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Fluid status in the first 10 days of life and death/
bronchopulmonary dysplasia among preterm infants

Safiya Soullane’, Sharina Patel?, Martine Claveau?, Laila Wazneh?, Guilherme Sant’Anna’ and Marc Beltempo?

OBJECTIVE: To investigate the association between fluid and sodium status in the first 10 postnatal days and death/
bronchopulmonary dysplasia (BPD) among infants born <29 weeks' gestation.

STUDY DESIGN: Single center retrospective cohort study (2015-2018) of infants born 23-28 weeks'. Three exposure variables were
evaluated over the first 10 postnatal days: cumulative fluid balance (CFB), median serum sodium concentration, and maximum
percentage weight loss. Primary outcome was death and/or BPD. Multivariable logistic regression adjusting for patient covariates
was used to assess the association between exposure variables and outcomes.

RESULTS: Of 191 infants included, 98 (51%) had death/BPD. Only CFB differed significantly between BPD-free survivors and infants
with death/BPD: 4.71 dL/kg (IQR 4.10-5.12) vs 5.11 dL/kg (IQR 4.47-6.07; p < 0.001). In adjusted analyses, we found an association
between higher CFB and higher odds of death/BPD (AOR 1.56, 95% Cl 1.11-2.25). This was mainly due to the association of CFB with
BPD (AOR 1.60, 95% CI 1.12-2.35), rather than with death (AOR 1.08, 95% Cl 0.54-2.30).

CONCLUSION: Among preterm infants, a higher CFB in the first 10 days after delivery is associated with higher odds of death/BPD.

Pediatric Research (2021) 90:353-358; https://doi.org/10.1038/s41390-021-01485-8

IMPACT:

® Previous studies suggest that postnatal fluid status influences survival and respiratory function in neonates.
® Fluid balance, serum sodium concentration, and daily weight changes are commonly used as fluid status indicators in neonates.
® We found that higher cumulative fluid balance in the first 10 days of life was associated with higher odds of death/

bronchopulmonary dysplasia in neonates born <29 weeks.

® Monitoring of postnatal fluid balance may be an appropriate non-invasive strategy to favor survival without bronchopulmonary

dysplasia.

® We developed a cumulative fluid balance chart with corresponding thresholds on each day to help design future trials and

guide clinicians in fluid management.

INTRODUCTION
More than 50% of infants born less than 29 weeks gestational age
(GA) will either die or develop bronchopulmonary dysplasia (BPD)."?
Defined as the need for supplemental oxygen or respiratory support
at 36 weeks corrected GA, BPD is a severe complication of
prematurity independently associated with poor growth, neurode-
velopmental impairment, and death.>™ The etiology is multifactorial
and abnormalities in postnatal fluid status may contribute to disease
development.® In the first week after delivery, an efflux of fluid from
the intra- to the extracellular fluid (ECF) compartment occurs.c® This
leads to the initiation of salt and water diuresis around 48-72 h after
birth.”® However, in extremely preterm infants with immature
kidneys, ECF contraction and weight loss are limited due to delayed
diuresis.>'® Fluid overload in the postnatal period may result in
increased interstitial fluid in the lungs, impaired gas exchange, and
higher needs of mechanical ventilation, which could inadvertently
contribute to the development of BPD.5'2

Previous studies have evaluated water balance changes during
the early postnatal period as a critical variable for respiratory

function and survival among preterm infants.'*%” High cumula-
tive fluid balance (CFB) and fluid intake during postnatal days 2-7
have been associated with BPD and mortality.m'17 Furthermore,
there is evidence supporting associations of higher serum
sodium?’ and increased weight loss in the first postnatal week
with lower risk of BPD.'*'®'? Because most analyses have been
conducted nearly two decades ago,'***™?” previous findings may
not apply to current NICU settings and high-risk population for the
outcome of death/BPD. Advances in perinatal care including the
widespread use of surfactant, conservative management of patent
ductus arteriosus, and introduction of high-performing incubators
have changed postnatal fluid adaptation.>*®% Yet, no study has
simultaneously assessed the relation between indicators of fluid
status and death/BPD in a contemporary cohort, making it difficult
to reach definite conclusions. We hypothesized that fluid retention
during the early postnatal period, reflected by high CFB, low
serum sodium concentration, and reduced weight loss, would be
associated with higher odds of death/BPD. The objective of our
study was to evaluate the association between these three clinical
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indicators of fluid status (fluid balance, serum sodium concentra-
tion, and weight loss) in the first 10 days after birth and the
outcome of death/BPD among preterm infants born
<29 weeks GA.

PATIENTS AND METHODS

Study population and eligibility criteria

This retrospective cohort study included a convenience sample of
infants born between 23%7 and 28%” weeks GA admitted to the
Montreal Children’s Hospital tertiary-level NICU from June 1, 2015
to December 31, 2018. Infants who died within 24 h of admission,
with major congenital anomaly and/or admitted to the NICU >
1 day after birth were excluded. This study was approved by the
Research Ethics Board of the McGill University Health Center.

Data collection

Data on infant characteristics and outcomes were obtained from
the local Canadian Neonatal Network (CNN) database where
patient information is entered electronically by trained abstractors
into a data-entry program with built-in error checking, high
reliability, and internal consistency.>® The following characteristics
were extracted: use of antenatal steroids (partial or complete),
multiple births, mode of delivery, outborn status, GA at birth, birth
weight, small for GA status (SGA; defined as <10th percentile for
GA and sex),®’ infant sex, 5 min Apgar <7, and use of surfactant.
Additional information on daily fluid intake, fluid output, serum
sodium concentration, and weight over the first 10 days of life was
collected from individual patient chart review. After initial
complete data collection, all data on fluid status (40 data points
per patient) from a random sample of 10% of infants were re-
abstracted and showed high internal consistency (error rate of
0.23%).

Standard of care and exposure variables definitions

During the study period, standard of care involved initial total fluid
intake of 80-100 mL/kg/day and increased by 20 mL/kg/day daily
based on clinical status. There was no added sodium in the
parenteral nutrition used during the first 24 h. Sodium intake
typically started at 0.5-1.0 mmol/kg/day on day 2 or 3, and was
subsequently adjusted up to 3 mmol/kg/day by clinicians based
on daily fluid status. Infants were placed in a servo-controlled
incubator with a relative humidity of 70-80% during the first
7 days and 50% afterwards. Infants were weighed on the same
scale every evening, and fluid balance was calculated at least once
a day by the bedside nurse. Serum electrolyte levels were
measured every 12 to 48 h and additionally as clinically indicated.
In our center, hydrocortisone for BPD prevention or nonsteroidal
anti-inflammatory for intraventricular hemorrhage prophylaxis are
not standard of care. Patent ductus arteriosus was managed
conservatively (no drug therapy) in the first 10 postnatal days.
Hence, no infant was exposed to nonsteroidal anti-inflammatory
drugs during this period.

The three main exposures evaluated for each patient during the
first 10 postnatal days were: (a) fluid balance, (b) serum sodium
concentration, and (c) weight loss. Values for each exposure were
summarized for each postnatal day (days 1 through 10) and
overall over the 10 days. Whereas most previous studies evaluated
indicators in the first 2-7 days,'>** we prolonged our observation
period to 10 days in order to detect potential differences in
postnatal fluid adaptation. For each exposure, day 1 corresponded
to the day of birth, and a day was defined as the period from
midnight to 23:59. Daily fluid balance was calculated as the
difference between total fluid intake (dL/day) and total fluid
output (dL/day) divided by birth weight (kg). Birth weight was
used for all daily fluid balance calculations for consistency, and
deciliters were used instead of milliliters to facilitate interpretation
of calculated odds ratios. Days when data on fluid intake or output
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were not available were not included in the calculation. The total
fluid intake was calculated as the sum of blood products,
intravenous fluids, fluids boluses (dextrose, saline, or other), and
enteral nutrition administered to the infants. We did not include
medications and flushes given with intravenous medications,
which typically consist of 0.3-0.5 mL of normal saline. Total fluid
output was the sum of daily urine volumes. We did not record
blood volume drawn for blood tests and our transfusion practices
were based on thresholds recommended by the Canadian
Pediatric Society.>* Finally, the daily CFB for days 1 through 10
was calculated. To limit variability between patients who had
several serum sodium values per day, we collected both the daily
highest serum sodium concentration (maxNa) and lowest serum
sodium concentration (minNa) for each day. If a patient had only a
single serum sodium concentration recorded for a given day, that
value was used as both the maxNa and minNa. Median Na was
defined as the median of all serum sodium values (maxNa and
minNa) in the first 10 postnatal days. Daily weight change was
calculated as a percentage relative to birth weight (difference
between daily weight and birth weight, divided by birth weight),
where negative values represent weight loss and positive values
represent weight gain. The maximum percentage weight loss (%
Wtjoss) Was the absolute value of the lowest daily percentage
weight change in the first 10 days.

Outcomes

The primary outcome was a composite of death and/or BPD.
Death was defined as mortality prior to discharge from the NICU,
and BPD was defined as the need for supplemental oxygen or
respiratory support at 36 weeks postmenstrual age or at time of
discharge.>® A composite outcome was selected because both are
competing events in extremely preterm infants: BPD is diagnosed
at 36 weeks postmenstrual age and death typically occurs prior to
that age.>* Evaluating BPD alone could induce a selection bias,
since it is likely that critically ill infants who die prematurely would
have otherwise developed BPD.>* We examined the individual
components of the primary composite outcome as secondary
outcomes.

Statistical analyses

Categorical variables are presented as n (%) and continuous
variables as median and interquartile range (IQR). The Pearson
correlation coefficient (r) was used to assess independence
between pairwise combinations of the three main exposure
variables (CFB on day 10, median Na, and maximum %wtjss).
Unadjusted comparisons between BPD-free survivors and infants
with death/BPD were made with the Pearson chi-squared test for
categorical variables and the Wilcoxon rank-sum test for
continuous variables. For daily exposure variables (CFB, maxNa,
minNa, and percentage weight change), unadjusted comparisons
between groups were made using the Wilcoxon rank-sum test and
adjusted associations using logistic regression (adjusted for
antenatal steroid use, mode of delivery, GA, SGA status, sex, 5-
min Apgar <7, and use of surfactant).

Logistic regression analyses were used to explore the associa-
tion between each exposure (used as a continuous variable) and
each outcome. Crude odds ratios (OR), adjusted odds ratios (AOR),
and corresponding 95% confidence intervals (Cl) were calculated.
The ORs were adjusted for patient covariates, including antenatal
steroid use, mode of delivery, GA, SGA status, sex, 5-min Apgar <7,
use of surfactant, as well as the three main exposure variables.
Collinearity between independent variables was assessed with
values of the variance inflation factor >5.3° Model performance
was evaluated using the area under the receiver operating
characteristic curve (AUC), and goodness-of-fit was assessed using
the Hosmer-Lemeshow test.>® We did not impute missing data
since the number of missing data points for each day was low
(2.3% of daily fluid balances, 1.7% of weights, and all patients had
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at least one sodium value during the first 10 days) (Supplementary
Table 1).*’

To better understand the contribution of each component of
fluid balance (intake and output), we conducted additional
analyses evaluating the association of median daily fluid intake
and daily fluid output per kilogram of birth weight with death/
BPD. Additionally, since primary analyses showed that daily CFB
was associated with death/BPD, we proposed different classifica-
tion thresholds of daily CFB (identified using Youden'’s index and
the 25th, 50th, and 75th percentile of values) and reported the
corresponding sensitivities and specificities for association with
death/BPD.® Statistical analyses were conducted using R version
3.6.0. (R Foundation for Statistical Computing, Vienna, Austria). A
two-sided p value <0.05 was considered statistically significant.

RESULTS

There were 195 infants born 23-28 weeks GA and admitted to the
NICU during the study period. Four infants were excluded: two
died within 24 h of admission and two had a major congenital
anomaly (Supplementary Fig. 1). The final study sample included
191 infants, of whom 98 (51%) died and/or developed BPD; 26
(14%) infants died, 75 (39%) developed BPD, and three died after
BPD diagnosis. Among infants that died, 16 died in the first
10 days (Supplementary Table 2). Of them, nine died of respiratory
failure, four of brain injury, and three of infection. The
characteristics of infants with death/BPD and BPD-free survivors
are presented in Table 1. Compared to BPD-free survivors, infants
with death/BPD were born at a lower GA and birth weight, and
were more frequently delivered by cesarean and exposed to
surfactant.

Table 1. Characteristics of infants born <29 weeks GA (n = 191).
Infant characteristics Death/BPD BPD-free P value”
(n=198) survivors
(n=93)
Antenatal steroids 90 (92) 83 (89) 0.55
Multiple births 23 (23) 20 (22) 0.88
Cesarean birth 73 (74) 53 (57) 0.02
Outborn 9(9) 14 (15) 0.31
Gestational age (weeks) 26 [24, 26] 27 [25, 28] <0.01
Gestational age (strata)
<26 weeks 48 (49) 27 (29) <0.01
26-28%7 weeks 50 (51) 66 (71)
Birth weight (g) 760 [633, 888] 950 [750, 1170] <0.01
Small for gestational age 9 (9) 5 (5) 0.46
Male sex 52 (53) 43 (46) 0.42
Apgar at 5min <7 66 (67) 49 (53) 0.05
Use of surfactant 83 (85) 48 (52) <0.01
Exposure variables
Cumulative fluid balance 5.1 [4.5, 6.1] 47 [4.1, 5.1] <0.01
(dL/kg)
Median serum sodium 136 [134, 138] 137 [135, 139] 0.27
concentration (mmol/L)
Maximum weight loss (%) —9.6 -10.8 0.45
[-13.8, —=5.0] [—13.5, —7.1]
Time to regain birth 8 [6, 10] 9 [7,10] 0.02
weight (days)
Data is presented as n (%) or median [IQR].
“Significance assessed using Pearson x*-test or Wilcoxon rank-sum test, as
appropriate.
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Fig. 1 Daily indicators of fluid status during the first 10 days of
life. a Cumulative fluid balance. b Maximum daily serum sodium
concentration. ¢ Minimum daily serum sodium concentration.
d Weight change percentage. Data presented as median and IQR.
Unadjusted p values calculated using Wilcoxon rank-sum test and
adjusted p value calculated with multivariable logistic regression
adjusted for steroid use, mode of delivery, gestational age, Apgar at
5 min <7, use of surfactant, sex, and small for gestational age status.

The pattern of each daily exposure variable for these infants
over the first 10 days is presented in Fig. 1. Daily CFB gradually
increased from day 2 to 10 in both groups. However, BPD-free
survivors had a significantly lower daily CFB compared to infants
with death/BPD between postnatal days 2 and 10. In both groups,
maxNa and minNa increased from days 1 to 3 after delivery,
reaching a peak at day 3 followed by a gradual decrease until day
10. There were no differences in daily maxNa and minNa between
BPD-free survivors and infants with death/BPD (except minNa on
day 2). Infants experienced increasing weight loss from days 2 to
4, then progressively gained weight from days 4 to 10. BPD-free
survivors had a greater percentage weight loss than infants with
death/BPD on days 6 and 7. There was a weak correlation between
each pairwise combination of the three main exposure variables
(all |r] <0.24, Supplementary Fig. 2).
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Table 2. Logistic regression analyses examining the association of
exposure variables in the first 10 days postnatal with outcomes among
preterm infants born <29 weeks GA.

Exposure variables and Odds ratio (95% Cl)

outcomes

Crude Adjusted?

Cumulative fluid balance per kg (dL/kg)

Death/BPD 1.68 (1.27-2.29) 1.56 (1.11-2.25)

Mortality 1.24 (0.67-2.30) 1.08 (0.54-2.30)

BPD 1.70 (1.27-2.33) 1.60 (1.12-2.35)
Median serum sodium concentration (mmol/L)

Death/BPD 0.97 (0.89-1.06) 1.02 (0.90-1.16)

Mortality 0.85 (0.74-0.97) 0.78 (0.56-1.06)

BPD 1.00 (0.91-1.11) 1.04 (0.91-1.18)

Maximum percentage weight loss (%)

Death/BPD 1.02 (0.97-1.07)  0.99 (0.93-1.05)
Mortality 1.10 (1.01-1.19)  1.08 (0.95-1.24)
BPD 1.00 (0.96-1.05) 0.98 (0.92-1.04)

Note: Analyses for death/BPD and mortality included all infants (n =191)
and analyses for BPD alone included infants surviving to 36 weeks
postmenstrual age or to discharge (n = 167).

Note: Model performance metrics for adjusted model with death/
bronchopulmonary dysplasia: C-statistic=0.76, Hosmer-Lemeshow p
value = 0.35.

®Model variables included patient covariates (antenatal steroid exposure,
mode of delivery, gestational age, small for gestational age status, sex, 5
min Apgar <7, and surfactant use), as well as all three exposure variables
(cumulative fluid balance, median serum sodium concentration, and
maximum percentage weight loss).

A higher CFB at day 10 was associated with higher adjusted
odds of death/BPD and of BPD alone (Table 2). In the adjusted
analyses, a 1 dL/kg increase in CFB at day 10 was associated with a
56% increase in the odds of death/BPD, and a 60% increase in the
odds of BPD. There was no association with mortality (AOR 1.08,
95% Cl 0.54-2.30). Median Na and maximum %wt,,ss were not
associated with the adjusted odds of death/BPD, mortality, or BPD
(Table 2). Additional adjusted analyses did not show significant
associations between time to regain birth weight and death/BPD
(Supplementary Table 3).

In the analysis assessing fluid intake and output separately,
there were no differences in daily fluid intake between BPD-free
survivors and infants with death/BPD (Fig. 2). Daily fluid output in
the first three postnatal days was significantly higher among BPD-
free survivors compared to infants with death/BPD. Sensitivity and
specificity for the risk of death/BPD using different daily CFB
thresholds were calculated (Supplementary Table 4), and used to
create a CFB chart (Supplementary Fig. 3). A CFB in the 25th
percentile on day 5 (below 1.01dL/kg=101mL/kg) had high
sensitivity (86%) but low specificity (35%) to predict death/BPD.

DISCUSSION
In this contemporary cohort of extremely preterm infants, a lower
CFB over the first 10 days after birth was associated with lower
odds of death/BPD. The association between CFB and death/BPD
was mainly attributable to the association with BPD. Our results
suggest that among the three clinical measures of fluid status
evaluated, CFB may be the clinical indicator that is most
associated with death/BPD among infants born <29 weeks GA.
Our findings are consistent with previous studies that have
investigated the association of fluid status with death/BPD,
although only a few directly assessed fluid balance. Oh et al.'
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Fig.2 Daily fluid intake and output during the first 10 days of life.
a Total fluid intake. b Total fluid output. Data presented as median
and IQR. Unadjusted p values calculated using Wilcoxon rank-sum
test and adjusted p value calculated with multivariable logistic
regression adjusted for steroid use, mode of delivery, gestational
age, Apgar at 5min <7, use of surfactant, sex, and small for
gestational age status.

studied 1382 infants born <1000 g (ELBW) and found that higher
fluid intake in the first 10 days of life was associated with higher
odds of death/BPD. Another study including 226 ELBW infants
demonstrated an association between high fluid intake during the
first week of life and BPD severity.'> However, none of these
studies evaluated fluid balance as an exposure. Extremely preterm
infants have immature kidneys, and may be unable to accom-
modate high fluid intake in the postnatal period leading to fluid
accumulation over time® A recent investigation of 219 ELBW
infants demonstrated an association between higher CFB in the
first 3 days with mortality and prolonged mechanical ventilation in
the first 7 postnatal days."” Notably, our results indicate that
infants with death/BPD had a lower fluid output than BPD-free
survivors, but fluid intake was not different between the groups
leading to an increased CFB. The association between CFB and
death/BPD appeared to be mainly driven by the association with
BPD, rather than with death. These findings support previous work
suggesting that reduced renal capacity during early postnatal
period may contribute to low pulmonary function.>?° Hence, high
fluid prescriptions, without considerations of fluid output, in the
first days after delivery may result in fluid overload and ECF
retention. This can contribute to increased interstitial fluid within
the lungs, pulmonary overflow, reduced lung compliance, and
increased need for oxygen and ventilator support.>'*'” Conse-
quently, aiming for a CFB of 1.01dL/kg by day 5 may be an
appropriate non-invasive strategy to favor BPD-free survival
among extremely preterm infants. However, fluid intake must
allow for appropriate caloric intake, and careful monitoring is
needed to avoid risks of dehydration.

Few studies have assessed the association of serum sodium
concentration with risk of BPD among preterm infants. In ELBW
infants, lower serum sodium concentrations were observed in the
first seven postnatal days among BPD-free infants, compared to
infants with BPD."> Conversely, another study reported a non-
significant increase in serum sodium concentrations during the
first four postnatal days among BPD-free infants, compared to
infants with BPD.2' Low median serum sodium concentrations
may reflect increased fluid retention in early postnatal days, while
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higher values may indicate effective kidney function with optimal
sodium reabsorptive capacity.>?' As urine is hypo-osmotic during
postnatal adaptation, appropriate diuresis in the first days of life
may lead to increased serum sodium concentrations and lower
risks of fluid overflow within the lungs.®'® However, our results
did not show any association between median Na in the first
10 days of life with death/BPD. The lack of difference in serum
sodium concentrations between infants who died and/or devel-
oped BPD and BPD-free survivors in our cohort may be attributed
to the fact that we did not collect daily sodium intake. In clinical
practice sodium intake is adjusted daily, and therefore may
influence serum sodium values. The low variability in the daily
serum sodium concentration measurements in our study popula-
tion (median for first 10 days: 137 mmol/L [IQR 134-139]) might be
related to daily adjustments made by the clinicians. A recent study
suggested that sodium intake, rather than fluid intake, was the
main determinant of serum sodium concentration in extremely
preterm infants.>® Our data suggest that the median Na correlated
poorly with CFB and maximum %wt,,ss, thus sodium intake and
concentration might not be a strong indicator of postnatal fluid
overload in preterm infants.

The lack of association between maximum %wt,,s; and death/
BPD contrasts with the Oh et al."* study, which found an inverse
association between these variables. Their observed effect may
in part be due to a greater percentage weight lost by neonates
in their cohort, where the mean weight loss on day 5 was 8.5%
compared to 4.2% in our sub-group of infants born <1000g
(results not shown). Differences in weight loss among infants
admitted in 1999-2001 compared to a 2015-2018 cohort are
likely due to the advent of widespread high-performing
incubator use, which considerably reduces insensible water loss
by maintaining higher humidity.?® Indeed, more recent inves-
tigations evaluating the association of maximum %wt,,ss; With
BPD have reported mixed results, which may also be explained
by the use of different weight measurement methods.'®2° Our
results show differences in patterns of weight change from days
6 and 7 between BPD-free survivors and infants with death/BPD.
This is consistent with previous literature that has reported
increased weight gain between days 6 and 10 of life among
infants with death/BPD.'* However, adjusted analyses did not
show an association between time to regain birth weight and
death/BPD.

Limitations and strengths

This study has some limitations. We could not account for errors
related to urine volume measurements and weighing of unstable
babies, which can be sometimes imprecise. Our site carefully
documents fluid balance on a daily basis whereas other sites may
prioritize different clinical indicators of fluid status, thus affecting
generalizability. We did not measure sodium intake which can
affect serum sodium concentration.>® Fluid flushes used during
the administration of antibiotics, caffeine, and other medications
were not calculated because of inconsistent reporting in the
medical charts. This may significantly increase the overall fluid and
sodium intake, especially in smaller and sicker infants receiving
multiple medications. We also lacked data on the blood volume
drawn for testing during the first 10 postnatal days, which can
represent a significant volume in smaller babies. Due to the
observational nature of the study, we cannot infer causality and
ascertain that aiming for a lower CFB would decrease death/BPD.
However, there are several strengths that should be highlighted.
The study included a large number of infants using validated data
in a contemporary setting. Our results were consistent across
multiple analyses to address biases including adjusted models for
confounders, analysis of exposures for each individual day, and
separate evaluations of fluid intake and output. Moreover, our
study simultaneously assessed CFB, serum sodium concentration,
and weight loss. All these variables are potential risk factors for
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BPD, and our analysis was able to determine that CFB best
correlated with death/BPD in extremely preterm infants.

CONCLUSION

Higher CFB over the first 10 days of life was associated with death/
BPD among extremely preterm infants. Our results suggest that
careful monitoring of fluid balance over the first 10 days with a
particular focus on the first 5 days may increase BPD-free survival.
Results of this study can help planning randomized trials
comparing different fluid management strategies to determine
optimal targets and assess outcomes in this high-risk population.
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