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Abstract

Rationale & Objective: Obesity has been related to risk for chronic kidney disease. However,
the associations of different measures of midlife obesity with long-term kidney function
trajectories and whether they differ by sex and race are unknown.

Study Design: Observational study.

Setting & Participants: 13,496 participants from the Atherosclerosis Risk in Communities
(ARIC) Study.
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Predictors: Midlife obesity status as measured by body mass index (BMI), waist-to-hip ratio,
and predicted percent fat at baseline.

Outcomes: Estimated glomerular filtration rate (eGFR) calculated using serum creatinine level
measured at 5 study visits, and incident kidney failure with replacement therapy (KFRT).

Analytical Approach: Mixed models with random intercepts and random slopes for eGFR. Cox
proportional hazards models for KFRT.

Results: Baseline mean age was 54 years, median eGFR was 103 mL/min/1.73 m2, and median
BMI was 27 kg/m2. Over 30 years of follow-up, midlife obesity measures were associated with
eGFR decline in White and Black women but not consistently in men. Adjusted for age, center,
smoking, and coronary heart disease, the differences in eGFR slope per 1-SD higher BMI, waist-
to-hip ratio, and predicted percent fat were 0.09 (95% ClI, —-0.18 to 0.36), —0.25 (95% CI, -0.50 to
0.01), and —0.14 (95% CI, —0.41 to 0.13) mL/min/1.73 m2 per decade for White men; —0.91 (95%
Cl, -1.15 to -0.67), —0.82 (95% CI, —1.06 to —-0.58), and -1.02 (95% ClI, -1.26 to —0.78)
mL/min/1.73 m2 per decade for White women; —0.70 (95% ClI, —1.54 to 0.14), —1.60 (95% ClI,
-2.42t0 —-0.78), and —1.24 (95% CI, —2.08 to —0.40) mL/min/1.73 m? per decade for Black men;
and -1.24 (95% Cl, —2.08 to —0.40), —1.50 (95% CI, -2.05 to —0.95), and -1.43 (95% Cl, —-2.00
to —0.86) mL/min/1.73 m? per decade for Black women. Obesity indicators were independently
associated with risk for KFRT for all sex-race groups except White men.

Limitations: Loss to follow-up during 3 decades of follow-up with 5 eGFR assessments.

Conclusions: Obesity status is a risk factor for future decline in kidney function and
development of KFRT in Black and White women, with less consistent associations among men.

Kidney function trajectories have long been used in the estimation of time to kidney failure.l
Recently, kidney function decline over time has been related not only to kidney failure but
also to all-cause mortality and cardiovascular disease risk.2~4 Understanding risk factors for
different patterns of kidney function trajectories is important so that individuals at risk for
rapid progression may be targeted early for interventions. Successful interventions may
prevent the development of disease among individuals with normal kidney function and slow
the progression among those with kidney disease.

Obesity may be a targetable risk factor in the prevention of kidney function decline. Higher
body mass index (BMI) has been associated with increased risk for incident chronic kidney
disease (CKD), including greater kidney function decline among healthy young adults.>~7
However, BMI may not be the best marker of obesity-related risk and associations may
differ across sex and race.8-12 Much less is known about the relationship between other
obesity indicators, such as waist-to-hip ratio and the recently developed predicted percent
fat,13 and long-term kidney function decline.

This study evaluated the associations of midlife obesity with subsequent trajectories of
estimated glomerular filtration rate (eGFR) and risks for developing kidney failure with
replacement therapy (KFRT) across sex-race groups in a community-based cohort of 13,496
middle-aged White and Black men and women during 30 years of follow-up. We examined
several different obesity measures given the controversy over the optimal method of
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estimating obesity, with the goal of exploring whether obesity may precede faster kidney
function decline.

Methods

Study Design and Study Population

The Atherosclerosis Risk in Communities (ARIC) Study is a prospective cohort study
designed to evaluate risk factors for the development of cardiovascular disease.1# It enrolled
a total of 15,792 middle-aged (45-64 years old at baseline) predominantly White and Black
men and women from 4 communities in the United States: Forsyth County, NC; Jackson,
MS; suburbs of Minneapolis, MN; and Washington County, MD. The first examination took
place in 1987 to 1989 (baseline; study visit 1), with follow-up examinations initially at
approximately 3-year intervals: 1990 to 1992 (study visit 2), 1993 to 1995 (study visit 3),
1996 to 1998 (study visit 4), and more recently, in 2011 to 2013 (study visit 5) and 2016 to
2017 (study visit 6). During each study visit, an extensive questionnaire was administered, a
clinical examination was conducted, and blood and urine specimens were collected.

In the present study, we excluded study participants who at baseline had KFRT (n = 150),
eGFR < 60 mL/min/1.73 m? (n = 341), diabetes (n = 1,797), or BMI < 18.5 kg/m? (n = 143).
Thus, the analytic sample size was 13,496 (85.5% of the original cohort). We excluded
participants with prevalent diabetes because clinical diabetes can lead to intentional and
unintentional weight loss. Study participants provided written documentation of informed
consent and study protocols were approved by the institutional review board at each study
site.

Assessment of Obesity Status

BMI was calculated as measured weight (in kilograms) divided by measured height (in
meters) squared. Waist-to-hip ratio, which has been shown by some studies to be the more
appropriate metric for obesity-related risk stratification among older adults,1° was calculated
from measurements of the circumference at umbilical level (waist) and maximum buttocks
(hip) to the nearest centimeter. Predicted percent fat was derived using sex-specific
anthropometric prediction equations including information on age, race, weight, height, and
waist circumference (WC). The equations have been reported to explain a large amount of
the variation in percent fat (R2 of 0.73 for men and 0.65 for women).13 We evaluated
predicted percent fat as an indicator of obesity because it was more strongly correlated with
obesity-related biomarkers compared with BMI in previous studies.13 The anthropometric
prediction equations are:

Men: Percent fat (%) = 0.02 + (0.00 x age in years) — (0.07 x height in cm) — (0.08 x weight
in kg) + (0.48 x WC in cm) + (0.32 if Mexican) + (0.02 if Hispanic) — (0.65 if Black) +
(1.12 if other ethnicity)

Women: Percent fat (%) = 50.46 + (0.07 x age in years) — (0.26 x height in cm) + (0.27 x
weight in kg) + (0.10 x WC in cm) + (0.89 if Mexican + (0.49 if Hispanic) — (1.57 if Black)
+ (0.43 if other ethnicity)

Am J Kidney Dis. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yu et al. Page 4

We modeled all obesity measurements both as continuous variables and in tertiles.

Assessment of Kidney Function

Kidney function was assessed by measuring creatinine in serum or plasma specimens
collected during each study visit, except for study visit 3. A modified kinetic Jaffé method
was adapted to measure creatinine and it was standardized to the National Institute of
Standards and Technology standard and calibrated across study visits using repeat
measurements from a sample of 200 ARIC Study participants.16-18 The CKD Epidemiology
Collaboration (CKD-EPI) equation was used to calculate eGFR based on creatinine level.1
For participants who developed incident KFRT (ascertained through linkage to the US Renal
Data System [USRDS]), eGFR of 15 mL/min/1.73 m? was imputed on the date of initiation
of kidney replacement therapy (transplantation or dialysis).

Assessment of Other Variables

Demographic characteristics (date of birth for the calculation of age, sex, and race) and
medical history (coronary heart disease [CHD]) were ascertained by a questionnaire
administered by trained interviewers at the baseline study visit. Systolic blood pressure was
measured 3 times using a random-zero sphygmomanometer. The average of the second and
third measurements was used in the analysis. Study participants brought medications to the
study visit and the names of all medications were transcribed. Blood samples that were
collected from study participants during the baseline study visit were assayed for the
measurement of high-density lipoprotein (HDL) cholesterol using an enzymatic method
after precipitation with dextran sulfate-magnesium. Bioelectrical impedance (BIA),
measured using the BIA 101-F device (Akern/RJL), was used to measure percent body fat
and fat mass at visit 5.

Statistical Analysis

Baseline characteristics of the study population were compared by baseline BMI tertile, sex,
and racial group using descriptive statistics and differences were tested using analysis of
variance for continuous variables and Xz tests for categorical variables. Spearman
correlations between BIA-measured percent fat at visit 5 and BMI, waist-to-hip ratio, or
predicted percent fat at visit 5 were examined within each sex and racial group. Scatterplots
of waist-to-hip ratio and predicted percent fat against BMI tertile at baseline were shown by
sex and race. We estimated the differences in annual eGFR decline slope according to
baseline obesity status tertiles.20 Kernel density plots were used to illustrate the distribution
of unadjusted annual predicted change in eGFR. Mixed models were used to evaluate the
association between obesity status at baseline and eGFR trajectories using random intercepts
and random slopes to account for individual variation in eGFR at baseline and its change.
Cox proportional hazards models were used to estimate the association between baseline
obesity status and KFRT. All models were stratified by sex and race (White/Black) because
the association of eGFR decline showed an interaction with baseline obesity across race-sex
groups (P < 0.001 for all obesity measurements), as well as larger variance in Blacks.

Two models were constructed. Model 1 was adjusted for age (continuous), center
(Minneapolis, MN/Washington County, MD/Jackson, MS/Forsyth County, NC), current
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smoker (yes/no), and history of CHD (yes/no) at baseline. For model 2, we further adjusted
for hypertension medication use (yes/no), systolic blood pressure (continuous), HDL
cholesterol level (continuous), and eGFR (continuous; KFRT model only) at baseline to
assess the associations of obesity and kidney function decline independent of other obesity-
associated comorbid conditions. Because socioeconomic status may be associated with both
weight change and kidney function, we also additionally adjusted for family income (annual
income = $25,000/<$25,000/not reported), and education (graduated high school/not
graduated) and tested their interactions with obesity measures and time.

In sensitivity analyses, we categorized baseline obesity measures (BMI, waist-to-hip ratio,
and predicted percent fat) into tertiles by sex and race and examined their associations with
eGFR trajectories using the same mixed models as the main analysis. We examined the
associations of interest only among participants with valid information on visit 6 using the
same methods to test the robustness of our main results. Because smoking can lead to weight
loss and modify the associations with obesity-related health conditions, we conducted a
sensitivity analysis excluding current smokers.2! Because obesity is a risk factor for
increased mortality,22 we conducted a Fine-Gray competing-risks analysis.23 All analyses
were conducted using R, version 3.3.3 (R Development Core Team).

Baseline Characteristics

Baseline characteristics of the 13,496 study participants (10,222 White and 3,274 Black)
according to baseline BMI tertile, sex, and racial group are shown in Table 1. For all 4 sex
and racial groups, participants with higher baseline BMI, particularly those in the highest
tertile, were more likely to have higher waist-to-hip ratio, predicted percent fat, and systolic
blood pressure and a history of CHD. They were also more likely to take antihypertensive
medication and have lower HDL cholesterol levels and less likely to be current smokers (P <
0.001 for all comparisons).

Correlations of Obesity Measures

Percent fat measured by BIA at visit 5 was strongly correlated with all concomitant obesity
measures overall and in all 4 sex-race groups (all P < 0.001; Fig S1). However, the strength
of the correlation and differences between sex-race groups varied substantially. BMI and
predicted percent fat had the highest correlations with BIA-measured percent fat (ranging
from 0.62 to 0.85 across sex-race categories). In contrast, waist-to-hip ratio has a weaker
overall correlation of —0.15 (ranging from 0.18 to 0.46 across sex-race categories). Predicted
percent fat was the only measure that captured the sex difference in obesity measurements,
resulting in convergence of regression lines for men and women. Density plots of
distributions across baseline BMI tertiles showed that although waist-to-hip ratio and
predicted percent fat increased with BMI, there was substantial overlap across tertiles,
indicating that the measures would not classify the obesity status of individuals identically
(Fig S2).
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Variation in Annual Change in eGFR by Race and Sex

Among women, annual decline in eGFR was more rapid among participants in tertiles 2 and
3 of all 3 baseline obesity measurements; however, there was substantial overlap across
categories. Black men in tertiles 2 and 3 of waist-to-hip ratio and predicted percent fat also
had more substantial declines in eGFR, but we did not observe such a trend with BMI
tertiles in this group (Fig 1A-C). Median annual eGFR declines in the low, mid, and high
tertiles of baseline waist-to-hip ratio were 1.31 (interquartile range [IQR], 1.10-1.53), 1.37
(IQR, 1.16-1.61), and 1.32 (IQR, 1.11-1.52) mL/min/1.73 m2 per year for White men; 1.32
(IQR, 1.14-1.49), 1.43 (IQR, 1.27-1.59), and 1.51 (IQR, 1.35-1.67) mL/min/1.73 m? per
year for White women; 1.61 (IQR, 1.41-1.77), 1.69 (IQR, 1.45-1.85), and 1.90 (IQR,
1.60-2.07) mL/min/1.73 m? per year for Black men; and 1.76 (IQR, 1.51-2.02), 1.94 (IQR,
1.67-2.18), and 2.10 (IQR, 1.86-2.28) mL/min/1.73 m? per year for Black women, and those
for baseline predicted percent fat were 1.29 (IQR, 1.08-1.51), 1.38 (IQR, 1.16-1.62), and
1.34 (IQR, 1.14-1.55) mL/min/1.73 m? per year for White men; 1.32 (IQR, 1.13-1.49), 1.44
(IQR, 1.26-1.59), and 1.52 (IQR, 1.36-1.68) mL/min/1.73 m? per year for White women;
1.62 (IQR, 1.40-1.82), 1.70 (IQR, 1.43-1.89), and 1.92 (IQR, 1.66-2.04) mL/min/1.73 m?
per year for Black men; and 1.81 (IQR, 1.53-2.07), 1.88 (IQR, 1.62-2.12), and 2.13 (IQR,
1.88-2.33) mL/min/1.73 m2 per year for Black women.

Difference in eGFR Decline by Markers of Obesity

In women, all obesity indicators were associated with eGFR decline during 30 years’ follow-
up. In Black men, only waist-to-hip ratio and predicted percent fat were associated with
eGFR decline; in White men, no measures of obesity were associated with eGFR decline.
Adjusted for age, center, smoking, and CHD, the difference in eGFR slope per 1-SD higher
baseline BMI, waist-to-hip ratio, and predicted percent fat were 0.09 (95% CI, -0.18 to 0
36), —0.25 (95% CI, —0.50 to 0.01), and —0.14 (95% CI, —0.41 to 0.13) mL/min/1.73 m? per
decade for White men; -0.91 (95% CI, —1.15 to -0.67), —0.82 (95% CI, —-1.06 to —0.58),
and —1.02 (95% CI, —1.26 to —0.78) mL/min/1.73 m? per decade for White women; —0.70
(95% ClI, —1.54 t0 0.14), -1.60 (95% Cl, —2.42 to —0.78), and -1.24 (95% ClI, —2.08 to
-0.40) mL/min/1.73 m? per decade for Black men; and —1.24 (95% CI, —2.08 to —0.40),
-1.50 (95% CI, —2.05 to —0.95), and —1.43 (95% CI, —2.00 to —0.86) mL/min/1.73 m? per
decade for Black women (Table 2). None of the interactions between family income or
education and obesity measurements with kidney function decline were significant after
adjusting for multiple comparisons. Results were similar to the main analysis in sensitivity
analyses that examined the association between tertiles of obesity indicators and eGFR
decline to check the impact of potential nonlinearity (Table S1), that only included
participants who attended visit 6 (Table S2), that excluded current smokers (Table S3), and
that accounted for the competing risk for death before KFRT (Table S4).

Risk for Developing KFRT

All obesity indicators were associated with increased risk for KFRT for all sex-race groups
except among White men. Adjusted for age, center, smoking, and CHD, the hazard ratios for
KFRT per 1-SD greater BMI, waist-to-hip ratio, and predicted percent fat were 1.26 (95%
Cl, 0.98-1.62), 1.12 (95% Cl, 0.86-1.48), and 1.19 (95% ClI, 0.91-1.54) for White men; 1.51
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(95% Cl, 1.14-2.01), 1.79 (95% Cl, 1.26-2.53), and 1.72 (95% CI, 1.31-2.26) for White
women; 1.75 (95% Cl, 1.29-2.36), 1.99 (95% CI, 1.38-2.87), and 1.86 (95% Cl, 1.36-2.55)
for Black men; and 1.68 (95% Cl, 1.33-2.13), 1.78 (95% Cl, 1.32-2.40), and 1.68 (95% ClI,
1.32-2.14) for Black women (Table 3). The 30-year difference in risk for KFRT across
tertiles ranged from 0.8% to 5.8% (Fig S3).

Discussion

In this community-based population of 13,496 middle-aged adults, we observed that obesity
status, measured by BMI, waist-to-hip ratio, and predicted percent fat, was generally
associated with more rapid future decline in kidney function and higher risk for developing
KFRT during 30 years of follow-up. Associations were observed in White and Black
women, as well as Black men; however, there was no evidence supporting associations
between markers of obesity and eGFR decline or KFRT in White men. The more novel
measure of obesity, predicted percent fat, a sex-specific equation that incorporates age, race,
weight, height, and WC, was highly correlated with BIA-measured percent fat. Our study
further documents the possible benefits of having normal BMI and obesity measures in
midlife by suggesting that they are associated with slower rates of kidney function decling,
at least in White and Black women and Black men. Documenting the full range of benefits
of having normal BMI and obesity measures is important because obesity prevention may
require significant effort and cost. The stronger associations with KFRT suggest that the
overall benefit of having normal BMI and obesity measurements may be greater for higher
risk groups.

The current study adds to the existing literature by demonstrating that midlife obesity is a
risk factor for kidney function decline and the development of KFRT in later life in women
and Black men and by quantifying the mean rate and range of decrease in kidney function
during 30 years of follow-up. Existing research on kidney function trajectories has been
more focused on individuals with kidney diseases rather than those with preserved kidney
function.24:25 Qur study addressed this gap by evaluating baseline obesity categories as a
predictor of kidney function decline among individuals with preserved kidney function. We
examined kidney function from midlife to older age, when the prevalence of kidney disease
is highest and KFRT most often occurs.

Our study demonstrated that the association of midlife obesity with decline in kidney
function differed by race and sex. Measures of obesity were not associated with kidney
function decline in White men and BMI—Dbut not waist-to-hip ratio or predicted percent fat
——predicted kidney outcomes in Black men. Differences by sex in susceptibility to kidney
outcomes associated with obesity among middle-aged adults has been described in previous
literature. For example, previous studies suggested that higher BMI was a significant risk
factor for the development of CKD in women, but not men, in a Japanese community cohort.
11 However, the underlying mechanisms for this difference are unknown.

The lack of association in White men may be due to the combination of lower obesity and
lower kidney disease progression among Whites, reducing power. Alternatively, there may
be greater variation in muscle mass as a non-GFR influence of creatinine level among men
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compared with women.26-30 Given the greater magnitude and range of measurements of
obesity in women than in men, it is also possible that the power to observe associations
between obesity and future kidney function decline was larger and obesity explained more
variance in rates of decline in women than in men.

In general, the ARIC cohort follows the expected trends from previous studies, with weight
gain dominating in midlife and weight loss increasing at older age.31-34 The mix of
intentional and unintentional weight loss is unknown. Therefore, we focused on baseline
weight to provide clear temporality and minimize reverse causation. Longitudinal tracking
of obesity rank simplifies the interpretation of midlife obesity as a risk factor for kidney
disease progression over the subsequent decades.3°

Our study used 3 indicators to model obesity: BMI, waist-to-hip ratio, and predicted percent
fat. BMI has been most widely used in clinical and public health settings; however, whether
it is the most suitable measure for all scenarios has been debated.8-10 Some studies have
proposed that waist-to-hip ratio is more appropriate than BMI for gauging risk in middle- to
older-age adults because generalized obesity in older ages has been thought to provide
protection against injury, nutritional reserve against illness, and better weight-bearing bone
formation.36-39 Also, BMI has been criticized for not being able to discriminate individuals
with different body composition of fat mass and lean body mass, which has been suggested
as the reason for the “obesity paradox,” a phenomenon that overweight and obese
individuals have better health outcomes compared with normal-weight counterparts in some
settings.#041 In our study, we observed high sex/race-specific correlations between BMI and
BlA-measured percent fat. Waist-to-hip ratio was distinct from BMI and was relatively
weakly correlated with BIA-measured percent fat, although their associations with kidney
outcomes were similar. The novel obesity marker, predicted percent fat, appeared to be not
only highly correlated with BIA-measured percent fat but also a risk factor with
considerable magnitude of both kidney function decline and risk for KFRT in women and
Black men. However, associations between different indicators of obesity and kidney
outcomes were in general similar. This is probably because our study population was
generally healthy, while BMI loses its value mostly at advanced disease stage when loss of
lean mass is important.#1-43 Our results suggested that BMI is a good measure in a general
population cohort for kidney outcomes and the improvement with more sophisticated
measures in this setting is likely marginal.

This study has several strengths. The ARIC Study is a large prospective cohort. The long
duration of the study (30 years of follow-up) permits characterization of kidney function
decline in a population in which health was originally generally good. Given the inclusion of
both Whites and Blacks and both men and women from 4 distinct US communities, we were
able to examine associations between obesity and kidney outcomes by sex and race. BMI
was measured and not self-reported. Also, multiple established risk factors were collected in
a standardized manner according to a research protocol.

The main limitation of this study is that there were only up to 5 eGFR assessments for the
estimation of long-term trajectories. However, there are few longitudinal population-based
cohorts with more frequent assessments of eGFR over 30 years. Participants reaching KFRT
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were less likely to survive to participate in subsequent study visits; we included an estimate
of their trajectory by imputing an eGFR of 15 mL/min/1.73 m? at the time of KFRT onset.
The potential differential loss to follow-up may also occur for people in higher tertiles of
obesity at baseline. Although we measured and adjusted for many potential confounders, we
cannot exclude the possibility of residual confounding.

In conclusion, we observed in community-dwelling adults that midlife obesity status was a
risk factor for future decline in kidney function and the development of KFRT in all sex-race
subgroups except for White men. The lack of associations in White men suggests that the
role of obesity and its optimal quantification for kidney disease risk requires further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PLAIN-LANGUAGE SUMMARY

Obesity is a targetable risk factor in the prevention of kidney function decline. However,
although it is most commonly used, body mass index may not be the best marker of
obesity-related risk, and the associations between obesity and kidney function decline
may differ across sex and race. In the Atherosclerosis Risk in Communities Study, we
evaluated associations between different measures of obesity at baseline and estimated
glomerular filtration rate trajectories using mixed models with random intercepts and
random slopes and estimated the associations between obesity and kidney failure with
replacement therapy (KFRT) using Cox proportional hazards models. Obesity status is a
risk factor for future decline in kidney function and development of KFRT in Black and
White women, with less consistent associations among men.
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Distribution of unadjusted predicted average annual change in estimated glomerular
filtration rate (eGFR; mL/min/1.73 m2) within the Atherosclerosis Risk in Communities
(ARIC) population according to baseline obesity marker tertile by sex and race. (A) Annual
eGFR change according to body mass index (BMI) tertile among (left to right) White men,
White women, Black men, and Black women. (B) Annual eGFR change according to waist-
to-hip ratio tertile among (left to right) White men, White women, Black men, and Black
women. (C) Annual eGFR change according to baseline predicted percent fat tertile among
(left to right) White men, White women, Black men, and Black women.
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