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Abstract
Background—Estimated glomerular filtration rate (eGFR) and albuminuria are central for
diagnosis, staging, and risk evaluation in chronic kidney disease (CKD). Universal thresholds
regardless of age, sex, and race are recommended, but relatively little is known about how these
demographic factors alter the relationship of eGFR and albuminuria to cardiovascular outcomes.

Study Design—Observational cohort study.

Setting & Participants—11,060 whites and blacks aged 52–75 years in the Atherosclerosis
Risk in Communities (ARIC) Study with median follow-up of 11.2 years.

Predictors—eGFR by the CKD Epidemiology Collaboration (CKD-EPI) creatinine equation
(reference, 95 ml/min/1.73 m2) and urinary albumin-creatinine ratio (ACR) (reference, at 5 mg/g).

Outcomes—Cardiovascular events (coronary disease, stroke, and heart failure) and all-cause
mortality.
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Measurements—Adjusted HRs associated with eGFR and ACR in subgroups according to age,
sex and race.

Results—Cardiovascular risk significantly increased at eGFR <70 ml/min/1.73 m2 in all
subgroups according to age (< 65 vs. ≥65 years), sex, and race (P for interaction >0.2 for these
subgroups; e.g., at eGFR 30 ml/min/1.73 m2, the adjusted HR was 2.19 [95% CI, 1.10–4.35] at
age 52–64 years vs. 2.23 [95% CI, 1.33–3.72] at age 65–75 years). Results were similar for
mortality. Log(ACR) was linearly associated with cardiovascular risk without threshold effects in
all subgroups, with some quantitative interactions. HRs according to ACR tended to be lower in
men vs. women (e.g., at ACR 40 mg/g, 1.18 [95% CI, 0.98–1.41] vs. 1.77 [95% CI, 1.45–2.15])
and in older vs. younger population (1.24 [95% CI, 1.04–1.49] vs. 1.73 [95% CI, 1.42–2.12]) (P
for interaction <0.01 for sex and age). Less evident interactions were observed for mortality.

Limitations—Single measurement of eGFR with creatinine and ACR and relatively narrow age
range.

Conclusions—The associations of eGFR and ACR with cardiovascular events were largely
similar, with some quantitative interactions, among age, sex, and racial subgroups, generally
supporting universal thresholds of GFR and ACR for CKD definition/staging.

INDEX WORDS
Chronic kidney disease; estimated glomerular filtration rate (eGFR); urinary albumin-creatinine
ratio (ACR); cardiovascular disease; all-cause mortality

Chronic kidney disease (CKD) is a common condition that elevates the risk of adverse
outcomes including cardiovascular disease.1 CKD is defined as either a decrease in kidney
function (glomerular filtration rate [GFR] <60 ml/min/1.73 m2) or presence of kidney
damage (usually represented by urinary albumin excretion ≥30 mg/day).2 Once CKD is
defined, CKD stages are determined by the level of GFR and albuminuria.2 Although
universal thresholds of these kidney measures are usually used for CKD definition and
staging, some propose age-, sex-, and race-specific cut-points.3,4 However, little is actually
known regarding whether these demographic characteristics modify the associations of GFR
and albuminuria with clinical outcomes.

Regarding sex and race, most of previous studies have focused on sex or racial disparities in
prognosis among the CKD population5–12 but not on potential effect modification of sex or
race on the CKD-risk relationship.13 In terms of age, recent metaanalyses have shown that,
although relative risk is slightly lower in older individuals than younger individuals, the
pattern of relationship between kidney measures and cardiovascular mortality is largely
consistent across age categories.1,14,15 Nevertheless, mortality can be affected by the
healthcare system or different treatments across demographic subgroups, and thus it is
preferable to investigate cardiovascular disease, including nonfatal events, to assess
pathophysiological interaction. Also, to our knowledge, no studies have assessed potential
effect modifications by age, sex, and race in the same study population.

Therefore, the objective of this study was to investigate whether the contribution of low
eGFR and high albuminuria to increased risk of cardiovascular disease is consistent among
subgroups by age, sex, and race in a community-based cohort, with implications for
demographic-specific thresholds of GFR and albuminuria for defining and staging CKD.
Since the new CKD guidelines recommend using both GFR and albuminuria categories for
risk classification,2 we also evaluated the demographic interactions in the context of
combined categories of GFR and albuminuria.
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METHODS
Study Population

The Atherosclerosis Risk in Communities (ARIC) Study is a prospective cohort study of
15,792 individuals between the ages of 45 and 64 years at baseline, recruited from four
communities in the United States (Forsyth County, North Carolina; Jackson, Mississippi;
suburban Minneapolis, Minnesota; and Washington County, Maryland). The first
examination was conducted during 1987–89, and then three follow-up examinations were
conducted approximately every three years (visit 2, 1990–92; visit 3, 1993–95; and visit 4,
1996–98). Visit 4 was the only visit at which both serum creatinine and albuminuria were
measured and was the baseline for the present study. Of 11,656 participants who attended
visit 4, we excluded participants reporting race other than white or black (n = 30), missing
values of either kidney measure (n = 215) or covariates (n = 351), leaving a final study
population of 11,060 participants.

Exposures Measurement
GFR is estimated by the CKD Epidemiology Collaboration (CKD-EPI) equation using age,
gender, race and serum creatinine.16,17 As recommended in clinical guidelines,2 albuminuria
was assessed as urinary albumin-creatinine ratio (ACR) from spot urine sample. Urinary
albumin was measured by a nephelometric method either on the Dade Behring BN 100 or
the Beckman Nephelometer.

Covariates
The study participants provided comprehensive demographic, risk factor, and medical
history information to a trained interviewer at each clinical examination. Blood pressure was
taken twice with a random-zero sphygmomanometer by a certified technician and recorded
as the average. Hypertension was defined as systolic blood pressure ≥140 mmHg, or
diastolic blood pressure ≥90 mmHg, or use of antihypertensive medications. Height and
weight were measured with the participants wearing a scrub suit and no shoes, and then
body mass index (BMI) was calculated as weight (kg) divided by square of height (m).
Smoking was categorized as current vs. former/never smoker. Total cholesterol was
determined using enzymatic methods. Diabetes was defined as fasting blood glucose ≥126
mg/dl, non-fasting blood glucose ≥200 mg/dl, or a self-reported history of or treatment for
diabetes. History of cardiovascular disease included history of coronary heart disease
(CHD), stroke, and heart failure (HF). History of CHD and stroke at visit 4 was defined as
self-reported history of CHD or stroke at visit 1 or any adjudicated events between visits 1
and 4. Prevalent HF was defined as self-reported treatment for HF or the Gothenburg stage
3, a status with dyspnea due to cardiac causes and under treatment with digitalis or loop
diuretics,18,19 at visit 1 and hospitalization for HF between visits 1 and 4.

Outcomes Assessment
To maximize statistical power for assessing interactions, our primary outcome was
composite cardiovascular disease including CHD, stroke and HF. We also analyzed specific
cardiovascular disease separately. All-cause mortality was also investigated since
cardiovascular disease is the leading cause of death in the United States.20 ARIC
investigators conduct continuous, comprehensive surveillance for all cardiovascular disease-
related hospitalizations and deaths in the four communities. All potential cardiovascular
events are reviewed, and CHD and stroke are adjudicated by groups of experts.21–23 CHD
events were defined as a definite or probable myocardial infarction, definite coronary death,
or coronary revascularization procedure. Stroke was defined as sudden or rapid onset of
neurologic symptoms lasting for 24h or leading to death in the absence of another cause22,23
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and included definite or probable cases. HF was defined as hospitalization or death from HF
with the International Classification of Diseases Code, Ninth Revision (ICD-9) 428 or Tenth
Revision (ICD-10) I50 in any position on the hospital discharge list or the death
certificate.24 These outcomes from visit 4 to December 31, 2008 were analyzed in the
present study.

Statistical Analysis
Our potential effect modifiers of interest were age, sex, and race (white vs. black). We
dichotomized age at 65 years old, a threshold for older individuals applied in various clinical
guidelines.25,26 Baseline characteristics were compared between subgroups determined by
these potential effect modifiers. Continuous and categorical variables were compared
between the subgroups using analysis of variance and chi-square tests, as appropriate. We
defined follow-up time as the elapsed time to the first outcome during follow-up, loss to
follow-up, or December 31, 2008 when administratively censored.

Cox proportional hazards models were used to quantify the association between eGFR and
ACR with the outcomes in each subgroup according to age, sex, and race. Cox models were
adjusted for age, sex, race, history of cardiovascular disease, smoking, systolic blood
pressure, diabetes, total cholesterol, BMI, and eGFR or ACR, as appropriate. We first
modeled eGFR and ACR as continuous variables with linear splines (knots at each 15 ml/
min/1.73 m2 from 30 to 105 ml/min/1.73 m2 for eGFR and knots at 10, 30, and 300 mg/g for
ACR).1,17 Based on previous literature,1,15 ACR was log-transformed. To evaluate
interaction, models with and without product terms between kidney measures and
dichotomized potential effect modifiers were tested. Using the models with the product
terms, we computed the hazard ratios (HRs) for eGFR and ACR with the reference as eGFR
95 ml/min/1.73 m2 and ACR 5 mg/g within each subgroup. The eGFR reference value was
selected at the lower range of optimal level of GFR (≥90 ml/min/1.73 m2)2 (but not at the
knots for splines) due to higher mortality risk at high eGFR in previous studies.27 ACR 5
mg/g was arbitrarily chosen at the middle point of ACR category <10 mg/g, which includes
approximately half of the healthy population.28 We evaluated the multiplicative interaction
as the ratio of these HRs between subgroups at each point of eGFR (1 ml/min/1.73 m2

increment) and ACR (8% increment) (“point-wise interaction”). Overall interaction was
tested based on a likelihood ratio test comparing the models with and without the product
terms. To appreciate the main effect of age, gender, and race on cardiovascular and mortality
risk, adjusted HRs in subgroups were also obtained using a single reference of eGFR and
ACR in reference groups (young individuals, women, and whites). These adjusted HRs were
used to present adjusted average incidence rates by combining with average incidence rates
in the reference group at the range including reference point of eGFR (90–104 ml/min/
1.73m2) and ACR (<10 mg/g). These adjusted average incidence rates allowed us to assess
additive interaction in absolute scale.15 Standard errors for the comparison to the reference
were calculated using the delta method and used for significance testing.29 We also tested
multiplicative interaction based on clinical categories of the combination of eGFR (<30, 30–
44, 45–59, 60–89, and ≥90 ml/min/1.73 m2) and ACR (<30, 30–299, and ≥300 mg/g).2 A p-
value <0.05 (2-tailed) was considered statistically significant. Statistical analysis was
performed using Stata 12 (StatCorp LP, College Station, TX).

RESULTS
Participant Characteristics

The mean age of our study population was 62.8 ± 5.7 (standard deviation) years. Of 11,060
participants, 6,178 (55.8%) were female and 2,428 (22.0%) were black (Table 1). As
anticipated, older adults (65–75 years) and men were more likely to have comorbidities such
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as history of cardiovascular disease, hypertension, and diabetes as compared to their
counterparts. In contrast, younger participants and women had higher BMI. Black
participants were more likely to have hypertension, diabetes, and obesity compared with
white participants. Lower eGFR was observed in older and white participants, while eGFR
was comparable between men and women. Higher ACR was seen in older adults, women,
and blacks. The higher prevalence of comorbidities in the older population, men, and blacks
was reflected in a higher incidence of cardiovascular disease and mortality as compared to
their counterparts (Table 2). One exception was higher incidence of CHD in whites as
compared to blacks. As previously reported,30 the overall correlation between eGFR and
log-ACR was weak (r=−0.13), and 538 (4.9%) and 721 (6.5%) of the participants met the
definition of CKD by reduced GFR or high albuminuria alone, respectively (199 [1.8%] met
both) (Table S1, available as online supplementary material).

eGFR and Cardiovascular Risk in Age, Sex, and Race Subgroups
Lower eGFR was associated with increased risk of cardiovascular disease independently of
potential confounders and ACR in all subgroups tested (Figure 1A–F). The lowest
cardiovascular risk appeared to be in the range of eGFR 90–105 ml/min/1.73 m2 in all
subgroups, with higher risk at eGFR above this range (most evident in whites).
Cardiovascular risk according to low eGFR started to become significant at an almost
identical level in all of the demographic subgroups (i.e., ~70 ml/min/1.73m2) (Figure 1A, C,
E). The risk gradient for cardiovascular disease was similar between age (Figure 1A) and
racial (Figure 1E) subgroups but was slightly shallower in men than in women (Figure 1C).
However, we did not observe statistically significant point-wise or overall (P=0.7)
interactions between sex and eGFR. Similar relative risk gradient was translated to
significantly higher incidence rate at eGFR 38–50 ml/min/1.73m2 among older individuals
compared to younger individuals (average cardiovascular incidence rate difference per 1,000
person-years at eGFR 45 versus 95 ml/min/1.73m2 was 29.0 vs. 8.0, respectively; p=0.03)
given their higher risk at the reference eGFR range. We did not observe major additive
interaction for sex and race (Figure 1D and F).

Similar findings were observed when specific cardiovascular disease was analyzed
separately, with somewhat steeper risk gradient for HF than CHD and stroke (Figure S1 and
S2). We also observed largely similar findings for all-cause mortality (Figure S3A–F). In
contrast to similar cardiovascular risk between whites and blacks, blacks tended to have
higher mortality risk compared with whites (Figure S3F). Nevertheless, eGFR-mortality
association did not significantly differ between these two races for both relative and absolute
risk (Figure S3E–F).

ACR and Cardiovascular Risk in Age, Sex, and Race Subgroups
There was largely an independent linear relationship between log(ACR) and cardiovascular
risk in each subgroup (Figure 2A–F). We observed some point-wise multiplicative
interactions with age for cardiovascular disease (lower HR according to high ACR in older
than in younger individuals) in some ACR ranges (12–60 mg/g and 794–1000 mg/g) (Figure
2A), leading to significant overall interaction (P=0.002). HR of cardiovascular disease
according to high ACR was significantly lower in men than in women at a broad range of
ACR ≥13 mg/g (overall P for interaction <0.001) (Figure 2C) The significantly lower
relative risk according to high ACR in older individuals and men were canceled out in
absolute scale by their higher baseline risk compared to their counter parts (Figure 2B,
D).The cardiovascular risk according to high ACR was similar between whites and blacks in
both multiplicative and additive scale (Figure 2E–F).
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When we looked at specific cardiovascular diseases (Figure S4 and S5), we observed
increased risk of CHD according to high ACR in women but not in men (overall P for
interaction=0.002) (Figure S4D). This interaction was significant at a broad range of high
ACR in additive scale as well (Figure S5D). Additionally, the risk gradient was significantly
shallower for HF in blacks compared to whites in both multiplicative (overall P for
interaction=0.04) and additive scale (Figure S4I and S5I).

The risk gradient was very similar between age subgroups for all-cause mortality in relative
scale (Figure S6A), translated to significant additive interaction at higher ACR ranges
(average cardiovascular incidence rate difference per 1,000 person-years at ACR 100 versus
5 mg/g was 14.3 among older participants vs. 7.2 among younger participants p=0.02),
given higher baseline risk among older individuals. The range of significant sex-ACR
interaction was more restricted (12–65 mg/g) for all-cause mortality, and the overall
multiplicative interaction did not reach significance (P=0.2) (Figure S6C). The mortality risk
according to high ACR did not significantly differ between blacks and whites in both
relative and absolute scale (Figure 6E–F).

Joint Categories of eGFR and ACR and Cardiovascular Risk in Age, Sex, and Race
Subgroups

We subsequently investigated the joint effect of eGFR and ACR on cardiovascular disease
in the demographic subgroups (Table 3). Cardiovascular risk largely increased
multiplicatively along with lower eGFR and higher ACR in all subgroups. Indeed, the
interactions between eGFR and ACR were not significant in all subgroups (P>0.05).
Furthermore, there were no significant three-way interactions of eGFR, ACR, and the
demographic variables (P>0.09). Of importance, GFR category 3a (45–59 ml/min/1.73 m2)
without elevated albuminuria (ACR <30 mg/g) contributed to increased cardiovascular risk
in each subgroup including older adults. Similar findings were observed for all-cause
mortality (Table 4).

DISCUSSION
This study examines the interaction of three key demographic factors—age, sex, and race—
with the entire range of eGFR and albuminuria on clinical risk in both relative and absolute
scales. The relative risks of cardiovascular disease according to low eGFR were largely
consistent in subgroups according to age (52–64 vs. 65–75 years), sex, and race (whites vs.
blacks). Of note, the association of low eGFR with increased cardiovascular risk became
significant at almost identical levels of eGFR (~70 ml/min/1.73 m2) in all six subgroups
including older adults. Largely similar results were observed for high ACR, although there
were some quantitative interactions of age and sex on cardiovascular risk. For specific
cardiovascular diseases, we found a few significant interactions with ACR. Specifically,
high ACR was significantly associated with CHD only in women but not in men and was
more strongly associated with HF in whites as compared with blacks.

The main controversy of having uniform thresholds without accounting for demographic
traits revolves around GFR.3 In this context, our findings that the contribution of reduced
eGFR to cardiovascular risk is largely consistent in the demographic subgroups are
clinically important. Among demographic characteristics, most people consider age as the
most important potential effect modifier in CKD.31–33 Of note, GFR category 3a without
elevated albuminuria, the category most controversial in CKD staging in the connection with
aging,3 was significantly associated with increased cardiovascular risk in older (65–75
years) participants. Most previous studies reporting age-CKD interaction have used total
mortality as the primary outcome,34–36 and, indeed, we observed lower risk in older
compared with younger participants for all-cause mortality in relative, but not in absolute,
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scale. Similar relative risks for cardiovascular risk between young and old populations in our
study are in line with a recent metaanalysis investigating cardiovascular mortality1,14,15 and
were translated to higher risk difference in older individuals. These findings suggest that
reduced GFR <60 ml/min/1.73 m2 even without kidney damage is not a benign state in older
adults and needs strategies for risk reduction.

As compared to GFR, the interactions between demographic variables and albuminuria have
been less intensively investigated.13,37,38 We observed significant overall age-ACR
multiplicative interaction for cardiovascular disease but not for all-cause mortality.
Significantly lower cardiovascular risk in older versus younger individuals was observed in
a few segments of ACR (12–60 and 794–1000 mg/g). However, the interaction was
quantitative, but not qualitative, and the largely linear relationship between log-ACR and
risk was similar in both age groups. The lack of interaction between age and albuminuria on
all-cause mortality in our study is in line with previous literature.1,15,35,36

We observed remarkable sex-albuminuria interaction on cardiovascular risk in relative scale.
Specifically, high ACR contributed more to increased cardiovascular risk in women than in
men (1.3- to 1.8-fold higher HRs in women at a given ACR above 30 mg/g). This sex
interaction of albuminuria on cardiovascular outcomes was consistent with previous reports
from US community-based cohorts.13,38 The reasons for the sex difference in albuminuria as
a predictor of cardiovascular disease are unexplained. We found that this sex difference was
derived from the interaction on CHD. Given that albuminuria is a marker of endothelial
dysfunction and microvascular abnormalities,39 the sex-albuminuria interaction may reflect
the fact that microvascular dysfunction is more involved in the pathophysiology of CHD in
women than in men.40 Although some clinical guidelines4 —based on potential
overestimation of albuminuria by ACR in women due to lower muscle mass and urinary
creatinine excretion as compared to men41 —recommend a higher ACR threshold in women
than in men, nevertheless, our findings along with those of others13,38 do not support this
approach.

We observed race-albuminuria interaction on incident HF but not on composite
cardiovascular disease. Overall, as previously reported,42 blacks were more predisposed to
incident HF as compared with whites (Table 2) but the association with high albuminuria
was weaker in both relative and absolute scales. The reasons for this racial difference in
albuminuria-HF relationship are unclear. Given that there are sparse data about interactions
between demographic traits and kidney measures on HF, further investigations and
replication are warranted. Nevertheless, the interaction was quantitative and the continuous
relationship between albuminuria and incident HF without thresholds remained similar in
blacks and whites.

Age-, sex-, and race-specific thresholds for risk factors can induce complexity and confusion
in clinical practice and epidemiological research. Although there were some statistical
interactions between demographic variables and the two key kidney measures on
cardiovascular and mortality risk in our study, overall, we did not observe clear evidence for
the need of demographic-specific thresholds for both GFR and ACR in terms of their impact
on prognosis. Quantitative interactions observed have implications for assessing individual
risk but the overall pattern of association was more consistent than different across groups.
Nevertheless, clinical cutoff points should be determined based on a wide range of
considerations including prevalence of risk factors, incidence of outcomes of interest, and
the cost-effectiveness of risk factor management.25,43,44 This is particularly the case for
ACR with continuous risk gradient without threshold effects. Also, although it is beyond the
scope of our study, future studies are needed to evaluate whether these kidney measures
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contribute to better cardiovascular prediction on top of conventional predictors as previous
studies obtained conflicting results.45,46

There are several limitations in the present study. First, we used a single measurement of
eGFR and ACR, leaving a possibility of misclassification. However, the ARIC Study
collected and measured variables for these kidney measures based on standardized
procedures. Second, we used the CKD-EPI creatinine equation for eGFR. Although this
equation is more accurate and classifies risk better than the MDRD Study equation,16,17

further studies are needed for other GFR equations using other kidney filtration markers
such as cystatin C. Third, our study population was aged between 52 and 75 years at
baseline. Most women in our study were likely to be post-menopausal. Thus, our results may
not be generalizable to individuals out of this age range (e.g., older populations [i.e., >75
years] or premenopausal women). Fourth, we did not have detailed information on
medications during follow-up, and thus their impacts on our findings are unknown.
Similarly, we did not have information on blood pressure over time. Fifth, as with any
observational study, we cannot rule out the possibility of residual confounding despite
rigorous adjustment for various cardiovascular risk factors at baseline. Finally, HF cases
were identified based on ICD codes abstracted from hospital records and death certificates,
which may underestimate HF incidence.24

In conclusion, the associations of eGFR and ACR with cardiovascular disease were
generally consistent among subgroups according to age, sex, and race. Of note, relative risks
of cardiovascular disease for low eGFR between young (<65 years old) and old (≥65 years
old) populations largely were similar with significantly increased risk below eGFR <70ml/
min/1.73 m2 after accounting for various cardiovascular risk factors and albuminuria. These
findings generally support the use of universal thresholds of these kidney measures for CKD
definition/staging and risk classification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Adjusted hazard ratios (left panels) and adjusted incidence rates (right panels) and 95% CIs
(shaded areas or whisker plots) of cardiovascular disease according to eGFR with 95 ml/
min/1.73 m2 as a reference (diamond) in each subgroup (left panels) and in the reference
subgroup (right panels) of age (A–B), sex (C–D), and race (E–F). Dots on each plotted line
represent statistical significance (P<0.05). Stars placed just above the y axis represent
significant point-wise interactions (P<0.05) between two subgroups in multiplicative (left
panels) and additive (right panels) scale (absence of stars indicates no significant point-wise
interaction). Adjustments were for age, sex, race, smoking, history of cardiovascular disease,
systolic blood pressure, diabetes, total cholesterol oncentration, bo index, and log-ACR.
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Figure 2.
Adjusted hazard ratios (left panels) and adjusted incidence rates (right panels) and 95% CIs
(shaded areas or whisker plots) of cardiovascular disease according to ACR with 5 mg/g as a
reference (diamond) in each subgroup (left panels) and in the reference subgroup (right
panels) of age (A–B), sex (C–D), and race (E–F). Dots on each plotted line represent
statistical significance (P<0.05). Stars placed just above the y axis represent significant
point-wise interactions (P<0.05) between two subgroups in multiplicative (left panels) and
additive (right panels) scale (absence of stars indicates no significant point-wise interaction).
Adjustments were for age, sex, race, smoking, history of cardiovascular disease, systolic
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blood pressure, diabetes, total cholesterol concentration, body mass index, and eGFR
splines.
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