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Objective: Elevated intra-abdominal pressure (IAP) is associated with organ dysfunction
in critically ill children. Thus far, the predictive value of IAP for mortality remains unknown.
Moreover, only few studies determined normal IAP values in pediatric intensive care unit
(PICU) children. This study aimed to determine the predictive value of IAP for mortality
and calculate normal IAP values in PICU patients.

Methods: This prospective observational study was conducted in two PICUs of
two tertiary care university teaching hospitals. Patients admitted to the PICU between
December 2013 and November 2015 were included. IAP was determined by bladder
pressure measurements performed every 8h until 48h or until PICU discharge. All
patients (except neonatal patients) aged <14 years who were admitted to the PICUs and
had no history of chemical neuromuscular blockade use, neurogenic bladder, or bladder
surgery were enrolled. Binary logistic regression was used to analyze the predictive value
of IAP for 28-day mortality. Receiver operating characteristic curves were generated to
evaluate the prediction effect of IAP.

Results: Overall, 229 patients were enrolled. IAP (hazard ratio 1.09, 95% confidence
interval [CI] 1.029-1.161, P = 0.004) and lactic acid (hazard ratio 3.04, 95% ClI
1.769-5.21, P < 0.001) were independent predictors of 28-day mortality. Additionally,
IAP had good predictive power for 28-day mortality, with an area under the curve of 0.74.
The optimal cutoff point was 12.13 mmHg (sensitivity 0.58, specificity 0.80). The Youden
index was 0.38.Furthermore, 111 (48.47%) patients without high-risk factors or clinical
manifestations of IAH were analyzed to determine normal IAP values, which were 7.57 £
2.85 mmHg (range, 1.98-13.16 mmHg). There were no significant differences in normal
IAP values according to different diseases, sex, age, weight, or body mass index (BMI).
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Conclusions:

IAP has good predictive power for 28-day mortality. The optimal IAP

cutoff point is 12.13 mmHg. The IAP reference range is 2.0-13.2 mmHg, which was
not associated with factors such as sex, age, weight, and BMI in PICU children. We
recommend that IAP be included in critical illness scoring systems in the future. IAP
>12.13 mmHg may be more suitable for IAH definition in PICU patients.

Keywords: intra-abdominal pressure, normal values, in-hospital mortality, pediatric intensive care unit, predictor

INTRODUCTION

Elevated intra-abdominal pressure (IAP) can lead to intra-
abdominal hypertension (IAH), which is associated with
dysfunction of the cerebrum and the digestive, respiratory,
cardiovascular, and renal systems. Additionally, IAH has been
reported as an independent risk factor for mortality in the
pediatric intensive care unit (PICU) (1-6). Thus far, the
predictive value of IAP for mortality in PICU patients has not
been reported in the pediatric literature. Moreover, only few
studies have examined the normal reference range of IAP in
PICU patients (7, 8). According to the updated World Society
of the Abdominal Compartment Syndrome (WSACS) guidelines
(9), the normal IAP value in a critically ill child was 4-10 mmHg;
IAH was defined as a sustained IAP elevation of >10 mmHg;
the guidelines are based on data collected from a single-center
study of children who were put on mechanical ventilation (MV)
(7). However, a recent study identified MV as a risk factor for
IAH; additionally, a positive end-expiratory pressure (PEEP)
level of >10 cmH,0 (1 cmH,0 = 0.098 kPa) is considered a risk
factor for IAH in children (10-13). In the PICU, not all children
receive MV, and children not receiving MV are also at a risk of
developing IAH. Therefore, it is unclear whether normal values
of IAP in children not receiving MV are consistent with those
in children receiving MV and whether such normal values of
IAP defined by the WSACS guidelines are applicable to children
without MV support. Notably, physiological variables such as old
age and increased body mass index (BMI) have been reported
as risk factors for IAH in adults (14-16). Only few studies
have analyzed the influence of physiological variables on normal
values of IAP in children (7, 8). The study conducted by Ejike
et al. examined normal IAP values in different weight groups;
however, they did not analyze the effects of other physiological
parameters such as age, sex, or BMI. Therefore, it is unknown
whether these physiological parameters affect the normal values
of IAP in children.

Therefore, this prospective observational study aimed to
determine the predictive value of IAP for 28-day mortality and
calculate normal IAP values in PICU patients.

Abbreviations: AUC, area under the curve; BMI, body mass index; IAH,
intra-abdominal hypertension; IAP, intra-abdominal pressure; MV, mechanical
ventilation; OI, oxygen index; PCIS, pediatric critical illness score; PEEP, positive
end-expiratory pressure; PELOD, pediatric logistic organ dysfunction; PICU,
pediatric intensive care unit; ROC, receiver operating characteristic; SD, standard
deviation; WSACS, world society of the abdominal compartment syndrome.

MATERIALS AND METHODS
Study Design

This prospective observational study was conducted in two
comprehensive PICUs of internal medicine and surgery (12-
bed unit and 25-bed unit, respectively) in two tertiary care
university teaching hospitals. A total of 437 children (156 and
281, respectively) admitted to the PICU between December 2013
and November 2015 were prospectively enrolled after obtaining
written informed consent from the parent or guardian. The
exclusion criteria were as follows: age <28 days (n = 82) or
>14 years (n = 21), PICU admission for <24h (n = 47), lack
of parental consent (n = 6), use of chemical neuromuscular
blockade (n = 15), and history of neurogenic bladder (n = 9)
or bladder surgery (n = 28). Finally, 229 critically ill children
were enrolled in the study, and the mortality predictive value was
determined in these patients; 111 of the 229 patients did not have
high-risk factors (Supplementary Table 1) (with the exception of
physiological parameters) or clinical manifestations of IAH (9),
and the normal IAP values were determined in these patients.
The study protocol was approved by the Ethics Committees of
the two study centers (2013, No. 170).

Data Collection

The following parameters were recorded during admission: sex,
age, weight, height, BMI, blood pressure, MV status, peak
inspiratory pressure (PIP) and PEEP, use of an analgesic/sedative,
blood gas analysis, main diagnosis, Pediatric Critical Illness
Score (PCIS), Pediatric Risk of Mortality Score (PRISM III),
Pediatric Logistic Organ Dysfunction (PELOD) score, and 28-
day mortality. IAP was measured manually based on the bladder
pressure measurements taken using a Foley catheter according to
the standard procedure outlined in the guidelines (7). Briefly, the
patient was placed in the supine position. The test was conducted
when the patient was relaxed (sedated if necessary) to reduce
interference with IAP values. Sterile saline was injected into the
empty bladder (1 mL/kg, with a minimal installation volume of
3mL and a maximum installation volume of 25 mL). The IAP
was measured 30-60s after the installation and at the end of
expiration. The mid-axillary line at the iliac crest was considered
as the reference. Finally, the level of the water column above the
mid-axillary line at the end of expiration reflected the IAP value.
The value was expressed in cmH,O for manual measurements,
and hence, the value needed conversion to mmHg (1 cmH,0 =
0.73 mmHg). The IAP was measured every 8 h until 48 h or until
the patient was discharged from the PICU. We selected the IAP

Frontiers in Pediatrics | www.frontiersin.org

October 2020 | Volume 8 | Article 567876


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Liang et al.

Intra-abdominal Pressure in PICU Patients

mean value during the observation period to determine normal
IAP values and assess the predictive value of IAP for mortality.

Statistical Analysis

Statistical analyses were performed using IBM SPSS version
22.0 (IBM, Armonk, NY, USA) and R 3.6.2. Descriptive
analyses were performed, and the values were expressed as
mean =+ standard deviation for normally distributed variables,
median [interquartile range (IQR)] for non-normally distributed
variables, and frequency (proportions, %) for categorical
variables. Data were analyzed by stratifying the patients based
on sex (male or female), age (>28 days—1 year, >1-7 years, and
>7 years), weight (<10kg, >10-20kg, and >20kg), and BMI
[categorized into three groups according to the percentile curve
(17): =P85, overweight; P5-85, normal; and <P5, underweight].
Differences in continuous variables between the two outcome
groups were compared using the independent samples ¢-test
or Mann-Whitney U test. Differences in categorical variables
were assessed using the chi-square test or Fisher exact test if
indicated. IAP among different diseases were tested using analysis
of variance and post-hoc multiple comparisons were tested using
a Bonferroni adjustment.

We calculated the predictive value of IAP for 28-day mortality
using binary logistic regression. Given the restriction of death
event cases, we included only the highly correlated possible
predictors, ie., IAP, PaO,/FiO,, lactic acid levels, and MYV,
in the multivariable models to ensure sufficient statistical
power. The Hosmer-Leme show goodness-of-fit test, Akaike
information criterion (AIC), and Bayesian information criterion
(BIC) were used to assess how well the model fitted the
data. Recall, precision, F1 score, and area under the curve
(AUQC) of the receiver operating characteristic (ROC) curve were
determined to evaluate the prediction effect of the models. The
optimal cutoff value of IAP for predicting 28-day mortality was
determined using time-dependent ROC curve analysis (survival
ROC analysis). All statistical analyses were performed with a
significance level of 0.05.

RESULTS

Predictive Value of IAP for 28-Day Mortality

in the PICU
A total of 229 children were enrolled in the study, and they
underwent regular TAP monitoring. Demographic characteristics
were compared between survivors and non-survivors using the
binary classification model (Table 1). Binary logistic regression
showed that TAP (P = 0.004) and lactic acid (P < 0.001) were
independent predictors of 28-day mortality (Table 2). The area
under the ROC curve (AUC), recall, and F1 score were 0.818,
0.911, and 0.511, respectively. Furthermore, the 1.09-fold risk of
mortality increased with a 1-mmHg higher IAP (hazard ratio
1.09, 95% CI1.029-1.161, P = 0.004) and the 3.04-fold risk of
mortality increased with a 1 mmol/L higher lactic acid (hazard
ratio 3.04, 95% CI1.769-5.21, P < 0.001).

The survival ROC curve analysis revealed that the IAP had
good predictive power for 28-day mortality (Figure 1), with an
AUC of 0.74 (SD 0.002, 95% confidence interval 0.73-0.74). The

optimal cutoff point was 12.13 mmHg (sensitivity 0.58, specificity
0.80), and the Youden index was 0.38.

Assessment of Normal IAP Values in PICU

Patients

A total of 111 patients without high-risk factors or clinical
manifestations of IAH were analyzed to determine normal IAP
values. There were no significant differences in IAP values based
on the presence of different diseases (Table 3). The mean (£SD)
normal IAP value was 7.57 + 2.85 mmHg (range, 1.98-13.16
mmHg). Median patient age was 3 (IQR 1.42-6) years. The mean
(£SD) values of weight and BMI were 17.31 £ 9.58 kg and 15.94
+ 2.74 kg/m?, respectively. There were no significant differences
in IAP based on different sex, age, weight, and BMI (Figure 2).
During the study period, 32.4% (n = 36) of patients received MV.
The PEEP value was 4.5 £ 0.5 cmH,O in patients who received
MV. There was no significant difference in IAP between the MV
and non-MV groups (P > 0.05).

DISCUSSION

In this study, we determined the predictive value of IAP for
28-day mortality in PICU patients. Moreover, we assessed the
normal reference range of IAP in PICU patients and the influence
of physiological variables on IAP. We analyzed the possible
predictors of 28-day mortality among all children undergoing
IAP monitoring during the study period, and we found that
IAP and lactic acid were the independent predictors of 28-day
mortality. The survival ROC curve analysis determined that IAP
had a good predictive power for 28-day mortality. Thus, we
recommend that IAP should be included in critical illness scoring
systems in the future. In addition, we also analyzed normal
IAP values in PICU children and found that there were no
significant differences in IAP values based on disease types. Our
findings suggest that the same standard for normal IAP values
can be applied to patients with different types of diseases. Finally,
the normal reference range of IAP was 1.98-13.16 mmHg. The
optimal cutoff point for the predictive power of 28-day mortality
was 12.13 mmHg. Thus, we recommend that IAP > 12.13 mmHg
might be more suitable than IAP > 10 mmHg for IAH definition
in children.

The study is novel because, to the best of our knowledge, no
studies, to date, have reported the predictive value of IAP for
28-day mortality in PICU patients and only a few studies have
examined normal IAP values in PICU patients or have analyzed
the influence of physiological variables on normal IAP values in
children. This is the first study to identify that, in addition to
lactic acid, IAP is an important predictor for mortality in the
PICU. In previous studies, lactic acid levels have been confirmed
as a very important risk factor for 28-day mortality (18, 19). IAP
is an important mortality predictor, possibly because IAP can
affect many organ functions both inside or outside the abdominal
area. Additionally, persistently increasing IAP can also lead to
the development of multiple organ dysfunction syndromes (1-6);
hence, IAP may have a very important effect on 28-day mortality.
None of the previous scoring systems on the severity of illness
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TABLE 1 | Demographic characteristics of survivors and non-survivors.

All (n = 229) Survivors (n = 198) Non-survivors (n = 31) P
Age, y 2.0 (1.00-6.00) 2.55 (1.00-6.00) 2.0 (0.96-8.50) 0.91
Boys 153 (66.81) 135 (68.18) 18 (58.06) 0.27
Weight (kg) 18.6 (9.50-20.00) 18.75 (9.50-20.00) 18.0 (9.65-23.05) 0.94
Height (cm) 92.0 (75.00-113.20) 92.0 (75.25-113.00) 88.0 (72.00-134.00) 0.91
BMI (kg/m?) 15.55 (14.03-17.01) 15.53 (14.04-16.92) 15.62 (13.90-18.27) 0.53
IAP (mmHg) 8.82 (6.98-12.49) 8.45 (6.62-11.67) 13.23 (9.38-18.19) <0.001
MAP (mmHg) 60.0 (52.70-75.30) 58.3 (565.00-75.00) 64.0 (50.00-76.50) 0.99
APP (mmHg) 49.7 (42.50-63.80) 49.6 (43.20-63.77) 50.5 (36.05-63.55) 0.26
PCO, (mmHg) 45.0 (40.00-45.00) 45.0 (42.00-45.00) 41.0 (35.00-50.00) 0.41
P/F (mmHg) 300.0 (280.00-300.00) 300.0 (300.00-300.00) 290.0 (218.00-300.00) 0.04
MV, n(%) 82 (35.81) 61 (30.81) 21(67.74) <0.001
PIP (cmH,0) 20.0 (20.00-22.00) 20.0 (20.00-21.00) 20.0 (20.00-22.00) 0.17
PEEP (cmH20) 4.0 (4.00-5.00) 4.0 (4.00-5.00) 4.0 (4.00-5.25) 0.15
Lactic acid (mmol/L) 29 (12.66) 13 (6.57) 16 (61.61) <0.001
Sedation/Analgesia, n (%) 85 (37.12) 77 (38.89) 8 (25.81) 0.16
Organ dysfunction 0.0 (0.00-0.00) 0.0 (0.00-0.00) 0.0 (0.00-0.50) 0.73
PELOD 0.0 (0.00-2.00) 0.0 (0.00-2.00) 0.0 (0.00-2.00) 0.59
PRISMIII 12.0 (10.00-16.00) 12.0 (10.00-16.00) 11.0 (10.00-18.00) 0.95
PCIS 92.0 (84.00-100.00) 92.0 (84.00-100.00) 92.0 (82.00-100.00) 0.86

BMI, body mass index; IAR, intra-abdominal pressure; MAF, mean arterial pressure; APF, abdominal perfusion pressure (APP = MAP-IAP); P/F, PaOo/FiOo; MV, mechanical ventilation;
PIF, peak inspiratory pressures; PEEFR, positive end-expiratory pressure; PRISM I, pediatric risk of mortality score; PELOD, pediatric logistic organ dysfunction score; PCIS, pediatric

critical illness score.

TABLE 2 | Coefficient of the binary logistic regression model to access the predictive value of intra-abdominal pressure for 28-day mortality.

Variable B Standard error Wald df P value OR (95% CI)
Intercept -5.107 0.959 28.383 1 <0.001 0.006 (0.001-0.04)
IAP 0.089 0.031 8.365 1 0.004 1.093 (1.029-1.161)
MV 0.607 0.544 1.244 1 0.265 1.834 (0.632-5.327)
Lactic acid 1111 0.276 16.25 1 <0.001 3.036 (1.769-5.21)
P/F 0.001 0.002 0.153 1 0.696 1.001 (0.997-1.004)

IAR, intra-abdominal pressure; MV, mechanical ventilation; P/F, PaOo/FiO».

Hosmer-Lemeshow goodness-of-fit = 5.677; P = 0.683; Akaike information criterion (AIC) = 144.322, Bayesian information criterion (BIC) = 161.491; Area under Curve (AUC) = 0.818,

Recall = 0.911, F1 = 0.511.

have included IAP as an indicator in their analyses (20, 21).
We recommend that IAP, which was verified as an important
predictor of 28-day mortality in this study, be included in critical
illness scoring systems in the future.

In view of the importance of IAP for PICU patients, the
other objective of this study was to assess the normal reference
range of IAP in PICU children. It is well-known that children’s
development is a dynamic process; thus, normal IAP values
may differ in different age groups. Old age was found to be
an independent risk factor of IAH in adult patients admitted
to the intensive care unit (7, 13). The IAP level is related to
abdominal wall compliance, and the high incidence of IAH in
elderly patients is related to poor abdominal wall compliance
(22). On the contrary, our results exhibited a trend of higher
IAP values in younger patients and those with a lower weight.

However, these findings were not significant. Ejike et al. (8)
found that the normal IAP values were similar between different
weight groups among critically ill children; this may be due to the
immature development of the abdominal wall in children. There
may be few differences in terms of compliance of the abdominal
wall among different age groups.

In contrast to studies in adults, we did not find any
relationship between IAP and BMI in the different BMI percentile
groups. Lambert et al. (23) found a correlation between IAP and
the sagittal abdominal diameter, which is an index of the degree
of central obesity. Obesity or increased BMI is a risk factor for
IAH in adults (14, 15, 24, 25). However, our study found no
significant differences in IAP between children with and without
obesity. These findings are similar to those obtained by Ejike et al.
(26) and Horoz et al. (27), who reported no relationship between
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IAP-survival ROC, Method = KM
day = 28
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— AUC of IAP = 0.739

0.0 0.2 0.4

FIGURE 1 | Survival receiver operating characteristic curves for intra-abdominal pressure for 28-day mortality in the pediatric intensive care unit.

T I T
0.6 0.8 1.0
FP

TABLE 3 | Normal intra-abdominal pressure values in different diseases.

Category of diseases Ratio IAP, mmHg t P F P
Infection of the central nervous system (83/111) 29.7% 6.7+ 20 1.59 0.04 1.40 0.21
Diseases of the respiratory system (52/111) 46.8% 76+1.9 —0.14 0.86

Non-abdominal trauma diseases (8/111) 2.7% 6.6+ 1.0 0.59 0.07

Neck and oral surgery (13/111) 11.7% 57+34 1.48 0.18

Skin surgery (non-abdominal wall) (3/111) 2.7% 6.4+18 0.57 0.24

Hematologic diseases (7/111) 6.3% 10.3£3.2 —-1.97 0.04

IAP: intra-abdominal pressure.

IAH and BMI. The different effects of BMI on IAP might be
due to differences in the distribution of body fat and the muscle
composition of the abdominal wall between adults and children.

MYV is considered to be a risk factor for IAH (24, 28). In
contrast to previous studies, we did not find any significant
difference in IAP between patients with and without MV. This
may be associated with low PEEP levels (4.5 £ 0.5 cmH,O) found

in our MV patient group. The 2013 WSACS guidelines state that
PEEP levels >10 cmH,O are regarded as one of the risk factors
for IAH (7). However, Verzilli et al. (29) found that the reduction
in splanchnic blood flow is limited at PEEP levels <10 cmH,0
and is more pronounced at elevated PEEP levels ranging between
15 and 20 cmH,O. Our study reconfirmed these findings. As
mentioned, Ejike et al. (8) did not report the PEEP levels of
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FIGURE 2 | Intra-abdominal pressure according to sex, age, weight, body mass index, use of mechanical ventilation, and use of sedatives or analgesics. Comparison
among each subgroup was shown in (A-F).

patients in their study on normal IAP values; thus, it is uncertain
whether the PEEP values in their study population were similar
to those observed in ours’. Our study indicated that a low PEEP
level during MV may have little effect on IAP. Nevertheless, this
relationship needs to be clarified in future studies.

Our study results showed that the mean (£SD) normal IAP
value was 7.57 4+ 2.85 mmHg (range, 1.98-13.16 mmHg) for
PICU patients. This value is similar to the data reported by
Ejike et al. (7 £ 3 mmHg); the latest guidelines define IAH
mainly based on Ejike et al.’s data (8) and IAH was defined
as an IAP value of >1SD (IAP > 10 mmHg) (7). Based on
the optimal cutoff point of 12.13 mmHg for 28-day mortality
prediction, we recommend that it may be better to define IAH
as AP >12.13 mmHg because it is a better predictor of death.
In addition, increasing the threshold for IAH diagnosis might
reduce unnecessary medical intervention, but further studies are
needed to confirm its effect on prognosis.

This study had some limitations. First, this was a prospective
observational study conducted in two university-affiliated
hospitals. Therefore, selection bias may have been present,
especially in the MV subgroup analysis. Second, only one-third
of the patients were on mechanical ventilator support; when
considering all patients, disease severity scores were not high;
therefore, generalization of the results to all critically ill patients
is not possible. Hence, future studies with large populations are
needed. Third, the PEEP settings of the patients included in the

study were generally low; thus, it is difficult to draw definitive
conclusions regarding the effects of MV on IAP. Nevertheless,
it can be inferred that when PEEP is <5 ¢cmH,O, the effect
of MV on IAP PEEP may not be significant. Fourth, based on
the optimal cutoft point of 12.13 mmHg for 28-day mortality
prediction, we recommended that it may be better to define IAH
as IAP >12 mmHg. Whether increasing the threshold would
affect prognosis requires further study with long-term follow-up.

In conclusion, IAP had good predictive power for 28-day
mortality, and the optimal IAP cutoff point was 12.13 mmHg.
We recommend that IAP be included in critical illness scoring
systems in the future. The reference range for IAP was 2.0-13.2
mmHg, which did not show any association with physiological
factors such as sex, age, weight, and BMI in PICU children.
IAP >12.13 mm Hg may be more suitable for IAH definition in
PICU patients.
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