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Abstract \

Background: Preterm infants are at risk for severe infections due to theirimmature immune systems. Factors such as early life pain/
stress experiences and feeding may influence immune activation and maturation of immune systems. However, the underlying mechanism
remains unclear. Fecal calprotectin (FCP) is a noninvasive surrogate biomarker of mucosal inflammation in the gastrointestinal tract and has
been used in detecting intestinal inflammation in specific pediatric gastrointestinal disorders.

Objective: To describe the longitudinal trajectory of FCP levels in preterm infants and investigate the contributing factors that are
associated with FCP levels.

Design: A longitudinal study design was used.

Settings: Preterminfants were recruited from 2 neonatal intensive care units (NICU) of a children’s medical center in the North-eastern US.
Methods: Preterm infants were followed during their first 4 weeks of NICU hospitalization. Stool samples were collected twice per
week to quantify the FCP levels. Cumulative pain/stress experiences and feeding types were measured daily. A linear mixed-effect model
was used to examine the associations between FCP levels and demographic and clinical characteristics, cumulative pain/stress, and
feeding over time.

Results: Forty-nine preterm infants were included in the study. Infants’ FCP levels varied largely with a mean of 268.7 +261.3 ug/g and
increased over time. Preterm infants experienced an average of 7.5 + 5.0 acute painful procedures and 15.3 + 20.8 hours of chronic painful
procedures per day during their NICU stay. The mean percentage of mother’s own milk increased from the first week (57.1 + 36.5%) to the
fourth week (60.7 + 38.9%) after birth. Elevated FCP concentration was associated with acute and cumulative (chronic) pain/stress levels,
mother’s own milk, non-White race, and higher severity of illness score.

Conclusions: FCP levels were elevated in preterm infants with wide interindividual and intraindividual variations. Cumulative pain/
stress during the NICU hospitalization, feeding, race, and health status may influence FCP concentrations in early life that may be
associated with inflammatory gut processes.
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Fecal calprotectin (FCP) is a noninvasive surrogate biomarker of
mucosal inflammation in the gastrointestinal tract®™. Calprotectin
accounts for about 60% of the cytosolic proteins in neutrophils'®
and is involved in the process of neutrophil defense and immu-
noglobulin production!”. Elevated FCP is related to the migration of
neutrophil granulocytes into the luminal aspect of the intestinal
mucosa, which usually occurs during intestinal inflammation'*"?,
As an extremely stable protein, FCP has become a useful assessment
tool for detecting intestinal inflammation in specific pediatric gas-
trointestinal disorders'*. Despite increased research on calprotectin
in recent years, there is inadequate data available on FCP in preterm
infants. Several studies have suggested that elevated FCP excretion
may result from the maturation of the gut immune system rather
than inflammation in neonates'*'®. Therefore, it is important to
understand the dynamic patterns of FCP and the factors that are
involved in regulating FCP. Although previous studies have reported
that FCP is associated with the birth delivery mode'”, postnatal
age!®?, feeding and nutrition®!>*1, and antibiotic treatment®>%3,
the results are somewhat inconsistent. Furthermore, the relationships
between procedural stress and calprotectin levels in the neonatal
period were not explored.

The objectives of this study were: (1) to examine the trend of FCP
levels, cumulative pain/stress experience, and feeding types in pre-
term infants during the first four weeks of life in NICU; (2) to
identify early life factors that are associated with FCP excretion in
preterm infants.

Methods
Study design

A longitudinal cohort study design was used to investigate the trend of
FCP levels and associated contributing factors in preterm infants. The
present study was an extension of a clinical study to investigate the
mechanisms of the gut-brain axis and the microbiome in the regula-
tion of early-life pain/stress in preterm infants (K23NR014674). The
original study used a prospective longitudinal design to examine
preterm infants’ gut microbiome patterns over the first 4 weeks of
NICU stay**. The study was approved by the Institutional Review
Board at the research institute and the medical center where infants
were recruited. Informed consent were obtained from the parent(s) or
legal guardian(s) of infants before data collection.

Setting and participants

From 2013 to 2017, a total of 93 stable preterm infants born
between 26 and 34 weeks of gestational age were recruited and
followed for 3—4 weeks in the NICUs of a children’s medical center
located in the Northeastern US. Infants from the original study who
met the eligibility criteria were selected for this analysis. The inclu-
sion criteria are: Infants who were born at 26-34 weeks gestational
age, aged 0-3 days old, and cared for in an incubator. The infant’s
mother or father had to be 18 years old and above to consent.
Infants with the following conditions were excluded from the study:
(1) known congenital anomalies; (2) severe periventricular/intra-
ventricular hemorrhage (> Grade III); (3) undergone minor or
major surgery or procedures such as inguinal hernia repair, lapar-
otomy, thoracotomy, diaphragmatic hernia repair, or intestinal
resection; and (4) history of illicit drug exposure during the current
pregnancy. Forty-nine infants from the original study who had
complete daily pain/stressor data and had at least 1 stool sample per

37

Issue 1 2022

week for the first 4 weeks were selected for the present study. The
effect size in detecting FCP as the gut inflammatory marker is 3.6 in
colic infants?®, and 0.96 in necrotizing enterocolitis infants®.

Outcome measures and data collection
Demographic data and health characteristics

Demographic information including gestational age at birth,
birth weight, sex, mode of delivery, and rupture of membranes
were extracted from the medical records. The severity of illness
soon after birth was measured using the Score for Neonatal Acute
Physiology—Perinatal Extension II (SNAPEII)*”. Generic names
and duration of antibiotics use (standard doses per day) post-
natally were also retrieved from the medical database.

FCP assay

Daily stool samples from preterm infants were collected by research
nurses in the original study using sterile, disposable spatulas during
diaper changes and then placed into a sterile specimen container®.
Upon collection, samples were immediately frozen at -80 °C and then
transported to the University lab in a cooler containing dry ice and
stored at =80 °C until processing. The infant’s stool samples on the
third and seventh day of each week during the first 4 weeks of NICU
stay were selected for assay and analysis. If the samples were una-
vailable on the above days, samples collected within 3 days before or
after the targeted day were used for the analysis. FCP ELISA assay was
performed using PhiCal kits (Calprest, Eurospital S.p.A, Trieste, Italy)
on each select sample according to the manufacturer’s instructions. All
the samples and standard controls from the kits were tested in dupli-
cate and inter-assay and intra-assay coefficients of variation were
calculated for quality control. The lowest detection limit of the kit is
6.25 ng/mL. The reported sensitivity and specificity of the PhiCal test
in the pediatric population were 93.2% and 86.6%, respectively®’.

Cumulative pain/stress

The Neonatal Infant Stressor Scale (NISS) is a checklist-based
instrument to quantify cumulative procedural stressors preterm
infants experience during their NICU stay®°. The instrument was
originally developed to measure NICU pain/stressors in Australia.
We modified the NISS to include daily cumulative painful/stressful
procedures that are common in NICU practices in the United
States®>". The modified NISS instrument consists of 70 acute painful/
stressful procedures (eg, heel stick, and chest tube insertion) and
chronic painful/stressful events (eg, nasogastric tube in situ and
indwelling chest tube) in the categories of daily care, feeding, ima-
ging, blood draw, peripheral venous access, central venous access,
respiratory care, surgeries and major procedures, and infection. Each
procedure/event is assigned a pain severity level from 1 to 5 (1 =not
painful/stressful; 2 =a little; 3 =moderate; 4 =very; and 5 =extre-
mely painful/stressful). Acute pain/stress (weighted) scores were
compiled by summing up the weighted frequency of each acute event,
whereas chronic stress scores were calculated by summing up the
weighted duration of each chronic event. Cumulative acute and
chronic pain/stress were calculated, respectively, by summing up
daily pain/stressor data for preterm infants’ first 4 weeks of life. The
instrument was validated clinically with salivary cortisol*'. The fre-
quency of acute painful/stressful procedures and the hours of chronic
painful/stressful events were collected prospectively by the infant’s
bedside nurse on paper-based forms at each shift and were entered
into REDCap by the research staff.
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Feeding type

Infant daily feeding information, including the frequency of the
infant fed by mother’s own milk (MOM), human donor’s milk
(HDM), or formula over the first 4 weeks of life were also
extracted from the medical record. The frequency and percentage
of each feeding type (MOM, HDM, or formula) for each infant
were calculated daily and over each week**.

Statistical analysis

The preterm infants’ demographic and clinical characteristics were
evaluated by descriptive statistics. Visualization techniques con-
ducted by R package ggplot2 were generated to present the trend of
FCP levels of stool samples, acute and chronic pain/stress levels, and
feeding types over the 4 weeks after infant birth. The relationships of
acute and chronic pain/stress, feeding types, and antibiotic use with
FCP levels were assessed by the linear mixed model (LMM) using
the Ime4 package in R*2. The random intercept and random slope of
preterm infants were considered in the LMM. Statistical inference
was performed by the ¢ test with Satterthwaite’s approximated
degree of freedom using the ImerTest package in R33, which has a
better type-I error control than other hypothesis testing methods for
LMM?>*, All analyses were conducted in R 3.6.3.

Results

Infant characteristics

The demographic characteristics (Table 1) of the 49 infants were female
(51.0%), White (71.4%), and non-Hispanic (81.6%). The majority of
infants were delivered by c-section (71.4%) at 31 (SD = 1.7) gestational
weeks with an average birth weight of 1477.4 (SD=417.9) g.
Approximately 78% received resuscitation at delivery. The average
SNAPEII score within 24 hours of birth was 6.4 (SD =8.9).

Temporal trend in FCP concentration

A total of 296 stool samples collected during the 4 weeks of NICU
stay were used for the FCP quantification. Of these samples, 48 were
collected in week 1, 99 in week 2, 94 in week 3, and 55 in week 4. The
earliest stool sample was collected on postnatal day 3. The overall
mean FCP concentration over the first 4 weeks was 268.7+£261.3 g/
g Figure 1 A illustrates the temporal trend of FCP levels over time on
both daily and weekly scales. The mean FCP levels were high in week
1 (352.2£305.3 mg/g), then decreased in week 2 (164.0+193.6
mg/g), and gradually increased in week 3 (297.0+260.2 mg/g) and
week 4 (336.1+274.1 mg/g).

Temporal trends in modified NISS scores

Trends of acute and chronic pain/stress experience (NISS scores)
over time were depicted in (Figs. 1 B, C), respectively. Nine babies
were discharged before the fourth week of follow-up, which
reduced the sample size to 40 in week 4.

Cumulative acute pain/stress

The daily averaged frequencies of acute pain/stress activities experi-
enced by the preterm infants were 7.7 £ 4.1 in week 1, 6.9 + 3.6 in week
2,7.744.2 in week 3, and 7.5+ 4.6 in week 4 (Fig. 1 B). The weighted
acute pain/stress scores are presented in Supplemental Table 1
(Supplemental Digital Content 1, http:/links.lww.com/NR9/A2). In
the 4 weeks of NICU stay, preterm infants experienced an average of
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Demographic and clinical characteristics of preterm infants
(N =49).

Demographic n (%)

Sex
Male
Female
Race
White
African American
Multiple race
Not known
Ethnicity
Hispanic
Non-Hispanic 40 (81.6)
Delivery type
Vaginal 1
Cesarean section
PROM
Yes
No
Birth
Multiple birth
Single birth
Resuscitation at birth
Yes 38 (77.6)
No 11 (
Antibiotics use
Ampicillin
Gentamycin
Cefotaxime
Other*
Range

26 1/7-33 3/7
703-2640
32.5-47.0
24.0-34.5

0-44
19-46

Gestational age (wks)

Birth weight (g)

Birth length (cm)

Birth head circumference (cm)
SNAPEII

Mother age (y)

*Other: ceftazidime and sulfamethoxazole-trimethoprim.
PROM indicates premature rupture of membranes; SNAPEII, Score for Neonatal Acute Physiology—
Perinatal Extension II.

7.5+ 5.0 acute pain/stress procedures per day, and the corresponding
daily averaged acute pain/stress (weighted) score was 18.5+12.3.

Cumulative chronic pain/stress

During the first week after birth, infants experienced relatively high
levels of chronic pain/stress (38.0 + 14.2 cumulative hours) and then
the chronic pain/stress levels decreased in week 2 (10.1+13.5
cumulative hours). In weeks 3 and 4, 20 (40.8%) infants did not
have documented chronic pain/stress and the daily averaged chronic
pain/stress cumulative hours was 5.4£9.2 and 5.4£11.0 hours,
respectively. The weighted chronic pain/stress scores are presented
in Supplemental Table 1 (Supplemental Digital Content 1, http://
links.lww.com/NR9/A2). On average, the preterm infants experi-
enced 15.3+£20.8 cumulative hours of chronic painful/stressful
events per day during the first 4 weeks of NICU stay (Fig. 1 C).

Temporal trends in feeding types

The mean percentage of MOM feeding increased over the first
week (57.1436.5%) and then remained stable in week 2
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Figure 1. Trends of fecal calprotectin (FCP), pain/stress experience (NISS scores), feeding types and antibiotic use over the first four weeks (28 postnatal days)
of NICU stay. (A) FCP levels. (B) Cumulative acute pain/stress. (C) Cumulative chronic pain/stress. (D) Percentage of feeding types in daily feeding; HDM = Human
donor’s milk, MOM = Mother’s own milk. (E) Number of daily antibiotic use. Each colored line represents the outcome trajectory of each preterm infant over the first
28 postnatal days; The blue curve represents the longitudinal mean outcome values across all infants; the gray band represents the confidence interval of the mean
outcome values.
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(59.7£36.2%), week 3 (60.1£40.5%), and week 4
(60.7+38.9%) (Fig. 1 D). From week 1 to week 4 the percentage of
HDM gradually decreased during the NICU stay and there was a
slight increase in the percentage of daily formula milk intake over
time (Supplemental Table 1, Supplemental Digital Content 1,
http://links.lww.com/NR9/A2).

Temporal trends in antibiotic use

The trends of daily systemic antibiotic use were depicted in Figure 1
E and Supplemental Table 1 (Supplemental Digital Content 1, http://
links.lww.com/NR9/A2). A majority of infants (n=27, 55.1%)
received systemic antibiotics in the first 48 hours after birth. The
number of infants who were given antibiotics decreased over time
and only 3 infants (6.1%) received antibiotics in the last 2 weeks.

LMM and statistical inference

Both acute pain/stress and chronic pain/stress scores were sig-
nificantly associated with FCP levels using a linear mixed-effect
model (Table 2). The likelihood ratio test was then applied and
confirmed the statistically significant association between FCP and
acute pain/stress (P=0.008) and between FCP and chronic pain/
stress (P < 0.001). Table 2 also presents the hypothesis testing results
based on the ¢ test with Satterthwaite’s approximated degree of
freedom, showing a statistically significant interaction term by time
for both acute pain (P=0.008) and chronic pain (P =0.004). The
associations between pain and FCP level are also illustrated in
Supplemental Figure 1 (Supplemental Digital Content 1, http:/
links.lww.com/NR9/A2). Notably, the negative effects of acute
pain/stress on FCP in week 1 increased over time and converted to
a positive effect in week 2, which continually increased for the
remaining weeks (Supplemental Fig. 1A, Supplemental Digital
Content 1, http:/links.lww.com/NR9/A2). A positive association
between chronic pain/stress and FCP was observed in weeks 1 and
2, which decreased to negative values in week 3 and continually
decreased in week 4 (Supplemental Fig. 1B, Supplemental Digital
Content 1, http:/links.Iww.com/NR9/A2).

Mean FCP levels were significantly higher in non-White infants
compared with White infants (b=0.49, P=0.039) and for infants

Contributing factors to the FCP levels: results of the fixed effect in
the linear mixed model.

Fixed effect Estimate t P
Week 0.25 2.95 0.004**
Standardized acute pain/stress -026 -1.79 0.074
Standardized chronic pain/stress 0.50 446 <0.001**
Week* standardized acute pain/stress 0.16 2.69 0.008*
Week* standardized chronic pain/stress -020 -298 0.004**
Feeding type in the last 3 d: mixed with formulamilk  —0.33  —2.21 0.028"
If use antibiotic in the last 7 d 0.04 0.24 0.809
Sex: female -0.06 -0.31 0.755
Race: non-White 0.50 213 0.039*
Ethnicity: non-Hispanic 0.04 0.14 0.888
Gestational age (wk) 0.10 1.21 0.231
Birth weight (kg) -0.05 -014 0.889
Delivery: cesarean section -033 -1.29 0.204
PROM: no 0.15 0.69 0.493
SNAPEII 0.03 2.48 0.017*

PROM indicates premature rupture of membranes; SNAPEI, Score for Neonatal Acute Physiology—
Perinatal Extension Il. * <0.05, ** <0.01, **<0.001.
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fed with MOM exclusively compared with those who were fed with
a mix of MOM and formula (b= - 0.33, P=0.028). In addition, we
observed a significant positive association between the FCP level and
SNAPEII (b =0.03, P=0.017). However, no statistically significant
associations were found between FCP and antibiotic use, sex, birth
gestational age, and birth weight.

Discussion

This study is one of the first to investigate infant gut immune devel-
opment using the FCP measurement and explore the relationship
between early life pain/stress and feeding with FCP in preterm infants.
Our study showed that FCP levels changed over time and were
dynamically associated with infant NICU experiences including
postnatal acute and chronic painful/stressful events, and feeding types.

FCP, a cytoplasmic protein in neutrophil granulocytes, originates
primarily from neutrophils as they migrate to the intestinal mucosa.
Because calprotectin is not present in human milk®, a high FCP level
likely reflects gut inflammation in preterm infants. The current study
showed that FCP levels of preterm infants were elevated compared
with healthy full-term infants, which is consistent with previous
research®®3, Preterm infants with immature intestinal mucosal and
enhanced intestinal permeability?®>” may result in increased trans-
epithelial migration of neutrophils through intercellular junctions,
and the release of calprotectin into the gut lumen®®3°,

High interindividual and intraindividual variability of FCP was
observed in our study and was confirmed not related to the technical
aspects of the FCP assay. Indeed, all samples and standard controls
were tested in duplicate with low inter-assay and intra-assay coef-
ficient of variation; both were lower than 10% in the present study.
In addition, our sample collection procedure strictly followed the
institutional standard protocol, where samples were immediately
collected at diaper change and transferred to a =80 °C freezer until
analysis. Considering the stable nature of the FCP, it is unlikely that
there were degradations of the FCP during the data collection
procedure'®. Our findings are consistent with previous studies
showing high FCP levels and large interindividuals and intraindi-
vidual variation in preterm infants'>*%4°,

In this cohort of preterm infants, FCP levels decreased from the
first to the second week and then subsequently increased until the
fourth week of life. This finding is congruent with previous
studies'®*%*!, FCP is extremely resistant to degradation both
in vitro and in vivo. Therefore the elevated FCP level in meconium
may not reflect the gut inflammation during the first week of life
but rather be related to the cumulative effect of FCP in meconium
during pregnancy. No correlation was found between infant
gestational age and FCP levels. It is possible that the FCP level in
infants before 34 weeks of gestational age remains constantly high
and does not vary significantly within the window of time our
measurements were made. Our findings add more specificity to
the previous studies on FCP level and gestational age'*>>1-#04243,

We found that both daily acute and cumulative chronic pain/
stress levels were significantly correlated with FCP levels in pre-
term infants during the NICU stay. Even though this is the first
study conducted to examine the relationship between cumulative
pain/stress experience and FCP levels in preterm infants, the
findings supported our hypothesis that stress may be associated
with the activation of inflammatory processes in the gut. Notably,
the NISS scores were calculated daily based on the number of
medical procedures the infants experienced in the NICU.
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Therefore, FCP may also reflect the inflammation directly caused
by these medical procedures as well as the infants’ medical con-
ditions. It is unclear why correlation patterns with FCP levels
differed between acute and chronic pain/stress. In animal models,
stress activates hypothalamic-pituitary-adrenal axis, results in
neutrophil infiltration, increased epithelial permeability and
abnormal expression of the proinflammatory cytokines and
chemokines**. An earlier study found that salivary cortisol was
positively correlated with acute pain/stress but not chronic pain/
stress in preterm infants>'. Taken together with our findings, it
suggests acute and chronic pain/stress may regulate the immune
system through different mechanistic pathways.

Some of the variations in FCP levels were also explained by the
feeding regimen in our study. Infants who received exclusive MOM
tended to have an increased FCP level compared with those fed with
mixed type, which is in line with Groer et al’s® report on very low birth
weight infants during the first 4 weeks of life. Li et al*! and
Asgarshirazi et al?® also reported that the FCP level was higher in
breastmilk-fed infants than in nonbreastfed cohorts. The increased
FCP level in MOM-fed preterm infants may suggest a protective effect
of human milk in the immature gut and the effect may vary as the gut
immune system matures. MOM contains microbiota and oligo-
saccharides, which are essential in establishing commensal bacteria
and promoting the maturation of preterm infants’ guts*. Our pre-
vious study reported that MOM promotes the diversity of the gut
microbiome and early transition to adult-like microbial patterns in
preterm infants compared with HDM and formula®**. Another
study confirmed the effect of enteral bacteria in promoting FCP pro-
duction, which may explain the postnatal changes in FCP levels in our
population®?. In addition, MOM contains more than 10” leukocytes
per liter for the first several months of lactation as well as other
bioactive substances such as pro-inflammatory cytokines, antibodies
and other immune-stimulating factors*****”, Thus, elevated FCP may
also be a response to these immune factors present in MOM.

This study also observed that the mean FCP level of the non-
White infants was significantly higher than the White group, which
is consistent with a recent study that reported higher FCP levels in
African Americans than in White infants*®. African American
mothers have been found with elevated levels of inflammatory
markers such as IL-4 and IL-6 during the second trimester of
pregnancy which may contribute to the high preterm birth rate and
also higher FCP level of their infants*’. Our findings suggest that
race and other social determinant health factors may be associated
with biomarkers of gut inflammation including FCP that we need to
address in infant health care.

No differences in FCP levels were found between infants
with or without postnatal antibiotics use which may be due to
the homogeneity of the antibiotics used, which is consistent
with Groer et al’s study®®. Other studies reported lower FCP
levels in infants with antibiotic use'®?**°, Antibiotics have
been known to influence gut bacterial colonization and disrupt
microbial communities. In our study, infants were primarily
administered ampicillin and gentamicin during the first
48 hours for prophylaxis from sepsis. Further investigation of
the gut microbiome in association with FCP will provide
greater insight into how antibiotics influence infants’ immune
development in early life.

There are several limitations in this study. First, the mother’s
medical information was not collected for this project. Mother’s
antenatal conditions such as intrauterine inflammation and
antibiotic use may influence the newborn’s FCP level. Secondly,
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we did not include measures of other inflammatory markers such
as cytokines or c-reactive protein to map the sources and possible
pathways of the inflammation. Previous evidence of FCP as an
early biomarker in predicting intestinal distress and enteropathy
is still somewhat inconsistent>>>!, Thirdly, gut microbiome data
were not included in this analysis to examine the correlations
between the microbiome, FCP and stress. A previous study
showed that FCP was correlated with the relative abundance of
Klebsiella in preterm infants*?, indicating that the gut micro-
biome may be an essential pathway in modulating the gut
inflammatory process. Further studies are needed to explore the
mediation effect of gut microbiome patterns on external stimuli—
in particular stress—on gut inflammation.

Conclusion

This study demonstrates that preterm infants have high FCP
concentrations with wide interindividual and intraindividual
variation during the first 4 weeks of life. The elevated FCP levels
are positively associated with higher MOM intakes, being non-
White, and higher SNAPEII scores at birth. The relationship
between FCP and pain/stress during NICUs staying varies over
time. Further research including more comprehensive gut
inflammatory measures is needed to clarify the role of pain/stress
and gut health in preterm infants.
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