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Association of Mildly Reduced Kidney
Function With Cardiovascular Disease:
The Framingham Heart Study

Feven Ataklte, MBBS, MPhil; Rebecca J. Song, MPH; Ashish Upadhyay, MD; lbrahim Musa Yola “=', MD;
Ramachandran S. Vasan ", MD; Vanessa Xanthakis “/, PhD

BACKGROUND: Data are limited on the association of mildly reduced estimated glomerular filtration rate (€GFR 60-89 mL/min
per 1.73 m?) with cardiovascular disease (CVD) in the community.

METHODS AND RESULTS: We evaluated 3066 Framingham Offspring Study participants (55% women, mean age 58 years), with-
out clinical CVD. Using multivariable regression, we related categories of mildly reduced eGFR (80-89, 70-79, or 60-69 ver-
sus >90 mL/min per 1.73 m? [referent]) to prevalent coronary artery calcium, carotid intima media thickness, and left ventricular
hypertrophy, and to circulating concentrations of cardiac stress biomarkers. We related eGFR categories to CVD incidence
and to progression to >Stage 3 chronic kidney disease (€GFR <60 mL/min per 1.73 m?) using Cox regression. Individuals
with eGFR 60-69 mL/min per 1.73 m? (1=320) had higher coronary artery calcium score (odds ratio 1.69; 95% Cl 1.02-2.80)
compared with the referent group. Individuals with eGFR 60-69 and 70-79 mL/min per 1.73 m? had higher blood growth
differentiating factor-15 concentrations (3=0.131 and 0.058 per unit-increase in log-biomarker, respectively). Participants with
eGFR 60-69 and 80-89 mL/min per 1.73 m? had higher blood B-type natriuretic peptide concentrations (3=0.119 and 0.116,
respectively). On follow-up (median 16 years; 691 incident CVD and 252 chronic kidney disease events), individuals with eGFR
60-69 and 70-79 mL/min per 1.73 m? experienced higher CVD incidence (hazard ratio [HR], 1.40; 95% Cl, 1.02-1.93 and
1.45, 95% Cl, 1.05-2.00, respectively, versus referent). Participants with eGFR 60-69 mL/min per 1.73 m? experienced higher
chronic kidney disease incidence (HR, 2.94; 95% ClI, 1.80-4.78 versus referent).

CONCLUSIONS: Individuals with mildly reduced eGFR 60-69 mL/min per 1.73 m? have a higher burden of subclinical athero-
sclerosis cross-sectionally, and a greater risk of CVD and chronic kidney disease progression prospectively. Additional studies
are warranted to confirm our findings.
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ease (CKD) is an important risk factor for cardiovas- eGFR and the risk of clinical and subclinical CVD have

cular disease (CVD) and mortality.! It has also been not vyielded consistent results.®-8 Furthermore, some
shown that estimated glomerular filtration rate (eGFR) older studies have been limited because of the use of
of <60 mL/min per 1.73 m? is a risk factor for CVD even serum creatinine concentration rather than eGFR as a
in the absence of albouminuria.? However, the clinical rel-  measure of kidney function.®”
evance of mildly reduced eGFR (ie, eGFR in the range The prevalence of mildly reduced eGFR in the
60 to 89 mL/min per 1.73 m?), and its associations with general population ranges from 43% to 51%.°%°
the risk of CVD have not been well defined. Prior studies Investigators have also reported higher prevalence of

It is well established that advanced chronic kidney dis- that have explored the relations between mildly reduced
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CLINICAL PERSPECTIVE

What Is New?

¢ Individuals with mildly reduced estimated glo-
merular filtration rate 60—-69 mL/min per 1.73 m?
have a higher burden of subclinical atheroscle-
rosis cross-sectionally, and a greater risk of car-
diovascular disease and chronic kidney disease
progression prospectively.

e The pathophysiology of the observed asso-
ciations between estimated glomerular filtration
rate and cardiovascular disease is perhaps me-
diated via early cardiac remodeling and coro-
nary artery calcification.

What Are the Clinical Implications?

e OQur findings should alert clinicians to closely
monitor people with mildly reduced estimated
glomerular filtration rate with an emphasis on
renal- and cardiovascular disease—protective
measures.

Nonstandard Abbreviations and Acronyms

CIMT carotid intima media thickness
FHS Framingham Heart Study
GDF-15 growth differentiating factor-15

CVD risk factors, including hypertension, diabetes mel-
litus, obesity, and dyslipidemia, among individuals with
a mildly reduced eGFR.""! Few studies have reported
on the associations between lower eGFR and mark-
ers of subclinical CVD. These prior studies focused on
highly selected patient populations who had a higher
baseline CVD risk, or were conducted in those with
pre-existing CVD.">'8 For instance, lower eGFR values
were associated with a higher odds of left ventricular
hypertrophy (LVH) among people with hypertension’
and diabetes mellitus.' Mildly reduced eGFR was also
associated with higher odds of aortic stiffness in pa-
tients who underwent cardiac catheterization for the
evaluation of coronary artery disease.’” These asso-
ciations were largely explained by the presence of tra-
ditional CVD risk factors in the study populations.”'315
To help address some of the existing gaps in current
knowledge, we examined the associations between
mildly reduced eGFR and markers of subclinical CVD
and incidence of clinical CVD among community-based
participants of the FHS (Framingham Heart Studly).'6
We hypothesized that mildly reduced eGFR (de-
fined as 60-89 mL/min per 1.73 m?) is associated
with higher odds of subclinical CVD, higher circulating
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concentrations of cardiac stress biomarkers, and with
higher risk of clinical CVD compared with the group
with normal eGFR (defined as =90 mL/min per 1.73 m?).

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Sample

We included participants from the FHS Offspring co-
hort. Details of the design and selection criteria of
this FHS cohort have been described elsewhere.'® All
FHS participants provided written informed consent,
and the Boston University Medical Center Institutional
Review Board approved this investigation.'®

Study Sample for Describing the
Prevalence of Mildly Reduced eGFR and lts
Natural Progression to CKD

Offspring Study participants who had a first eGFR
measurement at examination cycles 2, 5, 6, 7, or 8 were
eligible for the present investigation (n=4480). We ex-
cluded participants with advanced kidney disease de-
fined as an eGFR <60 mL/min per 1.73 m? at their first
measurement (h=641), those with prevalent CVD (n=164)
or unavailable data on eGFR at a subsequent examina-
tion to assess progression (n=419), resulting in a sample
of 3256 participants, of whom 2135 had mildly reduced
eGFR at the first measurement (Sample 1) (Figure 1).

Study Sample for Evaluating the Association
Between Mildly Reduced eGFR and Incident
CVD and CKD

Analyses of incident CVD included participants from
the FHS Offspring cohort who attended examination
cycle 6 (n=3532), which served as the baseline for these
analyses. We excluded participants who had a miss-
ing serum creatinine measurement at baseline (N=80)
or had prevalent CVD (n=386), resulting in a sample size
of 3066 (Sample 2). Analyses of incident CKD included
participants with prevalent CVD but excluded partici-
pants with prevalent CKD at baseline (n=986) and those
without an eGFR measurement at follow-up at examina-
tion cycles 7, 8, or 9 (h=154), resulting in a sample size of
n=2312 (Sample 3) for these analyses (Figure 1).

Study Sample for Cross-Sectional Associations
Between Mildly Reduced eGFR and Indices of
Subclinical CVD

For the analysis of association between mildly reduced
eGFR and subclinical disease components, we further
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Framingham Offspring participants with first
measurement of eGFR at exam 2, 5,6, 7 or 8
n=4,480

Framingham Offspring participants
who attended Examination 6

n=3,532

Excluded (Total =1,224)
-eGFR <60 at first measurement [n=641)

Excluded (Total = 80)
-Missing creatinine measurement at
baseline n=80

-Prevalent CVD at first eGFR measurement
(n=154)
-No subsequent eGFR measurement to

Remaining participants after exclusions

n=3,452

assess progression (n=419)

Remaining participants after exclusions
n=3,256

Excluded for eGFR<60 at baseline

Excluded for prevalent CVD

[n=98&)
7| Excluded for no subsequent eGFR

7| (n=388)
l Final Sample for incident CVD
lysis (Sample 2):
Participants with ::;;:;' et
normal eGFR (290)

n=1,121

measurement (n=154)

Final Sample for incident CKD
analysis (Sample 3):
n=2,312

Participants with mildly reduced eGFR
(>60-89)

Final sample for describing natural
progression of eGFR [Sample 1): n=2,135

Excluded for missing
—*| CAC measurement
n= 1,872

Excluded for missing
LVH measurement
n=722

Excluded for missing
CIMT measurement
n=93

Final sampla for CAC analysis
(Sample 4): n=1,194

Final Sample for CIMT analysis
(Sample 5): n=2973

Final Sample for LVH analysis
(Sample 6): n=2344

Figure 1.

Flow chart of study sample for different aims of the analyses.

CAC indicates coronary artery calcium score; CIMT, carotid intima-media thickness; CKD, chronic kidney disease; CVD, cardiovascular
disease; eGFR, estimated glomerular filtration rate in mL/min per 1.73 m?; and LVH, left ventricular hypertrophy.

excluded participants from Sample 1 who did not have
any of the following at examination cycle 8: a coronary
artery calcium (CAC) score (n=1872), carotid intima-
media thickness (CIMT) (n=93), or measurement of
left ventricular hypertrophy (LVH) (n=722). These exclu-
sions resulted in final sample sizes of 1194 (Sample 4,
CAC), 2973 (Sample 5, CIMT), and 2344 (Sample 6,
LVH) for analyses relating eGFR category to subclinical
disease measures (Figure 1).

Exposures and Covariates

Kidney function was assessed using the creatinine-
based CKD-EPI equation for eGFR. Serum creatinine
was measured using the modified Jaffe method (in-
terassay coefficient of variation=2.8%, intra-assay
coefficient of variation=4%). Categories of mildly
reduced kidney function, defined as eGFR 60-69,
70-79, and 80-89 mL/min per 1.73 m?, and normal
kidney function defined as an eGFR >90 mL/min per
1.73 m?, were the primary exposures for this inves-
tigation. We used the following covariates for this
investigation: age, sex, body mass index, systolic
blood pressure, antinypertensive medication use,
diabetes mellitus, current smoking, and total cho-
lesterol/HDL (high-density lipoprotein) cholesterol
ratio. Brachial blood pressure was measured using
a standard mercury column sphygmomanometer
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and a cuff of appropriate size. The average of the 2
physician-obtained measurements on the right arm
of the seated participants was used as the exami-
nation blood pressure. Hypertension was defined as
systolic blood pressure >140 mm Hg, or a diastolic
blood pressure >90 mm Hg, or use of self-reported
antihypertensive medication use.'®'°

Circulating total cholesterol and HDL-cholesterol
concentrations were assayed using fasting blood sam-
ples. Diabetes mellitus was defined as having a fast-
ing blood glucose of >126 mg/dL (7 mmol/L) or being
treated with insulin and/or any oral hypoglycemic
medications. Current smoking status was defined as
smoking at least 1 cigarette a day for the year preced-
ing the FHS examination. Body mass index was calcu-
lated as weight in kilograms divided by height in meters
squared (kg/m?).20

Measurement of Blood Biomarkers

Blood samples were drawn from the antecubital
vein of participants usually between 8 and 9 awm after
overnight fasting, and samples were aliquoted and
stored at —80°C until the time of assay. We used the
following biomarkers for this investigation: B-type
natriuretic peptide (BNP) and growth differentiation
factor-15 (GDF-15) (representing myocardial stress),
high-sensitivity cardiac troponin | (representing injury),
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and soluble suppressor of tumorigenicity 2 (ST2) (rep-
resenting fibrosis and inflammation).?!

Outcomes of Interest

We evaluated the following components of subclinical
disease (in relation to eGFR categories): LVH, coronary
artery calcium (CAC), and carotid intima-media thick-
ness (CIMT).

Left ventricular mass was assessed using transtho-
racic echocardiography. LVH was defined based on the
American Society of Echocardiography criteria, as LV
mass indexed to body surface area exceeding the sex-
specific reference limits (binary; >95 g/m? for women
and >115 g/m? for men).?>23 CAC was measured using
electron beam computerized tomography and presence
of CAC was defined as having an Agatston score >0
(binary). CIMT was measured using carotid ultrasound,
and increased CIMT was defined as CIMT >1 mm or the
presence of carotid stenosis >25% (binary).?>24

Our prospective outcomes of interest were the inci-
dence of CVD and CKD. CVD was assessed accord-
ing to previously defined protocols and included the
presence of any of the following: myocardial infarction,
angina pectoris, coronary insufficiency, transient isch-
emic attack, ischemic or hemorrhagic cerebrovascu-
lar accident, intermittent claudication, and congestive
heart failure, or CVD-related death.?:?® Medical history,
physical examination, and medical record data were
reviewed for adjudication of all CVD events by a review
committee that included at least 2 FHS physicians.?"2°
Incident CKD was defined as an eGFR <60 mL/min
per 1.73 m? on follow-up.'®

Statistical Analysis

To assess the prevalence of mildly reduced eGFR and
progression to CKD, we categorized the first eGFR
measurement into normal €GFR =90 mL/min per
1.73 m?) or mildly reduced (GFR 60-89 mL/min per
1.73 m?), and examined subsequent eGFR measure-
ments to determine whether the participant’s eGFR
was reduced to <60 mL/min per 1.73 m?. Among those
whose first eGFR was mildly reduced, we compared
clinical characteristics between those who did and did
not progress to CKD on follow-up.

We used multivariable logistic regression to assess
the cross-sectional associations of mildly reduced
eGFR (independent variable) with the prevalence of
CAC, increased CIMT, and LVH (binary dependent
variables, separate models for each). We used multi-
variable linear regression to assess the cross-sectional
associations of mildly reduced eGFR (independent
variable) with log-transformed blood GDF-15, BNP,
suppressor of tumorigenicity 2, and troponin | con-
centrations (continuous dependent variables; separate
models for each). We first estimated age (<50 years
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versus >50 years) and sex-adjusted models, and then a
multivariable-adjusted model that additionally adjusted
for body mass index, systolic blood pressure, antihy-
pertensive medication use, diabetes mellitus, current
smoking, and total cholesterol/HDL cholesterol ratio.

We used Cox proportional hazards regression strati-
fying the baseline hazards by age (<50 years versus >50
years) to relate mildly reduced eGFR at baseline (inde-
pendent variables) to incident CVD. We also used Cox
proportional hazards stratifying the baseline hazards by
prevalent CVD status to relate mildly reduced eGFR to
the risk of CKD on follow-up at examination cycles 7, 8,
and 9 using discrete time intervals. We first performed
a minimally adjusted model including age (<50 years
versus >50 years) and sex. The multivariable-adjusted
model additionally included body mass index, systolic
blood pressure, antihypertensive medication use, dia-
betes mellitus, current smoking, and total cholesterol/
HDL cholesterol ratio. The proportional hazards as-
sumption was met for all prospective analyses. In each
model, we used categories of eGFR 80-89, 70-79, and
60-69 mL/min per 1.73 m? as the primary multicategory
exposures and compared them with eGFR >90 mL/min
per 1.73 m? (reference group).

We performed sensitivity analyses for models as-
sessing risk of CVD, restricting the sample to par-
ticipants with available data on urine albumin and
creatinine (n=2638). We defined microalbuminuria as
having a urine albumin to creatinine ratio >25 mg/g for
men and >35 mg/g for women mg/g.?%?” We com-
pared our main results with results of these sensitivity
analyses that excluded 263 individuals with prevalent
microalbuminuria at baseline.

RESULTS

Baseline characteristics of the samples used for cross-
sectional and prospective analyses are shown in
Table 1. At baseline examination cycle 6, 62% of par-
ticipants had a mildly reduced eGFR (60-89 mL/min
per 1.73 m?), 11% had eGFR =90 mL/min per 1.73 m?,
and 26% had eGFR <60 mL/min per 1.73 m?.

Characteristics of Mildly Reduced eGFR
and Progression to CKD

Baseline characteristics of participants who progress
to CKD are shown in Table 2. About 27% of partici-
pants with mildly reduced eGFR progressed to CKD
(eGFR <60 mL/min per 1.73 m?) over a mean follow-up
period of 15.2 years. Participants who progressed to
CKD were older, more likely to be women, had a higher
baseline systolic blood pressure and lower baseline
eGFR, and were more likely to use antihypertensive
and lipid-lowering medications. These who progressed
to CKD were also less likely to be current smokers.
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Table 1. Baseline Characteristics of Study Sample by eGFR Category
eGFR Category, mL/min per 1.73 m?
290 80-89 70-79 60-69 <60
Characteristic N=344 N=440 N=683 N=793 N=806 P Value
Age, y 51174 53.02+7.9 54.7+£7.9 58.7+8.5 65.3+8.5 <0.001
Women, n (%) 156 (45) 194 (44) 344 (50) 449 (57) 546 (68) <0.001
Body mass index, kg/m? 28.4£5.4 28.2+5.6 27.7£5.0 27.6+5.0 27.7£5.0 0.056
Systolic blood pressure, mm Hg 124+18 125417 126+18 128+18 133+£20 <0.001
Diastolic blood pressure, mm Hg 76+10 76+10 76+9 769 75+10 0.066
Antihypertensive medication, n (%) 53 (15) 73 (17) 130 (19) 186 (24) 303 (38) <0.001
Hypertension, n (%) 99 (29) 127 (29) 223 (39) 299 (38) 419 (52) <0.001
Total cholesterol/HDL cholesterol ratio 4.9+1.9 4.4+17 4.3+1.5 4.2+1.3 4.2+1.4 <0.001
Current smoking, n (%) 85 (25) 100 (23) 103 (15) 88 (11) 80 (10) <0.001
Diabetes mellitus, n (%) 36 (1) 32 (7) 45 (7) 54 (7) 76 (9) 0.066
Subclinical disease components
Coronary artery calcium, Agatston 25 (0, 133) 7 (0, 113) 17 (0, 167) 47 (0, 236) 71 (0, 386) <0.001
score
Coronary artery calcium >0, n (%) 44 (29) 53 (26) 90 (31) 125 (39) 108 (47) <0.001
Carotid IMT, mm 0.63+0.36 0.63+0.30 0.6+0.31 0.62+0.30 0.72+0.41 <0.001
Left ventricular hypertrophy, n (%) 25 (9) 38 (11) 63 (12) 91 (15) 122 (21) <0.001
Left ventricular mass indexed to body 83 (73, 95) 84 (74, 94) 83 (73, 96) 82 (71, 96) 84 (74, 98) 0.194
surface area
Biomarkers
B-type natriuretic peptide, pg/mL 5.1(4.0,9.7) 6.2 (4.0, 14.5) 6.1 (4.0, 14.0) 7.7 (4.0, 16.5) 12 (5.1, 24.2) <0.001
Growth differentiation factor-15, ng/L 849 (698, 903 (715, 1113) 910 (749, 1009 (833, 1286 (996, <0.001
1075) 1139) 1264) 1647)
High-sensitivity cardiac troponin I, 1.2 (0.8, 2.0) 1.2(0.8, 1.8) 1.2 (0.8, 2.0) 1.3(0.9, 2.1) 1.5(0.9, 2.4 <0.001
pg/mL
Soluble ST2, ng/mL 21.3 (17.0, 20.9 (16.3, 19.9 (161, 20.4 (16.2, 20.9 (16.9, 0.074
26.3) 26.0) 24.8) 25.9) 25.8)
eGFR, mL/min per 1.73 m? 100+10 85+3 75+3 65+3 51+7 <0.001

Data are presented as mean+SD or median (Q1, Q3), unless otherwise noted. Carotid IMT indicates carotid intima-media thickness; eGFR, estimated
glomerular filtration rate; HDL, high-density lipoprotein; and ST2, suppressor of tumorigenicity 2.

Relations of Mildly Reduced eGFR With
Components of Subclinical CVD

Individuals with eGFR 60 to 69 mL/min per 1.73 m? had
higher odds of having CAC >0 compared with individu-
als with eGFR =90 mL/min per 1.73 m?. We did not
observe statistically significant associations of mildly
reduced eGFR categories with the odds of high CIMT
or prevalent LVH (Table 3). As a sensitivity analysis, we
further included duration of follow-up as an adjustment
variable in addition to baseline age, and results were
similar to the original findings (data not shown).

Relations of Mildly Reduced eGFR and
Circulating Biomarkers of Cardiac Stress
We observed higher blood GDF-15 concentrations
among individuals with eGFR 60 to 69 and 70-79 mL/
min per 1.73 m? compared with those with eGFR
>90 mL/min per 1.73 m°. We also observed higher
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levels of BNP for individuals with eGFR 60 to 69, and
80 to 89 mL/min per 1.73 m? compared with those with
eGFR >90 mL/min per 1.73 m?. We did not observe
any statistically significant associations between mildly
reduced eGFR and blood suppressor of tumorigenicity
2 or troponin concentrations (Table 4).

Association Between Mildly Reduced
eGFR and Incident CVD

During a mean follow-up of 15.5 years (me-
dian=17.9 years; range, 0.001-22.5 years), we ob-
served 691 new-onset CVD events. Participants
with mildly reduced eGFR in the range of 60 to 69
and 70 to 79 mL/min per 1.73 m? had a higher risk
of CVD compared with those with eGFR >90 mL/
min per 1.73 m? (Figure 2A). In our sensitivity analy-
sis restricting to participants with available data
on urine albumin and creatinine, the association
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Table 2. Baseline Characteristics of Mildly Reduced eGFR Group by Subsequent CKD Status (n=2135)

Progressed to CKD (eGFR<60 mL/min per 1.73 m?)

No Yes
Characteristic N=1563 N=572 P Value
Age, y 64+10 74+8 <0.001
Women, n (%) 758 (48) 356 (62) <0.001
Body mass index, kg/m? 28.1+5.2 28.1+5.1 0.804
Systolic blood pressure, mm Hg 128+18 132+19 <0.001
Diastolic blood pressure, mm Hg 75+10 7111 0.012
Total cholesterol/HDL cholesterol ratio 3.8+1.5 3.6+1.3 0.005
Current smoking, n (%) 234 (15) 35 (8) <0.001
Diabetes mellitus, n (%) 194 (12) 86 (15) 0.119
Antihypertensive medication, n (%) 630 (40) 329 (58) <0.001
Lipid-lowering medication, n (%) 490 (31) 223 (39) 0.001
First eGFR measurement, mL/min per 1.73 m? 751+8.2 72.2+8.2 <0.001

CKD indicates chronic kidney disease; eGFR, estimated glomerular filtration rate; and HDL, high-density lipoprotein.

between mildly reduced eGFR and risk of CVD was
slightly attenuated among individuals with eGFR 60
to 69 mL/min per 1.73 m? compared with the full
sample. After excluding those with prevalent mi-
croalbuminuria at baseline, participants with mildly
reduced eGFR 70 to 79 mL/min per 1.73 m? had
higher risk of CVD compared with those with eGFR
>90 mL/min per 1.73 m?, but the associations were
not statistically significant for people in the eGFR 60
to 69 mL/min per 1.73 m? category (Table S1).

Association Between Mildly Reduced
eGFR and Incident CKD (eGFR <60 mL/
min/1.73 m?)

During a mean follow-up of 12.8 years (me-
dian=14.7 years; range=1.2-18.6 years), 252 people
progressed to CKD. Participants with eGFR in the
range of 60 to 69 mL/min per 1.73 m? were at a higher
risk of CKD compared with those with eGFR >90 mL/
min per 1.73 m? (Figure 2B).

We also performed sensitivity analyses additionally
adjusting for microalbuminuria and observed similar
results (data not shown).

We further adjusted models for lipid-lowering med-
ications, CRP (C-reactive protein), and proteinuria (mi-
croalbuminuria) and we observed similar results for
most models compared with findings in original mod-
els (Tables S2, S3, and S4).

Finally, we performed sensitivity analyses addi-
tionally adjusting only for microalbuminuria in models
evaluating associations of eGFR categories with sub-
clinical disease indices and biomarkers and observed
similar results in most models, with the exception that
the association of eGFR 60 to 69 mL/min per 1.73 m?
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with CAC and BNP is no longer statistically significant
(Tables S5 and S6).

DISCUSSION

Principal Findings

In our community-based investigation involving >3000
FHS participants, we observed a high prevalence
(=62%) of mildly reduced eGFR (60-89 mL/min per
1.73 m?). Participants with eGFR 60 to 69 mL/min per
1.73 m? had higher odds of prevalent CAC compared
with those with an eGFR >90 mL/min per 1.73 m?,
but we did not observe an association of CAC with
those with eGFR 70 to 89 mL/min per 1.73 m?. We
also observed a positive association between eGFR
60 to 79 mL/min per 1.73 m? and concentrations of
serum GDF-15, but we did not observe such an as-
sociation for the group with eGFR 80 to 89 mL/min
per 1.73 m?. Only eGFR categories 60 to 69 and 80 to
89 mL/min per 1.73 m? had a statistically significant
association with higher concentration of BNP com-
pared with those with eGFR >90 mL/min per 1.73 m?.
On the other hand, we did not observe any associa-
tion of mildly reduced eGFR with CIMT or LVH, or with
blood concentrations of 2 other biomarkers of myo-
cardial stress or injury (ie, suppressor of tumorigenic-
ity 2 and troponin).

We observed an association between mildly re-
duced eGFR in the range of 60 to 79 mL/min per
1.73 m? and the risk of CVD on follow-up. Additionally,
we observed that mildly reduced eGFR 60 to 69 mL/
min per 1.73 m? was associated with a 3 times higher
risk of progression to stage 3 or more advanced
CKD. The association between eGFR 70 to 89 mL/
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Table 3. Association of Mildly Reduced eGFR With Subclinical Cardiovascular Disease
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min per 1.73 m? and CKD stage 3 was not statistically
significant.

Comparison With the Literature
We observed a higher prevalence of mildly reduced
eGFR (62%) compared with other investigations in-
cluding population-based samples.?'® The SardiNIA
study cohort, which was a representative sample of
the regional population in Ogliastra, had a mildly re-
duced eGFR prevalence of 43%. The National Health
and Nutrition Examination Surveys (NHANES), a
nationally representative sample of noninstitutional-
ized adults aged 20 years between 1999 and 2004,
showed that the prevalence of mildly reduced eGFR
was 52.1%."° The observed higher prevalence of
mildly reduced eGFR in our investigation is likely be-
cause our sample included older participants with
an average age of 58 years compared with 43 years
in the SardiNIA study cohort, and 46.2 years in the
National Health and Nutrition Examination Surveys
study.%10

A number of epidemiological studies on the associ-
ation of mildly reduced eGFR with incident CVD have
reported conflicting findings."-® While some of these
investigations were based on high-risk populations,
such as individuals with hypertension or diabetes melli-
tus, there were some that evaluated community-based
samples. For example, Rahman et al, using data on
40 154 participants with hypertension, observed that
a decrease in eGFR of 10 mL/min per 1.73 m? (in the
eGFR range of 60 to 70 mL/min per 1.73 m?) was as-
sociated with a 6% higher risk of CVD.” Similarly, the
ARIC (Atherosclerosis Risk in Communities) study
reported that mildly reduced eGFR in the range 60
to 89 mL/min per 1.73 m? was associated with sig-
nificantly higher CVD risk.*® However, a large-scale
prospective study based in Reykjavik did not observe
an association between eGFR in the range of 60 to
90 mL/min per 1.73 m? and risk of coronary heart dis-
ease.® Moreover, the investigators using data from the
National Health and Nutrition Examination Survey | did
not observe an association between mildly reduced
eGFR and risk of CVD.® Using FHS data, Culleton et
al reported no association between mild renal insuffi-
ciency (defined as serum creatinine 1.5-3.0 mg/dL in
men and 1.4-3.0 mg/dL in women) and incident CVD;
however, the sample size was small (=500 individuals
with mild renal insufficiency) and they used a different
definition of mild CKD based on serum creatinine only.®

We addressed some of the limitations of prior re-
ports in our current investigation such as the following:
(1) lack of accounting for confounders, for instance in
the report by Rahman et al’; and (2) less standardized
estimates of kidney function, such as in the report by
Culleton et al.®
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<0.001

<0.001
0.42
0.041

0.344 (0.055)
0.325 (0.023)
0.018 (0.023)
0103 (0.051)

0.026
<0.001
0.51
0.36

0.119 (0.053)
0131 (0.022)
~0.015 (0.022)
0.045 (0.049)

0.27
0.01
0.07
0.22

~0.040 (0.022)
~0.060 (0.049)

0.060 (0.053)
0.058 (0.022)

0.043
0.09
0.60
0.11

~0.013 (0.024)
~0.085 (0.053)

0.116 (0.058)
0.040 (0.022)

Referent
Referent
Referent
Referent

BNP
GDF-15
ST2
Troponin |

Table 4. Association of Mildly Reduced eGFR With Biomarkers of Cardiovascular Disease
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Betas represent the change in log-transformed biomarker compared with the reference group of eGFR >90. BNP indicates B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; GDF-15, growth

Models were adjusted for age (<50 vs >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes mellitus status, and total cholesterol/high-density lipoprotein ratio.
differentiating factor-15; and ST2, suppressor of tumorigenicity 2.
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A Association of Mildly Reduced eGFR and CVD

eGFR Category HR (95% ClI)
80-89 fr—e——] 1.28 (0.91 to 1.80)
70-79 f——e— 1.45 (1.05 to 2.00)
60-69 b—e—] 1.40 (1.02 to 1.93)
<60 f——e—— 2.09 (1.53 to 2.86)
075 1 15 2 3

Hazard Ratio (95% Cl)

B Association of Mildly Reduced eGFR and CKD
eGFR Category HR (95% CI)

80-89 |———] 1.06 (0.61 to 1.87)

70-79 ]——o—| 1.31 (0.78 to 2.20)

60-69 F———— 2.94(1.80 10 4.78)
0.5 1 152 3 45
Hazard Ratio (95% Cl)

Figure 2. Association of mildly reduced eGFR categories
with (A) CVD and (B) CKD.

A, The model used different baseline hazards by age (<50 vs.
>50 years) and adjusted for sex, body mass index, systolic
blood pressure, antihypertensive treatment, current smoking,
diabetes mellitus status, and total cholesterol/HDL ratio. B, The
model used different baseline hazards based on prevalent CVD
and adjusted for age (<50 vs. >50 years), sex, body mass index,
systolic blood pressure, antihypertensive treatment, current
smoking, diabetes mellitus status, and total cholesterol/HDL
ratio. CKD indicates chronic kidney disease; CVD, cardiovascular
disease; eGFR, estimated glomerular filtration rate in mL/min per
1.73 m?; HDL, high-density lipoprotein; and HR, hazard ratio.

In our investigation, we used accepted metrics of
kidney function, and evaluated multiple subclinical and
clinical CVD outcomes. We observed an association
between mildly reduced eGFR and incident CVD ad-
justing for standard CVD risk factors. Previous similar
research studies suggested that the increased CVD
risk that is observed among individuals in mildly re-
duced renal function is because of the co-occurrence
of CKD and CVD risk factors.58282% The persistent as-
sociation after adjustment for major CVD risk factors
may reflect an incremental impact of renal function on
CVD risk.

In our investigation, we also observed that partic-
ipants with mildly reduced eGFR were more likely to
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develop CKD during follow-up. With normal aging,
there is a slow decline in eGFR.*° However, even after
we adjusted for age and other known confounders,
the relations between mildly reduced eGFR and CKD
incidence persisted. Our finding may indicate that in-
dividuals with mildly reduced eGFR are vulnerable
to a faster decline in eGFR and the development of
CKD, emphasizing the need for early renal protective
measures.

Previous Reports on

Association of Mildly Reduced eGFR With
Subclinical CVD or Biomarkers of Myocardial
Strain, Fibrosis, and Injury

Our investigation extended the previous reports on
mildly reduced eGFR and CVD risk by including com-
bined CVD outcomes, markers of subclinical CVD, and
biomarkers of myocardial strain, fibrosis, and injury.
The observed positive association between mildly re-
duced eGFR and the odds of CAC may complement
and explain the findings of previous investigations
showing that increased coronary calcification corre-
lates with CVD events in patients with CKD.®" In the
current investigation we observed that coronary cal-
cification increases even in the mildly reduced eGFR
range.

Our finding of no association between mildly re-
duced eGFR and CIMT is consistent with a previous
report, suggesting that the impact of low eGFR on
CVD is mediated via coronary atherosclerosis rather
than through carotid atherosclerosis.®® In addition,
there have been criticisms of the use of CIMT to detect
atherosclerosis in the carotid artery, because athero-
sclerosis is an intimal process, while CIMT measures
the medial thickness, and the latter is more likely to be
affected by hypertension.®?

Studies on mildly reduced eGFR and LVH have
reported mixed results. A previous FHS investigation
by Culleton et al has shown an increase in incidence
of ECG-LVH in patients with mild CKD.® Our finding
differed from the previous FHS report in that we eval-
uated mildly reduced eGFR as opposed to more ad-
vanced CKD that was assessed in the previous report.
A report by Rahman et al also showed that modest
reductions in eGFR (less than ~70 mL/min per 1.73 m?)
are associated with a significant increase in the risk of
LVH.” However, the study by Rahman et al assessed
participants with hypertension, not representative
of the general population.” Since LVH is strongly in-
fluenced by hypertension, adjusting for hypertension
treatment in our investigation may have attenuated po-
tential associations.

We also observed that participants with mildly
reduced eGFR 60 to 79 and 60 to 69 mL/min per
1.73 m? had higher concentrations of certain markers
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of myocardial strain or injury as seen by higher serum
GDF-15 and BNP levels, respectively. However, we did
not find statistically significant associations of mildly
reduced eGFR with blood concentrations of sup-
pressor of tumorigenicity 2 and troponin. We are not
aware of other investigations that have evaluated the
relations between mildly reduced eGFR and circulating
biomarkers in community-dwelling individuals. Based
on previous studies, circulating GDF-15, BNP, and tro-
ponin concentrations are associated with CVD risk.33
Prior studies have also shown that GDF-15 is related
to higher arterial stiffness in central and medium-sized
arteries and higher CAC scores.343% Additionally, blood
GDF-15 concentrations were associated with higher
CAC scores in the Dallas Heart Study.3®

Strengths and Limitations

The strengths of our investigation include the large
population-based sample, the use of eGFR as a meas-
ure of renal function, assessment of subclinical CVD
as well as an array of biomarkers of myocardial strain,
fibrosis, and calcification injury. We also assessed
the impact of microalbuminuria on the association of
mildly reduced eGFR with CVD risk. Furthermore, we
adjusted for use of antinypertensive medications, dia-
betes mellitus, age, and other factors that are known to
be associated with microalbuminuria.®® We performed
a sensitivity analysis of the association between eGFR
and CVD among individuals without microalbuminuria,
and observed that the associations were not statis-
tically significant for all categories of mildly reduced
eGFR, possibly because of reduced statistical power
resulting from the smaller sample size. We have ex-
tended prior findings by investigating the relation of
mildly reduced eGFR with subclinical CVD as well as
with biomarkers of myocardial strain, injury, and fibro-
sis; to our knowledge, the latter associations have not
been evaluated before in the community.

Some limitations merit consideration. First, we stud-
ied mostly White participants, and, therefore, our find-
ings may not be generalizable to other racial groups.
Given that previous studies have reported that Black
race may be an effect modifier of the association be-
tween mildly reduced eGFR and CVD?, it is possible
that our investigation may have underestimated the
magnitude of the associations evaluated. Second, be-
cause of the observational nature of our investigation,
we cannot exclude residual confounding from unmea-
sured or unknown confounders, and we cannot make
causal inferences. Third, a single eGFR measurement
at examination cycle 6 was used to classify partici-
pants into the different eGFR categories and to allow
for adequate follow-up time for development of CKD at
subsequent examination cycles 7, 8, and 9. We recog-
nize this could introduce misclassification error.
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Implications

The moderate association between mildly reduced
eGFR and a greater incidence of CVD and CKD should
alert clinicians to manage people with lower than normal
eGFR with an emphasis on renal- and CVD-protective
measures including treatment and control of hyperten-
sion and diabetes mellitus, management of blood lipid
levels, and avoidance of renal-toxic medications/proce-
dures where possible. Our finding on the relations be-
tween mildly reduced eGFR and subclinical CVD is also
suggestive that the pathophysiology of the observed
association between eGFR and CVD is perhaps medi-
ated via early cardiac remodeling and coronary artery
calcification. Future studies should focus on investigating
the association of mildly reduced eGFR and a more ex-
pansive array of markers of clinical and subclinical CVD
in larger and more diverse multi-ethnic samples.

CONCLUSION

In our large community-based sample, mildly reduced
eGFR (60-69 mL/min per 1.73 m?) was associated
with increased risk of CAC and higher blood GDF-15
and BNP levels cross-sectionally, and with CVD and
CKD incidence prospectively. These findings empha-
size the need to detect individuals with lower than
normal eGFR and implement earlier CVD preventative
strategies. Future investigations involving more diverse
ethnic groups are warranted to confirm our findings.
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Supplemental Material



Table S1. Association of mildly reduced eGFR and CVD excluding participants with microalbuminuria.

Full sample Restricting to those with Excluding those with
UACR data microalbuminuria
(n=3,066) (n=2,638) (n=2,375)
eGFR category HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
(ml/min/1.73 m?
>90 Referent Referent Referent
80-89 1.28 (0.91-1.8) 0.16 | 1.20(0.82-1.75) 0.35 1.16 (0.77-1.75) 0.47
70-79 1.45 (1.05-2.00) 0.022 | 1.44 (1.02-2.03) 0.04 1.49 (1.03-2.15) 0.035
60-69 1.40 (1.02-1.93) 0.035 | 1.35(0.95-1.90) 0.09 1.31 (0.90-1.89) 0.16
<60 2.09 (1.53-2.86) <0.001 | 2.04 (1.45-2.87) <0.001 2.00 (1.38-2.89) <0.001

HR = Hazards ratio; UACR = urine albumin creatinine ratio; Cl = confidence interval




Table S2. Association of mildly reduced eGFR with subclinical cardiovascular disease, additionally adjusting for lipid-lowering
medication, c-reactive protein, and urine albumin to creatinine ratio.

Subclinical eGFR category (ml/min/1.73 m?)
disease trait
>90 80-89 70-79 60-69 <60
Odds Ratio P-value Odds Ratio P-value Odds Ratio P-value Odds Ratio P-value
(95% CI) (95% CI) (95% CI) (95% Cl)

Coronary artery
calcium Referent 0.88 (0.51-1.52) 0.65 1.23(0.74-2.03) 0.43 1.69 (1.02-2.80) 0.04 2.47 (1.45-4.23) | 0.001
(binary)*
Coronary artery

) ) Referent 0.67 (0.36-1.23) 0.20 1.13 (0.65-1.97) 0.66 1.62 (0.93-2.82) 0.09 2.33(1.29-4.23) | 0.005
calcium (binary)f
Carotid intima Referent
media thickness 1.09 (0.64-1.85) 0.74 0.92 (0.55-1.53) 0.74 1.13 (0.69-1.85) 0.62 2.03(1.26-3.28) | 0.004
(binary)*
Carotid intima Referent
media thickness 1.07 (0.59-1.94) 0.83 0.97 (0.55-1.70) 0.91 1.28 (0.74-2.20) 0.37 2.20 (1.29-3.75) | 0.004
(binary)t
Left ventricular Referent
hypertrophy 1.18 (0.68-2.04) 0.56 1.16 (0.69-1.92) 0.58 1.41 (0.86-2.32) 0.17 1.53(0.93-2.51) 0.09
(binary)*
Left ventricular Referent
hypertrophy 1.21 (0.63-2.32) 0.56 1.35 (0.75-2.44) 0.32 1.79 (1.01-3.17) 0.048 1.66 (0.93-2.97) 0.09
(binary)*

* Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio (original model).
* Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio, c-reactive protein, lipid-lowering medication, urine albumin to creatinine ratio.




Table S3. Association of mildly reduced eGFR with biomarkers of cardiovascular disease, additionally adjusting for lipid-lowering
medication, c-reactive protein, and urine albumin to creatinine ratio.

Biomarker eGFR category (ml/min/1.73 m?)
(log- >90 80-89 70-79 60-69 <60
transformed)
Beta (SE) P-value Beta (SE) P- Beta (SE) | P-value | Beta (SE) | P-value
value
BNP” Referent 0.116 0.060 0.119 0.344
. . . <0.
(0.058) 0.04 (0.053) 0.27 (0.053) 0.03 (0.055) 0.001
BNP? Referent 0.150 0.02 0.052 0.37 0.117 0.046 0.345 <0.001
(0.063) (0.058) (0.058) (0.060)
GDF15" Referent 0.040 0.058 0.131 0.325
. . <0. <0.
(0.022) 0.09 (0.022) 001 (0.022) 0.001 (0.023) 0.001
GDF15¢ Referent 0.044 0.09 0.054 0.03 0.127 <0.001 0.312 <0.001
(0.026) (0.024) (0.024) (0.025)
ST2" Referent -0.013 -0.040 -0.015 0.018
(0.024) 0.60 (0.022) 0.07 (0.022) 0-51 (0.023) 042
ST2f Referent -0.003 0.90 -0.022 0.36 -0.018 0.47 0.022 0.39
(0.026) (0.024) (0.024) (0.025)
Troponin I” Referent -0.085 -0.060 0.045 0.103
(0.053) 0.11 (0.049) 0.22 (0.049) 0-36 (0.051) 0.04
Troponin I Referent -0.057 0.33 -0.049 0.36 0.064 0.23 0.113 0.04
(0.058) (0.054) (0.054) (0.056)

* Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio (original model).

t Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio, c-reactive protein, lipid-lowering medication, urine albumin to creatinine ratio



Table S4. Association of mildly reduced eGFR with incident cardiovascular disease, additionally adjusting for lipid-lowering
medication, c-reactive protein, and urine albumin to creatinine ratio.

eGFR category HR (95% CI)” P- HR (95% CI)t P-value
(ml/min/1.73 m? value

=90 Referent Referent

80-89 1.28 (0.91-1.80) 0.16 1.26 (0.85-1.85) 0.25
70-79 1.45 (1.05-2.00) 0.02 1.56 (1.10-2.22) 0.01
60-69 1.40 (1.02-1.93) 0.04 1.48 (1.04-2.11) 0.03
<60 2.09 (1.53-2.86) <0.001 2.17 (1.53-3.08) <0.001

* The model was stratified by age (<50 vs. >50 years) and adjusted for sex, body mass index, systolic blood pressure, anti-hypertensive
treatment, current smoking, diabetes status and total cholesterol/HDL ratio

* The model was stratified by age (<50 vs. >50 years) and adjusted for sex, body mass index, systolic blood pressure, anti-hypertensive
treatment, current smoking, diabetes status, total cholesterol/HDL ratio, lipid-lowering medication, c-reactive protein, urine albumin to
creatinine ratio.



Table S5. Association of mildly reduced eGFR with subclinical cardiovascular disease, additionally adjusting for microalbuminuria.

Subclinical disease

eGFR category (ml/min/1.73 m?)

trait
>90 80-89 70-79 60-69 <60
Odds Ratio P- Odds Ratio P- Odds Ratio P- Odds Ratio | P-value
(95% CI) value (95% CI) value (95% CI) value (95% CI)
Coronary artery 1.23 (0.74- 2.47 (1.45-
_ ) . Referent | 0.88 (0.51-1.52) | 0.65 0.43 | 1.69(1.02-2.80) | 0.04 0.001
calcium (binary) 2.03) 4.23)
Coronary artery 1.09 (0.63- 2.11 (1.17-
_ ) Referent | 0.68 (0.37-1.24) | 0.21 0.75 | 1.51(0.88-2.61) | 0.14 0.01
calcium (binary)f 1.89) 3.80)
Carotid intima media | Referent 0.92 (0.55- 2.03 (1.26-
) ) . 1.09 (0.64-1.85) | 0.74 0.74 | 1.13(0.69-1.85) | 0.62 0.004
thickness (binary) 1.53) 3.28)
Carotid intima media | Referent 0.90 (0.52- 2.00 (1.18-
] ) 1.00 (0.56-1.79) | 0.99 0.72 | 1.13(0.67-1.93) | 0.64 0.01
thickness (binary)* 1.57) 3.37)
Left ventricular Referent 1.16 (0.69- 1.53 (0.93-
_ . 1.18 (0.68-2.04) | 0.56 0.58 | 1.41(0.86-2.32) | 0.17 0.09
hypertrophy (binary) 1.92) 2.51)
Left ventricular Referent 1.38 (0.77- 1.70 (0.96-
_ 1.24 (0.65-2.35) | 0.51 0.28 | 1.74(0.99-3.07) | 0.06 0.07
hypertrophy (binary)* 2.46) 3.02)

*Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes

status and total cholesterol/HDL ratio (original model).

T Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes

status and total cholesterol/HDL ratio, microalbuminuria.




Table S6. Association of mildly reduced eGFR with biomarkers, additionally adjusting for microalbuminuria.

Biomarker eGFR category (ml/min/1.73 m?)
(log-
transformed) ™5g9 80-89 70-79 60-69 <60
Beta (SE) | P-value | Beta (SE) P- Beta (SE) | P-value | Beta (SE) P-
value value
BNP” Referent 0.116 0.060 0.119 0.344
(0.058) 0.04 (0.053) 0.27 (0.053) 0.03 (0.055) <0.001
BNP* Referent 0.147 0.02 0.045 0.43 0.107 0.06 0.337 <0.001
(0.063) (0.058) (0.058) (0.060)
GDF15" Referent 0.040 0.058 0.131 0.325
. . <0. <0.
(0.022) 0.09 (0.022) 001 (0.022) 0.001 (0.023) 0.001
GDF15f Referent 0.045 0.08 0.049 0.04 0.121 <0.001 0.305 <0.001
(0.026) (0.024) (0.024) (0.025)
ST2" Referent -0.013 -0.040 -0.015 0.018
(0.024) 060 (0.022) 0.07 (0.022) 051 (0.023) 042
ST2f Referent -0.01 0.69 -0.033 0.17 -0.022 0.36 0.02 0.42
(0.026) (0.024) (0.024) (0.025)
Troponin I” | Referent -0.085 -0.060 0.045 0.103
(0.053) 0.11 (0.049) 0.22 (0.049) 0.3 (0.051) 0.04
Troponin I | Referent -0.058 0.32 -0.044 0.41 0.065 0.22 0.111 0.04
(0.057) (0.053) (0.053) (0.055)

* Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio (original model).

T Adjusted for: age (<50 vs. >50 years), sex, body mass index, systolic blood pressure, hypertension treatment, current smoking, diabetes
status and total cholesterol/HDL ratio, microalbuminuria.



