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Abstract

Objective To identify the prevalence of renal insufficiency (RI) in children with a history of prematurity and acute kidney
injury (AKI).

Study design This prospective cohort study evaluated renal function in children born preterm at 5-9 years of age. Uni-
variable analyses compared perinatal and follow-up data from subjects with and without AKI history, and with and without
current RI. Regression analyses were attempted to model RI as a function of AKI and other clinical risk factors.

Results Fifteen of 43 (35%) participants had previously undiagnosed RI. Only children with no AKI history or neonatal
stage 1 AKI presented for follow-up. Children born preterm with a history of stage 1 AKI had higher serum creatinine (sCr)
at follow-up, but were not more likely to have RI compared to children without stage 1 AKI history (RI prevalence 30% and
36% in AKI and non-AKI group, respectively).

Conclusion The high prevalence of Rl in this preterm cohort at middle childhood follow-up highlights the need for routine
kidney health assessments in this population. Large multicenter studies are needed to further characterize the impact of

premature birth and mild AKI on renal function throughout childhood.

Introduction

Premature infants are at increased risk for chronic kidney
disease (CKD) even in the absence of known nephrotoxic
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exposures or acute kidney injury (AKI) in the neonatal
period [1-5]. Since the majority of nephrogenesis occurs in
the third trimester, premature infants have lower nephron
mass at birth when compared with term infants [6-8], and
early arrest of nephrogenesis [8, 9]. Relative oligonephronia
and premature arrest of branching nephrogenesis may result
in compensatory hyperfiltration of individual nephrons [10].
While this hyperfiltration translates to an increased glo-
merular filtration rate (GFR) acutely, consequent develop-
ment of glomerular hypertension and fibrosis ultimately
results in further nephron loss and decreased GFR [10-14].
Prospective studies of former preterm, very low- (VLBW)
and extremely low- (ELBW) birthweight (BW) infants
suggest that signs of aberrant renal development and/or
dysfunction, including small kidney volume on imaging,
hypertension, lower estimated GFR (eGFR), and micro-
albuminuria, may be evident in early childhood [15-18].
AKI in the neonatal period may increase the risk for
progression to CKD, particularly in children with a history
of prematurity [3, 4, 19, 20]. Comparisons across studies of
neonatal AKI progression to childhood CKD are compli-
cated by differing definitions of AKI, differing equations for
determination of eGFR and variable eGFR thresholds for
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defining CKD and/or renal dysfunction [3, 4, 19-21].
Despite apparent complete recovery, children born prema-
turely with neonatal AKI of any severity constitute a par-
ticularly high-risk population, due to a lack of standardized
algorithms for surveillance of renal health following NICU
hospitalization, either with the general pediatrician or a
nephrologist.

We previously reported the incidence of AKI in preterm
infants <30 weeks gestation in our NICU at 30% [22],
which is in the reported range of similar studies of AKI in
preterm, ELBW, and/or VLBW infants [23-28]. The
majority of our patients had the mildest form of AKI (Stage
1 by the modified Acute Kidney Injury Network (AKIN)
criteria) [23] and had a normal serum creatinine (sCr)
documented prior to hospital discharge [22]. We now report
on a subgroup of that initial cohort who presented for renal
health assessments at 5-9 years of age. We hypothesized
that prior history of AKI, including mild AKI, is an inde-
pendent risk factor for evolving CKD manifesting as one or
more signs of renal insufficiency (RI) in childhood.

Materials/subjects and methods
Subjects

This study was approved by the Program for the Protection
of Human Subjects at The Icahn School of Medicine at
Mount Sinai. The electronic medical record (EMR) was
used to identify all preterm infants born at The Mount Sinai
Hospital at <30 weeks gestation from 2007 to 2013. sCr
values from the birth hospitalization were reviewed through
the EMR to identify former preterm infants with and
without a history of neonatal AKI. AKI was defined by sCr
values using the modified AKIN staging criteria described
by Koralkar et al. [23]. Urine output criteria were not used
as this retrospective determination of AKI precluded our
ability to employ quality control measures for accurate urine
output assessment and recording. Subjects with major
congenital malformations, including congenital anomalies
of the kidneys or urinary tract but not isolated hydrone-
phrosis, were excluded. Subjects were also excluded in the
setting of maternal renal failure, death before discharge, or
lack of documented creatinine (Cr) measurements.

Power calculation

Based on our previous retrospective analysis of neonatal AKI
in our NICU population, we anticipated the prevalence of prior
AKI exposure to be 30% [22]. Therefore, in our power cal-
culation, we chose to have a ratio of 1:2 of patients with a
history of any stage of neonatal AKI to those with no history of
neonatal AKI. Based on the reported prevalence of renal

dysfunction following preterm birth at a median age of 5 years
in a similar VLBW cohort (65% with neonatal AKI, 14%
without AKI) [3], we estimated that a study sample of 12
patients with a history of neonatal AKI and 24 patients with no
history of neonatal AKI (total sample size 36) was needed to
reject the null hypothesis that the prevalence of RI in the
groups is equal with power of 0.8 and a type 1 error probability
of 0.05. To compensate for any error in the estimate of AKI
prevalence in our population, we recruited an additional 20%
for a total sample size of 43 participants.

Study visit

Parents of potential subjects were first approached by mail.
Those who expressed interest in study participation were
then contacted by phone to schedule a single study visit at
the Clinical Research Unit at the Icahn School of Medicine
at Mount Sinai. Informed consent was obtained by a
member of the study team at the time of the study visit. In
addition, assent was obtained from all children ages 7 and
above. At the study visit, height, weight, and manual blood
pressure were measured. Serum was collected for blood
urea nitrogen (BUN), Cr, cystatin C, and neutrophil
gelatinase-associated lipocalin (NGAL). Urine specimen
cups mailed in advance of the study visit enabled collection
of first morning urine samples, which were then analyzed
for protein, Cr, beta-2-microglobulin (B2M), and NGAL.
Serum BUN, Cr, and cystatin C, and urine Cr, protein, and
B2M levels were measured by the Mount Sinai Clinical
Laboratories. sCr was determined using the enzymatic
method. Cystatin C was determined by immunonephelo-
metric assay. Serum and urine NGAL were measured in the
Mount Sinai Human Immune Monitoring Core Facility
using the Quantikine Human Lipocalin-2 Immunoassay
(R&D Systems, Inc, Minneapolis, MN).

Data analysis

eGFR was calculated using both the full Chronic Kidney
Disease in Children (CKiDg,) [29] and the bedside
Schwartz (CKiDyeq) [30] equations as follows: CKiDy,; =
39.8 x (height[m]/sCr [mg/dL]**®x (1.8/cystatin C [mg/
L1218 % (30/BUN [mg/dL])*7° x 1.076 (if male) x (height
[m]/1.4)%'°  CKiDpeq = 41.3 x (height [m]/sCr [mg/dL]
RI was defined by eGFR <90 mL/min/1.73 m* (by either
calculation) and/or urine protein:creatinine ratio (UPC) >
0.2 mg/mg and/or systolic blood pressure (SBP) or dia-
stolic blood pressure >95th percentile (for age, sex and
height) [31]. Children with eGFR 90-99 mL/min/1.73 m?
and/or UPC = 0.2 mg/mg were considered at risk for RL
The trigger for nephrology consultation was “any RI,” or
the primary composite outcome of children with current RI
and those at risk for RI, as even borderline RI in this
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population was considered to be clinically significant and
potentially a manifestion of evolving CKD. Retrospective
perinatal data and current clinical study data from subjects
with and without history of neonatal AKI, and with and
without any RI were compared using Fisher’s exact or
independent t-tests as appropriate. All variables with sig-
nificant univariate analysis were included in general linear
models of AKI status and RI status, respectively. All data
were analyzed using SAS Studio 3.8 (Cary, NC) [32] and
RStudio Version 1.1.463 (Boston, MA) [33].

Results

Forty-three children (13 with a history of stage 1 AKI and
30 with no history of neonatal AKI) from the original study
cohort [22] participated in the current study. Despite
recruitment efforts being inclusive of all stages of AKI,
there were no children with stage 2 or 3 neonatal AKI
history who responded for follow-up. The median age of
participants was 8 years (IQR 6-9) at the time of the study
visit. Fifteen of 43 (35%) participants presented with pre-
viously undiagnosed RI, including 4 of 13 (30%) children
with a history of stage 1 AKI, and 11 of 30 (36%) children
without neonatal AKI history. Ten of these children (23%)
met criteria for current RI and were referred for immediate
nephrology evaluation; the other five children were at risk
for RI and were referred for nephrology evaluation in 1
year. Of the ten children who were referred for immediate
nephrology follow-up, three (30%) had a history of stage 1
AKI. Of the 5 children at risk for RI, one (20%) had a
history of stage 1 AKI.

There were five children born to mothers with hyper-
tensive disease during pregnancy who presented for follow-
up. While none of these children had AKI during their
NICU stay, three (60%) had signs of current RI. Of those,
one child had elevated BP at follow-up in addition to
low eGFR.

Table 1 presents univariable analyses of maternal/peri-
natal, neonatal, and clinical factors at the study visit in
children with and without stage 1 AKI during the NICU
hospitalization. Children with a history of stage 1 AKI were
significantly more likely to have a mother with chor-
ioamnionitis at the time of their birth, to be born at a
younger gestational age (GA), to have a lower BW, and to
have a higher Clinical Risk Index for Babies II score [34]
than children without neonatal AKI. Children with a history
of neonatal stage 1 AKI were also more likely to have
received indomethacin for treatment of a patent ductus
arteriosus. While the peak sCr during the NICU hospitali-
zation was higher in children with a history of stage 1 AKI,
the first measured sCr was actually lower in these children.
At the follow-up visit, children with a history of stage 1
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AKI had significantly higher sCr and higher serum NGAL
(sSNGAL). Approximately one-third of children with stage 1
AKT history had signs of RI at follow-up, but this was not
significantly different from the prevalence of RI observed in
children without neonatal AKI. Using linear regression
modeling that included all factors significant in univariable
analyses (maternal chorioamnionitis; GA; neonatal admin-
istration of indomethacin; first and peak neonatal sCr; sCr
and sSNGAL at follow-up), only initial neonatal sCr, peak
neonatal sCr, and current sCr remained significantly asso-
ciated with stage 1 AKI history in the multivariable model
(Fig. 1).

Table 2 presents univariable analyses of maternal/peri-
natal, neonatal, and clinical factors at the study visit in
children with and without any RI. The maternal sCr
immediately prior to delivery was significantly higher in
children with any RI. There were no differences in GA or
BW between the two groups of children. Children with any
signs of RI at follow-up were more likely to be female and
small for gestational age (SGA) at birth, and less likely to
have received ampicillin during their NICU hospitalization
than children with normal renal function at follow-up.
Urinary NGAL (uNGAL) at the time of the study visit was
significantly higher in children with any RI. A multivariable
model for RI was attempted but did not converge due to the
limited sample size.

Figure 2 shows the full range of eGFRs at follow-up
calculated using the CKiDy.q and CKiDy, equations. In
Fig. 3, eGFR values derived from each equation are com-
pared between children with and without neonatal stage I
AKI history. The eGFR calculated using CKiDyq was
significantly higher than the eGFR calculated using CKiDygy
for children with (CKiDyeq 114 vs. CKiDg, 103, p <0.05)
and without (CKiDypeq 125 vs. CKiDgy 104, p <0.000)
neonatal AKI history.

In addition to urine and sNGAL, other biomarkers
measured at the study visit included serum cystatin C and
urinary B2M. Mean cystatin C was 0.73 £0.08, with no
significant difference between children with and without
any RI. Mean urinary B2M in all children at follow-up was
124.8 £ 103 pg/L, with no significant difference between
children with and without signs of RI.

Discussion

In this small single-center cohort study, approximately one-
third of children born at <30 weeks gestation with a history
of stage 1 neonatal AKI had signs of RI at age 5-9 years.
However, this was not higher than the observed prevalence
of any RI in children born preterm with no AKI history.
This contrasts with the findings of a recent study by Harer
et al. in which neonatal AKI history carried a 4.5-fold risk
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Table 1 Perinatal, neonatal and clinical factors at follow-up in children
with and without a history of neonatal Stage 1 AKI.

No AKI Stage 1AKI p value
(N =30) (N=13)
Maternal factors
Multiple gestation® 18 (60.0%) 5 (38.5%) 0.32
Diabetes mellitus® 4 (13.3%) 2 (15.4%) 1.00
Hypertension® 4 (13.3%) 0 (0.0%) 0.30
Pre-eclampsia® 5 (16.7%) 0 (0.0%) 0.30
Preterm labor® 17 (56.7%) 4 (30.8%) 0.19
PPROM* 10 (33.3%) 4 (30.8%) 1.00
Chorioamnionitis® 3 (10.0%) 6 (46.2%) 0.01
sCr prior to deliveryb, mg/dL 11; 0.60+£0.09 5;0.50+0.12 0.13
Neonatal factors
Female® 13 (43.3%) 3 (23.1%) 0.31
GA®, weeks 27614 258+1.8 <0.01
Birthweight®, g 1084 +259 916+215 0.04
SGA? 4 (13.3%) 2 (15.4%) 1.00
CRIB II Score® 28; 7.50 12; 11.50 0.01
(6.75, 10.00) (8.75, 13.25)
RDS* 26 (86.7%) 13 (100.0%) 0.29
Surfactant® 24 (80.0%) 12 (92.3%) 0.41
Indomethacin® 11 (36.7%) 10 (76.9%) 0.02
PDA? 2 (6.7%) 2 (15.4%) 0.57
Hypotension® 12 (40.0%) 8 (61.5%) 0.32
Pressors/steroids® 10 (33.3%) 6 (46.2%) 0.50
Sepsis® 3 (10.0%) 1 (7.7%) 1.00
Ampicillin® 28 (93.3%) 10 (76.9%) 0.15
Gentamicin® 28 (93.3%) 11 (84.6%) 0.57
Vancomycin® 3 (10.0%) 1 (7.7%) 1.00
NEC 0 (0.0%) 0 (0.0%)
SIP 0 (0.0%) 0 (0.0%)
First sCr°, mg/dL 0.93+0.12 0.81+0.13 0.01
Peak sCr®, mg/dL 1.03+0.14 1.26 £0.30 0.02
Final sCr°, mg/dL 0.50+£0.19 0.44+0.12 0.22
Factors at follow-up visit
Referral for any RI* 11 (36.7%) 4 (30.8%) 1.00
Age, years® 8 (6.0, 9.0) 8 (6.0, 9.0) 0.91
Height, z-score? —0.04 £1.08 —0.27+0.73 0.41
Weight, z-score? 0.08 = 1.31 —0.24 +1.08 0.42
BMI®, z-score 0.08 £1.41 —0.18+1.24 0.55
SBP®, z-score 0.51+0.94 11; 0.19+0.88 0.32
DBP®, z-score 0.20+£0.62 11; 0.75+0.95 0.10
BUN®, mg/dL 15.00 £2.45 9; 13.89+3.79 0.43
eGFR, CKiDygy equation®, mL/ 29; 103.74 + 9; 102.72+9.78  0.79
min/1.73 m? 9.46
eGFR, CKiDypeq equation®, mL/ 124.69 +13.47  9; 114.00 = 0.11
min/1.73 m? 16.71
Urine protein®, mg/dL 15.03 £10.57 1592 +6.91 0.75

Urine creatinine”, 110.36 +36.15 115.73+50.30 0.73

mg/dL
upPC® 0.13+0.05
Serum and urine biomarkers at follow-up visit

0.14 +£0.04 0.61

Childhood sCr®, 0.42+0.06 9; 0.48 +0.07 0.03
mg/dL
Cystatin C°, ng/L 29;0.73+0.08 9; 0.73+0.06 0.94

Urine B2MS, pg/dL 28; 90 (62, 146) 100 (96, 174) 0.22

sNGAL®, ng/ml 26; 55.59 + 9; 80.62+28.50 0.03
21.91
uNGAL?®, ng/ml 28;4.27+4.54 11;4.02+2.85 0.83

If data were missing, N; precedes summary statistic.

AKI acute kidney injury, PPROM preterm premature rupture of
membranes, sCr serum creatinine, GA gestational age, SGA small for
gestational age, CRIB Clinical Risk Index for Babies, RDS respiratory
distress syndrome, PDA patent ductus arteriosus, NEC necrotizing
enterocolitis, SIP spontaneous intestinal perforation, RI renal insuffi-
ciency, BMI basal metabolic index, SBP systolic blood pressure, DBP
diastolic blood pressure, BUN blood urea nitrogen, eGFR estimated
glomerular filtration rate, CKiD chronic kidney disease in children
study, UPC urine protein: creatinine ratio, B2M beta-2-microglobulin,
sNGAL serum neutrophil gelatinase-associated lipocalin, uNGAL urine
neutrophil gelatinase-associated lipocalin.

n (%) and p value of the Fisher’s exact test.
®Mean * (sd) and p value of ¢ test.
“Median (IQR) and p value of 7 test.

of renal dysfunction at follow-up when compared with
preterm birth without AKI [3]. While they also evaluated a
VLBW cohort, the children were significantly younger at
the time of follow-up evaluation and the majority of the
AKI group had more severe stage 2 or 3 neonatal AKI
history. In another prospective study of former ELBW
infants with and without neonatal AKI, AKI was not
associated with higher risk of CKD in childhood; however,
the sole criteria for defining CKD in this study was eGFR <
90 mL/min/1.73 m* and the eGFR calculation used is not
clear [26]. Methodological differences and representation of
more severe AKI in these studies unfortunately preclude
meaningful comparison with our results. In our study, 15
children (35%) had signs of RI concerning for evolving
CKD. These findings are consistent with other follow-up
studies of preterm and LBW cohorts that report CKD pre-
valence at 23-45% [3-5, 19]. Both SGA and female sex
have previously been identified as risk factors for CKD
[2, 16, 33]. While SGA has been examined as an inde-
pendent risk factor for CKD in the preterm population
[2, 16], the risk of CKD progression associated with female
sex has not been described in survivors of prematurity. In
another high-risk pediatric population (heart transplant
recipients), however, females were significantly more likely
to have CKD at a mean age of 9.9 years at follow-up [35]. It
should be noted that the CKiDyg,; equation utilizes a cor-
rection factor for male sex resulting in a higher eGFR than
would be determined for a female with otherwise equal
height and laboratory values; this may explain the sex dif-
ferences noted between groups with and without RI in our
study. Further studies are needed to determine if female sex
independently increases the risk for progression to CKD in
children with a history of preterm birth.

Early identification of CKD is necessary to inform dosing
for renally cleared medications; enhance screening and early
intervention for comorbid cardiovascular disease, anemia,
renal osteodystrophy, neurocognitive deficits, and growth
impairment; and increase attention to other modifiable risk
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Effect Estimate 95% CI

Chorioamnionitis 0.18 [-0.09, 0.45] =t
Gestational Age -0.02 [-0.11, 0.06] L]
Indomethacin -0.01 [-0.23,0.20] =
First neonatal Cr -143 [-2.40, -0.47] A |
Peak neonatal Cr 1.07 [0.26, 1.88] A
Follow-up sCr 175 [0.41,3.09] —
Follow-up SNGAL 0.00 [-0.0002, 0.007] ¥

2 45 1 05 0 05 1 15 2
Effect on ststus of neonatal AKI

Fig. 1 Factors associated with neonatal Stage 1 AKI. Using linear
regression modeling that included factors significant in univariable
analyses, only initial neonatal sCr, peak neonatal sCr, and current sCr
remained significantly associated with stage 1 AKI history.

factors including obesity, hypertension, hyperlipidemia, and
diabetes. This requires vigilant screening of high-risk
populations, guidelines for preferred testing and frequency
of kidney health evaluations, and clearly defined thresholds
for subspecialty referral. The 2012 Kidney Disease
Improving Global Outcomes (KDIGO) Work Group defines
CKD as either eGFR < 60 ml/min/1.73 m* for >3 months or
eGFR > 60 ml/min/1.73 m?, with additional signs of renal
dysfunction (albuminuria, imaging or histologic abnormal-
ities, urinary sediment or other evidence of tubular dys-
function) [36]. The guidelines also suggest staging CKD by
cause, degree of albuminuria and GFR—relevant to this
discussion is the classification of GFR =90 ml/min/1.73 m*
as normal and GFR 60-89 ml/min/1.73 m’> as mildly
decreased, or stage 2 CKD when in the setting of other renal
dysfunction. Both the longitudinal CKiD study and several
smaller prospective analyses of children at risk for CKD
utilize the cutoff of 90 ml/min/1.73 m? in definitions of CKD
and/or RI [3-5, 26, 35, 37, 38]. In this study, we utilized the
threshold of 90 ml/min/1.73 m? rather than 60 ml/min/1.73
m? because our goal was not to diagnose and stage CKD, but
to identify any signs of RI ideally well before kidney
function has declined to the levels consistent with the
KDIGO definition of CKD. While GFR > 90 ml/min/1.73 m?
is technically classified as normal, the higher baseline risk of
our population prompted the decision to recommend chil-
dren with borderline values (90-99 ml/min/1.73 mz) for
repeat kidney health evaluation with nephrology in 1 year, to
ensure follow-up for study subjects with “normal” but
potentially declining renal function that could not be deter-
mined within this cross-sectional analysis. Further compli-
cating characterization of CKD progression in children is the
challenge of measuring GFR. While renal inulin clearance is
still the gold standard for measured GFR, it is technically
challenging in children and moderately invasive, requiring
an IV infusion and often a urinary catheter. More ideal for
routine screening of high-risk populations is the use of
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eGFR, for which multiple estimating equations have been
developed and studied in children. While many eGFR
equations have shown significant correlation with measured
GFR in large studies of children with CKD [29, 30], few
have been validated in children with normal renal function
[39—-42]. In our study, the multivariate CKiDy,; equation
incorporating both sCr and cystatin C identified 11 children
(26% of the study population) with decreased eGFR,
whereas the CKiDyq only identified 2 children (5% of the
study population) with decreased eGFR. Pediatric popula-
tions with increased risk for CKD (ie. history of preterm
birth, SGA, LBW, and AKI history) should be screened for
RI using multiple measures of renal function, as it remains
unclear which eGFR equation is most reliable in this setting.
An eGFR <90 ml/min/1.73 m? in known high-risk popula-
tions should prompt further workup, consideration for
nephrology referral and measures to mitigate risk for pro-
gression to CKD whenever possible.

Comprehensive longitudinal screening of high-risk chil-
dren should assess for other signs of renal dysfunction,
including hypertension and proteinuria. Hypertension has
been independently associated with CKD progression in
children with both glomerular and non-glomerular disease
[43, 44]. In studies of children born preterm, rates of
hypertension vary widely depending on definitions used and
age at follow-up [3, 4, 15, 18]. Early recognition of
hypertension is important not only for identifying children
with RI and predicting CKD progression, but also because it
represents a potentially modifiable risk factor for comorbid
cardiovascular disease [45]. In our study, none of the chil-
dren presented with isolated hypertension. Proteinuria,
albuminuria, and/or hypoalbuminemia are also important
indices of renal function. Elevated UPC ratio and hypoal-
buminemia are both associated with a significant decrease in
time to need for renal replacement therapy or 50% reduction
in GFR in children with both glomerular and non-
glomerular disease [41]. Baseline proteinuria is indepen-
dently associated with CKD progression in children with
non-glomerular CKD [44]. In our cohort, all children
referred to nephrology for proteinuria presented with ele-
vated UPC as their sole index of renal dysfunction, which
underscores the importance of urine screening in high-risk
populations during childhood.

We previously reported on the lower incidence of AKI in
neonates born to mothers with pre-eclampsia and/or
mothers who received intrapartum magnesium [22]. In our
small cohort, several children born to mothers with hyper-
tensive disease of pregnancy presented with evidence of RI
at follow-up. Despite the seemingly protective effects
against neonatal AKI acutely, it is unclear whether that
translates to better long-term renal outcomes.

In our study, we assessed markers of tubular function
including urinary B2M, and urine and sSNGAL. Urinary B2M
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Table 2 Perinatal, neonatal and clinical factors at follow-up in children

with and without any RI.

Normal renal Referral for any RI ~ p value
function (N=15)
(N=28)
Maternal factors
Multiple gestation® 14 (50.0%) 9 (60.0%) 0.74
Diabetes mellitus® 4 (14.3%) 2 (13.3%) 1.00
Hypertension® 2 (7.1%) 2 (13.3%) 0.60
Pre-eclampsia® 2 (7.1%) 3 (20.0%) 0.32
Preterm labor® 15 (53.6%) 6 (40.0%) 0.52
PPROM* 11 (39.3%) 3 (20.0%) 0.31
Chorioamnionitis® 6 (21.4%) 3 (20.0%) 1.00
sCr immediately 12; 0.54 £0.10 4; 0.68 +£0.06 0.01
prior to delivery®,
mg/dL
Neonatal factors
Female® 4 (14.3%) 12 (80.0%) 0.00
GA, weeks® 26.8+1.8 275+1.6 0.21
Birthweight®, g 1058 +262 988 +248 0.40
SGA* 1 (3.6%) 5 (33.3%) 0.02
CRIB 1I Score” 25;9 (7, 12) 7 (7, 10) 0.18
RDS* 25 (89.3%) 14 (93.3%) 1.00
Surfactant® 23 (82.1%) 13 (86.7%) 1.00
Indomethacin® 16 (57.1%) 5 (33.3%) 0.20
PDA ligation® 3 (10.7%) 1 (6.7%) 1.00
Hypotension® 13 (46.4%) 7 (46.7%) 1.00
Pressors/steroids® 12 (42.9%) 4 (26.7%) 0.34
Sepsis® 3 (10.7%) 1 (6.7%) 1.00
Ampicillin® 27 (96.4%) 11 (73.3%) 0.04
Gentamicin® 27 (96.4%) 12 (80.0%) 0.11
Vancomycin® 2 (7.1%) 2 (13.3%) 0.60
NEC 0 (0.0%) 0 (0.0%)
SIP 0 (0.0%) 0 (0.0%)
First sCr®, mg/dL 0.89+0.14 0.91+0.11 0.61
Peak sCr°, mg/dL 1.14+0.25 1.02+0.15 0.06
Final sCr®, mg/dL 0.46+0.18 0.51+0.15 0.33
Factors at follow-up visit
Age’, years 8.00 (6.0, 9.0) 6.00 (5.0, 8.5) 0.12
Height®, z-score —0.05+1.09 —0.22+0.78 0.57
Weight®, z-score 0.20+1.14 —0.43+£1.37 0.14
BMI", z-score 0.26 +1.20 —0.48+1.53 0.12
SBP*, z-score 26; 0.41 +1.07 0.44 +0.62 0.92
DBP*, z-score 26; 0.33+0.76 0.38£0.77 0.82
Blood urea 26; 14.35+2.83 13; 15.54 £2.67 0.21
nitrogen®, mg/dL
eGFR®, CKiDyy 25; 108.81 £5.56 13; 93.28 +6.27 <0.001
equation, mL/min/
1.73 m?
eGFR®, CKiDpeq 26; 128.18 + 13; 110.32 £ 13.29  <0.001
equation, mL/min/ 11.66
1.73 m?
Urine protein®, 14.79 +6.31 16.27 +13.94 0.70
mg/dL
Urine 116.87 +43.08 102.86 +34.34 0.25
creatinine®, mg/dL
UPC 0.13+0.03 0.15+0.07 0.22
Serum and urine biomarkers at follow-up visit
Childhood sCr®, 26; 0.42 +0.05 13; 0.47 £0.08 0.07
mg/dL
Cystatin Cb, ng/L 25; 0.72+0.08 13; 0.75+£0.08 0.39

Table 2 (continued)

Normal renal Referral for any RI ~ p value

function (N=15)

(N =28)
Urine B2M¢, pg/dL. 27; 114 (79, 166)  14; 83 (65, 97) 0.83
sNGAL®, ng/ml 22;60.89 £27.50 13; 63.95+23.69 0.73
uNGAL", ng/ml 25;2.82+2.93 14; 6.67 +4.79 0.01

If data were missing, N; precedes summary statistic.

AKI acute kidney injury, PPROM preterm premature rupture of
membranes, sCr serum creatinine, GA gestational age, SGA small for
gestational age, CRIB Clinical Risk Index for Babies, RDS respiratory
distress syndrome, PDA patent ductus arteriosus, NEC necrotizing
enterocolitis, SIP spontaneous intestinal perforation, R/ renal insuffi-
ciency, BMI basal metabolic index, SBP systolic blood pressure, DBP
diastolic blood pressure, BUN blood urea nitrogen, eGFR estimated
glomerular filtration rate, CKiD chronic kidney disease in children
study, UPC urine protein: creatinine ratio, B2M beta-2-microglobulin,
sNGAL serum neutrophil gelatinase-associated lipocalin, uNGAL urine
neutrophil gelatinase-associated lipocalin.

%n (%) and p value of Fisher’s exact test.
"Mean + (sd) and p value of ¢ test.
“Median (IQR) and p value of 7 test.

excretion was similar in children with and without any current
RI. While a reference range for serum B2M exists for healthy
children, there are no normative values for urinary B2M to
enable comparison of our data with low-risk children with
normal renal function [46]. Median sSNGAL at follow-up for
all children in our study was similar to that of healthy children
[47]. Despite evidence of acute SNGAL elevations following
AKI [48], it has not been previously evaluated as a biomarker
for remote AKI history. In our study population, while
sNGAL was significantly higher in the AKI group in uni-
variable analysis, there was no significant relationship
between neonatal AKI and current SNGAL in multivariable
analysis. Furthermore, all SNGAL values in children with
AKT history fell within normal reference ranges and therefore,
clinical significance of any difference between groups remains
unclear. Bennet et al. described a significant difference in
uNGAL excretion between healthy males and females across
all age groups, with median uNGAL excretion in the 5-9 age
group 2.6x higher in females [49]. In our subjects, uUNGAL at
follow-up was significantly higher in children with RI in
univariable analysis—this may be due to the female pre-
dominance of the RI group.

Our study is limited by a small sample size and single-
center study population. Furthermore, we only enrolled
children with stage 1 AKI history and thus may be inade-
quately powered to detect a true difference in RI between
AKI and non-AKI groups. Although we targeted children
with a history of any stage AKI, we were only contacted by
participants with a history of no AKI or stage 1 disease. It
may be that children with a history of more severe neonatal
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AKI had already been evaluated for kidney disease based on
history, and therefore did not respond to study outreach.
Alternatively, children with a history of more severe neo-
natal AKI may have more significant generalized morbidity
related to prematurity and thus a lower response rate. In
fact, in-hospital mortality of our original cohort with stage
2-3 AKI was 41%. As our power calculation was based on
a study with a more heterogenous AKI group predominantly
comprised of subjects with history of more severe stage 2—3
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Fig. 2 Comparison of eGFR values using the full (CKiDg,,) and
bedside (CKiDy,.q) equations. Median eGFR values were significantly
higher with use of the bedside calculation.
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injury [3], our study may be underpowered to detect an
association between stage 1 AKI and CKD in childhood. As
long-term follow-up studies of kidney function in children
born preterm are scarce, it is difficult to determine what
sample size is necessary to enable characterization of the
independent effect of mild neonatal AKI on renal function
of former preterm infants in early childhood, if any exists.
Another limitation is the lack of gold standard GFR mea-
surements for validation of eGFRs calculated by either the
bedside or CKiDy, equations, as well as the lack of a
control group of age-matched healthy term children. Last,
only a single BP measurement was obtained, whereas
ambulatory blood pressure monitoring may be more
appropriate for this high-risk population [45].

Conclusion

This study of children born before 30 weeks gestation
identified a high prevalence of RI at a median of 8 years of
age. While one-third of children with neonatal stage 1 AKI
history had signs of RI at follow-up, this was not sig-
nificantly different from children with no AKI history.
Larger prospective studies are needed to investigate the
impact of mild neonatal AKI on long-term renal outcomes
in the ex-preterm population, determine the optimal timing
and frequency of screening for CKD, and define thresholds

eGFR (CKiDsun) AKI vs no AKI

160 -

a—.
E 140 -
(AN
i
=
% 120 - .
EE‘ 0 . . .
b - . -
{I:‘]_? 100 - - . *
- -
& gh - Ty *
-
a0 -
Mo AKI Stage | AKI

Fig. 3 Comparison of eGFR values for children with and without Stage 1 AKI history using the bedside and full CKiD equations. Median
eGFR was significantly higher using the bedside estimating equation for children with and without AKI history.

SPRINGER NATURE



Renal insufficiency in children born preterm: examining the role of neonatal acute kidney injury 1439

for nephrology referral and/or intervention. Screening of
high-risk populations should incorporate multiple markers
of renal function including blood pressure, urine protein
excretion, and eGFR. Further studies are needed to establish
normal pediatric reference ranges for urinary biomarkers
and their role in identifying children with RI.
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