysaccharide binding protein [LBP]; zonulin), and GE has not been described in this
cohort.Methods: Children ≥2 years of age and requiring critical care after surgery were enrolled. Preoperative and postoperative
levels of serum cytokines, LBP, and zonulin, and GE by the acetaminophen absorption test, were measured, allowing patients
to serve as their own controls. Postoperative delayed GE was defined as a decrease in GE by ≥20% compared with preoperative
GE. The following were examined : comparison between postoperative andpreoperative values, correlations between fold change
(postoperative/preoperative) in study variables, and fold change in study variables between patients with and without postoperative
delayed GE. Results: Twenty patients, median age 14 years (12.25, 18), 12 female, were included. Eight of 20 patients had
postoperative delayed GE. Postoperative interleukin-6 (IL-6), IL-8, IL-10, and LBP were increased, and zonulin was decreased
(P-values < .05). Fold change in IL-10 and zonulin were inversely correlated (ρ −0.618, P = .004). Patients with postoperative
delayed GE had greater fold increase in IL-10 (P = .0159) and fold decrease in zonulin (P = .0160). Five of 7 (71%) patients with
both fold increase in IL-10 and decrease in zonulin had delayed GE. Conclusion: Postoperative changes in IL-10 and zonulin were
associated with delayed GE in surgical critically ill children, which might suggest a mechanism to for delayed GE in postoperative
inflammation and gut barrier dysregulation after surgery. (JPEN J Parenter Enteral Nutr. 2020;44:1407–1416)
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Clinical Relevancy Statement

Gastrointestinal (GI) dysfunction, which manifests as de-
layed gastric emptying and gut barrier dysregulation, is
prevalent in critically ill patients and has been associated
with increased morbidity. Zonulin is a reversible regulator
of gut barrier tight junctions and an agonist of the protease-
activated receptor 2. The protease-activated receptor 2 has
been associated with changes in gastric emptying and gut
barrier integrity. In a cohort of pediatric patients undergo-
ing complex nonabdominal surgery and requiring critical
care, a significant postoperative inflammatory response and
gut barrier dysregulation were identified. Forty percent
of patients had postoperative delayed gastric emptying,
and this subcohort had a significantly greater increase in
postoperative interleukin-10 (IL-10) and decrease in zonulin
when compared with patients without postoperative de-
layed gastric emptying. This study sheds light onto the
contributing factors for GI dysfunction in surgical critical
care and will guide subsequent translational research stud-

ies. Elucidating the role of IL-10 and zonulin in gastric
emptying may support development of potential diagnostic
and therapeutic alternatives for this cohort.

Introduction

Gastrointestinal (GI) dysfunction, which manifests as de-
layed gastric emptying and changes in gut barrier integrity,
is highly prevalent in critically ill patients.1-6 It has been as-
sociated with poor enteral nutrition (EN) delivery, severity
of illness, length of stay, and risk of mortality in pediatric
and adult critically ill patients.1-4,7 The mechanisms under-
lying delayed gastric emptying and alterations in gut barrier
integrity, specifically in pediatric critically ill patients, are
not well understood.

Zonulin is a reversible regulator of gut barrier tight
junctions that has been found to be elevated in the serum
of patients with systemic inflammatory conditions such as
diabetes, spondyloarthritis, and sepsis.6,8-11 Zonulin can ac-
tivate the protease-activated receptor 2 (PAR2), a G-couple
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protein present in the GI tract that has been associated
with changes in gastric emptying and gut barrier integrity
and is activated under conditions of inflammation.8,12-14

Changes in zonulin, a PAR2 agonist, in the setting of
postoperative acute inflammation may play a role in GI
dysfunction in children requiring postoperative care in the
pediatric intensive care unit (PICU).

In this prospective pilot study, associations between post-
operative changes in inflammatory cytokines, markers of
gut barrier integrity, gastric emptying, and zonulin were ex-
amined in a cohort of patients undergoing posterior spinal
fusion. Posterior spinal fusion is an elective and complex
surgery associated with postoperative inflammation.15,16

We hypothesized that pediatric patients requiring critical
care after major surgery would have an inflammatory
response that would be associated with changes in gut
barrier integrity and gastric emptying. Studies in animal
models support a role for PAR2 in gastric emptying and
gut barrier integrity under conditions of inflammation;
therefore, an association between zonulin, a PAR2 ag-
onist, and postoperative GI function changes was also
examined.8,12-14

Methods

Patient Population

Patients 2 years of age and older scheduled for elective
posterior spinal fusion surgery and requiring postoperative
care in a multidisciplinary ICU of a quaternary children’s
hospital between July 2017 and April 2019 were enrolled.
Patients with emergent need for posterior spinal fusion,

such as trauma or neurologic emergencies, were not el-
igible for this study, as examining markers prior to the
inflammatory trigger would not have been possible. Patients
with previously diagnosedmedical or surgical GI pathology,
including but not limited to dysmotility and chronic mal-
absorption, were excluded. Patients with contraindications
to acetaminophen, those with suspected or confirmed liver
or renal dysfunction by laboratory parameters, or those
without an arterial or central venous blood-drawing line
were also excluded.

Posterior spinal fusion surgery is an elective, complex
nonabdominal surgery that can be associated with post-
operative inflammation and GI dysfunction.15,16 Common
diagnoses for elective posterior spinal fusion surgery in
our institution are neuromuscular, idiopathic, and con-
genital scoliosis. A select team of orthopedic surgeons
and anesthesiologists perform these surgeries and provide
anesthesia, respectively, reducing variability among surgical
and clinical practices. Table S1 provides a summary of the
most common categories of medications that may have an
effect on gastric emptying administered to enrolled patients
as part of routine care. Per routine care, most common
narcotics and benzodiazepines administered on study day 1
were fentanyl, remifentanil, sufentanil, andmidazolam and,
on study day 2, were morphine and diazepam. All patients
received antibiotics on study day 1 and 2, per routine
care. Postoperative use of vasopressors and mechanical
ventilation was variable and dependent on patient clinical
status and is denoted in the results.

This study was approved by the Boston Children’s
Hospital institutional review board. All eligible patients
were approached and written consent was obtained from
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parents/guardians and assent was obtained from patients
when applicable.

Study Procedures

All procedures were performed preoperatively and postop-
eratively. This study design allowed for patients to serve as
their own control and to specifically examine for changes in
study variables after surgery. Patients received nothing by
mouth and no specialized EN for the duration of all pro-
cedures on both study days. Preoperative procedures, study
day 1, were performed after anesthesia induction and vascu-
lar access was obtained but prior to surgical incision. Post-
operative procedures, study day 2, were completed on the
morning of the first postoperative day in the PICU. Daily
blood samples (3 mL) from an existing peripheral arterial or
central venous line were processed for serum by spinning at
5000 rpm in a centrifuge for 10minutes and stored at−80 °C
for subsequent measurement of cytokine, lipopolysaccha-
ride binding protein (LBP), and zonulin levels. A baseline
250-μL blood sample and an additional 4–5 samples were
drawn and placed in EDTA microtubes, processed for
plasma, and stored at −80 °C for the acetaminophen ab-
sorption test (AAT), as detailed below. Total blood volume
drawn for all assays was 9 mL over a 2-day study period.

Cytokines. Cytokines were examined using the MSD V-
Plex Proinflammatory Panel kit (Rockville, MD), a mul-
tiplex cytokine immunoassay that measures interleukin-6
(IL-6), IL-8, IL- 1β, IL-2, IL-4, IL-13, IL-10, IL-12p70,
interferon-γ (IFN-γ ), and tumor necrosis factor-α (TNF-α)
levels. The assay was completed according to the manufac-
turer’s instructions. Samples were run in batches and each
sample was run in duplicate. The first batch of samples was
run at 3 different dilutions, and results were used to guide
subsequent testing with samples diluted 1:2, consistent
with the manufacturer’s recommendations. Results were
analyzed using theMSD software, and all cytokine levels are
reported as picograms per milliliter (pg/mL). Preoperative
and postoperative levels of IL-1β, IL-2, IL-4, IL-13, and
IL-12p70 were <0.1 pg/mL or undetectable and therefore
not included for further analysis. Median (range) cytokine
values as reported by the manufacturer in a cohort of
healthy adults are as follows: IL-6 0.47 pg/mL (0.16–27.2);
IL-8 9.61 pg/mL (1.48–1720); IL-10 0.20 pg/mL (0.06–3.08);
TNF-α 0.36 pg/mL (0.10–1.75); and IFN-γ 3.77 pg/mL
(0.64–14.4).

Lipopolysaccharide Binding Protein. LBP served as a proxy
marker of gut barrier dysregulation.17-19 LBP levels were
measured using theMSDHumanLBPKit (Rockville,MD).
The assay was completed per the manufacturer’s instruc-
tions, and samples were run in batches and in duplicate.
LBP levels are reported as nanograms permilliliter (ng/mL).

Median (range) LBP values as reported by themanufacturer
in healthy adults are 2900 ng/mL (1440–6500).

Gastric Emptying: Acetaminophen Absorption Test. Gastric
emptying was assessed on study day 1 and 2 by the AAT,
which has been previously described.1,20 Fifteen mg/kg or a
maximum of 650 mg of a standard formulation of liquid
acetaminophen was administered on study day 1 via a
nasogastric or gastrostomy tube and on study day 2 by
mouth, if patient was extubated and allowed to take liquids,
or alternatively through a nasogastric or gastrostomy tube.
Six plasma acetaminophen levels were obtained including a
baseline level prior to acetaminophen administration, and
up to 5 additional blood samples following acetaminophen
administration at the following time periods: 10–20minutes,
35–45 minutes, 60 minutes, 120–150 minutes, and 220–260
minutes. Samples were analyzed in the Quantitative Clinical
Pharmacology and Pharmacokinetics Laboratory at Boston
Children’s Hospital as previously described.1 The pharma-
cokinetic parameter area under the curve at 60 minutes
(AUC60, μg/mL*min) was calculated to determine gastric
emptying. TheAUC60 has been correlatedwith scintigraphy,
the gold-standard test for gastric emptying measurement,
and with EN advancement.1,20 Previously reported ranges
of AUC60 are 30 μg/mL*min to 1320 μg/mL*min.1,20

Postoperative delayed gastric emptying was defined as a
20% or greater decrease in postoperative AUC60 compared
with each patient’s individual preoperative AUC60. Post-
operative AUC60 change in gastric emptying is presented
as fold change, with negative fold change representing a
postoperative decrease in AUC60.

Zonulin. Zonulin, a PAR2 agonist and reversible regu-
lator of the tight junction, served as proxy marker for
potential PAR2 activation and as a marker of gut barrier
dysregulation.8-10 The IDK Zonulin ELISA kit (Bensheim,
Germany) was utilized for this study. The IDK Zonulin
ELISA kit measures zonulin family peptides , therefore all
serum zonulin results in this study represent zonulin family
peptides. The assay was completed per manufacturer’s in-
structions and samples were run in batches and in duplicate.
Zonulin levels are reported as ng/mL. Median ± standard
deviation zonulin levels as reported by the manufacturer in
a healthy adult cohort are 34 ± 14 ng/mL.

Clinical Data

Baseline demographics, including age, sex, home medica-
tions, and comorbidities, were documented. Intraoperative
duration of anesthesia was recorded. Postoperative data
included need for invasive mechanical ventilatory and/or
vasoactive support, length of ICU stay, and length of
hospital stay. Nutrition data were recorded and included the
time to achieve 50% of prescribed EN goal from admission
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for patients receiving specialized EN by an enteral feeding
tube (nasogastric, nasojejunal, gastrostomy, jejunostomy)
and the time of solid-diet initiation for patients on an
oral diet. Patients requiring >48 hours to achieve 50%
prescribed EN volume goal were categorized as having
“slow EN advancement,” whereas patients who required
48 hours or less to achieve 50% of prescribed EN goal were
categorized as “fast EN advancement.” Patients on an oral
diet were included and their time to initiating a solid diet
was considered as achieving 50% of prescribed EN goal.
An institutional EN algorithm guides the route (gastric vs
postpyloric), initiation, and advancement of nutrition for
patients who require specialized EN.21 Patients who were
eligible to initiate an oral diet would have advanced as
tolerated per their preference.

Statistical Analysis

Data were assessed for normality by the D’Agostino and
Pearson test and skewness was identified.22 Continuous
variables are presented as median and interquartile range
(25th and 75th percentiles) and nonparametric statistical
methods were used.

Examining preoperative and postoperative values al-
lowed for patients to serve as their own controls. AWilcoxon
matched-pairs signed rank test to examine the differences
in each patient’s preoperative and postoperative serum
cytokine, LBP, zonulin, and AUC60 values was performed
(Table 2). Fold change for all variables (IL-6, IL-8, IL-
10, IFN-γ , TNF-α, LBP, zonulin, and AUC60) was cal-

culated by dividing each patient’s postoperative value by
the preoperative value of each respective study variable.
A fold change value <1 reflected a decrease in a variable
postoperatively and was converted to negative values by the
following equation: −1/ x. Spearman ρ correlations were
calculated between postoperative fold change in AUC60 and
fold change in cytokine, LBP, and zonulin levels (Table 3).
Differences in postoperative fold change for cytokines, LBP,
and zonulin were compared using the nonparametricMann-
Whitney U test for patients dichotomized by postoperative
gastric emptying status (Table 4) and EN advancement
(Table 5), as previously defined. Receiver operating char-
acteristic (ROC) curve analysis was applied to evaluate the
predictive accuracy of fold change in IL-10 and zonulin
in differentiating patients with and without postoperative
delayed gastric emptying (Figure 1). The AUC and 95%
CIs with Youden J-index were used to determine cutoff
values that maximized the sensitivity and specificity of
these markers in predicting postoperative delayed gastric
emptying.23 A descriptive model of postoperative delayed
gastric emptying was developed (Figure 2). Statistical anal-
yses were completed using GraphPad Prism Version 8
(GraphPad Software, La Jolla, CA).

Results

Baseline Clinical Characteristics

Twenty-four eligible patients were enrolled, 3 of which
were excluded from the analysis because of incomplete

Table 1. Study Cohort Demographics and Clinical Characteristics (n = 20).

Demographic and clinical variables
Median (IQR

d
) or

frequency (%)

Age, y 14 (12.25, 18)
Sex, female 12/20 (60%)
Comorbidities

a

Respiratory
Neurologic
Cardiac disease
Other

7/20 (35%)
14/20 (70%)
4/20 (20%)
3/20 (15%)

Anesthesia duration (minutes) 661 (570, 759)
Number of patients who required postoperative vasoactive agents 7/20 (35%)
Number of patients who required postoperative mechanical ventilator support 10/20 (50%)
Length of ICU stay (days) 2 (1, 3.75)
Length of hospital stay (days) 6.5 (5, 11.25)
Route of nutrition

Specialized EN
b

Oral feeding
10 (50%)
10 (50%)

Time to 50% EN goal (hours)
c

34.54 (15.88, 62.42)

EN, enteral nutrition; ICU, intensive care unit; IQR, interquartile range.
aComorbidities are not mutually exclusive.
bEN administered via a feeding tube.
cPatients receiving oral feeding were counted as reaching 50% of EN goal when solid diet was initiated.
dIQR represented as 25th percentile, 75th percentile.
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Table 2. Preoperative and Postoperative Levels of Markers of Inflammation, Gut Barrier Integrity, Gastric Emptying, and
Zonulin (n = 20).

Study variables
Preoperative Median

(IQR
a
)

Postoperative Median
(IQR

a
)

Wilcoxon
matched-pairs
signed rank test

P-value

Cytokines, pg/mL
IL-6 0.329 (0.176, 0.851) 59.34 (36.02, 104) <.0001
IL-8 7.55 (4.47, 12.72) 14.42 (11.25, 28.23) <.0001
TNF-α 1.39 (0.953, 1.78) 1.277 (1.07, 1.56) .6487
IFN-γ 1.73 (0.798, 3.28) 1.433 (0.589, 2.88) .4091
IL-10 0.102 (0.034, 0.244) 1.586 (0.655, 2.22) .0001

LBP, ng/mL 277 (182.6, 591.4) 2050 (1233, 4650) <.0001
Zonulin, ng/mL 50.09 (41.40, 66.38) 38.87 (32.11, 42.16) .0003
Gastric emptying AUC, μg/mL*min

All patients (n = 20) 158.4 (90.78, 483.7) 244.4 (99.48, 337.2) .8695
Patients with postoperative delayed

gastric emptying (n = 8)
a

476.0 (189.8, 515.5) 102.1 (63.70, 251.0) .0078

AUC60, area under the curve at 60 minutes as determined by the acetaminophen absorption test; IFN-γ , interferon γ ; IL, interleukin; IQR,
interquartile range; LBP, lipopolysaccharide binding protein; TNF-α, tumor necrosis factor α.
aPostoperative delayed gastric emptying defined as having 20% or greater decrease in the postoperative AUC60 compared with each patient’s
preoperative AUC60.
bIQR represented as 25th percentile, 75th percentile.

postoperative gastric emptying testing and 1 because of
error in sample processing (Figure S1). Final statistical
analysis included 20 patients who completed all preoper-
ative and postoperative study procedures with a median
age 14 years (12.25, 18), and 60% were female (12/20).
Table 1 depicts the cohort’s baseline demographics and
clinical data. Medications administered preoperatively and
postoperatively were not significantly different (Table S1).

Inflammation, Gut Barrier Integrity, and
Gastric Emptying Markers

Table 2 describes the differences between preoperative and
postoperative cytokine, LBP, zonulin, and AUC60 absolute
values. Matched to preoperative values, IL-10, IL-6, and
IL-8 were significantly increased postoperatively, P ≤ .0001
(Wilcoxon). There were no significant differences between
preoperative and postoperative levels of IFN-γ and TNF-
α. Postoperative LBP values were increased and zonulin
values were decreased compared with matched preoperative
values (P < .0001 and P = .0003, respectively). Eight of 20
(40%) patients had postoperative delayed gastric emptying,
with median preoperative and postoperative AUC60 values
of 476.0 μg/mL*min (189.8–515.5) and 102.1 μg/mL*min
(63.70–251.0), respectively, P = .0078.

Correlation Analysis Between Inflammation,
Gut Barrier Integrity, and Gastric Emptying

A univariate Spearman ρ correlation analysis between the
fold change in cytokine values, LBP, zonulin, and gastric

Table 3. Univariate Spearman ρ Correlation Analysis of the
Postoperative Fold Change in Markers of Inflammation, Gut
Barrier Integrity, Gastric Emptying, and Zonulin (n = 20).

Zonulin LBP AUC60

Study variables ρ P ρ P ρ P

Cytokines-
IL-6 −0.334 .150 0.391 .088 −0.220 .352
IL-8 −0.280 .232 0.343 .139 −0.093 .696
TNF-α −0.406 .076 0.250 .289 −0.344 .137
IFN-γ −0.223 .336 0.347 .133 0.128 .591
IL-10 −0.618 .004 0.005 .985 −0.465 .039

LBP −0.104 .663 X X 0.002 .995
Zonulin X X X X 0.370 .108

Fold change—Postoperative value/preoperative value; when fold
change was <1, it was converted to negative value by the following
equation: −1/x
AUC60, area under the curve at 60 minutes as determined by the
acetaminophen absorption test; IFN-γ , interferon γ ; IL, interleukin;
LBP, lipopolysaccharide binding protein; TNF-α, tumor necrosis
factor α.

emptying was performed (Table 3). A fold decrease in
AUC60 correlatedwith a fold increase in postoperative IL-10
(ρ = −0.465, P = .039). Postoperative fold increase in IL-
10 correlated with a fold decrease in zonulin (ρ = −0.618,
P = .004). Postoperative fold decrease in AUC60 was in-
versely related to the time to reach 50% EN goal, though
statistical significance was not reached (ρ = −0.420, P =
.066, data not shown).
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Table 4. Fold Change in Markers of Inflammation, Gut Barrier Integrity, and Zonulin in Patients With and Without
Postoperative Gastric Emptying Delay (n = 20).

Postoperative gastric emptying
delay

a
(n = 8)

No postoperative gastric emptying
delay (n = 12)

Mann-
Whitney

U

Fold change of
study variables

c
Median IQR

b
Median IQR

b
P

Cytokines
IL-6 270.5 44.94, 876.8 169.4 50.31, 334.2 .5714
IL-8 3.64 1.90, 7.77 2.70 1.35, 5.32 .5713
TNF-α 1.18 −1.32, 1.29 −1.11 −1.55, 1.22 .2703
IFN-γ −1.71 −6.77, 0.652 −0.141 −2.57, 4.54 .2704
IL-10 42.8 14.93, 104.5 8.49 4.84, 17.55 .0159

LBP 10.07 3.07, 16.73 8.13 2.71, 17.33 .9101
Zonulin −1.68 −2.30, −1.43 −1.12 −1.32, −1.05 .0160

IFN-γ , interferon γ ; IL, interleukin; IQR, interquartile range; LBP, lipopolysaccharide binding protein; TNF-α, tumor necrosis factor α.
aPostoperative delayed gastric emptying defined as having 20% or greater decrease in the postoperative area under the curve at 60 minutes
(AUC60) compared with each patient’s preoperative AUC60
bIQR represented as 25th percentile, 75th percentile.
cFold change—Postoperative value/preoperative value; when fold change was <1, it was converted to negative value by the following equation:
−1/x.

Dichotomous Analysis of Gastric Emptying and
EN Advancement

Differences in themedian fold change of cytokine, LBP, and
zonulin levels in patients dichotomized into postoperative
delayed gastric emptying (n= 8) vs no postoperative delayed
gastric emptying (n= 12) were examined byMann-Whitney
U test (Table 4). Patients with postoperative delayed gastric
emptying had greater postoperative fold increase in IL-
10 (P = .0159) and fold decrease in zonulin (P = .0160)
when comparedwith patients without postoperative delayed
gastric emptying (Table 4).

EN delivery has been previously correlated with gas-
tric emptying; therefore, differences in the median fold
change of cytokine, LBP, and zonulin levels in patients
dichotomized into slow EN advancement (n= 6) vs fast EN
advancement (n = 14) was performed (Table 5).1 Patients
with slow EN advancement had greater postoperative fold
decrease in zonulin (P = .0408) when compared with
patients with fast EN advancement (Table 5).

ROC Curve Analysis and Descriptive Model of
Association Between IL-10, Zonulin, and
Gastric Emptying

IL-10 and zonulin were found to be significantly associated
with postoperative delayed gastric emptying as reported in
the previous analyses. An ROC analysis to examine the pre-
dictive accuracy of fold increase in IL-10 and fold decrease
in zonulin for delayed gastric emptying was performed. A
fold increase of ≥17.7 in IL-10 had a predictive accuracy of

AUC 0.824; 95% CI, 0.615–1.00; P = .016 (Figure 1A). A
fold decrease of ≤−1.4 in zonulin had a predictive accuracy
of AUC 0.823; 95% CI, 0.600–1.00; P = .017 (Figure 1B).

Patients were categorized as having “postoperative IL-
10 fold increase” if their IL-10 was above the cohort’s
median fold change vs “no postoperative fold increase”
if their IL-10 was equal to or less than the cohort’s me-
dian fold change. Patients were also categorized as having
“postoperative zonulin fold decrease” if their zonulin was
below the cohort’s median fold change vs “no postop-
erative zonulin fold decrease” if their zonulin was equal
to or greater than the cohort’s median fold change. The
proportion of patients with postoperative delayed gastric
emptying within these categories were examined (Figure 2).
Five of 7 (71.4%) patients with postoperative IL-10 increase
and zonulin decrease had postoperative delayed gastric
emptying, whereas patients without this combination did
not have postoperative delayed gastric emptying.

Discussion

In this prospective pilot study, we have demonstrated a
feasible model to study and describe the complex interac-
tions between inflammation andGI dysfunction in pediatric
patients undergoing complex surgery and requiring criti-
cal care. In this cohort, a significant postoperative proin-
flammatory and antiinflammatory response was identified.
Postoperative GI function was altered, with a majority
of patients having gut barrier dysregulation and 40% had
delayed gastric emptying. Postoperative increase in IL-10
and decrease in zonulin were associated with delayed gas-
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Table 5. Fold Change in Markers of Inflammation, Gut Barrier Integrity, Zonulin, and Gastric Emptying in Patients With Slow
vs Fast EN Advancement (N = 20).

Slow EN advancement
a
(n = 6) Fast EN advancement (n = 14)

Mann-
Whitney

U
Fold change of study
variables

c
Median IQR

b
Median IQR

b
P

Cytokines
IL-6 204.9 63.71, 521.4 207.2 39.29, 336.7 .9044
IL-8 2.65 0.605, 9.42 3.35 1.83, 4.59 .8411
TNF-α 0.017 −1.22, 1.32 −0.003 −1.69, 1.24 .6015
IFN-γ −2.20 −3.65, −0.742 0.021 −3.62, 3.89 .2740
IL-10 38.06 8.94, 101.5 15.07 4.18, 20.75 .2391

LBP 2.91 2.27, 9.72 11.66 4.26, 18.18 .0622
Zonulin −1.81 −2.58, −1.29 −1.211 −1.43, −0.530 .0408
Gastric emptying,

AUC60

−2.06 −7.77, 0.258 1.628 −1.41, 2.83 .1297

AUC60, area under the curve at 60 minutes as determined by the acetaminophen absorption test; EN, enteral nutrition; IFN-γ , interferon γ ; IL,
interleukin; IQR, interquartile range; LBP, lipopolysaccharide binding protein; TNF-α, tumor necrosis factor α.
aSlow EN advancement defined as requiring >48 hours to achieve EN goal.
bIQR represented as 25th percentile, 75th percentile.
cFold change—Postoperative value/preoperative value; when fold change was <1, it was converted to a negative value by the following equation:
−1/x.

Figure 1. Receiver operating characteristic (ROC) curves demonstrating the predictive ability of fold increase in interleukin-10
(IL-10) and fold decrease in zonulin for postoperative delayed gastric emptying. (A) Depiction of the ROC curve for fold change
in IL-10 as a predictor of postoperative delayed gastric emptying, defined as 20% or greater decrease in postoperative compared
with preoperative area under the curve at 60 minutes (AUC60) by the acetaminophen absorption test. A fold increase of ≥17.7 in
IL-10 had an AUC of 0.824; 95% CI, 0.615–1.00; P = 0.016. (B) Depiction of the ROC curve for fold change in zonulin as a
predictor of postoperative delayed gastric emptying, defined as in Figure1A. A fold decrease of ≤−1.4 in zonulin had an AUC of
0.823; 95% CI, 0.600–1.00; P = 0.017, respectively.

tric emptying and predicted postoperative delayed gastric
emptying with >80% accuracy. A postoperative response
with an increase in IL-10 and decrease in zonulin may
represent a compensatory mechanism for the significant
proinflammatory trigger of surgery and associated gut

barrier dysregulation. This potential mechanism was most
prominent in patients with postoperative delayed gastric
emptying, and their relationship may be direct or diver-
gent. These results add to the limited literature on mech-
anisms of postoperative GI function changes in critically
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Figure 2. Descriptive model of the association between interleukin-10 (IL-10), zonulin, and postoperative (post-op) delayed
gastric emptying. Patients were categorized by a fold change increase (Fold ↑) in IL-10 and decrease (Fold ↓) in zonulin. (Fold
change is the result of dividing the postoperative value of IL-10 or zonulin by its respective preoperative value.) A plus sign (+)
represented the presence of a postoperative IL-10 fold increase greater than the cohort’s median and the presence of a zonulin
postoperative fold decrease less than the cohort’s median. Percentage of patients within these categories with postoperative
delayed gastric emptying (as previously defined) were represented by light gray bars, whereas patients without postoperative
delayed gastric emptying were represented by dark gray bars. No bar represents 0% of patients with postoperative delayed gastric
emptying.

ill children and provide new insights that will need further
examination.

Major surgery in this study cohort resulted in a robust
inflammatory response with increases in IL-6, IL-8, and IL-
10, which is consistent with the most common cytokines
reported to be increased in similar study cohorts.15,16,24,25

In addition to an inflammatory response, a majority of pa-
tients in this study had an increase in LBP on postoperative
day 1 compared with preoperative levels. LBP is an acute
phase reactant. It is released primarily when lipopolysaccha-
ride, a microbial product of intestinal bacteria, translocates
across the gut barrier, thereby serving as a proxy marker
for altered gut permeability.17-19 The postoperative increase
in LBP in this study cohort is suggestive of transient gut
barrier dysregulation, as the absolute LBP levels were lower
than previously reported in other inflammatory conditions
such as sepsis. The increase in LBP was also positively
correlated with postoperative cytokine levels, though sta-
tistical significance was not reached. A direct relationship
between inflammatory response and loss of gut barrier
integrity has been previously reported in pediatric and adult
patients undergoing major surgery, including congenital
heart diseases and multiple trauma.4,26,27

Zonulin is a PAR2 agonist, and PAR2 has been asso-
ciated with modulating GI epithelial barrier integrity and
motility in animal models.8,12-14 Zonulin is also known as a
reversible regulator of tight junctions and has been shown
to be elevated in patients with systemic inflammation and
disrupted gut barrier integrity.6,8-11 Two studies have exam-
ined zonulin in critically ill adults. One study reported higher

zonulin levels in adults admitted to the ICU with sepsis
when compared with adults admitted to the ICU without
sepsis, including surgical patients, and healthy controls.11

Another study reported elevated zonulin levels in adults
requiring mechanical ventilation with sepsis, respiratory
failure, or cardiac failure when compared with healthy
controls, and specifically excluded surgical patients.6 Both
studies examined zonulin only at 1 time point. Pediatric
studies examining zonulin levels have not included critically
ill patients and have focused on patients with chronic
inflammatory conditions.28-30 In addition to differences
in the study population, our study examined zonulin at
2 time points, allowing for an assessment of zonulin under
2 conditions for the same patient, and found a decrease
in zonulin postoperatively. Downregulation of zonulin has
been reported and found to be associated with beneficial
physiologic changes to the epithelial barrier.31,32 There-
fore, as a reversible effector in the epithelial barrier struc-
ture, among many tight junction proteins, it is physio-
logically plausible that zonulin is downregulated in an
effort to counterbalance postoperative loss of gut barrier
integrity.

Delayed gastric emptying affected 40% of the study
cohort, consistent with previous reports.1,5,7 Patients with
both postoperative increase in IL-10 and decrease in zonulin
had a greater prevalence of delayed gastric emptying, and
IL-10 and zonulin were inversely correlated. The correlation
between delayed gastric emptying and elevated levels of
IL-10 is consistent with previous literature on IL-10 and
GI homeostasis, including gut barrier integrity and GI
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motility.33-36 An inverse relationship between IL-10 and
zonulin has also been previously reported, though not in
critically ill patients.30,37 Few studies have examined zonulin
and gastric emptying or the relationship between IL-10,
zonulin, and gastric emptying, and results vary among
existing studies.6,32,38,39 In nonsurgical critically ill adults,
delayed gastric emptying was associated with markers of
loss of gut barrier integrity and elevated levels of zonulin,
but there was no correlation with IL-10.6 In healthy pa-
tients on an inulin-enriched diet, a decrease in zonulin
was associated with improved epithelial barrier function
and a delay in gastric emptying, but inflammatory markers
were not examined.32,38 The observations from our current
study suggest an inverse and synergistic relationship for IL-
10 and zonulin in pediatric patients with delayed gastric
emptying during postoperative inflammatory conditions.
Furthermore, these findings support a potential role for IL-
10 and zonulin as predictive biomarkers of delayed gastric
emptying in this cohort.

This study has several limitations. The convenience sam-
ple in this pilot study may not be representative of all age
groups or surgical populations admitted to the PICU, and
this sample size does not allow for multivariable analysis
to assess, for example, additional clinical differences among
patients. However, studying a population undergoing the
same elective surgery contributes to uniform surgical and
clinical practices. Delayed gastric emptying has been corre-
lated with difficulties in advancing EN, and therefore, EN
delivery serves as a practical bedside outcome.1 Although
the same relationship between zonulin andENadvancement
as between zonulin and gastric emptying was identified,
examining EN delivery as an outcome was limited because
50% of patients took an oral diet, for which initiation
and advancement is not uniform, reducing the validity of
any comparisons and results. Serum levels of LBP and
zonulin were within the detectable range for each respective
assay per the manufacturer. However, as serum biomarkers,
they may not be specific to GI changes only, and whether
reported adults levels are the same in this younger study
cohort is unknown, thereby limiting their clinical appli-
cability at this time.17,40,41 There is growing evidence to
support zonulin to be a family of proteins, and zonulin
as previously studied in animal and cell models may not
be identical to that tested in human serum samples with
available assays.42 In this study, an association is reported
and not a causality between markers of inflammation, gut
barrier, and gastric emptying. Furthermore, GI dysfunction
in critical illness is likely multifactorial, and this study was
not powered to address additional potential contributing
factors such as medications.43 Future clinical studies in
a larger patient population and in translational models
are needed to further elucidate the relationship between
zonulin, IL-10, and gastric emptying. Elucidating the role
of IL-10 and zonulin in gastric emptying may support

the development of potential diagnostic and therapeutic
alternatives for this cohort.

Conclusion

Surgical critically ill children have postoperative inflam-
matory changes, gut barrier dysregulation, and delayed
gastric emptying. Postoperative delayed gastric emptying is
associated with an increase in IL-10 and decrease in zonulin.
IL-10 and zonulin changes may have a compensatory role in
the setting of the proinflammatory response and gut barrier
dysregulation of surgery. Further studies to examine the
role of IL-10 and zonulin on delayed gastric emptying in
pediatric critical illness, including translational models, are
needed.
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