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Abstract

Objective—Pediatric acute respiratory distress syndrome (PARDS) is a source of substantial
morbidity and mortality in the pediatric ICU (PICU), and different plasma biomarkers have
identified different PARDS and ARDS subgroups. We have a poor understanding of how these
biomarkers change over time and with changing lung injury. We sought to determine how
biomarker levels change over PARDS course, whether they are correlated, and whether they are
different in critically ill non-PARDS patients.

Design—Two center prospective observational study.
Setting—Two quaternary care academic children’s hospitals

Patients—Subjects under 18 years of age admitted to the PICU who were intubated and met
PALICC-2 PARDS diagnostic criteria and non-intubated critically ill subjects without apparent
lung disease.

Interventions—None

Measurements—~Plasma samples were obtained on study days 1, 3, 7, and 14. The levels of 16
biomarkers were measured using a fluorometric bead-based assay.

Main Results—Compared to non-PARDS subjects, on Day 1 PARDS subjects had increased
concentrations of TNFa, IL8, IFNvy, IL17, GrB, sICAM1, SPD, and IL18 but reduced MMP-9
concentrations (all p<0.05). Day 1 biomarker concentrations and PARDS severity were not
correlated. Over PARDS course, changes in 11 of the 16 biomarkers positively correlated with
changing lung injury with SICAM1 (R=0.69, p=2.2x10716) having the strongest correlation. By
Spearman Rank correlation of biomarker concentrations in PARDS subjects, we identified two
patterns. One had elevations of PAI1, MMP-9, and MPO and the other had higher inflammatory
cytokines.
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Conclusions—sICAML1 had the strongest positive correlation with worsening lung injury across
all study time points suggesting that it is perhaps the most biologically relevant of the 16 analytes.
There was no correlation between biomarker concentration on day 1 and day 1 PARDS severity;
however, changes in most biomarkers over time positively correlated with changing lung injury.
Finally, in day 1 samples, 7 of the 16 biomarkers were not significantly different between

PARDS and critically ill non-PARDS subjects. These data highlight the difficulty of using plasma
biomarkers to identify organ specific pathology in critically ill patients.
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Introduction

Pediatric acute respiratory distress syndrome (PARDS) is a biologically and clinically
heterogeneous condition that is a major cause of morbidity and mortality in the pediatric
ICU (PICU) (1, 2). PARDS has traditionally been classified as arising from a direct lung
injury such as pneumonia or smoke inhalation or from an indirect lung injury such as
sepsis or trauma. The most recent PALICC definition stratifies PARDS severity as mild/
moderate or severe based on degree of oxygenation impairment (2). Many studies have
used plasma biomarkers for classification and prognostication (3-10). In adult ARDS
hyper- and hypo-inflammatory subclasses were found using latent class analysis and were
associated with differential responses to fluid administration and high PEEP (5, 6). In the
pediatric population, several biomarkers including Receptor for Advanced Glycation End
Products (RAGE), Tumor Necrosis Factor-a (TNFa), matrix metalloproteinases (MMPs),
and Surfactant Protein D (SPD) were elevated in PARDS.(7, 8) In addition, PARDS subjects
with elevated levels of Angiopoietin 2 (Ang2) and inflammatory cytokines interleukin-1,
(IL1), IL6, IL8, IL10, and IL18 have worse outcomes (7, 9-11). Most recently, a latent
class analysis PARDS subjects found both a hyper- and hypo-inflammatory subclasses
similar to the adult data mentioned above. These subclasses differed in ventilator free
days and overall mortality (12). Despite data indicating differential outcomes and responses
to therapy (5, 6), biomarker-directed management of ARDS and PARDS is not yet the
standard of care. We chose our 16 biomarkers based on this previous body of research
and their potential to reflect underlying pathophysiologic processes known to occur in
PARDS, including endothelial and alveolar epithelial injury, activation of inflammation,
dysregulation of hemostasis, and extracellular matrix degradation.

Understanding biomarker change over time is important because in some cases (e.g., viral
pneumonia) the cause of PARDS was present days before meeting PARDS criteria while

in others (e.g. trauma) onset is abrupt. Likewise, with PARDS resolution, identifying
biomarkers that change in tandem with improving lung status could help identify those

with the greatest biological relevance. Few studies have compared plasma biomarker values
of PARDS subjects to critically ill children without PARDS. Biomarkers that lack specificity
in this regard would likely be less reliable in patients with multiple concomitant acute
conditions. Here, we describe both how the concentration of 16 plasma biomarkers differs
between PARDS and critically ill non-PARDS subjects and how the concentrations change
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over time. We hypothesized that some but not all plasma biomarkers would correlate with
changing levels of lung injury and that these previously described biomarkers would be
significantly more elevated in the plasma of PARDS subjects compared to critically ill
subjects without PARDS.

Methods and Materials:

Human Subject Research:

The study was conducted at two quaternary PICUs. The study (PARDS Subtypes) was
approved by the Cincinnati Children’s Hospital Institutional Review Board (IRB 2015-
8514 & 2017-1345) on November 28, 2017, and the Children’s Hospital of Philadelphia
(CHOP) Institutional Review Board (CHOP IRB 20-017205). The trial was registered with
ClinicalTrial.gov (NCT#03539783). All procedures and protocols were in accordance with
the ethical standards set forth by the Cincinnati Children’s Hospital IRB, CHOP IRB, and
with the Helsinki Declaration.

Eligibility Criteria:

Subjects were eligible if they were admitted to the PICU and were less than 18 years

old. Neonates and any subjects with neonatal lung disease were excluded. PARDS subjects
were mechanically ventilated and met PALICC PARDS criteria for hypoxemia and chest
radiograph findings.(13) Critically ill comparison subjects were eligible if admitted to

the PICU with no apparent lung disease and expected hospital stay of at least 7 days.

Most critically ill subjects without PARDS were post operative subjects. We chose this
population as a comparison with the goal of determining which PARDS biomarkers are
most confounded by conditions that are commonly encountered in the PICU. The most
common surgeries these subjects had included neurosurgical procedures (craniotomy for
tumor removal or seizure focus removal and cervical or lumbar laminectomy), airway
reconstruction (slide tracheoplasty or laryngotracheoplasty), and total pancreatectomy with
auto-islet transplant. Exclusion criteria included order of limited resuscitation or baseline
oxygen requirement of greater than 2 liters per minute. The exclusion of subjects with high
baseline oxygen requirement was to prevent confounding. Written, informed consent was
obtained from parents or legal guardians, and subject assent was obtained as appropriate.

Protocol and Procedure:

PARDS subjects were enrolled within 24 hours of meeting PARDS criteria and non-PARDS
subjects were enrolled within 24 hours of admission to the PICU. Blood samples were
collected on study days 1, 3, 7, and 14. Samples were collected in subjects with vascular
access that drew or during clinically indicated lab draw. Sample collection continued until
subjects were discharged from the hospital or completed the study. We had twelve PARDS
patients discharge prior to day 14, two PARDS patients die prior to day 14, and 5 control
patients discharge prior to day 14. Plasma was stored at —80°C until analysis.

Plasma samples were analyzed for Angiopoietin-2 (ANG2), Granzyme B (GrB), Soluble
Intercellular Adhesion Molecule-1 (SICAM1), Interferon-ry (IFN7y), Interleukin-6 (IL6), IL8,
IL10, IL17, IL18, Matrix Metalloproteinase 9 (MMP-9), Plasminogen Activator Inhibitor-1
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(PAIL), Surfactant Protein D (SPD), Tumor Necrosis Factor alpha (TNFa), TNF Receptor
Soluble Factor 1A (TNFRSF1A), Myeloperoxidase (MPO), and Receptor for Advanced
Glycation End Products (RAGE) using proprietary bead-based assays from R&D Systems,
a Luminex 200 instrument (Luminex Corp, Austin, TX), and manufacturer recommended
protocols. Recognizing the potential for technical differences between batches to influence
results, we chose to analyze coefficients of variation (CV) for each sample. We decided on
an acceptable CV value of less than 20%. If we found higher CV values, batch correction
would be performed.

Batch Correction

During data analysis, we discovered that one of our four batches (batch one) had
significantly different measurements than other batches. Details on the coefficients of
variation are provided in (Supplemental Figure 1). The observed differences between batch
one and all others was likely due to a manufacturing change in the standards provided in the
kit. Using replicates between batch 1 and batches 2, 3, and 4, we performed analyte-specific
correction of batch 1 fluorescent intensity values (Supplemental Figure 1 and 2) and used
these values to calculate analyte concentrations used in downstream analysis.

Data Collection: PARDS was classified as mild/moderate or severe (2) using oxygenation
index or oxygen saturation index (Masimo pediatric pulse oximeter). The OSI was measured
as close to 4 AM on each of the specimen collection days as possible. As PARDS subjects
improved and PARDS resolved, their PARDS was reclassified to “none”. Clinical and
demographic information was collected at enrollment and on specimen collection days and
was entered into a RedCap Database.

Data Analysis: All data were analyzed using the R statistical package (version 4.1.0)
(14), rstatix (version 0.7.0) (15), corrplot (version 0.91) (16), and ggpubr (version 0.4.0)
(17). Wilcoxon-Rank Sum and Kruskal-Wallis with Bonferroni post hoc tests were used
for group comparisons and Spearman rank test with Bonferroni correction was used for
correlative analyses. p-values <0.05 were considered significant. For longitudinal analyses,
change in OSI was calculated as AOSI = (OSl+1 — OSl)/(dayn+1 — dayp), with n being
the sample collection day. Similarly change in biomarker concentration was calculated as
AConcentration = (Concentration,1 — Concentration,)/(day,+1 — dayp), with n denoting
sample collection day. We then determined AConcentraiton/AOSI which was moded using
generalized linear modeling in R. OSI data was recorded only on sample collection days (i.e.
1, 3, 7, of 14). Since the calculation accounts for differences in time between datapoints,
missing values were not imputed.

Racial Differences in Pulse Oximetry: Recent studies in both adult and pediatric
patients have demonstrated that pulse oximeters over-estimate the true arterial oxygen
saturation in non-white patients. (18, 19). Given our use of OSI in this study, we conducted
a sensitivity analysis. Since pulse oximetry overestimated true arterial oxygen saturation by
a mean of 4.3% in non-white children (18), we subtracted five percentage points from the
measured pulse oximetry saturation from each non-white subject in our cohort. We then
re-calculated the OSI and re-analyzed the data.
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Demographics

We analyzed 138 specimens from 50 PARDS subjects and 13 critically ill subjects without
PARDS. The demographic and clinical characteristics are shown in Table 1. As expected,
PARDS subjects had significantly higher OSI and PELOD 2 score. PARDS subjects were
intubated for longer, had fewer ventilator free days, and were admitted to the PICU and
hospital for longer than non-PARDS subjects. Mortality was 14% for PARDS subjects
compared to 0% for non-PARDS subjects.

Changing PARDS Biomarker Concentrations Correlate Inversely with Changes in
Oxygenation Saturation Index

To identify associations between biomarkers and lung injury severity, we compared change
in OSI to change in biomarker concentration. This was calculated as current collection day
biomarker and OSI values minus the previous collection day values as described above.
With the exception of RAGE, IL6, IL8, IFN-y, and MMP-9, all biomarkers were positively
correlated with changing lung injury (Supplemental Figure 3). sSICAM1 had the strongest
positive correlation (R=0.69, p =2.2 x 10716, Figure 1). We then conducted a sensitivity
analysis of the data to account for possible confounding due to the potential for falsely
elevated pulse oximetry readings in non-white subjects but found no substantial change in
findings (Supplemental Figure 4).

Plasma levels of TNFa, IL8, IFNy, IL17, GrB, sICAM1, SPD, and IL18, are elevated in
subjects with PARDS

We found that concentrations of TNFa., IL8, 1L18, IFN-y, IL17, GrB, sSICAM1, SPD were
significantly increased in the plasma of PARDS subjects compared to non-PARDS subjects
on day 1 samples (Supplemental Figure 5). Interestingly, the concentration of MMP-9 was
significantly increased in our non PARDS subjects (Figure 2). In a sensitivity analysis to
account skin pigmentation-related inaccuracies in pulse oximetry data in we again found no
substantial difference (Supplemental Figure 6).

There were outliers with very elevated levels of several biomarkers among the PARDS
group. To determine if this represented a subgroup of PARDS subjects with very elevated
levels of every biomarker, we visualized biomarker levels of PARDS day 1 specimens using
a heatmap (Supplemental Figure 7). One subject (ARDS 29) showed elevated levels of most
biomarkers assayed. Most other outlying points were scattered among the remainder of the
PARDS subjects.

We were most interested in SICAML1 since this showed the strongest correlation with

OSl and MMP-9 since this biomarker was unexpectedly more elevated in non-PARDS
subjects on day 1, and thus chose to examine these biomarkers in more temporal detail. We
examined the mean level of MMP-9 and sICAM1 between groups on each collection day
(Supplemental Figure 8 and 9). ICAM 1 was significantly elevated in PARDS compared

to non-PARDS subjects on each collection day; although, no non-PARDS samples were
collected on day 14. SICAML1 levels peaked in PARDS subjects on day 7 and started to
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decline by day 14. Interestingly, MMP-9 was significantly higher in non-PARDS subjects on
day 1, but there was no significant difference in mean MMP-9 levels between PARDS and
non-PARDS subjects on days 3 or 7.

Comparison of Biomarker Level and Severity of Lung Injury

We examined the correlation between day 1 biomarker level and day 1 PARDS severity
using OSI (Supplemental Figure 10) based upon the 2023 PALICC-2 recommendations (2).
There was no correlation between day 1 biomarker concentration and day 1 PARDS severity
for any of the biomarkers we examined. We then conducted a sensitivity analysis to account
for racial differences in the accuracy of pulse oximetry and found no substantial differences
(Supplemental Figure 11).

Correlation Of Plasma Biomarkers With Each Other:

We then used a correlation analysis to examine how biomarker concentrations correlated
with each other across all study days. We found that PAI1, MMP-9, and MPO were
positively correlated with each other and negatively correlated with other measured
biomarkers. Levels of assayed interleukins, IFNy, SICAM1, ANG2, RAGE, GrB, TNFa,
and TNFRSF1A were positively correlated with each other (Figure 3). We noted that

the neutrophil marker GrB did not group with the other two neutrophil markers (MPO
and MMP-9). We conducted a sub-analysis to investigate this. We hypothesized that the
presence of sepsis in some patients might be influencing these results. We examined the
concentrations of MMP9, MPO, and GrB in PARDS patients with and without sepsis at
all study time points. We found no statistically significant difference in the concentrations
of any of these three markers between subjects with sepsis and those without sepsis
(Supplemental Figure 12).

Discussion

The use of biomarkers for predictive and prognostic enrichment in both pediatric and

adult ARDS subjects has shown promise (5, 6, 12); however, there are limitations to

their use. This appears to be especially true in patients with concomitant processes such

as sepsis. For example, ANG2 has been shown to be elevated in pediatric subjects with
sepsis (20) and MMP-9 is known to be elevated in adult sepsis (21, 22) and burn subjects
(23). Despite previously promising results, biomarkers of epithelial and endothelial damage
did not perform well in our cohort, and this is likely due to our selection of other

critically ill patients as a comparator population. These results highlight the potential for
other pathophysiologic conditions commonly encountered in the PICU to confound plasma
biomarker interpretation, the best approach to prognostic and predictive enrichment is
likely to involve the combination of several biomarkers (12), clinical parameters, and even
genomics data as these technologies continue to rapidly evolve. In our study, we found

that sSICAM1 was the most correlated with changing levels of lung injury, that there was

no correlation between day 1 biomarker concentration and day 1 PARDS severity, that 7
previously described PARDS biomarkers were not elevated in PARDS subjects compared
to critically ill non-PARDS patients on day 1, and that there were largely two groups of
biomarkers apparent on correlation analysis.

Pediatr Crit Care Med. Author manuscript; available in PMC 2025 January 01.
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In our cohort, SICAM1 showed the strongest correlation with changing oxygenation (R =
0.69). sSICAML1 is an adhesion molecule that is involved in neutrophil recruitment and is
expressed on many cell types including endothelial cells, alveolar type 1 cells, and several
different immune cells.(24) Adult subjects with ARDS that have increased sSICAML1 levels
have fewer ventilator free days and are at an increased risk of death (25, 26). In pediatric
subjects, early elevated sSICAML1 is associated longer duration of mechanical ventilation and
higher risk of death (24). Most existing studies of ICAM have focused on the levels of
SICAML1 early in the disease course (24, 25). We examined sSICAML1 levels over 14 days
and found that in PARDS subjects, levels peaked on day 7 and were decreasing by day 14.
We also examined the relationship between biomarker level and PARDS classification. We
found no correlation between day 1 biomarker concentration and day 1 PARDS severity.
This suggests that while changing biomarker concentrations from an individual baseline
might provide information about evolving lung injury, comparison of point-in-time between
subjects is confounded by inter-subject differences.

In contrast to SICAM1, we found that MMP-9 did not have a statistically significant
correlation with worsening lung injury. MMP-9 was also higher in critically ill non-PARDS
compared to PARDS subjects on day 1. MMP-9 is an enzyme released from activated
neutrophils and is involved in degradation of extracellular matrix proteins as well as
cleavage of membrane bound cytokines (27). Our study included critically ill non-PARDS
subjects as a comparison population. Most of our subjects were post operative after major
surgeries and thus were likely experiencing varying degrees of inflammation and SIRS that
could contribute to elevated MMP-9. Several previous studies have shown that MMP-9 is
elevated in non-PARDS processes commonly encountered in the PICU including sepsis (21,
22) and burns (23). The inclusion of these critically ill non-PARDS subjects thus could have
resulted in a comparison population with elevated levels of MMP-9.

Another potential explanation for our MMP-9 results is the existence of MMP-9 subclasses
amongst PARDS subjects. In one PARDS study specifically looking at MMP profiles, latent
class analysis found two classes that were different in MMP profile (27). The class the
authors termed MMP Profile 1 had relatively lower levels of MMP-9 compared to MMP
Profile 2. Outcomes including mortality were better in the MMP Profile 2 group compared
to the MMP Profile 1 group. It is possible given our small sample size, that we had a
disproportionate number of PARDS subjects with relatively lower levels of MMP-9 (MMP
profile 1). Overall, in our population of critically ill non-PARDS subjects, MMP-9 was not
a good marker for PARDS and did not correlate with changing lung injury. Our data suggest
MMP-9 should be used with caution in subjects with other disease processes that are known
to affect MMP-9 levels.

We examined the correlation between biomarkers and observed two patterns in PARDS
subjects. The first pattern included all assayed biomarkers except MMP-9, PAIL, and MPO
and likely reflects overall inflammatory state. The second showed a positive correlation
between MMP-9, PAI1, and MPO. The anticorrelation of neutrophil markers MPO and
MMP-9 with GrB is interesting and could be consistent with the importance of different
neutrophil populations in inflammatory processes such as lung injury and sepsis (28, 29).
Overall, these findings are consistent with a recent latent class analysis of PARDS subjects
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that found two different groups with one group being characterized by a hyper-inflammatory
state and the other by a hypo-inflammatory state (12).

Our study supports the idea that future strategies for prognostic and predictive enrichment
should not rely solely on plasma biomarkers and highlights several of the associated
challenges in interpreting them. For example, the lack of a dose response relationship
between PARDS severity and biomarker concentration as well as the high inter-subject
variability makes interpretation of any biomarker concentration at a single time point
challenging. The incorporation of genomic information in the form of transcriptomics and
epigenomics among other techniques into future prognostic and predictive enrichment tools
will be valuable. One such example of the potential of these techniques is the ability of
MRNA seq and scRNA seq to identify important pathobiologic differences in COVID and
non-COVID PARDS and correctly identify the most appropriate treatment (30).

This study has several limitations. First, we have a small sample size which may limit the
ability to detect differences between groups. Second, PARDS and critically ill non-PARDS
subjects had plasma samples drawn only when they had existing vascular access from which
blood could be drawn. This likely limited sampling at less ill timepoints. Third, our critically
ill non-PARDS subjects were largely drawn from subjects who underwent a major elective
surgery requiring prolonged hospitalization. Finally, recent studies have shown that pulse
oximetry has the potential to underestimate true arterial oxygen saturation in non-white
individuals. This is problematic for our study given our use of OSI which was necessary
because few subjects had arterial lines for the duration of the study; however, in sensitivity
analysis there was no substantial impact of race on the findings.

Conclusion

We found that several ARDS-associated biomarkers correlate with changing lung injury;
although, most correlations were weak. The strongest correlation was with SICAM1 (R =
0.69) suggesting potential pathophysiologic importance. Additionally, we found that the day
1 concentration of 7 previously described PARDS biomarkers were no different between
PARDS patients and critically ill non-PARDS patients indicating a lack of specificity.
Furthermore, there was no correlation between day 1 biomarker concentration and day 1
PARDS severity consistent with substantial intersubject variability is these measures. Our
study adds to the growing body of evidence that future prognostic and predictive enrichment
strategies will need to include clinical, plasma biomarker, and even genomic data to be most
effective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT:

. Intrinsic heterogeneity in PARDS has made conducting successful clinical
trials difficult.
. One proposed strategy to overcome this is plasma-based biomarkers for

predictive and prognostic enrichment.

. There is little longitudinal data about which plasma biomarkers are most
correlated with changing lung injury and thus might be most biologically
significant.
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AT THE BEDSIDE:

. In our study most plasma biomarkers correlated only weakly with changing
lung injury.
. Plasma markers may be confounded by other systemic processes commonly

encountered in the PICU as demonstrated by our non-PARDS patients having
higher levels of MMP9.

. Future studies should seek to determine which plasma biomarkers are
most biologically meaningful and least susceptible to confounding by other
systemic processes.
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Change sICAM1 vs OSI

AOSI

Changing Soluble Intercellular Adhesion Molecule-1 (sICAM1) concentration over time
with changing lung injury as measured by change in OSI. The number of PARDS samples
from each day are as follows day 1 (n = 46), day 3 (n = 33), day 7 (n = 25), and day 14 (n =

13).
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Figure 2:
Concentration of matrix metalloproteinase 9 (MMP-9) in ng/mL on day 1 samples between

critically ill non-PARDS (n = 13) subjects and PARDS (n = 50) subjects. P value is noted on
the plot.
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Figure 3:
Heatmap of Spearman correlations between biomarkers in PARDS subjects. In the color

scale, red is positively and green negatively correlated. *p<0.05, **p<0.01, *** p<0.001
with Bonferroni correction.
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Comparison of demographic and clinical variables between PARDS subjects and critically ill subjects without

PARDS.
PARDS (n = 50) No PARDS (n = 13)
Age Median (IQR) 6(3.2t06.8) 10 (4.3t015.2)
Sex Female 22 (44) 4(31)
Male 28 (56) 9 (69)
Race White 36 (72) 11 (85)
Non-white 14 (28) 2 (15)
oSl Median (IQR) 9(6.91t011.1) 0.1(0.1t03)
PELOD 2 Median (IQR) 9(6to11) 6 (6 to 10)
Ventilator Free Days Median (IQR) 19 (10.5 to 22) 28 (27 to 28)
Days Intubated Median (IQR) 10 (6 to 17.5) 0(tol)
Principle Comorbidity | Airway/Lung Disorder 15 (30) 3(23)
Baseline Genetic Condition 15 (30) 1(8)
Developmental Delay 13 (26) 1(8)
Bone Marrow Transplant 9 (18) 2 (15)
Solid Organ Transplant 2(4) 1(11)
Hematologic/Oncologic Disorder | 1 (2) 1(8)
Chronic Pancreatitis 0 (0) 2 (15)
AKI 0(0) 2(15)
None 8 (16) 2 (15)
PARDS Acute Trigger | Pneumonia 35 (70) 0(0)
Sepsis 10 (20) 3(23)
Aspiration 3 (6) 0 (0)
Unknown 3(6) 0(0)
Trauma 1(2) 1(8)
Pulmonary Hemorrhage 1(2) 0 (0)
Cardiac Arrest 1(2) 0(0)
None 3(6) 9 (69)
PICU Days Median (IQR) 16 (10 to 25) 6(2to7)
Hospital Days Median (IQR) 28 (13.25t048.75) | 17 (9to 19)
Mortality Percent 14% 0%
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