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Abstract

Background Chronic kidney disease (CKD) is a major health problem, and the risk of CKD and hypertension in children
born low birth weight (LBW) is under-recognized. We hypothesized that children born with LBW would have a higher
prevalence of reduced kidney function and hypertension.

Methods Using the National Health and Nutrition Examination Survey (NHANES), we conducted a cross-sectional study
to evaluate whether LBW (<2500 g), very low birth weight (VLBW < 1500 g), and large birth weight (BW) (>4000 g) were
associated with kidney disease using 4 different estimating equations. We used the Counahan—Barratt, updated Schwartz,
CKiD-U25, and full age spectrum creatinine-based GFR estimating equations to evaluate associations between a history
of LBW/VLBW/large BW and reduced kidney function (eGFR <90 mL/min/1.73 m?) in children. We also assessed blood
pressure (BP) using the old and new pediatric hypertension guidelines.

Results Our analysis included 6336 children (age 12—15 years) in NHANES representing over 13 million US individuals.
Using the updated Schwartz, the prevalence of reduced kidney function was 30.1% (25.2-35.6) for children born with LBW
compared to 22.4% (20.5-24.3) in children with normal BW. Equations yielded different estimates of prevalence of reduced
kidney function in LBW from 21.5% for Counahan—Barratt to 35.4% for CKiD-U25. Compared to those with normal BW,
participants with LBW and VLBW had a 7.2 and 10.3% higher prevalence of elevated BP and a 2.4 and 14.6% higher preva-
lence of hypertension, respectively.

Conclusions Children born with LBW are at higher risk of reduced kidney function and hypertension than previously
described.
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general pediatric population, and their life expectancy is
approximately 50 years less than that of a healthy child [1].
Given the high morbidity and mortality, focus on preven-
tion and early detection is vital to affect the global burden
of kidney disease.

A prior study used the National Health and Nutrition
Examination Survey (NHANES) data to evaluate preva-
lence of CKD in adolescents with a history of being born
with low birth weight (LBW <2500 g) or very low birth
weight (VLBW < 1500 g)[2]; however the use of the Cou-
nahan—Barratt equation to calculate estimated glomerular
filtration rate (eGFR) and older 2004 pediatric hypertension
guidelines underestimates the risk of CKD and hyperten-
sion and is not applicable to clinical practice today [3]. The
updated Schwartz equation developed from the National
Institutes of Health (NIH)-funded Chronic Kidney Disease
in Children (CKiD) study is more sensitive, more widely
used, and validated in children with normal kidney func-
tion [4-7]. The updated Schwartz, however, overestimates
measured GFR at lower GFR values [7, 8]. Newer developed
equations attempt to reduce this bias in estimating GFR. The
CKiD under 25 (U25) equation [9] uses an age-and sex-
dependent constant (K), and the full age spectrum equation
(FAS) adjusts the serum creatinine to the median creatinine
for age and sex within a healthy subpopulation [8]. Simi-
larly, the newer 2017 pediatric hypertension guidelines by
the American Academy of Pediatrics (AAP) more accu-
rately estimate the prevalence of hypertension in children,
since children who were overweight or obese are no longer
included in the development of normative data tables [10].
We undertook this study to evaluate associations between a
history of LBW and kidney disease as assessed by the newer
developed eGFR equations and hypertension using the 2017
pediatric guidelines [2, 11]. To our knowledge, this is the
first large study using these tools to identify kidney disease
in the general pediatric population.

Methods

The National Health and Nutrition Examination Survey
(NHANES) is a nationally representative, population-based
study in the United States conducted in 2-year cycles by the
National Center for Health Statistics (NCHS) of the Centers
for Disease Control and Prevention (CDC) [12]. NHANES
methods for sampling have been well described previously
[13]. We combined data from 9 cycles of NHANES and
analyzed 6336 children (age 12—15 years) who participated
in the NHANES from 1999 to 2016. Birth weight (BW),
based on parental recollection, was collected up to age 15,
and creatinine was available in those 12 and older. Among
8172 eligible participants, 487 with missing birth weight and
308 with missing height/weight were excluded. Participants
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were also excluded if they were missing outcome variables
or were pregnant (n=9) at the time of assessment (Fig. 1).
This cross-sectional study was approved by the Institutional
Review Board of Montefiore/Einstein (#2019-10,964).
Demographic, questionnaire, examination, and laboratory
data were obtained from the NHANES website (https://
www.cdc.gov/nchs/nhanes/index.htm).

Primary exposure

Low birth weight (LBW) was defined as BW <2500 g, very
low birth weight (VLBW) <1500 g, and large BW >4000 g
according to the World Health Organization definitions
[14] reported in the early childhood section of NHANES.
These were each compared to children with normal BW of
25004000 g [15].

Primary outcome: kidney function

Two CKD outcomes were assessed defined by reduced
eGFR: 1) <90 mL/min per 1.73 m?) [15] as defined by
the KDIGO guidelines for stage 2 CKD and 2) <75 mL/
min/1.73 m? utilized in a prior publication on kidney func-
tion in adolescents with LBW [2]. We calculated eGFR
using four creatinine-based equations for comparison, the
updated Schwartz, Counahan—Barratt equation, CKiD U25,
and FAS equations. Serum creatinine was measured using
the Jaffe rate method in all participants using different ana-
lyzers in different survey years and was re-calibrated as rec-
ommended [16].

Secondary outcome: blood pressure

Hypertension was defined as a systolic or diastolic blood
pressure (BP) of > 95" percentile for age, sex, and height
using the 2017 American Academy of Pediatrics (AAP)
“Clinical Practice Guideline for Screening and Management
of High Blood Pressure in Children and Adolescents” [10] or
the 2004 National High Blood Pressure Education Program
(NHBPEP) Working Group on Children and Adolescents’
“Fourth Report on the Diagnosis, Evaluation, and Treat-
ment of High Blood Pressure in Children and Adolescents”
guidelines [17]. Elevated BP > 90th percentile for age, sex,
and height using the 2017 American Academy of Pediatrics
(AAP) hypertension guidelines was compared to the 2004
pre-hypertension > 90th percentile cut-offs. Blood pressure
was taken manually in the right upper extremity for three
consecutive measurements after the participant was seated
quietly for 5 min. The mean was used for analyses.

Of note, to clinically diagnose CKD and hypertension,
eGFR and blood pressure readings over time from separate
encounters are required; therefore, this study is a surrogate
for disease since there was only one encounter.


https://www.cdc.gov/nchs/nhanes/index.htm
https://www.cdc.gov/nchs/nhanes/index.htm
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Fig. 1 Flowchart of participants.
There were 8172 eligible 12- to
15-year-old participants. Those
missing critical data or outcome
variables were excluded: birth
weight: n =487, height/weight:
n=308, blood pressure: n=252,
and eGFR: n="780 participants.
Participants were also excluded

NHANES
Age 12-15
(n=8172)

if they were pregnant n=9 at |
the time of assessment

Missing birthweight
(n=487)

BMI missing
(n=308)

BP missing
(n=252)

eGFR missing
(n=780)

Pregnant (n=9)

A 4

Covariates

Demographic information was collected by questionnaire
and included self-reported age, sex, and race/ethnicity. The
poverty income ratio (PIR) was calculated by dividing the
participant’s household income specific to family size
over a poverty threshold for that year defined by the US
Census. We categorized PIR as below the poverty thresh-
old, at or above poverty level, and >200% above poverty
level [18]. Maternal smoking during pregnancy status was
self-reported by the parent/guardian and obtained from the
early childhood questionnaire. Body mass index (BMI)
(kg/m?) was calculated from participants’ measured weight
(kg) and height (cm) and categorized as normal weight,
overweight, and obese, defined using the CDC guidelines
in percentile cutoffs for age and sex [19]. Albuminuria
was obtained from a spot urine collection measuring both
albumin and creatinine.

Study population
Table 1 (n=6336)

Statistical analysis

The complex NHANES survey design was accounted for
by using the appropriate sampling weights and svyset com-
mands in STATAv16 (StataCorp, College Station, TX,
USA). This accounts for unequal probabilities, adjustments
for non-response, and matched population estimates from
the Census Bureau. A p-value < 0.05 (2-sided) was con-
sidered statistically significant. Continuous variables were
described using means and standard errors, and Student’s
t-test was used for comparisons of normal birth weight
vs. LBW. Categorical variables were described using per-
centages, and chi-squared test was used for comparisons.
Using the different estimating equations and hypertension
guidelines, we calculated the prevalence of reduced kid-
ney function and elevated BP/hypertension. We assessed
the association of the primary outcome of reduced kidney
function with a history of LBW, VLBW and large BW. We
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also assessed the association of the secondary outcome,
hypertension with a history of LBW, VLBW, and large BW.
We used weighted multivariable logistic regression models
adjusted for age, sex, race/ethnicity, poverty income ratio,
BMI category, maternal smoking during pregnancy, survey
year, and hypertension or reduced kidney function if assess-
ing primary versus secondary outcome. These were selected
given their individual associated risk of kidney disease and
potential for confounding. Subgroup (or stratified) analy-
ses were done by sex (i.e., male vs. female) and race/eth-
nicity (i.e., non-Hispanic White, non-Hispanic Black, and
Mexican Americans). Other ethnicities did not have suffi-
cient representation within groups to yield accurate results.
Interaction by sex and race/ethnicity were assessed by plac-
ing a multiplicative term with LBW/VLBW/large BW and
the outcome of interest. A p-value for interaction <0.1 was
considered significant. Sensitivity analysis was conducted
using different definitions of reduced kidney function with
eGFR <90 mL/min/1.73 m?, including 1) low eGFR or the
presence of albuminuria > 30 mg/g, and 2) the use of the
same equations with additional information about cystatin
C among birth weight groups. Cystatin C was corrected to
IFCC standards for use in the U25 combined and cystatin
C-based eGFR equations. Agreements among eGFR equa-
tions were assessed using kappa statistics.

Results
Participant characteristics

A total of 6336 children aged 12 to 15 years old represent-
ing 13,751,336 US individuals were included in the analysis
(Fig. 1). The mean age was 13.5 years; 52.4% were male,
59.3% non-Hispanic White, 13.8% Black, 13.0% Mexican
American, 6.9% Hispanic, and 7.0% other race. Character-
istics of study participants are shown in Table 1. Of children
born with LBW, 25.1% were Black, 27.9% were poor, and
23.5% were exposed to maternal smoking during pregnancy.
Of those born with VLBW, 33.0% were Black, 42.1% were
poor, and 20% were exposed to maternal smoking. Most
children with VLBW were male (61.7%).

Associations between birth weight and reduced
kidney function

Using the updated Schwartz equation, the prevalence of
reduced kidney function (eGFR <90 mL/min/1.73 m?) was
30.1% (25.2-35.6) for children born with LBW compared
to 22.4% (20.5-24.3) in children with normal birth weight
(Table 1). These estimations were lower using the Couna-
han—Barratt equation, 21.5% (16.7-27.2), and FAS equa-
tions, 22.2% (18.1-26.9), and higher using the CKiD-U25
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equation, 35.4% (30.3-40.8). Among children with obesity,
30.8% (20.8-43.0) of those born with LBW had reduced kid-
ney function (data not shown). Black children had the high-
est prevalence, 37.4 (30.7-44.6), of reduced kidney function
(Fig. 2). There was no difference in income ratio among
children with reduced kidney function (data not shown).
Compared to children with normal birth weight, the
odds ratio for the presence of reduced kidney function
(eGFR <90 mL/min/1.73 m?) using the updated Schwartz
was 1.49 (1.11-2.00) for children born with LBW when
adjusted for covariates (Table 2). The corresponding
adjusted OR was 1.42 (1.00-2.01) using the Counahan—Bar-
ratt equation, 1.23 (0.95-1.60) using the CKiD-U25 equa-
tion, and 1.50 (1.15-1.96) using the FAS equation. Children
with VLBW showed similar results although only the FAS
equation remained significant 2.17 (1.02—4.64) (Table 3).
Children with large BW showed conflicting results (Table 4).

Subgroup analysis

None of the eGFR equations showed a significant interaction
with race/ethnicity or sex using cutoff of p <0.1. Subgroup
analyses are shown in Fig. 2 and Table S1.

Sensitivity analysis

The associations between LBW and reduced kidney func-
tion (eGFR <90 mL/min/1.73 m?) were robust to differ-
ent definitions of kidney dysfunction, including the use of
albuminuria or cystatin C-based equations. Defining the
outcome with reduced kidney function or albuminuria, the
updated Schwartz showed an odds ratio of 1.46 (1.11-1.93),
the Counahan—Barratt 1.40 (1.02-1.91), the CKiD-U25 1.25
(0.98-1.60), and the FAS 1.47 (1.14-1.89) for reduced kid-
ney function in children with LBW. Using combined cre-
atinine and cystatin C equations, estimates for GFR were
lower than the creatinine-based equations, and prevalence of
reduced eGFR (<90 mL/min/1.73 m?) was higher (Table S2).
The creatinine—cystatin C-based CKiD Eq. (2012) showed
an odds ratio of 2.82 (0.92-8.60), the CKiD-U25 combined
Eq. 1.87 (0.76-4.58), and the FAS combined Eq. 2.95 (0.98-
8.86) for reduced kidney function in children with LBW.
Agreement was greater than 80% between creatinine-based
equations and between creatinine-based and combined equa-
tions except between the updated Schwartz and U25 com-
bined equation at 74.5%. Agreements between creatinine and
cystatin C-based equations were less than 80%.

Associations between birth weight and elevated BP/
hypertension

The prevalence of abnormal BP above the elevated BP cut-
off (>90th percentile) was 19.6% (14.8-25.5) and 22.7%
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Table 1 Participant characteristics
Total participants Normal birth weight: ~ Very low birth Low birth Large birth
2500-4000 g weight < 1500 g weight <2500 g weight >4000 g
Participants 6336 4960 94 586 790
Representative popula- 13,751,336 10,906,093 157,309 1,037,157 1,772,087
tion
Percentage of total (%) 79 1 8 13

Age (years)
Sex (% male)
Race/ethnicity
White (%)
Black (%)
Mexican—American
(%)
Hispanic (%)
Other race (%)

13.5(13.5-13.6)
52.4 (50.7-54.0)

59.3 (56.2-62.4)
13.8 (12.2-15.6)
13.0 (11.2-15.0)

6.9 (5.7-8.2)
7.0 (5.9-8.2)

13.5(13.5-13.6)
50.4 (48.4-52.3)

59.3 (56.0-62.5)
13.3 (11.7-15.2)
12.9 (11.0-14.9)

7.3 (6.0-8.7)
7.2 (6.0-8.7)

Ratio of family income to poverty (PIR) n=5942; 12,697,884

Poor (%)
Not so poor (%)
200% above the
poverty level (%)
Maternal smoking dur-
ing pregnancy
BMI, average kg/m?
Normal weight (%)
Overweight (%)
Obese (%)
Blood pressure
>90th elevated BP
2017/HTN
>95th hyperten-
sion 2017
>90th pre-hyper-
tension 2004/
HTN
> 95th hyperten-
sion 2004
Reduced kidney func-
tion
Updated Schwartz
equation, average
eGFR <90 mL/
min/1.73 m?
eGFR <75 mL/
min/1.73 m?
Counahan—Barratt
equation, average
eGFR <90 mL/
min/1.73 m?
eGFR <75 mL/
min/1.73 m?
CKiD-U25 equation,
average
eGFR <90 mL/
min/1.73 m?

21.0 (19.3-22.9)
22.2 (20.7-23.7)
56.8 (54.4-59.2)

15.6% (14.2-17.2)

22.6 (22.4-22.8)
61.2 (59.2-63.2)
18.2 (16.8-19.6)
20.7 (19.1-22.3)

12.8% (11.6-14.1)
4.0% (3.4-4.7)

11.2% (10.1-12.4)

3.6% (3.0-4.3)

104.3 (95% CI
103.4-105.2)
22.7% (21.0-24.5)
3.1% (2.6-3.6)
108.6 (107.7-109.5)
16.3% (14.8-17.9)
2.0% (1.6-2.4)

99.9 (99.0-100.7)

29.5% (27.7-31.4)

20.8 (19.0-22.8)
22.5(20.9-24.2)
56.7 (54.1-59.2)

15.9% (14.3-17.6)

22.5(22.3-22.7)
61.5 (59.2-63.7)
18.0 (16.6-19.6)
20.5 (18.8-22.3)

12.4% (11.1-13.8)
3.8% (3.1-4.5)

11.0% (9.9-12.3)

3.4% (2.8-4.2)

104.3 (95% CI

103.4-105.3)
22.4% (20.5-24.3)
2.7% (2.2-3.4)
108.6 (107.6-109.6)
15.8% (14.3-17.5)
1.8% (1.4-2.3)

99.6 (98.7-100.6)

29.6% (27.6-31.7)

13.5 (13.1-13.8)
61.7 (45.5-75.6)

35.4 (16.6-60.2)
33.0(20.6-48.3)
17.8 (10.3-29.0)

8.0 (3.4-18.0)
5.9 (2.1-15.0)

42.1 (29.6-55.6)
13.9 (7.4-24.6)
44.0 (30.3-58.7)

20.0% (10.0-36.8)

23.1 (20.6-25.5)
60.4 (42.8-75.6)
12.0 (6.0-22.5)

27.6 (14.8-45.6)

22.7% (9.9-43.9)
18.4% (6.7-41.5)

22.3% (9.6-43.6)

11.4% (3.2-33.5)

104.8 (95% CI
94.8-114.9)
31.2% (19.4-45.9)
4.1% (1.2-13.2)
109.1 (98.7-119.6)
25.3% (14.1-41.1)
3.6% (1.0-12.6)

102.1 (90.4-113.9)

38.6% (25.0-54.2)

13.6 (13.5-13.7)
49.4 (44.1-54.7)

48.0 (42.0-54.1)
25.1(20.7-30.1)
13.4 (10.6-16.9)

6.1 (4.0-9.1)
7.4 (4.9-10.8)

27.9 (22.9-33.4)
23.0 (18.5-28.2)
49.1 (43.0-55.3)

23.5% (18.5-29.3)

22.5(22.8-23.2)
63.2 (57.3-68.7)
18.8 (14.7-23.7)
18.0 (14.0-22.9)

19.6% (14.8-25.5)

6.2% (3.7-10.3)

15.2% (11.2-20.4)

4.7% (2.6-8.4)

103.1 (95% CI
100.5-105.7)

30.1% (25.2-35.6)

4.8% (3.1-7.4)

107.3 (104.6-110.1)

21.5% (16.7-27.2)

3.2% (1.9-5.4)

98.7 (96.2-101.3)

35.4% (30.3-40.8)

13.5 (13.4-13.6)
66.3 (61.3-71.0)

66.2 (61.5-70.7)
9.8 (8.1-11.8)
13.4 (11.1-16.1)

5.0 (3.4-7.4)
5.5 (3.7-8.3)

18.2 (14.8-22.0)
19.6 (16.2-23.5)
62.3 (57.1-67.2)

9.4% (7.2-12.3)

23.1 (22.6-23.7)
58.4 (53.4-63.2)
18.5 (14.9-22.7)
23.1(19.2-22.3)

11.2% (8.4-14.8)
4.3% (2.8-6.7)

9.5% (7.0-12.8)

4.0% (2.5-6.4)

104.8 (95% CI
102.9-106.7)
20.1% (16.6-24.5)
3.9% (2.5-6.3)
109.1 (107.2-111.1)
16.3% (12.9-20.4)
2.4% (1.2-4.5)

101.9 (100.0-103.7)

25.5% (21.2-30.4)
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Table 1 (continued)

Total participants

Normal birth weight:

2500-4000 g

Very low birth
weight < 1500 g

Low birth
weight <2500 g

Large birth
weight >4000 g

eGFR <75 mL/
min/1.73 m?

FAS equation, average

eGFR <90 mL/
min/1.73 m?

eGFR <75 mL/
min/1.73 m?

Average urine microal-
bumin/creatinine,
n=23,672; 5,844,667

>30 mg/g
>300 mg/g

4.9% (4.2-5.7)

109.7 (108.7-110.6)
15.5% (14.2-17.0)

2.1% (1.7-2.6)

25.4 (21.9-28.9)

14.5% (12.9-16.3)
1.2% (0.8-1.8)

4.7% (3.9-5.6)

109.3 (108.3-110.4)
15.5% (14.0-17.1)

2.0% (1.6-2.6)

25.9 (22.2-29.6)

14.6% (12.9-16.5)
1.3% (0.9-2.1)

7.1% (2.8-16.8)

111.4 (95.1-127.8
27.8% (16.2-43.5)

5.1% (1.7-14.3)

14.5 (8.4-20.7)

Too few to estimate

Too few to estimate

6.0% (3.8-9.3)

106.6 (103.4-109.9)
22.2% (18.1-26.9)

3.3% (2.0-5.5)

34.1 (5.6-62.6)

15.5% (10.7-22.1)
1.5% (0.4-6.0)

5.4% (3.7-8.0)

113.6 (111.3-115.8
11.8% (9.1-15.2)

2.1% (1.1-4.2)

17.9 (13.8-22.0)

13.5% (9.2-19.3)
0.3% (0.2-0.7)

Serum and urine creatinine levels from survey years 1999-2000 and 2005-2006 were corrected since creatinine levels were measured using the
Jaffe rate method (kinetic alkaline picrate) with calibration to an isotope dilution mass spectrometry reference method. In later survey years,
creatinine was measured using the standardized Roche enzymatic method. Urinary albumin levels were measured using solid-phase fluorescent

immunoassay
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Fig.2 Prevalence of reduced kidney function, elevated BP, and
hypertension in subgroups of adolescents born with LBW. Subgroup
(or stratified) analyses were done by sex (male vs. female) and race/
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ethnicity (non-Hispanic White, non-Hispanic Black, and Mexican
Americans). Among racial subgroups, Black children had the highest
prevalence of reduced kidney function
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Table 2 Odds ratios for reduced kidney function <90 mL/min/1.73 m? in adolescents with LBW (<2500 g)

eGFR Unadjusted OR p-value Model 2 adjusted OR ~ p-value2  Model 3 adjusted OR2  p-value 3
Updated Schwartz equation
<75 mL/min/1.73 m? 1.81 (1.09-3.00) p=0.02 1.56 (0.92-2.62) p=0.10 1.64 (0.96-2.78) p=0.07
<90 mL/min/1.73 m? 1.50 (1.15-1.94) p=0.003  1.39 (1.05-1.85) p=0.02 1.49 (1.11-2.00) p=0.009
Counahan—Barratt equation
<75 mL/min/1.73 m? 1.78 (0.94-3.39) p=0.08 1.52 (0.79-2.90) p=0.21 1.55 (0.81-2.94) p=0.18
<90 mL/min/1.73 m? 1.46 (1.07-1.98) p=0.02 1.34 (0.95-1.88) p=0.09 1.42 (1.00-2.01) p=0.05
CKiD U25 equation
<75 mL/min/1.73 m? 1.30 (0.78-2.17) p=0.32 1.11 (0.65-1.88) p=0.70 1.17 (0.70-1.96) p=0.56
<90 mL/min/1.73 m? 1.30 (1.02-1.66) p=0.03 1.20 (0.94-1.55) p=0.15 1.23 (0.95-1.60) p=0.11
FAS equation
<75 mL/min/1.73 m? 1.68 (0.97-2.92) p=0.07 1.44 (0.82-2.54) p=0.20 1.52 (0.87-2.66) p=0.14
<90 mL/min/1.73 m? 1.56 (1.21-2.01) p=0.001 1.44(1.11-1.86) p=0.006 1.50(1.15-1.96) p=0.003

eGFR, estimated glomerular filtration rate; OR, odds ratio (95% confidence interval)

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3: adjusted for age, sex, race/ethnicity, PIR, BMI category, HTN,

maternal smoking in pregnancy, and survey year

(9.9—-43.9) for children born with LBW and VLBW respec-
tively, compared to 12.4% (11.1-13.8) in children with nor-
mal birth weight (Table 1). The prevalence of hypertension
(>95th percentile) was 6.2% (3.7-10.3) and 18.4% (6.7-41.5)
for children born with LBW and VLBW, respectively, com-
pared to 3.8% (3.1-4.5) in children with normal birth weight.
Using the 2004 NHLBI hypertension guidelines, the preva-
lence of pre-hypertension and hypertension was lower.
Using the newer 2017 AAP hypertension guidelines,
the OR for the presence of elevated BP or hypertension
was 1.79 (95% CI 1.00-3.20) for children born with
LBW compared to normal birth weight when adjusted for

covariates (Table 5). The increased OR of hypertension,
6.24 (1.99-19.57), was significant in children born with
VLBW compared to normal birth weight when adjusted for
covariates (Table 6). This was not significant in children
born with large BW (Table 7).

Subgroup analysis
Elevated blood pressure and hypertension showed no sig-

nificant interaction with race/ethnicity or sex using cutoff
of p<0.1. Analyses are shown in Fig. 2 and Table S1.

Table 3 Odds ratios for reduced kidney function <90 mL/min/1.73 m? in adolescents with VLBW (< 1500 g)

eGFR Unadjusted OR p-value Model 2 adjusted OR p-value 2 Model 3 adjusted OR2 p-value 3
Updated Schwartz equation
<75 mL/min/1.73 m? 1.53 (0.42-5.60) p=0.52 1.18 (0.33-4.21) p=0.80 1.33(0.39-4.52) p=0.65
<90 mL/min/1.73 m? 1.57 (0.84-2.96) p=0.16 1.41 (0.67-2.97) p=0.37 1.57 (0.74-3.34) p=0.24
Counahan—Barratt equation
<75 mL/min/1.73 m? 2.03(0.51-8.11) p=0.31 1.59 (0.39-6.43) p=0.51 1.87 (0.49-7.11) p=0.36
<90 mL/min/1.73 m? 1.80 (0.88-3.66) p=0.10 1.59 (0.67-3.76) p=0.29 1.76 (0.74-4.22) p=0.20
CKiD U25 equation
<75 mL/min/1.73 m? 1.55(0.58-4.16) p=0.40 1.31 (0.51-3.34) p=0.57 1.37 (0.53-3.52) p=0.51
<90 mL/min/1.73 m? 1.49 (0.79-2.82) p=0.22 1.50 (0.73-3.10) p=0.27 1.65 (0.78-3.49) p=0.19
FAS equation
<75 mL/min/1.73 m? 2.64 (0.84-8.30) p=0.10 2.09 (0.70-6.24) p=0.19 2.27 (0.78-6.66) p=0.13
<90 mL/min/1.73 m? 2.10(1.05-4.19) p=0.04 1.93 (0.92-4.05) p=0.08 2.17 (1.02-4.64) p=0.04

eGFR, estimated glomerular filtration rate; OR, odds ratio, (95% confidence interval)

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3: adjusted for age, sex, race/ethnicity, PIR, BMI category, HTN,
maternal smoking in pregnancy, and survey year
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Table 4 Odds ratios for reduced kidney function <90 mL/min/1.73 m? in adolescents with large BW (>4000 g)

eGFR Unadjusted OR p-value Model 2 adjusted OR p-value 2 Model 3 adjusted OR2 p-value 3
Updated Schwartz equation
<75 mL/min/1.73 m? 1.46 (0.86-2.48) p=0.16 1.40 (0.81-2.41) p=0.22 1.37 (0.79-2.37) p=0.26
<90 mL/min/1.73 m? 0.88 (0.69-1.13) p=0.33 0.80 (0.62-1.03) p=0.09 0.81 (0.62-1.04) p=0.10
Counahan—Barratt equation
<75 mL/min/1.73 m? 1.32 (0.65-2.70) p=0.44 1.24 (0.60-2.54) p=0.56 1.22 (0.58-2.60) p=0.60
<90 mL/min/1.73 m? 1.04 (0.78-1.38) p=0.79 0.95 (0.71-1.27) p=0.73 0.94 (0.69-1.26) p=0.66
CKiD U25 equation
<75 mL/min/1.73 m? 1.17 (0.75-1.82) p=0.49 1.35(0.87-2.11) p=0.18 1.35(0.86-2.11) p=0.19
<90 mL/min/1.73 m? 0.82 (0.63-1.05) p=0.11 0.92 (0.71-1.19) p=0.53 0.91 (0.70-1.18) p=047
FAS equation
<75 mL/min/1.73 m? 1.07 (0.50-2.31) p=0.86 1.12 (0.53-2.37) p=0.76 1.12 (0.51-2.47) p=0.77
<90 mL/min/1.73 m? 0.73 (0.55-0.98) p=0.04 0.75 (0.55-1.02) p=0.07 0.76 (0.55-1.05) p=0.09

eGFR, estimated glomerular filtration rate; OR, odds ratio (95% confidence interval)

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3: adjusted for age, sex, race/ethnicity, PIR, BMI category, HTN,
maternal smoking in pregnancy, and survey year

Table 5 Odds ratios and 95% confidence intervals for hypertension in adolescents with LBW (BW <2500 g) using newer 2017 versus older 2004
guidelines

Hypertension Unadjusted OR  p-value Model 2 adjusted OR  p-value2 Model 3 adjusted OR  p-value 3

2017 Guidelines
>90th%ile for age, sex, and height ~ 1.72 (1.21-2.45) p=0.003 1.64 (1.14-2.36) p=0.008 1.82(1.27-2.61) p=0.001
>95th%ile for age, sex, and height ~ 1.69 (0.96-2.98) p=0.07 1.56 (0.86-2.82) p=0.14 1.79 (1.00-3.20) p=0.05
2004 Guidelines
>90th%ile for age, sex, and height 1.45 (1.01-2.07) p=0.04 1.36 (0.93-1.97) p=0.11 1.54 (1.06-2.24) p=0.02
>95th%ile for age, sex, and height ~ 1.40 (0.76-2.56) p=0.28 1.26 (0.67-2.37) p=0.46 1.47 (0.79-2.73) p=0.22

HTN, hypertension; OR, odds ratio

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3: adjusted for age, sex, race/ethnicity, PIR, BMI category, CKD
via Schwartz, maternal smoking in pregnancy, and survey year

Table 6 Odds ratios and 95% confidence intervals for hypertension in adolescents with VLBW (BW < 1500 g) using newer 2017 versus older
2004 Guidelines

Hypertension Unadjusted OR p-value Model 2 adjusted OR  p-value 2 Model 3 adjusted OR  p-value 3

2017 Guidelines
>90th%ile for age, sex, and height  2.07 (0.78-5.51) p=0.14 1.78 (0.63-5.05) p=0.27 2.04 (0.82-5.13) p=0.13
>95th%ile for age, sex, and height  5.76 (1.80-18.38) p=0.003 5.04 (1.47-17.33) p=0.01 6.24 (1.99-19.57) p=0.002
2004 Guidelines
>90th%ile for age, sex, and height  2.31 (0.85-6.27) p=0.10 1.98 (0.68-5.72) p=0.21 2.32 (0.88-6.10) p=0.09
>95th%ile for age, sex, and height ~ 3.59 (0.92-14.12) p=0.07 3.04 (0.76-12.14) p=0.12 3.61 (1.03-12.62) p=0.04

HTN, hypertension; OR, odds ratio

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3: adjusted for age, sex, race/ethnicity, PIR, BMI category, CKD
via Schwartz, maternal smoking in pregnancy, and survey year
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Table 7 Odds ratios, and 95% confidence intervals for hypertension in adolescents with large BW (BW >4000 g) using newer 2017 versus older

2004 Guidelines
Hypertension Unadjusted OR  p-value  Model 2 adjusted OR  p-value2 Model 3 adjusted OR  p-value 3
2017 Guidelines
>90th%ile for age, sex, and height ~ 0.89 (0.64-1.25) p=0.51  0.83 (0.59-1.15) p=0.26 0.83 (0.59-1.17) p=0.28
>95th%ile for age, sex, and height ~ 1.15(0.69-1.94) p=0.59  1.14 (0.68-1.92) p=0.61 1.13 (0.66-1.93) p=0.66
2004 Guidelines
>90th%ile for age, sex, and height ~ 0.85 (0.59-1.21) p=0.37  0.78 (0.55-1.11) p=0.17 0.77 (0.54-1.12) p=0.17
>95th%ile for age, sex, and height ~ 1.17 (0.68-2.02) p=0.57 1.16 (0.68-2.01) p=0.58 1.14 (0.64-2.01) p=0.66

HTN, hypertension; OR, odds ratio

Model 1: unadjusted; model 2: adjusted for age, sex, and race/ethnicity; model 3:adjusted for age, sex, race/ethnicity, PIR, BMI category, CKD

via Schwartz, maternal smoking in pregnancy, and survey year

Discussion

In this study of 6336 NHANES participants representing
over 13 million children in the United States, we found a
higher prevalence of kidney dysfunction in children born
with LBW/VLBW compared to those born with normal
birth weight using all four GFR estimating formulas. This
association was robust with different definitions of kidney
dysfunction, including using microalbuminuria in the defi-
nition and using cystatin C-based formulas. We also found
differences in prevalence of kidney dysfunction among the
four formulas, with the newer U25 showing the highest
prevalence and the Counahan—Barratt showing the lowest
prevalence. Children with large BW had a lower prevalence
of reduced kidney function. We also found a statistically sig-
nificant association of elevated BP/hypertension in children
with LBW and of hypertension in children with VLBW.
Given the high prevalence of reduced kidney function and
the long-term morbidity and mortality of CKD, our findings
suggest that children born with LBW or VLBW may benefit
from screening for kidney disease and elevated BP.
Children born with LBW have a higher risk of early-onset
kidney disease due to low nephron endowment. The comple-
tion of nephrogenesis occurs at approximately 36 weeks ges-
tational age; thus, children who are born prior to 36 weeks
have a lower nephron number than those born at term [20].
Similarly, in children affected by intrauterine growth restriction
or who are small for gestational age, nephron mass is decreased
[21]. A study looking at glomerular volume and density on
kidney biopsy showed lower glomerular density and glomeru-
lar enlargement in children born with LBW compared to age
matched controls with normal birth weight [22]. It is predicted
that children with LBW have a higher single nephron glo-
merular filtration leading to podocyte loss and post-adaptive
sclerosis [23]. Secondary focal segmental glomerulosclerosis
(FSGS) has been reported in children born with VLBW [24].
This process of adaptive sclerosis is significant because kid-
ney biopsy findings of FSGS suggest a poor prognosis and a

child has a higher likelihood to progress to kidney failure [25].
LBW has also been associated with worse outcomes in various
forms of kidney diseases including nephrotic syndrome, lupus
nephritis, and membranous nephropathy [26].

Our results are consistent with the increased odds of CKD
seen in prior studies of adults born with LBW and studies
of children born with LBW [21, 27]. A prospective Norwe-
gian study of mostly White individuals with equal access to
specialist healthcare showed a 1.41 adjusted odds of CKD
in children born with LBW [21]. A systematic review of 31
cohort or case—control studies found a 70% higher risk of
adulthood CKD for infants with LBW [28]. Other studies also
demonstrate a higher prevalence of kidney disease in adults
born with LBW [2, 29, 30]. In our study, the high percentage
of children born with VLBW with obesity, another cause of
secondary FSGS, may play a role in the higher prevalence of
reduced kidney function. Maternal factors including smoking
during pregnancy also play a significant role in birth out-
comes for children [31, 32]. Preeclampsia may also signifi-
cantly affect birth outcomes [33]. NHANES did not collect
information on maternal preeclampsia; however, future stud-
ies may consider the use of markers that suggest preeclamp-
sia in mothers and children of preeclamptic mothers.

Black children with LBW or large BW had the highest
prevalence of reduced kidney function among subgroups.
APOLI kidney risk variants in individuals of recent African
ancestry may play a role in some of the increased preva-
lence of kidney disease [34]. The development of kidney
dysfunction, however, is more complex as social inequities
are closely entangled in the health outcomes of Black Amer-
icans. In this context, studies that claim that largely genetic
differences explain the increased risk of Black patients
suffering from chronic disease become difficult to credit
[35]. Sex showed less congruent results among equations.
This difference currently has unclear credence, although
according to Pottel, the FAS equation performs better than
the updated Schwartz in female children [8]. The Birth
Weight and Nephron Number Working Group has provided
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recommendations for action in caring for children born with
LBW; however, there are no clinical practice guidelines for
monitoring kidney function in this cohort [36].

Estimates of GFR varied using the different equations. A
measured GFR comparison was not available in this US popu-
lation to parse out these results. It is important to remember
that these equations were developed in different settings, some
with mostly European participants and some with US partici-
pants, which may explain some of the differences. Most of
the equations were developed in children and adolescents with
underlying kidney disease; therefore, their use in the general
population is being validated. A recent European study with
both measured and estimated GFR showed that the U25 equa-
tion underestimated GFR significantly compared to measured
GFR values primarily when utilizing cystatin C measurements
[37]. However, they recommend using the U25 equation if
screening for CKD. In our Supplemental Table S2, when using
the U25 equation with both cystatin C and creatinine, half of
the cohort of adolescents in the general population had an
eGFR <90 ml/min/1.73 m?. The primary objective of our
study was to evaluate the prevalence of kidney dysfunction in
participants born with low birth weight, a group at high risk for
kidney dysfunction; therefore we used the U25 equation. The
prevalence of kidney dysfunction estimated by all the equa-
tions in the general pediatric population in NHANES requires
confirmation with measured GFR studies.

Hypertension is a marker of kidney disease in children. The
2017 pediatrics hypertension guidelines address the need for
a pertinent birth history in evaluation of hypertension and for
children with VLBW to be included among those screened for
hypertension younger than age 3 but should more be done as
they approach adolescence [38]. Barker was the first to show
association between LBW and hypertension [39]. Similarly,
our study showed a significant association of hypertension
in children born with VLBW and of elevated BP/hyperten-
sion in those born with LBW. Children born with VLBW had
a 6.24 adjusted odds ratio, and over 18% had hypertension.
Brenner discussed that decreased filtration surface area leads
to renal sodium retention and elevated BP, although studies
show mixed results regarding this mechanism [40, 41].

Although our study focused on children with LBW, our
results also demonstrate large BW as a risk factor for hyperten-
sion and kidney dysfunction, although this was not sustained in
adjusted models. (Table 1, 4 and 7) Various studies also show
this U-shaped relationship with birth weight and hypertension,
and even more pronounced with obesity [42—44]. The data,
however, is conflicting, and there is limited evidence for kidney
dysfunction in children born with large BW [45-47]. Proposed
mechanisms for the development of hypertension in children
born with large BW are sustained activation of the sympathetic
nervous system and the renin—angiotensin—aldosterone system
(RAAS) promoting sodium and fluid retention and increased
glomerular capillary pressure [45, 48]. Kidney dysfunction
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may also be attributed to some of these mechanisms by way
of glomerular hyperfiltration. In addition, hyperleptinemia,
elevated insulin growth factor-1, and decreased adiponectin
levels associated with insulin resistance and visceral obesity
have been linked to blood pressure [48—53].

Limitations to this study include that birth weight was
collected from parental recollection. Gestational age was
not available and may have added further support to our
findings. Gestational diabetes status of mothers of infants
born with large BW was also not available. We utilized BMI
in our multivariate model; however, mid-upper arm or waist
circumference per height may be better indicator of adiposity
in children [53, 54]. Similarly, creatinine is not the best esti-
mate of eGFR in children given that body composition/mus-
cle mass and diet can cause these values to falsely represent
kidney function and therefore is not an exact measure such
as the research based on iohexol or iothalamate studies. Cys-
tatin C-based GFR equations typically give an estimation of
kidney function that is independent of muscle mass and diet
[55, 56]. Pediatric eGFR equations also may underestimate
GFR since they were derived in children with CKD [56].
Among children with normal birth weight, 22.4% showed
decreased eGFR. It is unclear how this translates to disease
in adulthood. It is also unclear if longitudinally the variables
assessed in this study should be used in children to assess
future morbidity. Given that there are no large-scale studies
using measured GFR in healthy children and a study of this
nature may be difficult to justify, these GFR equations are
currently the best estimates we have. In addition, hyperten-
sion and kidney disease are defined by longitudinal meas-
urements which we do not have in a cross-sectional study.

This is an observational study, so causality cannot be
inferred. Although the study design tries to account for any
bias by oversampling special populations, this is not as per-
fect of a model as having a truly representative population.
Lastly, there is a longstanding history of mistrust of the med-
ical community among minority populations, so involvement
in research study remains a hurdle.

Our study has several strengths including utilizing a dataset
that is a surrogate for the United States population to assess
kidney function on a national scale. It utilizes LBW as a
marker for abnormal kidney development [57]. It demonstrates
the association of low birth weight with higher risk for kidney
disease as early as adolescence. Further, by utilizing newer
GFR estimating equations, it highlights the under-recognized
burden of kidney dysfunction and emphasizes the importance
of keeping track of this special group of children. Finally, it
again demonstrates racial disparities in adolescent healthcare.

In conclusion, children born with LBW have a signifi-
cantly higher prevalence of reduced kidney function com-
pared to children with normal birth weight. This is higher
than previously reported when using newer estimating equa-
tions, at 30% using the updated Schwartz equation, and up to
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35% using the U25 equation. Children with VLBW have an
even higher risk, suggesting the need for a guided approach
in this population. A significant disparity is also seen
between Black and White children. Being born with VLBW
was associated with a higher risk of hypertension, while
being born with LBW was associated with elevated BP. Our
study highlights the significant need for more attention to be
paid to children born with LBW or VLBW who are at risk of
kidney disease and hypertension prior to adulthood, both of
which heighten their risk of worse cardiovascular outcomes.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-023-05958-2.
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