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Abstract
Background By adulthood, low birth weight infants have an
increased risk for chronic kidney disease (CKD). The extent to
which objective CKD risk factors are present at earlier ages is
unclear.
Methods We analyzed 5352 participants aged 12–15 years in
the National Health and Nutrition Examination Survey,
1999–2012. Participants were classified as low birth weight
(LBW; < 2500 g), very low birth weight (VLBW; < 1500 g),
or normal (2500–4000 g) by parental/proxy recall.
Albuminuria (albumin/creatinine 30 – <300 mg/g), decreased
estimated glomerular filtration rate (eGFR; < 90 ml/min/
1.73m2; Counahan–Barratt), and elevated systolic blood pres-
sure (BP; ≥ 95th percentile for age, height, and sex) were
considered CKD risk factors.
Results While albuminuria did not vary by birth weight, ele-
vated blood pressure (BP) and decreased eGFR occurred more
frequently in LBW/VLBW adolescents (elevated BP: LBW
6.0 %, VLBW 11.2 %, normal 2.4 %; decreased eGFR:
LBW 23.2 %, VLBW 32.5 %, normal 16.1 %). After multi-
variable adjustment, LBW/VLBW adolescents had greater
odds for both elevated BP (LBW: OR 2.90, 95 % CI 1.48–
5.71; VLBW: 5.23; 1.11–24.74) and decreased eGFR
(LBW: 1.49, 95 % CI 1.06–2.10; VLBW 2.49, 95 % CI
1.20–5.18).

Conclusions In the U.S. population, both decreased eGFR
and elevated systolic BP occur frequently among adolescents
with history of LBW/VLBW.

Keywords Hypertension . Infant, premature . Kidney
function tests . Low birth weight . NHANES . Screening

Introduction

The global public health burden of chronic kidney disease
(CKD) is substantial and growing [1, 2]. In the United States
alone, 11.5 % of adults have CKD [3], and caring for patients
with end-stage renal disease (ESRD) consumes 6.7 % of the
Medicare budget [4]. There is no cure for CKD [5].
Attenuating the effects of the CKD epidemic therefore re-
quires improved detection, surveillance, and prevention of
late-stage CKD [6].

There is convincing epidemiologic evidence that persons
with low birth weight (LBW; < 2500 g) have an increased risk
for developing CKD or ESRD by adulthood [7]. The Kidney
Disease Outcomes Quality Initiative (K/DOQI) clinical prac-
tice guideline for CKD recognizes LBW as a potential risk
factor for CKD susceptibility and initiation, and further rec-
ommends that all individuals at increased risk of developing
CKD undergo testing to estimate glomerular filtration rate
(eGFR) and assess markers of kidney damage [8]. When
screening should occur for a static, lifelong CKD risk factor
such as LBW is not clear. These knowledge gaps make it
difficult to conduct decision analyses, formulate policy, or
guide clinical care.

We therefore sought to determine the prevalence and pop-
ulation impact of CKD risk factors (including albuminuria,
elevated systolic blood pressure, and abnormal eGFR) among
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adolescents aged 12–15 years with a history of LBW in a
nationally representative cross-sectional survey.

Methods

Study population

We pooled data for participants 12–15 years of age from the
National Health and Nutrition Examination Survey (NHANES)
cycles from 1999–2012. NHANES is a complex, cross-sectional
probability sample of the non-institutionalizedUnited States pop-
ulation, conducted by the National Center for Health Statistics of
the Centers for Disease Control and Prevention.

All participants aged 12–15 years old were initially includ-
ed. Participants were excluded from all analyses if they were
missing data for birth weight; pregnant at the time of the exam;
or missing all data for all of the CKD risk factors of interest
(blood pressure, eGFR, and albuminuria). To facilitate a com-
parison between adolescents with low birth weight and normal
birth weight, participants with birth weight>4000 g were also
excluded from all analyses. Participants who were missing
data for a particular factor of interest were excluded from
those analyses only, as summarized in Fig. 1.

Birth weight

Birth weight was ascertained by parental or proxy recall using
a survey instrument. Participants were classified as normal
(2500–4000 g), LBW (<2500 g), and very low birth weight
(VLBW; < 1500 g), as appropriate. Because all VLBWinfants
are also LBW infants, participants with birth weight<1500 g
were included in both VLBW and LBW analyses.

Blood pressure

Three systolic blood pressure (BP) readings were obtained for
each NHANES participant. If one or more of these readings
were disrupted, a fourth reading was obtained. Mean systolic
BP was calculated from the available readings for each partic-
ipant. Elevated systolic BP was defined as mean systolic
BP≥95th percentile for the participant’s age, sex, and height
according to The Fourth Report on the Diagnosis, Evaluation,
and Treatment of High Blood Pressure in Children and
Adolescents [9].

Serum creatinine and eGFR

Serum creatinine was determined using a kinetic alkaline
picrate (Jaffe) method. Because the analyzer for serum
creatinine changed throughout the study period, we ap-
plied the recommended corrections [10, 11] to standard-
ize serum creatinine measurements across survey years as
below:

Corrected creatinine1999−2000 ¼ 1:013 � Creatinineð Þ þ 0:147

Corrected creatinine2005−2006 ¼ 0:978 � Creatinineð Þ – 0:016

eGFR was calculated using the Counahan–Barratt equation:

eGFR ml=min=1:73 m2
� �

¼ 0:43 height cmð Þ=serum creatinine mg=dlð Þð Þ

[12]. Decreased eGFR was evaluated at three thresholds:
< 60 ml/min/1.73 m2, < 75 ml/min/1.73 m2, and<90 ml/min/
1.73 m2. Hyperfiltration was defined as eGFR>150 ml/min/
1.73 m2.

Na�onal Health and Nutri�on Examina�on Survey
par�cipants age 12-15, 1999-2012

(n=6478)

No urine 
albumin or 
crea�nine 
(n=119)

No blood pressure 
and/or height
(n=191)

No serum crea�nine 
and/or height 
(n=676)

Albuminuria analyses
(n=5233)

Blood pressure analyses
(n=5161)

eGFR analyses
(n=4676)

Study popula�on (Table 1)
(n=5352)

Missing birth weight (n=429)
Birth weight > 4000 g (n=658)
Pregnant (n=7)
Missing blood pressure, albuminuria, 
and eGFR data (n=32)

Fig. 1 Identification, exclusion,
and analysis of study population
from survey participants (eGFR
estimated glomerular filtration
rate)
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Urine albumin and creatinine

Urine albumin and creatinine were measured in a random
urine sample. Before 2007, urine creatinine was measured
by Jaffe reaction; after 2007, an enzymatic creatinase reaction
was used. We used the recommended corrections [13] to
account for this change as follows:

Urine creatinine < 75 mg/dl: Corrected creatinine =
(1.02*sqrt(Creatinine) – 0.36)2

Urine creatinine 75 to < 250 mg/dl: Corrected creatinine =
(1.05*sqrt(Creatinine) – 0.74)2

Urine creatinine ≥ 250 mg/dl: Corrected creatinine =
(1.01*sqrt (Creatinine) – 0.10)2

Albuminuria was defined as an albumin-to-creatinine ratio
(ACR) of≥30 and<300 mg/g.

Statistical analyses

All statistical analyses were performed using IBM SPSS®
version 23 (Armonk, NY, USA) or SAS version 9.3 (Cary,
NC, USA) using a calculated 14-year exam sample weight
to account for NHANES complex sample design. Data from
the 2000 United States Census were used to extrapolate
weighted proportions to population estimates, with population
estimates corresponding to the population of 12 to 15-year-old
adolescents at the midpoint of the merged survey periods
(approximately January 1, 2006).

Continuous variables were compared using the
Student’s t test and categorical variables were compared
by χ2 test. Linear and logistic regression models were used
to evaluate the association of LBW or VLBW with contin-
uous and binary variables, respectively. Multivariable
models were created to adjust for differences in age, sex,
race category, body mass index (BMI), z score, and pover-
ty–income ratio. Candidate variables for multivariable re-
gression models were determined by biological plausibility
or p < 0.20 in univariable analysis. A two-sided signifi-
cance level of 0.05 was set for all tests.

Three measures of exposure impact were calculated. First,
the number needed to be exposed (NNE) with adjustment for
confounders was estimated from adjusted odds ratios (OR)
obtained in multivariable logistic regressionmodels according
to the method of Bender and Blettner [14]. In this context, the
NNE estimates the number of adolescents who would need to
be born with LBW/VLBW for there to be one additional ad-
olescent with a CKD risk factor who would not otherwise
have had that CKD risk factor.

Second, we calculated the population attributable risk
(PAR), representing the reduction in the incidence of CKD
risk factors that would be observed if the entire population
was unexposed to LBW/VLBW. To account for potential

confounders, the PAR was calculated from adjusted ORs
[15] as follows:

PAR %ð Þ ¼ exposed cases=total casesð Þ OR−1ð Þ=ORð Þ � 100 %

Third, we calculated the attributable population, repre-
senting the absolute number of adolescents in the general
U.S. population whose CKD risk factors were attributable to
LBW/VLBW exposure. The attributable population was cal-
culated as the product of the PAR and the total population of
cases for each CKD risk factor.

Results

Study population

A total of 5352 participants were analyzed, representing a total
population of 13,941,330. Among these, 9.0 % reported a
history of LBW, and 1.3 % reported a history of VLBW.
Demographic and clinical features of the study population
are shown in Table 1.

Urine albumin/creatinine

Albuminuria (ACR 30 – <300) was present in 13.7 % of the
population, while overt proteinuria (ACR≥ 300 mg/g) was
present in 1.8 %. Neither the frequency of albuminuria nor
the frequency of overt proteinuria varied by birth weight cat-
egory. There was no association between LBW or VLBW
status and albuminuria in either univariable or multivariable
logistic regression models (Table 2).

eGFR

Across the entire population, the mean eGFRwas 107.9 (95%
CI 106.8–109.1) ml/min/1.73 m2. Among adolescents with
normal birth weight, the mean eGFR was 108.2 (95 % CI
107.0–109.4) ml/min/1.73 m2, compared to 105.6 (95 % CI
102.6–108.5) ml/min/1.73 m2 for LBWadolescents and 101.5
(95%CI 95.5–107.4) ml/min/1.73m2 for VLBWadolescents.
In a multivariable general linear model, every 1 kg increase in
birth weight up to 4 kg increased eGFR by 2.4 ml/min/1.73m2

(95 % CI 1.0–3.8, p=0.001; model R2 0.16). In this model,
the marginal mean difference in eGFR between VLBW ado-
lescents and those with normal birth weight was –6.1 ml/min/
1.73 m2 (p=0.03).

eGFR<60 ml/min/1.73 m2 was present in only four partic-
ipants (0.06 %). None of these participants had albuminuria.
There was no association between birth weight and
eGFR<60 ml/min/1.73 m2.

eGFR<90 ml/min/1.73 m2 with albuminuria was present in
2.2 % of the population. The frequency did not vary by birth
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weight: 2.1% (95%CI 0.9–4.9%) of adolescents with history of
LBW had eGFR<90 ml/min/1.73 m2 with albuminuria, versus
2.2 % (95 % CI 1.6–2.9 %) of those with normal birth weight.

There was an inverse relationship between birth weight and
eGFR at both the < 75 ml/min/1.73 m2 and < 90 ml/min/
1.73 m2 thresholds (Fig. 2). In univariable and multivariable
logistic regression models, both LBWand VLBWadolescents
had greater odds for eGFR<90 ml/min/1.73 m2. However,
only VLBW adolescents had greater odds for eGFR<75 ml/
min/1.73m2. Hyperfiltration was present in 2.4 % (1.7–3.0 %)
of adolescents, and did not vary by birth weight category
(Table 2).

Systolic blood pressure

Overall, 2.7 % (2.0–3.4 %) of participants had elevated sys-
tolic BP. Adolescents with history of LBW or VLBW had
greater odds for elevated systolic BP, even after adjustment
in multivariable logistic regression models (Table 2). In
multivariable logistic regression, every 1 kg increase in
birth weight up to 4 kg decreased the odds for having
elevated systolic blood pressure by half (OR 0.50; 95 %
CI 0.31–0.81; p=0.005). In a multivariable general linear

model, each 1 kg increase in birth weight up to 4 kg was
associated with a change in systolic blood pressure of
1.1 mm Hg (95 % CI –1.8 to –0.3; p=0.005; R2 =0.16).

Population impact measures

Measures of exposure impact were calculated for elevated
systolic BP and decreased eGFR (Table 3). Exposure impact
as determined by NNE was greater for VLBW than for LBW
adolescents for all measures calculated. However, because of
the increased prevalence of LBW compared to VLBW, the
attributable population was larger for LBW than for VLBW.

Discussion

In a large, nationally representative cross-sectional sample of
adolescents, lower birth weight was associated with decreased
eGFR and higher systolic BP (but not albuminuria) by age
12–15 years. These associations persisted even after adjust-
ment for confounding factors. This is the first population-
based assessment of CKD and CKD risk factors for adoles-
cents with a history of LBWor VLBW.

Table 1 Demographic and
clinical characteristics of 5352
adolescents, 12–15 years old,
National Health and Nutrition
Examination Survey (NHANES),
1999–2012. Data shown are
median (25th, 75th percentile) or
point estimate (95 % confidence
interval)

Normal birth weight
(2500–4000 g)

Low birth weight
(LBW) (<2500 g)

Very low birth weight
(VLBW) (<1500 g)

Participants 4782 570 97

Representative population 12,686,586 1,254,744 179,009

Percentage of total 91 % (89.9–92.0) 9.0 % (8.0–10.1) 1.3 % (0.9–1.9)

Age (years) 13.9 (12.9, 14.9) 13.9 (12.9, 15.1) 13.8 (12.9, 14.6)

Sex (% male) 49.1 % (47.2–51.0) 47.9 % (41.9–54.0) 56.0 % (38.3–72.4)

Race

Non-Hispanic white 60.1 % 42.2 % 36.3 %

Non-Hispanic black 13.8 % 21.1 % 34.8 %

Mexican American 12.4 % 8.2 % 13.0 %

Other Hispanic 6.5 % 5.2 % 10.2 %

Other race/multiracial 7.1 % 4.4 % 5.7 %

Height percentile 58

(32, 81)

44

(20, 71)

50

(25, 74)

Weight percentile 72

(45, 92)

65

(34, 86)

62

(45, 91)

Body mass index (BMI) percentile 72

(42, 91)

66

(39, 90)

64

(42, 92)

Obesity (BMI ≥95th percentile) 18.4 %

(16.7–20.2)

14.5 %

(10.4–19.8)

17.8 %

(7.5–36.7)

Ratio of family income to poverty
(PIR)

2.42

(1.14, 4.13)

2.01

(0.96, 3.48)

1.18

(0.52, 2.38)

PIR <1.0 20.7 %

(19.0–22.5)

25.8 %

(20.5–31.9)

43.1 %

(30.4–56.9)

BMI body mass index, PIR ratio of family income to poverty level
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These findings support the growing body of literature dem-
onstrating increased risk for impaired renal function among
persons born with LBW, and additionally provide an estimate
of the magnitude of that effect on a population basis. For every
12.7 adolescents with a history of LBW or every 5.1 adoles-
cents with a history of VLBW in the United States, there was
one additional person with eGFR<90 ml/min/1.73 m2 and/or
elevated systolic blood pressure at age 12–15. Overall, ap-
proximately 120,000 adolescents in the United States had de-
creased eGFR and/or elevated systolic BP attributable to their
history of LBW (Table 3).

The reasons for this may be multifactorial. Both premature
and LBW infants often begin life with decreased nephron
number due to impaired nephrogenesis [16, 17] and altered
developmental programming [18]. Reduced nephron number
may lead to glomerular hypertrophy, hyperfiltration, and ulti-
mately secondary glomerulosclerosis [19]. Even after birth,
threats to nephron survival persist. Acute kidney injury occurs
in 18–40% [20, 21] of VLBWinfants, and may be a particular
risk factor for later CKD [22–24]. Nephrotoxic medication
exposure is also common, with 87 % of VLBW infants
receiving at least one nephrotoxic medication before discharge
(or one per every six hospital days) [25]. Infants with LBWor
in utero growth restriction may undergo accelerated or exces-
sive Bcatch up^ growth, which is associated with elevated BP
[26, 27] and potentially CKD [28].

Yet in spite of the recognition of LBW as a risk factor for
CKD, there is little specific guidance for clinicians caring for
these patients. While the American Academy of Pediatrics
provides clinical guidelines for the general care [29] and
neurodevelopmental follow up [30] of premature infants early
in life, there are no guidelines for when or whether these
patients should be screened for CKD. Similarly, while the
K/DOQI clinical practice guideline for CKD recommends lab-
oratory screening for patients at risk for CKD, it is silent on
when such testing should occur for patients with LBW [8].
Risk-based screening for albuminuria or decreased eGFR in
early adolescence has been proposed for LBW/VLBW pa-
tients [31], but there is no evidence to support either the effi-
cacy or cost-effectiveness of this approach. The data provided
here may inform such an analysis, since the results are
representative of the U.S. adolescent population.

A few observations about our findings may be useful in
designing or assessing the value of a screening program.
First, albuminuria was common, and did not vary by birth
weight category. However, in NHANES, albuminuria was de-
termined on the basis of a single random, non-supine void,
which may lack the specificity to distinguish patients with true
kidney disease in the pediatric population. Orthostatic [32],
exercise-induced [33], and other benign or transient protein-
urias are common in pediatric patients, and most adolescents
who have albuminuria do not have any other risk factors for
cardiovascular disease [34]. In this context, albuminuria—orT
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at least albuminuria assessed on a single random urine sam-
ple—is not likely to be an effective screening strategy for
identifying CKD among adolescents with a history of LBW.
Alternative strategies should be explored.

Second, though blood pressure should be measured for all
adolescent health visits [9], our data highlight the importance
of this for patients with a history of LBW or VLBW.
Hypertension is both a cause and a consequence of CKD
[35] and there was an inverse linear association between birth
weight and systolic blood pressure at age 12–15. Among all
adolescents with elevated BP, approximately 13.1 % was
attributable to LBW history.

Finally, while eGFR<60 ml/min/1.73 m2 was rare, more
modest decreases in eGFR were common in our population.
Nearly one-quarter of LBW adolescents, one-third of VLBW
adolescents, and almost half of adolescents with birth
weight<1000 g had eGFR<90 ml/min/1.73 m2. Such mild
decreases in eGFR are unlikely to be of any immediate clinical
consequence. Previous analyses of NHANES have shown that

adolescents with eGFR≤10th percentile were no more likely
than peers with higher eGFR to have anemia, metabolic
acidosis, hyperphosphatemia, short stature, elevated BP,
or albuminuria [36]. Yet, even mildly reduced GFR may
have long-term consequences. CKD risk factors can be
identified ≥ 30 years before CKD diagnosis in the general
population [37], and among adults in the Framingham
Heart Study, an eGFR<90 ml/min/1.73 m2 was associated
with a threefold increase in the odds of progression to CKD
when compared to those with eGFR≥ 120 ml/min/1.73 m2

over approximately 20 years of follow-up [38]. It should be
considered that decreased GFR may confer a very different
long-term prognosis for a young adolescent than a middle-
aged adult, but whether earlier identification of patients
with decreased eGFR would be beneficial or an example
of overdiagnosis [39] requires longitudinal study.

Our study has several limitations. First, while nationally
representative, NHANES data are cross-sectional. Therefore,
elevated systolic BP was determined on the basis of a single

Table 3 Measures of exposure impact on adolescent CKD risk factors in U.S. adolescents, ages 12–15

Factor Low birth weight (<2500 g) Very low birth weight (<1500 g)

Number needed
to be exposed
(NNE)

Population
attributable
risk (PAR)

Attributable
population

Number needed
to be exposed
(NNE)

Population
attributable
risk (PAR)

Attributable
population

Elevated systolic blood pressure 23.5 13.1 % 47,581 11.1 4.2 % 15,371

eGFR< 90 ml/min/1.73 m2 16.3 3.9 % 79,448 6.2 1.5 % 29,541

eGFR< 75 ml/min/1.73 m2 62.7 7.1 % 17,551 23.1 2.8 % 6,934

Elevated systolic blood pressure
and/or eGFR <90 ml/min/1.73 m2

12.7 5.2 % 119,204 5.1 1.8 % 40,838

CKD chronic kidney disease, eGFR estimated glomerular filtration rate

Fig. 2 Frequency of decreased
eGFR within birth weight
categories (eGFR estimated
glomerular filtration rate)
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physical examination, rather than the three or more required to
diagnose hypertension [9]. However, elevated BP on even a
single occasion increases the likelihood of being diagnosed
with hypertension in later adolescence [40, 41] or adulthood
[42]. Similarly, we could not determine the chronicity of de-
creased eGFR; it is possible that participants had decreased
kidney function only transiently. However, it is unclear why
this would occur unequally between birth weight groups.

Second, we estimated GFR using the Counahan–Barratt
equation, which was developed for and validated in a popula-
tion with CKD [12]. This could lead to a systematic underes-
timation of GFR in healthy adolescents [29]. However, the
mathematical formula differs only slightly from the revised
Schwartz equation [43] (k=0.43 vs. k=0.413), which has
been validated in a predominantly non-CKD population
[44]. Using the revised Schwartz formula in our study popu-
lation resulted in slightly higher population estimates for ad-
olescents with decreased eGFR but did not alter statistical
inference or hypothesis testing. Because the revised
Schwartz equation was derived using serum creatinine mea-
surements made by enzymatic methods traceable to isotope
dilution mass spectrometry [43], the Counahan–Barratt equa-
tion may be the more appropriate formula for estimating GFR
using the creatinine methodology used in NHANES. Further,
creatinine-based formulae for eGFR have not been validated
in LBWand VLBW individuals, in whom catch-up growth is
associated with a higher fat mass percentage [45].

Third, in NHANES, birth weight was obtained by parental
recall, not validated independently. However, the frequency of
elevated systolic BP and decreased eGFR among participants
with non-recalled birth weight did not differ from those with
normal birth weight. Additionally, parental recall of birth
weight has been shown to be an accurate proxy for recorded
birth weight, with 75 % of parents recalling a weight within
50 g of the child’s documented weight up to 16 years after
delivery [46]. The identification of LBW adolescents by
parental recall likely also better approximates clinical practice.

Fourth, although both prematurity and intrauterine growth
restriction affect nephron endowment and influence long-term
CKD risk [16, 17, 27], gestational age is not recorded in
NHANES. Our analyses were therefore limited to birth weight
alone.

Finally, while we believe that these data could be useful in
assigning probabilities for decision analysis [47] or for
informing screening policy, the data presented are frequencies
only. It is unknown how many NHANES participants with
CKD risk factors were previously aware of their condition.
Indeed, patients with LBW are over-represented in the
Chronic Kidney Disease in Children (CKiD) cohort [48].

In summary, in a nationally representative survey, CKD
risk factors (including elevated systolic BP and decreased
eGFR) were found more frequently among 12 to 15-year-old
adolescents with a history of LBW or VLBW than among

their peers with normal birth weight, even after adjusting for
potentially confounding factors. This study is the first to pro-
vide population-based estimates of the prevalence of CKD
risk factors for adolescents with history of LBW or VLBW
in the general U.S. adolescent population, and highlight the
need for long-term follow-up of these patients.
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