Received: 31 May 2019

Revised: 22 July 2019

Accepted: 25 July 2019

DOI: 10.1002/0sp4.365

ORIGINAL ARTICLE

AYVA R B SA"@l Cbesity Science and Practice

Prevalence of hyperfiltration among US youth/young adults
with overweight and obesity: A population-based association

study

Christy B. Turer?
Asheley C. Skinner®

1 Departments of Pediatrics and Internal
Medicine, University of Texas Southwestern
and Children's Medical Center, Dallas, Texas,
USA

2Néphrologie, Dialyse, Hypertension Artérielle
et Exploration Fonctionnelle Rénale,
Groupement Hospitalier Edouard Herriot,
Hospices Civils de Lyon, Lyon, France

3Université Claude Bernard, Lyon, France

“Universidade de Caxias do Sul, Caxias do Sul,
Brazil

5 Coordenacio de Aperfeicoamento do Pessoal
de Nivel Superior (CAPES), Brasilia, Brazil

¢ Department of Population Health Sciences
and Duke Clinical Research Institute, Duke
University School of Medicine, Durham, North
Carolina, USA

Correspondence

Christy Boling Turer, University of Texas
Southwestern Medical Center, 5323 Harry
Hines Blvd., Dallas, TX 75390-9063, USA.
Email: christy.turer@utsouthwestern.edu

Funding information

Agency for Healthcare Research and Quality,
Grant/Award Number: R24HS022418;
National Center for Advancing Translational
Sciences, Grant/Award Number:
UL1TR0O01105; National Heart, Lung, and
Blood Institute, Grant/Award Numbers:
K23HL118152 and RO3HL144811; National
Institute of Diabetes and Digestive and Kidney
Diseases, Grant/Award Number:
R21DK114764

Clinical Trial Registration: not applicable

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

| Michel Baum?! | Laurence Dubourg?? | Luciano S. Selistre

2,45 |

Summary
Objective: Determine prevalence of hyperfiltration (high estimated glomerular fil-
tration rate "eGFR" >95th percentile for age/sex) among youth and association with
BMI classification.

Methods: With the use of 1999 to 2016 National Health and Nutrition Examina-
tion Survey data from 12- to 29-year-olds, data for serum creatinine and thresholds
for high eGFR were normed using a metabolically healthy subsample (no albuminuria,
healthy weights, normal blood pressures, blood glucoses, lipids, and liver enzymes).
Logistic regression examined the association of BMI classification (healthy weight,
overweight, and obesity classes 1-3) with hyperfiltration (eGFR > 95th percentile
for age/sex), adjusted for diabetes and other covariates.

Of 12- to 29-year-olds (N = 18 698), 27.4% (n = 5493) met criteria for

entry into the "healthy subsample" and contributed data to derive normative values

Results:

for serum creatinine/hyperfiltration thresholds. In the full sample, hyperfiltration
prevalence in 12- to 29-year-olds classified as healthy-weight, overweight, and obe-
sity classes 1 to 3 was 4.9%, 4.7%, 6.5%, 8.7%, and 11.8%, respectively (P < .001).
In multivariable analysis, obesity classes 2 and 3 were associated with greater likeli-
hood of hyperfiltration (adjusted ORs for class 2: 1.5, 95% Cl, 1.1-2.1; and for class
3, 2.1, 95% ClI, 1.5-2.9). Diabetes also was associated with hyperfiltration (AOR,
4.0; 95% Cl, 2.2-7.4).

Conclusion: Obesity classes 2 to 3 are associated with hyperfiltration in youth.
Age/sex-specific norms for creatinine and hyperfiltration thresholds may aid recogni-

tion of kidney dysfunction early.
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1 | INTRODUCTION

Primordial prevention of kidney disease requires understanding modi-
fiable risk factors for kidney disease early in life. Whereas the preva-
lence of chronic kidney disease (CKD) in adults is 15%, the
prevalence in children is less than 0.01% (1.5-3.0 per one million).1?

Glomerular hyperfiltration is one of the earliest markers of CKD
that predicts progressive kidney-function decline in adults with and
without diabetes.®® Hyperfiltration is reversible.>® The definition of
hyperfiltration in epidemiological studies is an estimated glomerular
filtration rate (eGFR) greater than 95th percentile for sex and age
among a healthy population.”*° Causes are primarily pathological
(including hyperglycemia and nephron loss?) with a couple notable
exceptions (pregnancy and immediately after a high-protein meal).
Prevalence of hyperfiltration increases directly with increases in blood
glucose and blood pressure in adults with prediabetes and
prehypertension,” and in adults with diabetes, hyperfiltration precedes
development of microalbuminuria and predicts rapid kidney-function
decline.®”

Obesity in youth may be an important target for the identification
of glomerular hyperfiltration and prevention of kidney disease. Obe-
sity begins early in life, affects 20.6% of adolescents and 39.8% of
adults, increases blood volume, which increases renal blood flow,
and increases both development of kidney-disease risk factors (for
example, diabetes and hypertension) and likelihood of end-stage renal
disease (ESRD).*>'Y” Data from a longitudinal cohort study of 1.2 mil-
lion adolescents indicate that obesity at age 17 to 18 years increases
the likelihood of ESRD eight-fold.'® In adults, greater weight gain over
time increases the likelihood of CKD, independent of body mass index
(BMI).X8 Little is known about whether overweight and obesity impact
kidney function in youth.

Because of the high prevalence of obesity and potential reversibil-
ity of hyperfiltration, determining population-based thresholds for
hyperfiltration and prevalence of hyperfiltration by BMI classification
in youth may guide the design and development of alternative CKD
prevention strategies targeted toward high-risk youth who otherwise
would not undergo screening for kidney function (eg, those without
diabetes or hypertension).

The primary objective of this study was to determine if higher BMI
classification (eg, overweight/obesity) among US adolescents and
young adults is associated with higher prevalence of hyperfiltration,
after establishing population-based normative data for serum creati-
nine, creatinine-based eGFR, and thresholds for hyperfiltration among
metabolically healthy 12- to 29-year-olds without albuminuria. A sec-
ondary objective was to test whether obesity-associated comorbidi-
ties for which kidney-function screening is recommended (diabetes

or hypertension) are associated with hyperfiltration.

2 | METHODS

This study used cross-sectional, population-based data from the
National Health and Nutrition Examination Survey (NHANES) from
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1999 to 2016 among 12- to 29-year-olds. To adequately represent
the US population, NHANES collects data from a stratified, multistage
probability sample in 2-year cycles. Each participant completes inter-
views, physical examinations, laboratory studies, and surveys at a sin-
gle time point. Data regarding the representativeness of NHANES
data are published.'” To determine prevalence of hyperfiltration, data
were needed to define "normal" serum-creatinine levels and creati-
nine-based eGFR thresholds for hyperfiltration indexed to popula-
tion-based data from healthy youth and young adults—that is, those
with no proteinuria, healthy BMlIs, and no other recognized risk factors
for kidney disease.

Data were used to create normative values for serum creatinine,
eGFR, and thresholds for hyperfiltration. Exclusions applied to ensure
complete data for analyses were missing values for key study mea-
sures, underweight, and pregnancy (Figure 1). To create normative
values, a “healthy subsample” was identified within the full sample,
defining health as free from known risk factors for kidney or cardio-
vascular disease in adolescents/adults.2?1#2922 |nclusion required a
healthy BMI (defined below), plus the following covariates (each
described in Covariates below): no albuminuria and no evidence of
abnormal blood pressure, lipids, blood glucose, or fatty liver (using
liver-enzyme alanine aminotransferase [ALT]). Creatinine values in
the full sample (including those not meeting "healthy-subsample"

criteria) also were examined.

2.1 | Measures

The primary independent predictor was BMI classification. BMI was
calculated using measured height and weight. For 12- to 17-year-olds,
Centers for Disease Control growth charts were used to define five cat-
egories: healthy weight, BMI% >10 to <85 (inclusion criterion for 12-
to 17-year-olds to enter the healthy subsample); overweight, BMI%
>85 to < 95; class 1 obesity, BMI% >95 to <120th %-of-95th BMI-per-
centile (BMlys), class 2 obesity, BMI% >120 to <140th of BMlys, and
class 3 obesity, BMI% >140th of BMlys.2% For 18- to 29-year-olds,
the corresponding categories were healthy weight, BMI >18.5 to
24.9 kg/m? (inclusion criterion for entry into the healthy subsample);
overweight, 25.0 to 29.9 kg/m?; and obesity classes 1 to 3, defined
respectively as BMI >30.0 to 34.9, 35.0 to 39.9, and >40 kg/mz.

The primary study outcome was prevalence of hyperfiltration. We
derived normative eGFR estimates in the metabolically healthy sub-
sample to define hyperfiltration as eGFR > 95th percentile for sex
and age category. The rationale for defining hyperfiltration as eGFR
> 95th percentile for age and sex is that adult studies that defined
hyperfiltration similarly have reported associations of hyperfiltration
and adverse outcomes (REF). The rationale for indexing the greater
than 95th percentile eGFR threshold in a metabolically healthy popu-
lation-based sample is that diabetes, hypertension, and other meta-
bolic risk factors are associated both with overweight/obesity and
abnormal kidney function.

Serum creatinine was measured using a kinetic-rate Jaffe method

in NHANES.2* All measurements were recalibrated to standardized
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Sample Flow

Proportion of U.S. Children, Adolescents, and Young Adults in the Full Sample (N=18.698)

Meeting "Healthy" Subsample Criteria (n=5.493). by Age in Years

Total under age 30
n=49.873
v
Limit to age 12-29 (n=25.594)
n=24279
v
Missing BMI (n=574)
n=23,705
L2
Underweight (7 =1,091)
n=22,614
v
Missing blood pressure or laboratory values (n = 2,999)
n=19.615
v
Pregnant women (7= 917)
Final Sample N = 18,698
v
>1 Abnormal Metabolic Parameter (n = 13,205):
- Albuminuria
- Elevated BMI
- Elevated blood pressure
- Elevated blood glucose

- Any lipid abnormality 12 13 14 15

- Elevated liver-enzyme ALT

"Healthy'" Subsample n = 5,493

37%
o

37%

17 18 19 20 21 22 23 24 25 26 27 28 29

1,449 1,583 1,486 1.486 1.689 1,547 1,515 1.438 677 637 677 640 644 612 625 569 612 655

Age in Years
n (sample number)

'Weighted percentages, representative of 58,933,923 12-29-year-olds in the US, are shown. Healthy subsample representative of 16,130,346 12-

29-year-olds in the US.

FIGURE 1 Sample flow (on the left) alongside the proportion of U.S. children, adolescents, and young adults (by age) in the full sample
(N=18,698) meeting criteria for entry into the “healthy” subsample (n=5,493). Criteria for entry into the healthy subsample were: no
albuminuria, a healthy body mass index, normal blood pressure, normal blood glucose, no abnormal lipids, and no evidence of fatty liver disease
(per liver-enzyme alanine aminotransferase [ALT]). Weighted percentages are shown: the full sample represents 58,933,923 12-29-year-olds in
the US, and the healthy subsample represents 16,130,346 12-29-year-olds in the US

creatinine measurements obtained at Cleveland Clinic Research Labo-
ratory (Cleveland, Ohio), per published methods.?’

2.1.1 | Glomerular filtration rate

Although inulin-clearance-measured GFR (mGFR) is considered the
gold standard of GFR measurement, NHANES lacks mGFR or suffi-
cient cystatin-C data for cystatin-C-based-GFR estimates. Moreover,
data for creatinine-based GFR estimation have come from separate
investigations of children (<18 y old) and adults (>18 y old).?>"?? Rec-
ognizing this, a preceding study characterized a method to calculate
eGFR using the mean of established pediatric and adult creatinine-
based eGFR equations in young adults (=18 y old).%° This was the
approach used in the present study to derive normative eGFR esti-
mates for sex and four peri-pubertal age groups: 12 to 14 years, 15
to 17 years, 18 to 21 years, and 22 to 29 years (to ensure sufficient
sample size for estimation within each group).

Using inputs for eGFR equations of height (in centimeters), serum
creatinine (S¢,, mg/dL), and blood urea nitrogen (BUN, mg/dL), this
study estimated serum-creatinine-based eGFR using the following

two equations:

1. For 12- to 17-year-olds, the pediatric creatinine-based Chronic
Kidney Disease in Children (CKiD) equation:2”

eGFRediatric = 0.413 [height /S¢,], and

2. For 18-29-year-olds, the mean of eGFR,cgiatric (@bove) and the
adult CKD-Epidemiology Collaboration (CKD-EPI) equation:2¢3°

eGFRmean = (eGFRpeiatric + €GFRaguit) +;2,
where eGFRyy; = 141 x min (S¢,/k, 1)% x
max (Scr/k, 1) x 0.993%9 [ x 1.018 if female]
[x 1.159 if black]; where k = 0.7 if female, 0.9 if male,
and a = -0.329 if female, -0.411 if male.

2.2 | Covariates

2.2.1 | Urinary albumin/creatinine ratio

A single random spot urine sample was obtained from participants in
mobile-examination centers to measure urine albumin and creati-
nine.2* Albuminuria was defined as greater than or equal to 30-mg
albumin/gram creatinine.*

Dyslipidemia was defined using standard measures, choosing con-
servative definitions when recommendations were inconsistent: total
cholesterol > 200 mg/dL, LDL cholesterol > 110 mg/dL, HDL choles-
terol < 35 mg/dL, or triglycerides > 150 mg/dL.3%32

2.2.2 | Prediabetes/diabetes

Prediabetes was defined as HbAlc > 5.7 to <6.5% or fasting glucose
> 100 to <126 mg/dL; and diabetes, HbAlc > 6.5%, fasting glucose >
126 mg/dL, or random glucose > 200 mg/dL (using American Diabe-
tes Association criteria).t”

Elevated ALT was determined using assay-recommended thresh-
olds: for less than 20-year-olds, greater than or equal to 36 mg/dL

for males, and greater than or equal to 29 mg/dL for females; for
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greater than or equal to 20-year-olds, greater than or equal to 47
mg/dL for males and greater than or equal to 30 mg/dL for

females.?1:24

2.2.3 | Elevated blood pressure/hypertension

Blood pressure was measured three times by trained observers using a
standard protocol.? Individual participant's blood pressures were
averaged using all readings. For less than 18-year-olds, standardized
blood-pressure tables were used to define “elevated blood pressure”
as average systolic or diastolic blood pressure >90th to <95th percen-
tile (or systolic =120 mmHg/diastolic >80 mmHg, if the 90th-percen-
tile thresholds exceeded 120/80 mmHg, per Fourth Report guidelines
used at the time data were collected®®) and “hypertension” as average
systolic or diastolic blood pressure >95th percentile (with the caveat
that diagnosis of hypertension requires three separate visits with
>95th-percentile elevations). For 18- to 29-year-olds, elevated blood
pressure was defined as systolic >120 to <140 mmHg or diastolic
blood pressure >80 to <90 mmHg, and hypertension as systolic blood
pressure >140 mmHg or diastolic blood pressure >90 mmHg.3*

2.3 | Statistical analysis

2.3.1 | Norms

Normative charts were developed for serum creatinine and eGFR by
estimating percentile distributions of each for sex and age category,
applying each eGFR equation to data from the metabolically healthy
subsample and estimating the fifth, 50th, and 95th percentiles for
serum creatinine and eGFR. Thresholds for hyperfiltration by sex and
age category were defined using greater than 95th percentile.

Changes in mean serum creatinine over 1999 to 2016 NHANES
cycles also were examined in the full sample and in the healthy sub-
sample using adjusted Wald tests.

Cross-tabulations were used to examine prevalence of
hyperfiltration by covariates and tested for differences using Pearson's
chi square with a second-order Rao and Scott correction. Adjusted
Wald tests were used to compare prevalence of hyperfiltration in
the full sample of 12- to 29-year-olds by BMI classification and by
BMI classification within each age category.

For the multivariable analysis, a logistic regression model was used
to estimate odds of hyperfiltration associated with higher BMI classi-
fication (primary independent variable), blood glucose (normal, predia-
betes, or diabetes), and blood pressure (normal, elevated blood
pressure, or hypertensive blood pressure). The model adjusted for
age category, sex, race/ethnicity (categorized into White/non-His-
panic, Black/non-Hispanic, Hispanic, or other/non-Hispanic race/eth-
nicity), abnormal lipids, elevated ALT, and NHANES cycle (as
recommended by the National Center for Health Statistics). All analy-
ses were weighted to account for the complex survey design and per-

formed using Stata svy commands (version 15.0).
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The study was exempted from human-subjects review by Duke
University's Institutional Review Board (Federal Regulation 45CFR
§46.101[b]).

3 | RESULTS

3.1 | Sample characteristics

Of 18 698 youth and young adults in the full sample, representative of
58 933 923 US 12-to 29-year-olds, one-third were youth 12 to 17
years old, and two-thirds were young adults 18 to 29 years old
(Table 1). Half had a BMI classification of healthy weight. The remain-
der had overweight or obesity. Rates of metabolic abnormalities pre-
cluding entry into the metabolically healthy subsample ranged from
0.9% for diabetes to 31.7% for abnormal lipids.

The proportion of the full sample meeting criteria for entry into the
"healthy subsample" was 27.4% (n = 5498)—that is, less than 30% of
US 12- to 29-year-olds had no albuminuria, a healthy weight, and nor-
mal blood glucose, blood pressure, lipids, and liver-enzyme ALT
(Figure 1).

3.2 | Normative serum creatinine level

Whereas the serum creatinine level in healthy females increased very
little from age 12 to 14 years to 22 to 29 years, serum creatinine at
the 50th percentile among healthy males increased sharply across
each of the first three of four peri-pubertal age categories examined
(Figure 2). For example, in metabolically healthy 12- to 29-year-old
females, serum creatinine at the 50th percentile ranged from 0.62
mg/dL for 12- to 14-year-olds to 0.72 mg/dL for 22- to 29-year-
olds—an increase of 0.10 mg/dL (Figure 2A). In contrast, among meta-
bolically healthy 12- to 29-year-old males, serum creatinine at the
50th percentile ranged from 0.65 mg/dL for 12- to 14-year-olds to
0.86 mg/dL for 15- to 17-year-old, to 0.95 for 18- to 21-year-olds,
and to 0.96 mg/dL for 22- to 29-year-olds—an increase in serum cre-

atinine among healthy youth/young-adult males of 0.31 mg/dL.

3.3 | Time trends (1999-2016) in normative serum
creatinine level

Although creatinine values in the full sample overlapped with those in
the healthy subsample (data not shown), time trends differed among
these groups. Over 1999 to 2016 NHANES cycles, mean serum creat-
inine decreased (from 0.83 mg/dL in 1999-2000 to 0.78 mg/dL in
2015-2016, P < .001) in the full sample of US youth and young adults.
In contrast, normative mean serum creatinine did not change signifi-
cantly over the same NHANES cycles among metabolically healthy
12- to 29-year-olds.



274 WILEY Obesity Science and Practice TABAKET AL.
T OpenAces

TABLE 1 Sample characteristics and weighted percentages for 12- to 29-year-olds in the United States: full NHANES sample (N = 18 698) and
“healthy subset” (n = 5493) used to derive normative serum creatinine and eGFR values

Full sample? Healthy subset®
Characteristic N % n %
Age category, y
12-14 4675 16.4 1613 221
15-17 4722 17.5 1694 233
18-21 4267 21.6 1242 23.2
22-29 5034 44.5 944 314
Sex
Female 9063 47.5 2872 54.5
Male 9635 52.5 2621 45.5
Race/ethnicity
White, non-Hispanic 5639 59.2 1729 624
Black, non-Hispanic 4913 13.3 1368 11.5
Hispanic 6671 20.2 1883 17.5
Other, non-Hispanic 1475 7.3 513 8.7
BMI classification®
Healthy weight 9977 51.0 5493 100
Overweight 4228 25.0
Class 1 obesity 2637 14.0
Class 2 obesity 1130 6.0
Class 3 obesity 726 4.0
Albuminuria®
Absent 16 945 91.7 5493 100
Present 1753 8.3
Blood pressure®
Normal 14 409 74.4 5493 100
Elevated 3675 22.5
Hypertension 614 3.1
Blood glucose
Normal 16 742 89.9 5493 100
Prediabetes 1796 9.2
Diabetes 160 0.9
Lipids®
Normal 13 541 68.3 5493 100
Abnormal 5157 31.7
Liver enzyme ALT"
Normal 17 031 90.9 5493 100
Elevated 1667 9.1

?Representative of 58 933 923 12- to 29-year-olds in the United States. Weighted percentages are shown.

PHealthy subset defined as healthy weight with no evidence of albuminuria, prediabetes/diabetes, elevated blood pressure/hypertension, abnormal lipids, or
abnormal ALT; representative of 16 130 346 12- to 29-year-olds in the United States.

“BMI classification. For 12- to 17-year-olds: healthy weight, BMI% >10 to <85; overweight, BMI% >85 to <95; class 1 obesity, BMI% >95 to <120th %-of-
95th BMlI-percentile (BMlos), class 2 obesity, BMI% >120 to <140th of BMlys, and class 3 obesity, BMI% >140th of BMls.2° For 18- to 29-year-olds,
healthy weight, BMI >18.5 to 24.9 kg/m?; overweight, 25.0 to 29.9 kg/m?; and obesity classes 1 to 3, defined respectively as BMI >30.0 to 34.9, 35.0
to 39.9, and >40 kg/m?.

dAlbuminuria defined as greater than or equal to 30-mg albumin/gram creatinine. Urine samples are not first morning samples. Some youth in the sample
may have had orthostatic albuminuria (the most common cause of isolated proteinuria in children.)

®Blood pressure (BP) definitions. For 12- to 17-year-olds, elevated BP: average systolic/diastolic BP 90th to <95th percentile (or systolic BP >120 mmHg/
diastolic BP >80 mmHg, if 90th percentile exceeded 120/80 mmHg>*). Hypertension: avg. systolic or diastolic BP >95th percentile. For 18- to 29-year-
olds, elevated BP defined as systolic BP 120 to <140 mmHg or diastolic BP 80 to <90 mmHg, and hypertension as systolic BP > 140 mmHg or diastolic
> 90 mmHg.3*

fBlood glucose. Normal: HbA1c < 5.7% and glucose fasting <100 and random <200 mg/dL. Prediabetes: HbAlc 5.7% to <6.5% or fasting glucose 100 to
<126 mg/dL. Diabetes, HbAlc > 6.5%, glucose fasting > 126, or random > 200 mg/dL.}”

&L ipid definition. Abnormal lipids was defined by presence of one or more of the following: total cholesterol > 200 mg/dL, LDL cholesterol > 110 mg/dL,
HDL cholesterol < 35 mg/dL, or triglycerides > 150 mg/dL.3%2

NLiver enzyme ALT definition. Elevated ALT was determined using assay-recommended thresholds: for less than 20-year-olds, greater than or equal to 36
mg/dL for males and greater than or equal to 29 mg/dL for females; for greater than or equal to 20-year-olds, greater than or equal to 47 mg/dL for males
and greater than or equal to 30 mg/dL for females.22*
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a. Healthy Females (n = 2,872)"

Age Category

12-14 years 15-17 years 18-21 years 22-29 years
n="792 n=2891 n=0637 n=>552
0.92 091
Normative serum creatinine 0 82'9(?92 (0.88 - 0.96) (0.88 - 0.94)
Female age-specific creatinine at the 5th, 0.81 (088-052) -
50th, and 95" percentile (95% CI), mg/dL: (()479;083)/:* T -
95th percentile: = 072 072
0.69 (0.69-0.75) (0.71-0.73)
0.62 (0.68-0.70) + T
(0.60 - 0.64) a
50th percentile: =
o= —
?/__’f().SS 0.54
Sth percentile: 0.52 (0.53-0.58) (0.52-0.56)
045 (0.51-0.53)
(0.43-0.47)
Population-based threshold for
hyperfiltration
. h .
Female age-specific 95' perc)entlle eGFR >140.0 >126.0 >129.0 >125.7
(95% CI), in mL/min/1.73 m™: (134.3 - 145.6) (121.8-130.2) (125.2-132.8) (122.8 - 128.6)
'To convert mg/dL to umol/L, multiply by 88.42.
b.Healthy Males (n = 2,621)"
Age Category
12-14 years 15-17 years 18-21 years 22-29 years
n=2821 n=_803 n =605 n=392
1.20
L.16 (1.18-1.22)
1.10 (1.12-1.20)

. .. (1.06 - 1.14)
Normative serum creatinine

Male age-specific creatinine at the 5th,
50th, and 95" percentile (95% CI), mg/dL:

0.88 0.95 0.96
(0.86 - 0.90) (0.92 - 0.98) (0.94 - 0.98)
E =3
0.86 =8
95th percentile: (0.85-0.88)
0.65
(0.63 - 0.67)

50th percentile: 0.74
0.70 (0.72-0.76)
0.65 (0.67-0.73)
(0.62 - 0.68)
5Sth percentile:
0.47
Population-based threshold for (0:45-0.50)
hyperfiltration
Male age-specific 95" percentile eGFR >136.3 >108.9 >119.3 >115.2
(95% CT), in mL/min/1.73 m2_ (131.3-141.3) (105.9 - 111.9) (116.7 - 121.9) (113.1-117.3)

'To convert mg/dL to umol/L, multiply by 88.42.

FIGURE 2 Normative serum creatinine levels (at the fifth, 50th, and 95th percentiles) and estimated glomerular filtration rate (eGFR) thresholds
for hyperfiltration among metabolically healthy females (A) and males (B) by age. (A). Healthy females (n = 2872).2 (B). Healthy males (n = 2621). To
convert mg/dL to umol/L, multiply by 88.42
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3.4 | Population-based thresholds for hyperfiltration

Hyperfiltration thresholds (eGFR > 95th percentile), indexed in meta-
bolically healthy individuals, ranged in females from greater than
140.0 mL/min/1.73 m? in 12- to 14-year-olds to greater than
125.7 mL/min/1.73 m? in 22- to 29-year-olds (Figure 2A) and in
males from greater than 136.3 mL/min/1.73 m? in 12- to 14-year-
olds to greater than 115.2 mL/min/1.73 m? in 22- to 29-year-olds
(Figure 2B).

3.5 | Prevalence of hyperfiltration

The prevalence of hyperfiltration among those with healthy weight,
overweight, and obesity classes 1 to 3 was 4.9%, 4.7%, 6.5%, 8.7%,
and 11.8%, respectively (P < .001) (Figure 3). Similarly, the prevalence
of hyperfiltration was significantly associated with increasing BMI
classification within each of the four age categories examined.
Diabetes was associated with an increased prevalence of
hyperfiltration (22.7% with diabetes vs 5.6% with prediabetes and
5.4% with normal blood glucose), but elevated blood pressure/hyper-
tension was not. Other factors associated with an increased preva-
lence of hyperfiltration in the bivariate (unadjusted) analysis included
elevated ALT, all non-White/non-Hispanic races/ethnicities, and
female sex (Table 2). Hyperfiltration prevalence was not associated

with abnormal lipids or age category.

Prevalence of Hyperfiltration
by BMI Classification

3.6 | Multivariable analysis

In multivariable logistic regression analysis, obesity classes 2 and 3
were independently associated with 50% and 210% higher likelihoods
of hyperfiltration, respectively (Table 2). Diabetes was associated with
a 400% higher likelihood of hyperfiltration. Hypertension was not
associated with hyperfiltration prevalence. An additional factor associ-
ated with increased likelihood of hyperfiltration was race/ethnicity (all
race/ethnicities had increased adjusted odds compared with White/
non-Hispanics).

4 | DISCUSSION

These nationally representative data indicate that the prevalence of
hyperfiltration—an antecedent of future CKD—is higher among US
youth and young adults with obesity classes 2 and 3, and those with
diabetes, though not those with hypertension. Specifically, the preva-
lence of hyperfiltration is 8.7% among those with obesity class 2,
11.3% among those with obesity class 3, and 22.7% among those with
diabetes. To give context to these estimates, the prevalence of obesity
classes 2 and 3 is relatively high (10% in this population-based sample)
whereas the prevalence of diabetes is low (0.9%—an estimate
comparable with ones from a meta-analysis of diabetes-prevalence

studies in youth.3?)

Prevalence of Hyperfiltration
by BMI Classification and Age Category

DOhealthy weight [ overweight [ obesity class 1 Mobesity class 2 Mobesity class 3

16% 16%

11.3%

8.7%

6.5%

49% 4.7%

»<0.0001

0% 0%
healthy overweight obesity obesity obesity
weight class 1 class 2 class 3
n=9.977 n=4,228 n=2,637 n=1,130 n=126

15.3%
14.6% 15.0%

11.6%

10.5%

5.6%5.6%
4.8%4.8%

»<0.0001 <0001 »<0.0001
12-14 15-17 18-21 22-29
n=4,675 n=4,722 =467 n=5,034

Age Category

'Hyperfiltration defined as eGFR >95" percentile of age/sex normative eGFR, respectively, with norms set by estimating creatinine-based eGFR
in the metabolically healthy subset of 12-29-year-olds in NHANES 1999-2016 (n=5,493).

FIGURE 3 Hyperfiltration in 12- to 29-year-old US youth and young adults (N = 18 698). Hyperfiltration defined as estimated glomerular
filtration rate (eGFR) greater than 95th percentile of age/sex normative eGFR, respectively, with norms set by estimating creatinine-based

eGFR in the metabolically healthy subset of 12- to 29-year-olds in NHANES 1999 to 2016 (n = 5493). Prevalence of hyperfiltration by body mass
index (BMI) classification among 12- to 29-year-old US youth and young adults (N = 18 698) in the overall sample and for each of the four peri-

pubertal age groups studied
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TABLE 2 Prevalence of hyperfiltration by sample characteristics among 12- to 29-year-olds in NHANES and results of multivariable analysis of
the association of BMI classification, diabetes, and hypertension with adjusted odds of hyperfiltration (defined as an eGFR > 95th percentile for
sex/age in a healthy subsample)?,”

No. Prevalence of Hyperfiltration Adjusted Odds(95% Cl) of Hyperfiltration

Characteristic N =18 698 7.0%

BMI classification
Healthy weight 9977 49 Reference
Overweight 4228 4.7 0.9 (0.7-1.1)
Class 1 obesity 2637 6.5 1.2 (1.0-1.5)
Class 2 obesity 1130 8.7 1.5 (1.1-2.1)
Class 3 obesity 726 11.8 2.1 (1.5-2.9)
P <0.001

Blood glucose
Normal 16 742 54 Reference
Prediabetes 1796 5.6 0.9 (0.7-1.1)
Diabetes 160 22.7 4.0 (2.2-7.4)
P <0.001

Blood pressure
Normal 14 409 55 Reference
Elevated 3675 5.8 1.0 (0.8-1.2)
Hypertensive 614 5.4 0.8 (0.5-1.3)
P 0.8

Liver enzyme ALT
Normal 17 031 53 Reference
Elevated 1667 77 1.1 (0.9-1.5)
P 0.003

Race/ethnicity
White, non-Hispanic 5639 34 Reference
Black, non-Hispanic 4913 74 2.1 (1.7-2.6)
Hispanic 6671 104 3.1 (2.6-3.8)
Other, non-Hispanic 1475 6.0 1.7 (1.2-2.4)
P <0.001

Sex
Female 9063 6.2 Reference
Male 9635 5.0 0.8 (0.7-1.0)
P 0.006

Age category, y
12-14 4675 5.0 Reference
15-17 4722 6.2 1.3 (1.0-1.7)
18-21 4267 5.3 1.1 (0.9-1.4)
22-29 5034 5.6 1.1 (0.9-1.4)
P 0.3

Lipids
Normal 13 541 57 Reference
Abnormal 5157 53 0.9 (0.8-1.1)
P 0.4

Weighted percentages are shown for estimates of hyperfiltration prevalence. Percentage with normal eGFR are not shown (for simplicity).

PHealthy subset defined as healthy weight with no evidence of albuminuria, prediabetes/diabetes, elevated blood pressure/hypertension, abnormal lipids, or
abnormal ALT.

“Odds ratios are adjusted for covariates shown in the table plus NHANES cycle.
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Given this finding, together with longitudinal cohort-study data
that document obesity in adolescence is an independent risk factor
for ESRD 20 to 25 years later,’>*35 the authors suspect that obe-
sity-related hyperfiltration represents early evidence of future renal-
function decline. Thus, the ideal time to communicate about kidney
disease risk and optimize modifiable risk factors may be at onset of
hyperfiltration. Although this study's cross-sectional data do not pro-
vide evidence that obesity-associated hyperfiltration predicts kidney
failure over time, the age/sex-specific thresholds for hyperfiltration
may aid this question's future investigation.

Several possible explanations link obesity and kidney disease.
Increases in fat mass increase blood volume, which increases renal
blood flow.3® Obesity in preterm children (who have decreased neph-
ron mass) increases risk of progressive kidney disease.®”*® Premature
and low birth weight children exhibit elevations in (a) biomarkers of
adiposity, (b) blood pressure, and (c) GFR at 1 to 2 years of age—the
co-occurrence of high blood pressure and GFR indicates that renal
autoregulation is impaired.®?° By 10 to 12 years old, prematurity
and low birth weight are associated with obesity, hypertension, and
hypofiltration.***® These observations highlight that obesity alone,
and especially combined with prematurity/low birth weight, may place
an extra burden on nephrons, contribute to loss of reno-protective
autoregulation, and promote renal failure over time.

Another important study finding is that diabetes is associated with
hyperfiltration in youth. Diabetes, though rare in childhood, is more
prevalent among adolescents with obesity, and childhood obesity
guidelines recommend screening for it.>¥** Once diabetes is identi-
fied, serial evaluations of kidney function are recommended. These
study data give thresholds for understanding if hyperfiltration is
present.

Although the current study does not indicate that hypertension is
associated with hyperfiltration, hypertension is a potent risk factor
for future kidney failure and rates of diagnosis/treatment of hyperten-
sion in children are low.%3* Moreover, the recommendation to deter-
mine kidney function in youth with hypertension is to evaluate
evidence of kidney failure as a secondary underlying cause of
hypertension.1¢32

Study data add sex and age-specific normative data for serum cre-
atinine in metabolically healthy US youth and young adults. These data
depict serum creatinine in males rising by approximately 50% peri-
pubertally versus less than 20% in females. Prior data on typical creat-
inine values had indicated mean serum creatinine was 0.71 mg/dL in
12 to 17-year-olds (with no sex-specific differences reported), 0.96
mg/dL in adult women, and 1.16 mg/dL in men.?82? Per data reported
here, mean serum creatinine of 0.71 mg/dL falls outside the 50th per-
centile and associated 95% CI for both 12 and 14-year-old females
(50th percentile, 0.62 mg/dL; 95% Cl, 0.60-0.64) and males (0.65
mg/dL; 95% Cl, 0.63-0.67). In this era of electronic health records,
health care providers caring for adults typically receive a patient's cre-
atinine-based eGFR value when eGFR is less than 60 mL/min/1.73m?,
whereas no eGFR value is provided if the eGFR is greater than 60 mL/
min/1.73 m2. In contrast, pediatric providers must interpret raw serum

creatinine values in growing children/adolescents, because pediatric

electronic health records typically do not provide an estimate of GFR
when serum creatinine is measured in children. Thus, providers caring
for 12- to 29-year-olds may find our study's creatinine data by sex and
age useful at the point-of-care to consider whether a patient has a
normal creatinine level or is exhibiting hyperfiltration.

Study strengths include use of a nationally representative sample
with high-quality laboratory and examination data and oversampling
of racial and ethnic minorities. An important study limitation is that
longitudinal data are needed to understand the natural history of
hyperfiltration and how to use eGFR clinically over time and beyond
young adulthood. Another limitation is that urine samples were not
first morning samples (some youth may have had orthostatic albumin-
uria, which is the most common cause of isolated proteinuria in chil-
dren), and albuminuria data came from single urine-creatinine/urine-
albumin measurements.?* These limitations were permitted, because
no one had ever examined the prevalence of hyperfiltration by BMI
classification in a population-based healthy sample of youth and

young adults.

5 | CONCLUSION

This is the first nationally representative study to identify that obesity
classes 2 and 3 are associated with a higher prevalence of
hyperfiltration among US youth and young adults and provide norma-
tive serum creatinine levels and eGFR thresholds for hyperfiltration by
sex and age. Findings provide needed data regarding abnormally low
creatinine values that herald hyperfiltration in youth and young adults.
Intensive weight management of youth and young adults with obesity
and hyperfiltration may prove useful for preventing kidney disease.
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