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Abstract

Aims and Objectives: Alveolar epithelial injury is a key determinant of acute respiratory
failure (ARF) severity. Plasma surfactant protein-D (SP-D), a biomarker of alveolar epithelial
injury, is lower in obese adults with ARF compared to their lean peers. We aimed to determine if
children with ARF have similar variance in plasma SP-D associated with their weight status on
admission.

Methods: Plasma SP-D was measured on days 0, 1 or 2 in children (1-18 years) with ARF
enrolled in the Genetic Variation and Biomarkers in Children with Acute Lung Injury (BAL/) and
RESTORE studies. Weight classification (underweight, normal, overweight, obese) was based on
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body mass index or weight-for-height z-scores. Associations between weight group and SP-D on
each day were tested.

Results: Inclusion criteria were met in 212 subjects, 24% were obese. There were no differences
among weight groups in SP-D levels on days 0 and 1. However, on day 2, there was a statistically
significant linear trend for lower SP-D levels as weight increased in both the univariate analysis
(p=0.02) and when adjusting for age, ethnicity, and diagnosis of PARDS (p=0.05).

Conclusions: Obesity was associated with lower plasma SP-D levels on day 2 of ARF. This
finding may be explained by altered ARF pathogenesis in obese individuals or a reduced incidence
of ventilator induced lung injury.
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acute respiratory distress syndrome; acute respiratory failure; pediatric; obesity; mechanical
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Introduction

Pediatric acute respiratory failure and its most severe form, pediatric acute respiratory
distress syndrome (PARDS), include some of the most critically ill children cared for in the
pediatric intensive care unit (PICU). Mortality is high in children with ARF, particularly in
those with PARDS(1-3). PARDS survivors also face significant morbidity, with
approximately one third of survivors having abnormal pulmonary function testing and
reduced quality of life up to 1 year after illness(4). Obesity is an increasing epidemic that
poses a multitude of health risks; however, in ARDS/PARDS, the relationship between
obesity and outcomes is more complex. Obese adults and children with ARDS/PARDS
paradoxically have similar, or better, survival compared to lean patients, despite often
requiring longer periods of mechanical ventilation(5-8). This weight focused variability in
outcomes may be due to either the pathogenesis of acute respiratory failure or the interaction
of the patient with mechanical ventilation support, or both.

Surfactant protein D (SP-D), produced primarily by alveolar type Il cells in the lung
epithelium, participates in pulmonary immunity and homeostasis and has been used to detect
short-term changes in lung integrity(9,10). Its expression is upregulated in response to lung
injury or infection(11), congruent with increased epithelial permeability. As a result, SP-D
levels in the blood are elevated when lung epithelial injury is present(12,13). Plasma SP-D
levels have been widely used as a biomarker of lung injury, particularly alveolar epithelial
injury(14,15). In adults and children with acute lung disease, plasma SP-D levels increase
with the severity of lung injury and are higher in those with worse outcomes, including
longer duration of mechanical ventilation and death(16-21). Additionally, plasma SP-D
levels increase over time in ARDS/PARDS patients with peak levels between days 3 and 7
of illness(13,17,18,22).

The objective of this study was to evaluate whether the plasma SP-D levels on days 0, 1 and
2 of acute respiratory failure differed among underweight, appropriate weight, overweight,
and obese children. We hypothesized that patients who were overweight or obese would
have lower levels of plasma SP-D than those who were lean.
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Methods and Materials

Design, Setting and Patients:

This was a secondary analysis of children enrolled in the Genetic Variation and Biomarkers
in Children with Acute Lung Injury (RO1HL 095410, BAL/) study, an ancillary study to the
Protocolized Sedation vs Usual Care in Pediatric Patients Mechanically \entilated for Acute
Respiratory Failure (RESTORE, HL086622/HL086649) clinical trial(17,23). RESTORE
was executed at 31 U.S. Pediatric Intensive Care Units (PICUs) from 2009 to 2013. Twenty-
two of the 31 RESTORE participating PICUs also participated in BAL/. All participating
institutions obtained institutional review board approval and informed consent from the legal
guardian of participating patients. RESTORE enrolled 2,449 children 2 weeks to 17 years
old receiving invasive mechanical ventilator support for at least 24 hours for acute airways
and/or parenchymal lung disease; 549 of these subjects were co-enrolled in the BAL/study.
BALI'was designed to examine the association of specific plasma protein biomarkers or
genetic variants with the development of PARDS. A patient’s weight status did not affect
inclusion or exclusion in these studies.

Surfactant Protein D (SP-D) was measured in the first plasma sample taken after BAL/
enrollment. Plasma SP-D was assayed in duplicate by an ELISA (Yamasa Corporation)
which is highly specific for SP-D (<0.3% cross-reactivity with human mannose binding
lectin or SP-A)(24). For this analysis we included those with an SP-D measurement taken on
either the day of intubation (day 0), or on one of the following 2 days. We included all
children ages 1 through 17 years from the BAL/cohort. Those <1 year of age were excluded
a priori because of growth variability associated with prematurity and variable feeding
schedules (e.g. timing of solid food initiation). Subjects without an admission height and
weight were also excluded.

Measurements and Data Collection

Weight-for-height (ages 1 to <2 years) or body mass index (BMI, ages 2—18 years) z-scores
were calculated using hospital admission height and weight and corrected for age and gender
based on the Center for Disease Control (CDC) (25). To define our four weight groups we
utilized the published 2006 CDC weight group definitions in order to align with current
practice within the nutrition/obesity discipline: underweight (z-score <-1.89, <3
percentile), appropriate weight (z-score —1.89 to +1.04, 41 to 84! percentile), overweight
(z-score +1.05 to +1.65, 85195 percentile), and obese (z-score = +1.65, >95! percentile)
(26). Patients with z-scores less than —5 or greater than +5 were excluded as z-scores outside
of this range either represent pathology for which regular growth charts cannot be used (e.g.
dwarfism) or measurement error.

Other data collected included age, gender, race, ethnicity, prior pulmonary disease, immune
compromised status, pediatric risk of mortality-111 (PRISM-I11) score(27) and presence of
PARDS during the admission. PARDS was defined using oxygenation index (Ol) or oxygen
saturation index (OSI) as described by the Pediatric Acute Lung Injury Consensus
Conference(28) except that all patients defined as having PARDS also had bilateral
infiltrates as described in the primary BAL/analyses(29,30).
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Outcomes Measures and Statistical Analysis

Results

Baseline characteristics and clinical outcomes of the subjects in each weight group were
compared. Chi-square comparison was used for categorical variables. For evaluation of
continuous variables across the weight groups, both a Kruskal-Wallis test with a post-hoc
Dunn’s test for multiple pairwise comparisons(31), and a Kruskal-Wallis non-parametric
trend test were used(32). Because SP-D levels were not normally distributed, log
transformed plasma SP-D levels were used for all analyses. Two subjects in the cohort had a
value of 0 for their SP-D concentrations, therefore, 0.1 ng/mL was added to all subject’s SP-
D values to allow for log transformation. Baseline characteristics and clinical outcomes were
evaluated for association with SP-D levels on any of the study days using a Student’s t test
or analysis of variance (ANOVA) for categorical variables and by linear regression for
continuous variables.

To determine if there was an association between a subject’s weight status and the
concentration of plasma SP-D on any day within the first 3 days of acute respiratory failure,
we first evaluated the presence of an interaction between weight group and day of SP-D
measurement by linear regression. Secondly, for each blood collection time point (day 0, 1
or 2) we examined the plasma SP-D levels across the four weight groups using a linear
regression with a post-regression linear trend test. Multivariate linear regression was used to
determine whether associations between plasma SP-D levels and subject weight group were
confounded by age, ethnicity, or diagnosis of PARDS. These confounders were selected a
prioribecause of known associations with BMI and/or etiology of lung injury. A p-value of
<0.05 was considered as being statistically significant in all analyses. All analyses were
performed using STATA software, version 15.1 (StataCorp, College Station, Texas).

Of the 549 subjects, 212 met the age inclusion criteria, had weight and height measurements,
and had a plasma SP-D measurement between days 0-2. Those excluded were 173 subjects
who were less than 1 year old, 46 subjects with insufficient data to calculate a weight-for-
height or BMI z-score, 8 with likely erroneous height or weight measurements , and an
additional 110 subjects that had weight and height measurements but did not have a SP-D
measurement on any of the first 3 study days. Supplemental Table e-1 reports the
demographic data of those with SP-D measurements within the first three days (included in
subsequent analyses) and those without an SP-D measurement during this period of time;
there were no statistically significant differences between these two groups. The distribution
of subjects in the cohort examined was 9% in the underweight, 54% in the appropriate
weight, 13% in the overweight, and 24% in the obese group. The proportion of subjects in
each weight group remained the same independent of whether SP-D was measured on study
day 0, 1 or 2 (p=0.46).

Table 1 compares patient characteristics between the weight groups. The overall in-hospital
mortality for the cohort was 11%. PARDS was diagnosed in 155 (77%) of subjects; 137
(64%) met PARDS criteria on the day of intubation (study day 0) and 150 (70%) met
PARDS criteria by day 2. There were no statistically significant differences between weight
groups with regard to age, gender, race, ethnicity, prior pulmonary disease, immune
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compromised status, etiology of acute respiratory failure, diagnosis of PARDS, or death.
Duration of mechanical ventilation and hospital length of stay differed across the weight
groups (Kruskal-Wallis, p = 0.04 and p = 0.05, respectively). Obese patients had longer
durations of mechanical ventilation (median 13 days, IQR 5-24 days) compared to the
underweight (median 5 days, IQR 4-14 days, p=0.01, Dunn’s test), the appropriate weight
(median 7 days, IQR 4-12 days, p=0.006), and the overweight (median 8 days, IQR 4-11
days, p=0.03). The hospital length of stay was also longer in the obese (median 27 days,
IQR 15-38 days) compared to the underweight (median 15 days, IQR 10-29 days, p=0.04),
the appropriate weight (median 16 days, IQR 10-31 days, p=0.005), and the overweight
(median 15 days, IQR 10-24 days, p=0.02).

SP-D levels were significantly different across days (Kruskal-Wallis, p < 0.001). Dunn’s
post hoc test revealed that SP-D levels were higher on day 2 (median 16 ng/mL, IQR 11-27
ng/mL) compared to day 0 (median 11.3 ng/mL, IQR 6-26 ng/mL, p =0.01) and day 1
(median 10 ng/mL, IQR 5-19 ng/mL, p = 0.0001). This was consistent with a nonparametric
trend test indicating a statistically significant trend for higher SP-D levels later in the illness
course (p < 0.001), Figure 1. Subjects with early SP-D measurements (day 0 or 1) were no
different from those with measurements on day 2 with regard to demographics, etiology of
respiratory failure, or PRISM-II1 score. Evaluating each study day separately, SP-D
measurements were not associated with age, gender, a history of prior or chronic lung
disease, immune compromised state or PRISM-I11 score on any study day. For those with
SP-D measured on day 2, SP-D measurements were lower in Hispanic/Latino subjects
(median SP-D of 11.0 ng/mL, IQR 5.3-15.9 ng/mL, n=15 vs. 17.0 ng/mL, IQR 11.7-32.8
ng/mL, n=70 in non-Hispanic/Latinos, p=0.01). SP-D measurements were not different
between those with and without a PARDS diagnosis on or before the day of SP-D
measurement.

Analysis using linear regression demonstrated a statistically significant interaction between
day of SP-D measurement and weight group (p=0.005). Figure 2 shows the SP-D
measurements for each study day stratified by the weight groups. The median plasma SP-D
on days 0 and 1 was not statistically significantly different between the weight groups (Fig.
2A, 2B). On day 2, however, SP-D levels were significantly different across the weight
groups (Figure 2 C, Kruskal-Wallis, p=0.03). Dunn’s post hoc test revealed that SP-D levels
in the overweight (median 11 ng/mL, IQR 10-12 ng/mL) and the obese (median 14 ng/mL,
IQR 6-21 ng/mL) were significantly lower than those who were underweight (median 34
ng/mL, IQR 20-50 ng/mL, p = 0.006 and p=0.009, respectively). Compared to those of
appropriate weight, SP-D levels in the overweight group (median 11 ng/mL, IQR 10-12
ng/mL) were significantly lower than those in appropriate weight group (median 16 ng/mL,
IQR 12-28 ng/mL, p = 0.04). While the obese group had lower SP-D levels (median 14
ng/mL, IQR 6-21 ng/mL) compared to the appropriate weight group, this comparison did
not reach statistical significance (p=0.06). The linear regression trend test indicated that
there was a statistically significant trend for lower SP-D levels as weight increased (Table 2,
p=0.02).

In multivariate linear regression analysis adjusted for age, ethnicity, and diagnosis of
PARDS, there remained a statistically significant interaction between weight group and day
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of SP-D measurement (p = 0.01). In addition, on day 2 weight group continued to have a
statistically significant linear trend for decreasing SP-D levels as weight category increased,
despite covariate adjustment (p = 0.05 by post linear regression trend test, Table 2).

Discussion

The degree of alveolar epithelial cell injury is a key determinant of severity as well as short-
and long-term outcomes in acute respiratory failure and also in its most severe form, ARDS/
PARDS(33). SP-D, a protein secreted by type Il alveolar cells(9), is one of the best
characterized markers of alveolar epithelial injury in adults and children with acute
respiratory failure and ARDS/PARDS(13,17). In this study, we found that in children with
acute respiratory failure, plasma SP-D levels are higher on day 2 of illness compared to the
day of intubation, and this elevation of SP-D is at least partially dependent on an individual’s
weight status. While plasma SP-D levels did not differ between weight groups on days 0 or
1, plasma SP-D levels on day 2 decreased with increasing weight, with the highest
concentrations in the underweight and the lowest levels observed in obese patients.

To our knowledge this is the first evaluation of the association of weight status with
biomarkers of acute lung injury in children. Our finding of lower SP-D levels in obese
children later in the disease course is consistent with adult findings. Stapleton et al.
evaluated biomarkers of lung injury in over 1,400 adult ARDS patients. They found that
increasing BMI was associated with lower levels of plasma SP-D and that those with higher
BMI had a blunted rise in SP-D over time compared to those of normal weight(34). These
data suggest that obese patients with ARDS exhibit reduced alveolar epithelial injury that
persists over time.

One hypothesis to explain the difference in alveolar epithelial injury between obese and non-
obese patients is the interaction between the patient and the mechanical ventilator. Lung
inflation is dependent on transpulmonary pressure, defined as the difference between airway
pressure and pleural pressure(35). The obese individual has increased chest wall mass which
leads to elevated pleural pressures(36,37). For obese patients with acute respiratory failure, a
greater percentage of ventilator work is used to overcome the elevated pleural pressure,
subsequently reducing the pressure exposure at the alveolar level, and mitigating alveolar
overdistension, one of the leading contributors to poor outcomes in ARDS(38). Our finding
of lower plasma SP-D levels in obese children with acute respiratory failure supports this
potential explanation for the finding of reduced mortality in obese ARDS/PARDS subjects.
As such, our work underscores the vital need to investigate the interaction of weight with
mechanical ventilation mechanics and the risk of ventilator induced lung injury in children.
While this cohort did not provide ventilator parameters, such as tidal volume, future studies
evaluating ventilator induced lung injury and the association with biomarkers of injury
should include ventilator data at the same time as biomarker measurement to inform high
quality analysis and reduce confounding.

Interestingly, several animal and human adult studies have found an association between the
level of SP-D expression and BMI (39-41), and there is evidence which suggests a genetic
link between weight and SP-D expression (39). In a mouse model, SP-D deficient mice are
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overweight and have higher fat deposition compared to wild type mice(39,42). In studies of
healthy human adults, plasma SP-D levels are negatively correlated with BMI of the subjects
(39-41,43). In one of these studies, however, this relationship was age dependent and most
prevalent in the elderly(39). In our study, the association between weight and SP-D levels
was only present on day 2 of illness. However our study examines SP-D levels during an
acute phase of illness and it is possible the impact of BMI on SP-D levels may have been
obscured by the acute response to illness on days 0 and 1. Our study also found that SP-D
levels were lower in patients of Hispanic/Latino ethnicity on day 2. Although the number of
patients of Hispanic/Latino ethnicity in our group was small this finding suggests that future
studies using SP-D as a surrogate biomarker of lung injury should account for race and
ethnicity in addition to weight status. The association between plasma SP-D level and
weight group on day 2 of illness observed in this study remained statistically significant even
when accounting for ethnicity.

This study has some limitations. BMI and weight-for-height z-scores may be inaccurate in
patients who are critically ill because of fluid resuscitation or erroneous measurements of
height in patients who were supine. In this study, we utilized hospital admission weight to
minimize the impact of fluid resuscitation. Secondly, while this is the first evaluation of the
association of weight with a biomarker of alveolar epithelial injury in pediatric acute
respiratory failure, our results would have benefitted from a larger sample size. Since our
cohort was sub-divided into 4 weight groups and SP-D levels were measured only once per
patient and across 3 different study days, the proportions of subjects in each evaluation were
too small for robust multivariate analyses. Lastly, with each subject only having SP-D
measured once, we lack the ability to evaluate rate of change of SP-D between the weight
groups, which may be quite informative. Further prospective studies evaluating biomarkers
of lung injury over time and with more detailed data on mechanical ventilation strategies
utilized would likely enhance our knowledge of weight associated pathogenesis of pediatric
acute lung injury.

Conclusion

In children with acute respiratory failure, the elevation in plasma SP-D, a biomarker of
alveolar epithelial injury, is dependent, at least in part, on the weight of the patient,
particularly later in the illness course. Two days after intubation, the underweight
demonstrate the highest concentration of plasma SP-D, with the lowest SP-D levels found in
the obese. Our findings indicate that weight may play a role in the pathogenesis of acute
lung injury or in the patient-ventilator interaction, or both. In order to reduce the morbidity
and mortality of ARDS/PARDS, prospective studies utilizing bedside measurements of lung
and respiratory system mechanics, such as esophageal manometry and electrical impedance
tomography, combined with biomarkers of lung injury may be necessary. Improved
understanding of the pathogenesis of acute lung injury and how mechanical ventilation
supports, or possibly harms, patients with different body habitus, chest wall and lung
mechanics will allow more personalized care.
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Figure 1: Plasma SP-D levels measured on study days0, 1 or 2
Plasma SP-D levels were measured once per subject. Boxes represent the median and

interquartile range. Measurements on day 2 were statistically significantly higher than those
measured on prior days (** p<0.01, Dunn’s post-hoc multiple pairwise comparisons).
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Plasma SP-D measured on study day 0 (panel A), study day 1 (panel B), or on study day 2
(panel C). Plasma SP-D levels were not different among the weight groups on study days 0
or 1. On study day 2 the plasma SP-D levels are different between weight groups (p = 0.03,
Kruskal-Wallis) with the highest level in the underweight group and lower in the overweight

and obese (** p<0.01, * p<0.05, Dunn’s post-hoc multiple pairwise comparisons).
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Patient Characteristics by Weight Group

Table 1:

Page 13

Whole Cohort ~ Underweight

Appropriate Weight

Overweight Obese

n=212 n=19 n=115 n=28 n =50
Age, years, median (IQR) 8.3 (4-14) 10.1 (4-16) 8.3 (3-14) 7.7 (4-14) 8.1 (4-14)
Male, n (%) 119 (54) 8 (42) 58 (50) 19 (68) 30 (60)
Race, n (%)
Caucasian 152 (72) 10 (53) 89 (77) 18 (64) 35 (70)
African American 31 (15) 4(21) 13 (11) 6(21) 8 (16)
Asian/Pacific Islander 12 (6) 2 (10) 8(7) 2(7) 2(4)
American Indian 2(1) 1(5) 0 (0) 0 (0) 1(2)
Multiracial 11 (5) 1(5) 5(4) 2(7) 3(6)
Other/ Declined to report 2(1) 1(5) 0(0) 0(0) 1(2)
Hispanic/Latino, n (%) 46 (22) 2(11) 21 (18) 9(32) 14 (28)
Any Past Medical History, n (%) 126 (59) 10 (53) 64 (55) 18 (64) 34 (68)
Prior Pulmonary Disease, n (%) 70 (33) 7(37) 35 (30) 10 (36) 18 (36)
Immune compromised, n (%) 10 (5) 2(11) 4(3) 1(4) 3 (6)
Respiratory Failure Etiology, n (%)
Pneumonia 84 (40) 5 (26) 51 (44) 7(25) 21 (42)
Sepsis 52 (25) 5 (26) 23 (20) 11 (39) 13 (26)
Reactive Airway Disease 28 (13) 3(16) 15 (13) 4 (14) 6 (12)
Aspiration 15 (7) 1(5) 7 (6) 4 (14) 3(6)
Bronchiolitis 11 (5) 2(11) 8(7) 0 (0) 1(2)
Other? 22 (10) 3(16) 11 (10) 2(7) 6 (12)
ARDS Diagnoses, n (%) 155 (73) 12 (63) 81 (70) 19 (68) 37 (74)
PRISM-II1 Score, median (IQR) 10 (5-14) 10 (4-15) 10 (5-14) 10 (6-15) 11 (6-16)
Duratign of Mechanical Ventilation, days, median 8 (4-15) 5 (4-11) 7(4-12) 7(4-12) 13 (5-24)
(IQR)
PICU Length of Stay, days, median (IQR) 11 (7-19) 11 (7-18) 10 (7-17) 11 (5-15) 18 (9-26)
Hospital Length of Stay, days, median (IQR) 18 (10-34) 16 (10-29) 16 (10-31) 15 (10-24) 27 (15-38)
Died, n (%) 24 (11) 3(16) 12 (10) 3(11) 6 (12)

a . . - . -
Other includes croup, thoracic trauma, acute chest syndrome, pulmonary edema, bone marrow transplant related injury, transfusion related injury,

and pulmonary hemorrhage

bDuration of mechanical ventilation was capped at 28 days such that any subject still intubated at 28 days received a value of 28 and any subject

who died received a value of 28
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Table 2:

Linear Regression for Day 2 Plasma SP-D levels

Variable UnivariateAnalysisT MultivariateAnaJys:is§
Coefficient (95% CI) Coefficient (95% CI)

Weight Group
Underweight Ref Ref
Normal Weight -0.52 (-1.3t00.3) -0.38 (-1.2t0 0.4)
Overweight -0.84 (-1.9t00.2) -0.67 (-1.7t0 0.3)
Obese -0.94 (-1.8 to -0.1) -0.73 (-1.6 t0 0.1)
Age (years) - 0.04 (0.01t00.1)
Hispanic/Latino - -0.78 (-1.3t0 -0.2)
PARDS diagnosis - -0.02 (-0.5t0 0.5)

?p =0.02 for linear trend with SP-D levels declining as weight group increases.

§p = 0.05 for linear trend with SP-D levels declining as weight group increases.
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