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Using data collected from 9,823 participants in the 2007–2008 and 2009–2010 cycles of the National Health and

Nutrition Examination Survey, we formally investigated potentially modifiable factors linking low socioeconomic status

(SES) to chronic kidney disease (CKD) for their presence and magnitude of mediation. SES was defined using the

poverty income ratio. The main outcome was CKD, defined as estimated glomerular filtration rate <60 mL/minute/

1.73 m2 (using theChronic KidneyDisease EpidemiologyCollaboration equation) and/or urinary albumin:creatinine

ratio ≥30 mg/g. In mediation analyses, we tested the contributions of health-related behaviors (smoking, alcohol

intake, diet, physical activity, and sedentary time), comorbid conditions (diabetes, hypertension, obesity, abdominal

obesity, and hypercholesterolemia), and access to health care (health insurance and routine health-care visits) to

this association. Except for sedentary time and diet, all examined health-related behaviors, comorbid conditions,

and factors related to health-care access mediated the low SES–CKD association and contributed 20%, 32%, and

11%, respectively, to this association. In race/ethnicity-specific analyses, identified mediators tended to explain

more of the association between low SES and CKD in non-Hispanic blacks than in other racial/ethnic groups. In

conclusion, potentially modifiable factors like health-related behaviors, comorbid conditions, and health-care ac-

cess contribute substantially to the association between low SES and CKD in the United States, especially

among non-Hispanic blacks.

chronic kidney disease; mediation; socioeconomic status

Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; NHANES, National Health and Nutrition

Examination Survey; PIR, poverty income ratio; SES, socioeconomic status.

Chronic kidney disease (CKD) is a major public health
problem. CKD is associated with a number of adverse health
outcomes, including end-stage renal disease, cardiovascular
mortality, and all-cause mortality (1), and its burden is in-
creasing. In the United States, the prevalence of CKD is es-
timated to be 15% (2), and lifetime risk of developing CKD is
nearly 60% (3). However, the burden of CKD is not equally
distributed among populations. Substantial inequality is ob-
served in incidence and prevalence of CKD across socioeco-
nomic (4–6) and racial/ethnic (7–9) groups.

Socioeconomic status (SES) is a major contributor to in-
equalities in CKD prevalence, and its effects are potentially

modifiable. The US national blueprint for public health goals
as per Healthy People 2020 (http://www.healthypeople.gov/)
explicitly aims for the elimination of socioeconomic health
disparities related to kidney disease in the United States by
2020 (10). To reach this aim, the identification of factors link-
ing SES to CKD is pivotal. Adverse health-related behaviors,
comorbid conditions, and limited access to health care have
been suggested as potential mediators that link low SES to
CKD (11). However, to our knowledge, no previous study has
formally tested for mediation or estimated the extent to which
mediators contribute to socioeconomic disparities in CKD.
Consequently, evidence is largely lacking on mediators actually
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linking SES to CKD and on the extent to which correction for
these mediators could mitigate socioeconomic disparities in
CKD.
Therefore, we sought to 1) identify mediators (health-related

behaviors, comorbid conditions, and health-care access) link-
ing SES and CKD in a US population and 2) determine the ex-
tent to which identified mediators contribute to the association
between low SES and CKD in the United States.

METHODS

Study design and population

We analyzed National Health and Nutrition Examination
Survey (NHANES) data from the years 2007–2008 and 2009–
2010. NHANES surveys a cross-sectional, multistage, strati-
fied, clustered probability sample of the noninstitutionalized
US civilian population and is conducted by the National Cen-
ter for Health Statistics (12). Data on participants aged 20
years or older with measured serum creatinine levels were in-
cluded (n = 10,822). We excluded participants with missing
information on income (n = 966) or missing urinary albumin
and creatinine measurements (n = 133), leaving 9,823 partic-
ipants for the final analysis.

SES measurement

Incomewas used as the primary SESmeasure. While other
SES measures, including education and occupation, capture
individual-based dimensions of social position, household
income is more indicative of standard of living and access
to goods and services.Moreover, income has also been shown
to have a stronger association with CKD than education in the
United States (4). Information on income was obtained via
questionnaire and was recorded as the poverty income ratio
(PIR). PIR is calculated by dividing household income by
the US federal poverty threshold specific to that family size
and year. The PIR is adjusted for family size, composition, and
age of the members of a household and is updated annually for
inflation (12). For analytical purposes (to maintain a sufficient
number of participants in each category), the PIR was divided
into tertiles. The lowest (≤1.36),middle (1.37–3.29), and highest
(3.30–5.00) PIR tertiles were designated low-, medium-, and
high-SES groups, respectively.

Health-related behaviors

Among health-related behaviors, smoking, alcohol intake,
diet, physical activity, and sedentary time are generally more
prevalent in low-SES groups and are associated with health-
related outcomes. Although alcohol intake and diet may not
always be related to SES (13), studies in the United States
generally have shown an association between alcohol intake/
diet and SES (14, 15). We therefore considered them also as
potential mediators.
Smoking status was self-reported, and information on

smoking was collected during the household interview of
adults aged 20 years or older. Participants were classified as
current smokers if they reported having smoked at least 100
cigarettes in their lifetime and reported smoking every day or

on some days of theweek at the time of the interview. All others
were defined as nonsmokers (16). Alcohol consumption was
assessed by asking participants to quantify the number of alco-
holic drinks consumed in the previous 12 months. We catego-
rized alcohol intake (monthly number of any type of alcoholic
drink) into 3 categories: 1) none to low (<1 per month), 2) me-
dium (1–19 per month), and 3) high (≥20 per month) (17).
Dietary behavior was characterized as unhealthy if partici-

pants reported consuming fruits or vegetables fewer than 5
times per week (18) or if they reported that fruits or vegetables
were never or rarely available at home. Since information on ac-
tual consumption of fruits and vegetables was not available in
NHANES 2007–2008, we used availability of fruits and vegeta-
bles at home, which has been shown to be correlated with actual
consumption, to assess dietary behavior in this population (19).
Physical activity was measured from self-reported infor-

mation on recreational physical activity. Participants were
classified as physically active if they reported engaging in
moderate-to-vigorous recreational physical activity at least
3–5 times per week. Other participants were classified as
nonactive (12).
Sedentary timewas recorded as the number of hours spent sit-

ting or reclining at work, at home, or at school each day (exclud-
ing time spent sleeping) and was categorized as low (≤1 hour/
day), medium (2–3 hours/day), or high (≥4 hours/day) (20).

Comorbid conditions

Among comorbid conditions, diabetes, hypertension, obe-
sity, abdominal obesity, and hypercholesterolemia have been
shown to be socioeconomically patterned and are associated
with poor health. Therefore, we examined them as potentially
mediating comorbid conditions in the relationship between
low SES and CKD.
Diabetes was defined as a nonfasting glucose level ≥200

mg/dL, the use of oral antidiabetic drugs or insulin, or self-
reported diabetes mellitus (21). Blood pressure was measured
in accordance with the recommendations of the American
Heart Association (22), and hypertension was defined as sys-
tolic blood pressure ≥140 mm Hg or diastolic blood pressure
≥90 mm Hg, self-reported presence of hypertension, or use of
antihypertensive medication (23). Body mass index was calcu-
lated as weight (kg) divided by the square of height (m2). Par-
ticipants were classified as obese if body mass index was ≥30
(24). Abdominal obesity was defined as waist circumference
≥88 cm in women and ≥102 cm in men (25). Hypercholester-
olemia was defined as a serum total cholesterol concentra-
tion ≥5.2 mmol/L (≥200 mg/dL) or reported current use of
cholesterol-lowering medication (26).

Access to health care

Access to health care was assessed in terms of 1) health
insurance coverage and 2) self-reported use of health-care
services (27). Compared with high-SES groups, people in
low-SES groups are more likely to have no health insurance
and to experience barriers in the use of health-care services.
Because health insurance and routine health-care visits are
known determinants of health (28), both were examined as
potential meditators of the SES-CKD association.
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For health insurance, participants were classified as either
having or not having health insurance. Self-reported use of
health-care services was assessed from the number of routine
health-care visits made in the past year and was categorized
as no visits, 1–3 visits, or ≥4 visits (29).

CKD measurement

Serum creatinine measurements for NHANES 2007–2008
were performed by Collaborative Laboratory Services LLC
(Hartford, Connecticut). In 2007, creatinine was measured
using the Synchron LX20 chemistry analyzer (Beckman
Coulter, Inc., Fullerton, California) (30). On the basis of a rec-
ommendation by the National Center for Health Statistics,
NHANES 2007 serum creatinine values were reduced by
0.08 mg/dL to convert them to standardized creatinine values
(31). From 2008 onwards, serum creatinine measurements
were performed using the UniCel DxC 800 Synchron Clinical
System (Beckman Coulter, Inc.) and were standardized accord-
ing to National Kidney Disease Education Program guidelines
(32). Estimated glomerular filtration rate (eGFR) was deter-
mined using the creatinine-based Chronic Kidney Disease Ep-
idemiology Collaboration equation (33). Urinary albumin and
creatinine levels were measured using enzymatic methods in
spot urine samples collected during the examination. Urinary
albumin:creatinine ratio (measured in mg/g) was calculated
as urine albumin concentration divided by urine creatinine
concentration. CKD was defined as eGFR <60 mL/minute/
1.73 m2 and/or urinary albumin:creatinine ratio≥30 mg/g (34).

Statistical analysis

Mediation analysis was performed according to the
method advised by Lange et al. (35) for multiple mediators,
which allows decomposition of the total effect of an exposure

into natural direct and indirect effects regardless of the un-
derlying statistical model. This approach is flexible to poten-
tial biases that exist in traditional mediation analysis resulting
from exposure-mediator interaction and from confounding
in exposure-outcome, exposure-mediator, and mediator-
outcome relationships (35). Point estimates for the natural
direct effect and the natural indirect effects related to the me-
diators are obtained by means of a weighted regression of the
outcome on the exposure, the confounders, and additional
counterfactual variables. Additional counterfactual variables
are the exposure variables generated in an extended set of the
original data in which exposure takes its opposite (“counter-
factual”) value. An extended data set is constructed by repeat-
ing each observation in the original data set xk times, where x
refers to the number of levels of exposure and k refers to the
number of mediators (e.g., in the case of a binary exposure
and 2 mediators, each observation is repeated 22 = 4 times).
The weights are determined by

Wi ¼
XK
k¼1

PðMk ¼ Mk
i jA ¼ Ak

i ; C ¼ CiÞ
PðMk ¼ Mk

i jA ¼ Ai; C ¼ CiÞ
� �

;

with P deriving from the logistic regression (binomial in the
case of binary variables and multinomial in the case of multi-
category variables) of the mediator (M) on the exposure (A)
and the confounders (C). i refers to row i in the extended data
set. A weighted regression model yields odds ratios for the
levels of exposure that serve as estimates for the natural direct
effect and indirect effects. The product of the odds ratios
yields the odds ratio for the total effect (i.e., direct and indi-
rect jointly). Standard errors and confidence intervals are de-
termined by bootstrap methods.

In each domain of mediators, the status “potential media-
tor” for an individual variable was established on the basis of

Low SES

Health-Related Behaviors
Smoking
Alcohol intake
Diet
Physical activity
Sedentary time

Chronic Kidney
Disease

Age, Sex, and
Race

Comorbid Conditions
Diabetes
Hypertension
Obesity
Abdominal obesity
Hypercholesterolemia

Access to Health Care
Health insurance
Routine health-care visits

Figure 1. Pathways assumed for the domains of mediators between low socioeconomic status (SES) and chronic kidney disease.
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Table 1. Baseline Characteristics of the Study Population According to Socioeconomic Status, National Health and Nutrition Examination Survey, 2007–2008 and 2009–2010a

Characteristic
Total (n = 9,823)

Socioeconomic Statusb

P ValueLow (n = 3,289) Medium (n = 3,262) High (n = 3,272)

% Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR)

Age, years 49 (35–64) 44 (31–61) 51 (36–68) 51 (38–63) <0.001

Male sex 49.0 44.5 49.9 52.7 <0.001

Race/ethnicity <0.001

Non-Hispanic white 50.1 39.9 46.7 63.5

Non-Hispanic black 18.0 17.9 20.2 15.9

Mexican-American 17.2 24.2 18.8 8.5

Otherc 14.7 17.9 14.3 12.1

Less than high school education 35.1 55.1 34.2 10.8 <0.001

Current smokingd 22.1 32.9 19.1 14.3 <0.001

High alcohol intakee 20.4 26.3 21.1 14.7 <0.001

Physical inactivityf 53.4 67.3 57.8 41.2 <0.001

Unhealthy dietg 76.7 82.5 79.3 72.4 <0.001

Sedentary time ≥4 hours/day 32 41 33 24 <0.001

Obesityh 40.6 46.9 41.5 35.8 <0.001

Abdominal obesityi 51 58.7 51.9 40.5 <0.001

Hypertension 21.2 23.3 23.1 18.4 <0.001

Diabetes mellitus 14.6 17.4 15.1 11.5 <0.001

Hypercholesterolemia, ≥6.2 mmol/L 14.3 14.4 14.8 13.6 0.04

Health insurance 23.5 39.3 23.9 7.3 <0.001

No health-care visits in last year 15.9 21.5 16.2 9.2 <0.001

Serum creatinine level, mg/dL 0.84 (0.72–1.01) 0.82 (0.69–0.96) 0.83 (0.72–1.02) 0.88 (0.74–1.02) 0.006

eGFR, mL/minute/1.73 m2 95.7 (78.4–111.1) 92.6 (77.1–106.4) 95.3 (75.5–111.6) 101.5 (83.9–115.9 <0.001

Low eGFR, <60 mL/minute/1.73 m2 9.2 8.7 7.7 <0.001

Albumin:creatinine ratio, mg/g 7.0 (4.5–13.6) 7.7 (4.7–6.1) 7.2 (4.5–14.4) 6.3 (4.2–10.9) <0.001

Moderate albuminuria, ≥30 mg/g 12.1 13.1 9.2 <0.001

Chronic kidney disease 18.4 17.5 14.8 <0.001

Abbreviations: eGFR, estimated glomerular filtration rate; IQR, interquartile range.
a There was no significant difference in age and sex between the participants who were excluded because of missing income information and the final study participants.
b Socioeconomic status was defined as tertile of poverty income ratio (≤1.36 (low), 1.37–3.29 (middle), or 3.30–5.00 (high)). The poverty income ratio is calculated by dividing household

income by the US federal poverty threshold.
c
“Other” included other Hispanics as well as persons of other ethnicities, including multiracial individuals.

d Having smoked ≥100 cigarettes in one’s lifetime and smoking every day or on some days of the week at the time of the interview.
e Having consumed ≥20 alcoholic drinks per month in the previous 12 months.
f Engaging in moderate-to-vigorous recreational physical activity less than 3 times per week.
g Consuming fruits or vegetables fewer than 5 times per week or reporting that fruits or vegetables were never or rarely available at home.
h Body mass index (weight (kg)/height (m)2) ≥30.
i Waist circumference ≥88 cm in women and ≥102 cm in men.
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directed acyclic graphs after consensus among all authors
(Figure 1). In the case of multiple mediators within a domain,
the assumption that the mediators are independent of each
other is tested by adding mediators one by one in the mediator
models and subsequently testing the significance of their as-
sociation. Any exposure-mediator interaction is adjusted for
in the analysis. Given that the various domains of mediators
may be causally linked, such as behavioral mediators causing
comorbidity mediators, we examined each domain of media-
tors separately (35). We first explored mediation from the
domain of health-related behaviors in the SES-CKD associ-
ation. Similarly, direct and indirect effects were obtained for
comorbid conditions and factors related to health-care access.

While assessing mediation, only age, sex, and race were
considered as confounders and were included as covariates
in the final models. For multicategory variables, we present
results for the contrast between the highest and lowest
categories.

In descriptions of the mediation analyses, we use the term
“effect” rather than “association” to be consistent with termi-
nology used in mediation analysis within the counterfactual
framework, although we realize that the analyses were cross-
sectional and no conclusions can be drawn with regard to the
direction of causality.

Previous studies observed racial differences in the associa-
tion between SES andCKD (6, 36); therefore, we also assessed

Table 2. Natural Direct and Indirect Effects (Odds Ratio Scale) of Socioeconomic Status on Chronic Kidney Disease

Operating via Health-Related Behaviors, Comorbid Conditions, and Access to Health Care, National Health and

Nutrition Examination Survey, 2007–2008 and 2009–2010a

Potential Mediator Odds Ratio 95% CI % Mediated 95% CI

Health-related behaviors

Direct effect 1.49b 1.24, 1.74 80b 69, 95

Indirect effect of:

Smoking 1.04b 1.01, 1.07 8b 3, 11

Alcohol intakec 1.04b 1.01, 1.08 7b 2, 12

Physical activity 1.02b 1.00, 1.05 4b 1, 7

Sedentary timec 1.01 0.98, 1.04 3 −5, 9

Dietc 0.99 0.95, 1.03 1 −6, 11

All togethere 1.10b 1.04, 1.17 20b 15, 26

Total effectf 1.64b 1.42, 1.89

Comorbid conditions

Direct effect 1.41b 1.22, 1.62 68 57, 83

Indirect effect of:

Diabetes 1.07b 1.03, 1.11 13b 8, 21

Hypertension 1.04b 1.03, 1.07 7b 4, 9

Obesity 1.02b 1.00, 1.05 4b 1, 7

Abdominal obesity 1.02b 1.00, 1.04 4b 1, 8

Hypercholesterolemia 1.01b 1.00, 1.03 3b 1, 6

All together 1.16b 1.11, 1.21 32b 25, 40

Total effect 1.64b 1.42, 1.89

Access to health care

Direct effect 1.56b 1.35, 1.77 89b 80, 99

Indirect effect of:

Health insurance 1.03b 1.00, 1.05 6b 1, 11

Health-care visits 1.02b 1.00, 1.04 5b 1, 10

Both together 1.05b 1.02, 1.08 11b 4, 18

Total effect 1.64b 1.42, 1.89

Abbreviations: CI, confidence interval; SES, socioeconomic status.
a Results are shown for high SES versus low SES, with SES defined as tertile of poverty income ratio (≤1.36 (low),

1.37–3.29 (middle), or 3.30–5.00 (high)). The poverty income ratio is calculated by dividing household income by the

US federal poverty threshold.
b P < 0.05.
c Mediation via high alcohol intake, high sedentary time, or unhealthy diet (see Table 1).
e Indirect effect when all of the above examined mediators were added together in the model.
f Direct effect × indirect effects.
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whether findings differed by race/ethnicity. Considering that
urinary albumin:creatinine ratio may be increased temporar-
ily, we performed a sensitivity analyses for low eGFR alone
(eGFR <60 mL/minute/1.73 m2).
To achieve representativeness for the US population, we

used the recommended 4-year samplingweights for NHANES
2007–2010, by calculating the mean of the weights for
NHANES 2007–2008 and the weights for NHANES 2009–
2010(12).Samplingweightsandmediationweightsweremul-
tiplied, and their multiplication was incorporated into the
analyses. A P value less than 0.05 was considered to indicate
statistical significance. All analyses were conducted using
STATA software, version 12.0 (StataCorp LP, College Station,
Texas).

RESULTS

Baseline characteristics

Baseline characteristics of the study population by tertile of
SES are shown in Table 1. Participants in the low-SES tertile
were younger and less likely to be male. Non-Hispanic whites
comprised the majority of participants in the high-SES tertile,
while non-Hispanic blacks and Mexican Americans com-
prised a greater proportion of participants in the low-SES ter-
tile. The proportions of participants with adverse health-related
behaviors, such as current smoking, high alcohol intake, no
leisure-time physical activity, high sedentary time, and un-
healthy diet, were higher in participants with low SES than in

Health-related behaviors

Smoking

Alcohol

Physical activity

Sedentary time

Diet

Comorbid conditions

Diabetes

Hypertension

Obesity

Abdominal obesity

Hypercholesterolemia

Access to health care

Health insurance

Routine health-care visits

Mediator

 1.05 (1.02, 1.09)

 1.04 (1.01, 1.07)

 1.05 (1.02, 1.08)

 1.02 (0.99, 1.05)

 1.02 (0.99, 1.06)

 1.04 (1.01, 1.07)

 1.04 (1.01, 1.06)

 1.02 (1.00, 1.05)

 1.03 (1.01, 1.05)

 1.03 (1.01, 1.05)

 1.02 (0.99, 1.05)

 1.03 (1.01, 1.06)

OR (95% CI) 

9

7

9

3

3

7

7

4

6

5

4

6

Mediation, %

1.00.8 1.2

Odds Ratio

Figure 2. Indirect effects of and percentage of mediation from potential mediators of the socioeconomic status–chronic kidney disease associa-
tion among non-Hispanic whites in the National Health and Nutrition Examination Survey, 2007–2008 and 2009–2010. Direct and indirect effects
(on the odds ratio scale): for health-related behaviors, odds ratio (OR) = 1.44 (95%confidence interval (CI): 1.15, 1.75) andOR = 1.15 (95%CI: 1.10,
1.20), respectively; for comorbid conditions,OR = 1.46 (95%CI: 1.11, 1.80) andOR = 1.13 (95%CI: 1.08, 1.19), respectively; and foraccess to health
care, OR = 1.56 (95% CI: 1.29, 1.93) and OR = 1.04 (95% CI: 1.01, 1.06), respectively. Confidence intervals that include 1 indicate no statistical
significance.
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participants with high SES. The samewas true for all comorbid
conditions (i.e., diabetes, hypertension, obesity, abdominal
obesity, and hypercholesterolemia) and for having no health
insurance and no routine health-care visits in the past year. As-
sociations of health-related behaviors, comorbid conditions,
and factors related to health-care access with SES are shown
for the overall population and for each racial/ethnic group in
Web Table 1 (available at http://aje.oxfordjournals.org/).

SES, CKD, and mediating factors

The relationship between low SES and CKD was statisti-
cally significant after adjustment for age, sex, and race (P <
0.001). Table 2 shows that changing SES from the highest
level to the lowest level increased the odds of CKD (odds
ratio = 1.64, 95% confidence interval: 1.42, 1.89). While

assessing health-related behaviors, the natural direct and indi-
rect effects operating via smoking, high alcohol intake, and
physical activity pathwayswere statistically significant. The in-
direct effects operating via sedentary time and diet were not
statistically significant. Smoking, alcohol intake, and physical
inactivity contributed 8%, 7%, and4%, respectively, to the total
effect of low SES onCKD. Twenty percent of the total effect of
SES on CKD was explained by health-related behaviors. Re-
garding comorbid conditions, the direct as well as indirect ef-
fects operating via diabetes, hypertension, obesity, abdominal
obesity, and hypercholesterolemia were significant. Diabetes
and hypertension explained 13% and 7% of the association be-
tween low SES and CKD, respectively; obesity and abdominal
obesity explained 4% each; and hypercholesterolemia explained
3%. Comorbid conditions together explained 32% of the asso-
ciation between low SES and CKD. Among factors related to

Health-related behaviors

Smoking

Alcohol

Physical activity

Sedentary time

Diet

Comorbid conditions

Diabetes

Hypertension

Obesity

Abdominal obesity

Hypercholesterolemia

Access to health care

Health insurance

Routine health-care visits

Mediator

 1.06 (1.03, 1.09)

 1.02 (0.98, 1.07)

 1.04 (1.01, 1.08)

 1.02 (0.99, 1.05)

 1.03 (1.00, 1.06)

 1.07 (1.04, 1.10)

 1.07 (1.04, 1.11)

 1.03 (1.00, 1.06)

 1.04 (1.01, 1.08)

 1.01 (0.96, 1.07)

 1.03 (1.01, 1.06)

 1.02 (1.00, 1.05)

OR (95% CI)

10

4

8

5

6

12

13

5

7

3

5

4

Mediation, %

1.00.8 1.2

Odds Ratio

Figure 3. Indirect effects of and percentage of mediation from potential mediators of the socioeconomic status–chronic kidney disease associa-
tion amongnon-Hispanic blacks in theNational Health andNutritionExamination Survey, 2007–2008 and 2009–2010. Direct and indirect effects (on
the odds ratio scale): for health-related behaviors, odds ratio (OR) = 1.47 (95% confidence interval (CI): 1.05, 1.96) and OR = 1.19 (95% CI: 1.14,
1.25), respectively; for comorbid conditions, OR = 1.43 (95%CI: 1.02, 1.83) andOR= 1.23 (95%CI: 1.17, 1.30), respectively; and for access to health
care, OR = 1.66 (95% CI: 1.20, 2.12) and OR = 1.06 (95% CI: 1.02, 1.10), respectively. Confidence intervals that include 1 indicate no statistical
significance.
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health-care access, the indirect effects operating via the health
insurance pathway and health-care visits were significant and
contributed to the association between low SES and CKD by
6% and 5%, respectively. Factors related to health-care access
together contributed 11% to the SES-CKD association.
Conditional on age, sex, and SES, each of the mediators

was independent of the other mediators within each domain
of mediators (P < 0.05). Similarly, none of the mediators of
interest interacted with SES regarding its association with
CKD (P < 0.05).
The association of SES with CKD differed significantly by

racial/ethnic group (P < 0.001 for interaction). Therefore, anal-
yses stratified by racial/ethnic group were performed. Indirect
effects and percentages of mediation for various potential me-
diators of the low SES–CKD association are shown by racial/
ethnic group in Figures 2–5. Identified health-related behaviors

together contributed 29%, 33%, 17%, and 13% to the associ-
ation between SES and CKD in non-Hispanic whites, non-
Hispanic blacks, Mexican Americans, and other racial/ethnic
groups, respectively, and comorbid conditions together con-
tributed 28%, 38%, 21%, and 24%, respectively. The percent-
age of mediation from factors related to health-care access was
8% in non-Hispanic whites, 10% in non-Hispanic blacks, 9%
in Mexican Americans, and 5% in other racial/ethnic groups.
Results of sensitivity analyses for low eGFR alone (eGFR

<60 mL/minute/1.73 m2) were essentially similar to the over-
all results (Web Table 2).

DISCUSSION

In this study, we examined a nationally representative
sample of the US population to identify mediators of the
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association between low SES and CKD. We found that all
examined health-related behaviors, comorbid conditions,
and factors related to health-care access mediated the SES-
CKD association, except for sedentary time and diet. Identi-
fied mediators contributed substantially to this association.
Analyses stratified by racial/ethnic group revealed differential
mediation across groups. The identified mediators tended to
explain more of the SES-CKD association in non-Hispanic
blacks than in other racial/ethnic groups.

Earlier studies quantified the role of modifiable risk factors
in the associations of low SES with diabetes mellitus (37, 38)
and overall mortality (39) and examined the contribution of
obesity and the metabolic syndrome to reduced kidney func-
tion among low-SES individuals (40). In these studies, medi-
ators explained 12%–94% of the socioeconomic disparities.

In our study, the extent of mediation from smoking and
obesity (factors also examined in previous studies) falls
within the range observed in previous studies (38–41). It
should be noted, however, that this wide range suggests het-
erogeneity of this association across study populations and
outcomes (41).

Using the mediation analysis approach of Lange et al. (35),
we were able to account for 2 of the main sources of potential
bias which might occur because of any exposure-mediator in-
teraction and mediator-outcome confounding. This approach
is based upon the assumption of “nonintertwined” pathways—
that is, that none of the mediators has a causal association
with another. Because health-related behaviors are likely to
be causally related to comorbid conditions (e.g., smoking
causing hypertension (42)), we examined health-related
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behaviors, comorbid conditions, and factors related to limited
health-care access separately for their mediating role in the
SES-CKD association. Mediating factors within each domain
of mediators might also be causally linked (e.g., smokers may
more often drink alcohol and obesity might be causally
linked to diabetes). Moreover, each of these mediating factors
may form a distinct pathway between SES and CKD (43). To
identify distinct causal pathways and to test the mediating
role of each mediator, we examined all mediators within a do-
main simultaneously. Statistical testing indicated that each of
the mediators within a domain was not causally related to
other mediators. Although this does not guarantee that the
causal pathways are indeed nonintertwined, it indicates that
mediators within a domain were at least partially independent
of each other. Therefore, the possibility of a causal link be-
tween mediators is unlikely to have resulted in any meaning-
ful bias in identifying mediators in our study. In analysis of
the overall population, the majority of the examined factors
mediated the association between low SES and CKD and
contributed substantially to this association, but sedentary
time and diet did not appear to be mediators. In racial/ethnic
group–specific analysis, though, mediation from sedentary
time was significant in Mexican Americans and “other” ra-
cial/ethnic groups, and mediation from diet was significant
in non-Hispanic blacks.
We found that the identifiedmediators, comorbid conditions

in particular, explained the relatively higher proportion of the
association between lowSES andCKD in non-Hispanic blacks
than in other racial/ethnic groups. Non-Hispanic blacks have
steeper socioeconomic gradients in some of the identified me-
diators (e.g., physical inactivity and poor diet (41), diabetes
(44), hypertension (45, 46), and limited access to health care
(47)) than other racial/ethnic groups.
In separate analyses by racial/ethnic group, not all of the

examined factors mediated the SES-CKD association. Sed-
entary time, diet, and health insurance were not mediators in
non-Hispanic whites, and alcohol intake, sedentary time, and
hypercholesterolemia were not mediators in non-Hispanic
blacks. InMexican Americans, only sedentary time, diabetes,
hypertension, obesity, and health insurance appeared as me-
diators. The differential mediation across racial/ethnic groups
might be a chance finding, but it may also be that these factors
have differential influences across racial/ethnic groups. For
instance, a lack of health insurance has been shown to more
often be temporary in non-Hispanic whites than in other ethnic
groups, which can weaken its mediating power (48). Similarly,
in Mexican Americans, a weak or nonexistent relationship be-
tween low SES and health-related behaviors (e.g., smoking
and alcohol intake) has been reported (14).
Some limitations of our study warrant consideration. First,

the cross-sectional nature of the NHANES data did not allow
longitudinal assessment of mediators which might be better
suited to explaining the SES-CKD association, particularly
for mediators that change over time, such as health-related
behaviors. In addition, reverse causation might be possible
in some scenarios—for example, CKD could contribute to hy-
pertension and severe CKD might influence income. In our
study, however, fewer than 5% of the CKD patients had severe
CKD (eGFR <30 mL/minute/1.73 m2), the stage of CKD at

which patients may experience inability to work. Therefore,
this scenario is unlikely to have affected our findings. In the
future, however, investigators should explore the role of po-
tential mediators in longitudinal studies as well. Second, we
did not assess mediation by psychological factors, such as de-
pression, which have also been suggested to link SES with
adverse health conditions, including CKD (49). However,
the effect of psychosocial factors on CKD may be mediated
by health-related behaviors. For example, distress and/or
anxiety associated with socioeconomic disadvantage leads
to more smoking, higher alcohol intake, and lower phys-
ical activity (50, 51). Therefore, testing for mediation by
health-related behaviors may have largely accounted for the
mediation from psychological factors. Third, in NHANES
2007–2008, information on healthy diet was recorded as
availability of fruits and vegetables at home rather than their
actual consumption (as in NHANES 2009–2010). This may
have influenced the measured extent of mediation by healthy
diet in the association between low SES and CKD. However,
sensitivity analyses did not show a significant difference in at-
tenuation for the 2 measures of healthy diet in the NHANES
surveys (data not shown), suggesting that this did not affect our
findings. Finally, we measured physical activity from recrea-
tional physical activity only. Recreational physical activity is a
commonly used measure of physical activity, though it might
not be able to capture level of physical activity from other
sources (e.g., physical activities associated with work and
transport).
This study had 3 major strengths. First, to our knowledge,

it was the first study to formally test mediation of the SES-
CKD association by health-related behaviors, comorbid con-
ditions, and health-care access and to estimate the extent to
which these factors contributed to that association in a large,
nationally representative sample of the US adult population.
Second, we formally investigated mediation in the SES-CKD
relationship using a recommended statistical method (35)
which is amenable to potential biases that exist in the tradi-
tional mediation analysis proposed by Baron and Kenny
(52–54). Third, unlike previous studies (6, 37, 39), we added
a degree of precision to the extent of mediation by providing a
confidence interval around the percentage of attenuation,
which is often expressed simply as a percentage.
Our study may have important public health and policy

implications. By understanding the mediating factors that
explain the relationship between SES and CKD, it becomes
possible to design interventions targeting modifiable health
risk behaviors, existing comorbid conditions, and barriers to
health care in order to reduce SES inequalities in CKD prev-
alence. The effect of these interventions may be most bene-
ficial for non-Hispanic blacks.
In conclusion, our study provides further evidence of a link

between socioeconomic inequality and CKD and shows that
adverse health-related behaviors, existing comorbid condi-
tions, and limited access to health care are pathways through
which social adversity may lead to CKD. Identified media-
tors contribute substantially to the association between low
SES and CKD in the United States, especially among non-
Hispanic blacks, and may be suitable targets for interventions
aimed at reducing disparities in CKD.
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