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BACKGROUND: The aim of this study was to assess
the association of high-sensitivity cardiac troponin
(hs-cTnT) and other cardiac, kidney, hyperglycemia,
and inflammatory biomarkers with peripheral neuropa-
thy (PN) in a community-based population.

METHODS: We conducted a cross-sectional analysis of
3056 black and white participants in the Atherosclerosis
Risk in Communities (ARIC) study who underwent
standardized monofilament PN testing and had meas-
ures of cardiac function (hs-cTnT, N-terminal pro–B-
type natriuretic peptide [NT-proBNP], and growth
differentiation factor 15 [GDF15]), kidney function
(serum creatinine, cystatin C, b-2 microglobulin, urine
albumin-to-creatinine ratio), hyperglycemia (fasting glu-
cose, hemoglobin A1c [Hb A1c], fructosamine, glycated
albumin, 1,5-anhydroglucitol), and inflammation
(C-reactive protein) assessed at visit 6 (2016–2017; age
71–94 years). We used logistic regression to assess the
associations of these biomarkers (modeled in diabetes-
specific tertiles) with PN in older adults with and with-
out diabetes after adjusting for traditional risk factors.

RESULTS: In total, 33.5% of participants had PN
(37.3% with diabetes and 31.9% without diabetes).
There was an independent association of hs-cTnT with
PN regardless of diabetes status (diabetes T3 vs. T1:
odds ratio [OR], 2.15 [95% CI, 1.44–3.22]; no diabe-
tes: OR, 2.31 [95%CI, 1.76–3.03]; P¼ 0.72 for inter-
action). Among participants without diabetes, there
were also significant associations of NT-proBNP (OR,

1.40 [95% CI, 1.08–1.81]) and urine albumin-to-
creatinine ratio (OR, 1.55 [95% CI, 1.22–1.97]) with
PN. Associations of hyperglycemia biomarkers including
Hb A1c (OR, 1.76 [95% CI, 1.22–2.54]), fructosamine
(OR, 1.71 [95% CI, 1.19–2.46]), and glycated albumin
(OR, 1.45 [95% CI, 1.03–2.03]) with PN were signifi-
cant only among participants with diabetes.

CONCLUSIONS: Overall, hs-cTnT appears to be a global
marker of end organ damage, including PN. Laboratory
biomarkers may be able to help us identify those indi-
viduals with PN.

Introduction

Peripheral neuropathy (PN) is estimated to affect be-
tween 11% and 19% of the general population (1) and
is substantially more common in older than younger
adults (2). We recently found that the prevalence of PN
is 27% among older US adults aged �70 years. The
prevalence is higher among older adults with diabetes,
ranging from 33% to 42% depending on diabetes dura-
tion. Despite its high burden, risk factors for PN are
poorly characterized.

Traditional and novel cardiac, kidney, and hyper-
glycemia biomarkers allow us to readily and rigorously
characterize subclinical disease status and improve risk
prediction (3). Novel cardiac biomarkers including car-
diac troponin T measured with a high-sensitivity assay
(hs-cTnT), N-terminal pro–B-type natriuretic peptide
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(NT-proBNP), and growth differentiation factor 15
(GDF15) reflect cumulative damage to the heart (4–7),
are strongly associated with diabetes and its complica-
tions (8–10), and are of growing interest for risk predic-
tion and stratification (4, 6, 8). Biomarkers of kidney
filtration and kidney damage are strongly linked to dia-
betes, cardiovascular disease, and related complications
(11–14) but have not been investigated in relation to
PN. Prior studies have established hyperglycemia in
diabetes as a major risk factor for PN (15), but few stud-
ies have investigated the association of measures of
hyperglycemia with PN outside of diagnosed diabetes,
nor have prior studies examined nontraditional hyper-
glycemia biomarkers including fructosamine, glycated
albumin, and 1,5-anhydroglucitol (1,5-AG). Ultimately,
data are limited on the association of major traditional
and nontraditional cardiac, kidney, and diabetes bio-
markers with PN in adults with and without diabetes in
the community.

The aim of this study was to assess the association
of a panel of cardiac, kidney, and diabetes (hyperglyce-
mia) biomarkers and a marker of inflammation (C-reac-
tive protein [CRP]) with PN in a community-based
population of older adults. We hypothesized that these
biomarkers, previously shown to be associated with
microvascular disease, would be associated with PN.

Materials and Methods

STUDY DESIGN

The Atherosclerosis Risk in Communities (ARIC) study
is a prospective community-based cohort initially com-
prising 15792 adults from Forsyth County, North
Carolina; Jackson, Mississippi; Washington County,
Maryland; and suburbs of Minneapolis, Minnesota.
Participants were originally recruited and examined
from 1987 to 1989 (visit 1) at ages 45 to 64 and have
been followed prospectively thereafter with serial
in-person visits, annual or semiannual (after 2012)
telephone calls, and continuous surveillance for cardio-
vascular events and other outcomes. The ARIC study
was originally designed to characterize the risk factors
associated with atherosclerotic disease in the general
population.

In this study, we conducted a cross-sectional analy-
sis of black and white participants in the ARIC study
who underwent monofilament PN testing at ARIC visit
6 (2016–2017). A total of 4003 participants attended
visit 6. We used a single study population for all analy-
ses. Participants with missing monofilament testing or
visit 6 biomarker data (n¼ 674), those who were non-
fasting for their biomarker testing (n¼ 198), and those
missing other covariates of interest (n¼ 57) were ex-
cluded from the study.

All participants in the study provided written in-
formed consent. The institutional review boards for all
participating institutions approved the study protocol.

COVARIATES

We collected data on participant sociodemographics
(age, race and center, sex, education), physical informa-
tion (body mass index), lifestyle factors (smoking status,
alcohol consumption), and comorbidities (diabetes, hy-
pertension, hypercholesterolemia, history of cardiovas-
cular disease, and peripheral artery disease). All data
were collected at visit 6 except for education (visit 1).

Diabetes was defined as a self-reported physician di-
agnosis or diabetes medication use at visit 6.
Hypertension was defined as a mean systolic blood pres-
sure �140 mmHg, a mean diastolic blood pressure
�90 mmHg (based on the mean of the second and third
seated resting oscillometric blood pressure measure-
ments), or self-reported antihypertensive medication
use. Hypercholesterolemia was defined as total choles-
terol �240 mg/dL or taking cholesterol-lowering medi-
cation. Cardiovascular disease was defined as a history of
heart failure, stroke, or coronary heart disease before
visit 6. Details pertaining to cardiovascular surveillance
and adjudication of cardiovascular diagnoses in ARIC
have been described previously (16, 17). Peripheral ar-
tery disease was defined according to the International
Classification of Diseases, Ninth Revision, Clinical
Modification codes for atherosclerosis of the native arter-
ies of the extremities (440.20, 440.21, 440.22, 440.23,
440.24, 440.29, 440.3, 440.8) or prior leg artery revas-
cularization (38.18, 39.25, 39.29, 39.50) documented
in any hospitalization before visit 6 (18).

BIOMARKERS OF INTEREST

Markers hs-cTnT, NT-proBNP, and GDF15 were mea-
sured in EDTA plasma using electrochemiluminescence
immunoassays on a Roche Cobas e411 analyzer (Roche
Diagnostics). Serum creatinine concentrations were
measured by the Roche enzymatic method (Roche
Diagnostics), cystatin C was measured using Gentian
Cystatin C reagent (Gentian AS), and b-2 microglobulin
concentrations were measured immunoturbidimetrically,
all using a Roche Cobas 6000 Chemistry Analyzer
(Roche Diagnostics). Creatinine-based, cystatin C-based,
and creatinine–cystatin C–based estimated glomerular
filtration rate were calculated using the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equations
(19, 20). Urine albumin and creatinine concentrations
were measured from spot urine samples on a Roche Cobas
6000 Chemistry Analyzer (Roche Diagnostics). Glucose
was measured in serum using the Roche hexokinase
method on a Roche Cobas 6000 Chemistry Analyzer
(Roche Diagnostics). Hemoglobin A1c (Hb A1c) was
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measured in EDTA whole blood on the Tosoh HPLC
Glycohemoglobin Analyzer (Tosoh Medics) using an
automated high-performance liquid chromatography
method. This method was calibrated utilizing standard
values derived by the National Glycohemoglobin
Standardization Program. Fructosamine (Roche
Diagnostics), glycated albumin (Asahi Kasei Corp), 1,5-
AG (Glycomark), and CRP (Roche Diagnostics) levels
were all measured in serum on the Roche Cobas 6000
Chemistry Analyzer (Roche Diagnostics).

Blood was shipped to the central laboratory every
2 weeks. The interassay coefficients of variation were
<10% for all assays studied.

PERIPHERAL NEUROPATHY

PN data were collected at ARIC visit 6 via Semmes-
Weinstein 10-g monofilament testing of 3 sites on each
foot: the plantar–hallux, the plantar–first metatarsal
head, and the plantar–fifth metatarsal head. Each site
was tested 3 times by certified technicians following a
protocol adapted from the National Health and
Nutrition Examination Survey (NHANES) (21). If 2 of
3 responses for a site were incorrect or indeterminate,
the response was considered insensate at that site. PN
was defined as having at least 1 insensate site.

STATISTICAL ANALYSIS

We compared median levels of each biomarker for par-
ticipants at ARIC visit 6 according to PN and diabetes
status using Wilcoxon rank sum tests. We used logistic
regression to evaluate the associations of each bio-
marker, modeled in diabetes-specific tertiles, with PN,
stratified by diabetes. We evaluated 2 models: model 1
included demographic variables (age, sex, race and cen-
ter, education), and model 2 included all variables in
model 1 plus cardiovascular risk factors (body mass in-
dex, smoking status, alcohol status, hypertension,
hyperlipidemia), history of cardiovascular disease, and
peripheral artery disease. We also modeled each bio-
marker using restricted cubic splines with 4 knots placed
at the 5th, 35th, 65th, and 95th percentiles to character-
ize the shape of the continuous associations of PN in
the overall population.

We performed all analyses using Stata version 15.1
(StataCorp) with P< 0.05 denoting statistical significance.

Results

Of the 3056 study participants, 1024 (33.5%) had PN:
37.3% of participants with diabetes (332 of 890) and
31.9% (692 of 2166) of participants without diabetes.
Participants with PN were older, were predominantly
male, and had higher body mass index than participants
without PN (Table 1). Prevalent cardiovascular disease

was significantly more common in participants with
PN. No significant difference was noted in the preva-
lence of peripheral arterial disease by PN status
(P¼ 0.27).

There were significant differences in cardiac, kid-
ney, and hyperglycemia biomarkers by PN status in par-
ticipants with and without diabetes (Table 2). There
were higher median levels of hs-cTnT, NT-proBNP,
GDF15, creatinine, cystatin C, b-2 microglobulin,
urine albumin-to-creatinine ratio, fasting glucose, Hb
A1c, fructosamine, and glycated albumin in participants
with PN compared with those without (all, P< 0.05).
There were no significant differences in 1,5-anhydroglu-
citol and CRP levels in participants with vs without PN
regardless of diabetes status (all, P> 0.05).

Based on logistic regression analysis using diabetes-
specific tertiles for each biomarker, there were significant
associations of hs-cTnT, GDF15, and b-2 microglobulin
with PN in participants with and without diabetes after
adjusting for demographic factors (model 1, Table 3).
There were also associations of NT-proBNP and urine
albumin-to-creatinine ratio with PN in participants with-
out diabetes, although these associations were not signifi-
cant among participants with diabetes. In contrast, there
were significant associations of fasting glucose, Hb A1c,
fructosamine, and glycated albumin with PN in partici-
pants with diabetes but not in those without. Serum cre-
atinine, cystatin C, estimated glomerular filtration rate,
1,5-AG, and CRP were not associated with PN in partici-
pants with or without diabetes after risk adjustment
(Table 3, Supplemental Table 1).

After further adjusting for cardiovascular risk fac-
tors, only the association of hs-cTnT with PN remained
significant in participants with and without diabetes
(model 2, Table 3). The association of hs-cTnT with
PN was similar regardless of diabetes status (P ¼ 0.72
for interaction). There was also a weak association of
GDF15 with PN in adults with and without diabetes,
although this was no longer significant in model 2.
There were persistent associations of NT-proBNP and
urine albumin-to-creatinine ratio with PN in partici-
pants without diabetes and of Hb A1c, fructosamine,
and glycated albumin with PN in participants with dia-
betes (all, P< 0.05).

Our results were generally similar when the bio-
markers were modeled more flexibly using splines. We
observed robust associations of hs-cTnT and NT-
proBNP and a weaker association of GDF15 with PN in
the overall population (Fig. 1). Among the kidney bio-
markers, urine albumin-to-creatinine ratio appeared to be
moderately associated with PN, whereas b-2 microglobu-
lin had a weaker association (Fig. 2). Associations of fast-
ing glucose, Hb A1c, glycated albumin, and fructosamine
with PN were similar (Fig. 3) but driven primarily by the
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higher levels in participants with diabetes (Table 3); we
observed relatively flat associations of glycemic bio-
markers with PN in the nondiabetic range. There was no
association of 1,5-AG or CRP with PN regardless of dia-
betes status (Fig. 3; Table 3).

We assessed the correlations of the biomarkers
studied (Supplemental Table 2). There were strong lin-
ear associations between the glycemic markers and be-
tween kidney markers. The correlations of the cardiac
markers with each other were weaker.

Discussion

There was a high prevalence of PN in both adults with
and without diabetes in this community-based cohort of
older adults. In these participants, we found crude and
adjusted associations of cardiac and kidney biomarkers
with PN. The association of hs-cTnT with PN was par-
ticularly robust, persisting in older adults with and

without diabetes even after adjustment for cardiovascu-
lar risk factors. Among older adults with diabetes, Hb
A1c and nontraditional measures of glycemic control
were also associated with PN, but none of the glycemic
markers were found to be significantly associated with
PN in nondiabetic adults. Overall, our data provide
insight into the possible pathogenic mechanisms of PN.

The association of hs-cTnT with PN supports the
hypothesis that hs-cTnT is a global marker of end organ
damage. Cardiac troponin T is a marker of primary is-
chemic myocardial injury (22) and has been recognized
by the European Society of Cardiology and American
College of Cardiology as one of the preferred markers in
the diagnosis of acute coronary syndrome (23).
However, increases in cardiac troponin T measured us-
ing high-sensitivity assays are strongly predictive of fu-
ture coronary heart disease, heart failure, and death in
the general population without known coronary heart
disease or stroke (4). In addition, hs-cTnT has been

Table 1. Characteristics of study population according to diagnosed diabetes and peripheral neuropathy status,
Atherosclerosis Risk in Communities (ARIC) visit 6 (2016–2017).

No diabetes Diagnosed diabetes

No PN PN No PN PN

n 1474 692 558 332

Age, y, mean (SD) 78.7 (4.3) 80.7 (5.0)a 78.6 (4.3) 79.8 (4.6)a

Female, % 67.1 40.2a 64.3 42.5a

Black, % 17.4 16.2 24.9 28.0

Education, %a

Less than high school 8.1 11.4 11.8 18.7

High school or vocational school 41.0 36.4 45.2 42.2

College and above 50.8 52.2 43.0 39.2

Body mass index, kg/m2, %a

<25 33.7 32.2 19.4 11.4

25 to <30 40.9 37.3 38.5 39.8

�30 25.4 30.5 42.1 48.8

Current smoker, % 6.4 7.1 5.6 7.2

Former smoker, % 48.4 50.6 47.8 50.3

Drinking status, %

Never 18.8 19.5 23.1 19.3

Former 24.5 26.6 32.4 38.6

Current 56.7 53.9 44.4 42.2

Hypertension, % 78.6 83.1a 91.0 94.3

Hypercholesterolemia, % 55.8 53.8 70.4 72.9

Cardiovascular disease, % 15.6 21.4a 19.7 29.2a

Peripheral artery disease, % 3.3 3.0 5.7 3.0

aP < 0.05, with vs without peripheral neuropathy.
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associated with noncardiac outcomes including ischemic
stroke (24), silent brain infarcts (25), end-stage renal
disease (26), elevated liver enzymes (27), abdominal aor-
tic aneurysms (28), and peripheral artery disease (29).
The mechanism of these associations is not entirely clear
but may involve subclinical microvascular ischemia, in-
flammation, and/or arterial wall stress (30). Myocardial
microischemia resulting in increased hs-cTnT could be
caused by insufficiency of small intramyocardial arterio-
les in the setting of small vessel disease (31). Similarly,
PN may be caused by a combination of oxidative stress,
inflammation, and microvascular disease (32) that ulti-
mately leads to cell death and segmental axonal degener-
ation (33). The concept that hs-cTnT may be a marker
of end organ damage in addition to myocardial ischemia
may explain why increased concentrations of hs-cTnT
were associated with PN in our study.

The associations of other cardiac biomarkers
(GDF15 and NT-proBNP) with PN were weaker than
for hs-cTnT, particularly among participants without
diabetes. GDF15 is strongly associated with aging and is

expressed in response to inflammation, oxidative stress,
and hypoxia and has been associated previously with
cardiovascular disease, chronic kidney disease, and can-
cer (5). Although the association of GDF15 with PN
has not been documented previously, the factors that
drive its expression are similar to those thought to con-
tribute to PN (32). NT-proBNP is a marker of myocar-
dial stretch that is strongly associated with incident
heart failure (6) and has been shown to be predictive of
both cardiovascular and noncardiovascular mortality (7).
NT-proBNP levels have been previously associated with
microvascular complications, including neuropathy,
in adults with diabetes (10, 34). Interestingly, NT-
proBNP was associated with PN in participants without
diabetes, even after adjustment for cardiovascular risk
factors, suggesting that the previously reported utility of
this biomarker as a marker for microvascular complica-
tions extends to individuals without diabetes.

We found associations of kidney biomarkers b-2
microglobulin and urine albumin-to-creatinine ratio
with PN after adjusting for demographic risk factors.

Table 2. Median (25th, 75th percentiles) cardiac, kidney, glycemic, and inflammatory biomarkers according to diagnosed
diabetes and peripheral neuropathy status, Atherosclerosis Risk in Communities (ARIC) visit 6 (2016–2017).

Marker
No diabetes Diagnosed diabetes

No PN PN No PN PN

Cardiac

hs-Troponin T, ng/L 10.0 (8.0, 14.0) 15.0 (10.0, 22.0)a 12.0 (8.0, 18.0) 17.0 (11.0, 24.0)a

NT-proBNP, pg/mL 140.6 (72.7, 273.3) 179.9 (90.2, 397.0)a 135.0 (65.2, 304.0) 172.5 (66.8, 421.4)a

GDF15, pg/mL 1470.5 (1150.0,
1947.0)

1703.5 (1309.0,
2269.0)a

1966.5 (1436.0,
2866.0)

2349.5 (1616.5,
3298.5)a

Kidney

Serum creatinine, mg/dLb 0.9 (0.8, 1.0) 1.0 (0.8, 1.1)a 0.9 (0.8, 1.1) 1.0 (0.9, 1.3)a

Cystatin C, mg/L 1.1 (1.0, 1.3) 1.2 (1.0, 1.4)a 1.2 (1.0, 1.4) 1.3 (1.1, 1.5)a

b-2 microglobulin, mg/L 2.2 (1.9, 2.7) 2.4 (2.0, 3.0)a 2.5 (2.0, 3.1) 2.7 (2.2, 3.3)a

Urine albumin:
creatinine ratio, mg/g

5.9 (3.1, 12.3) 7.8 (3.7, 22.4)a 9.2 (4.1, 28.0) 11.6 (4.3, 35.0)a

Glycemic

Fasting glucose, mg/dLc 95.0 (90.0, 102.0) 97.0 (91.0, 104.0)a 114.0 (99.0, 139.0) 123.5 (101.0, 152.0)a

Hb A1c, % 5.6 (5.4, 5.9) 5.7 (5.5, 5.9)a 6.3 (5.9, 7.0) 6.7 (6.0, 7.3)a

Fructosamine, mmol/L 238.0 (225.0, 254.0) 241.0 (227.0, 256.0)a 261.0 (239.0, 288.0) 270.0 (248.5, 304.0)a

Glycated albumin, % 13.0 (12.0, 14.0) 13.0 (12.0, 14.0)a 14.0 (13.0, 17.0) 15.0 (14.0, 17.5)a

1,5-anhydroglucitol,
ug/mL

16.8 (12.4, 20.7) 17.2 (12.3, 21.4) 13.6 (7.9, 18.5) 12.6 (7.5, 17.6)

Inflammation

hs-CRP, mg/L 1.6 (0.7, 3.3) 1.8 (0.8, 3.4) 1.9 (0.9, 4.1) 2.5 (1.0, 4.8)

aP < 0.05, with vs without PN.
bTo convert mg/dL to mmol/L, multiply by 0.088 for creatinine.
cTo convert mg/dL to mmol/L, multiply by 5.55 for glucose.
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Table 3. Associations (odds ratios and 95% CIs) of biomarker categories (diabetes-specific tertiles) with peripheral neuropa-
thy, Atherosclerosis Risk in Communities (ARIC) visit 6 (2016–2017).

Cardiac markers

No diabetes Diagnosed diabetes

Tertile value Model 1a Model 2b Tertile value Model 1a Model 2b

hs-Troponin, ng/L

T1 � 9 1 (reference) 1 (reference) � 10.0 1 (reference) 1 (reference)

T2 10.0–14.0 1.37 (1.06–1.77) 1.33 (1.02–1.73) 11.0–18.0 1.55 (1.08–2.23) 1.44 (1.00–2.09)

T3 � 15 2.36 (1.81–3.09) 2.31 (1.76–3.03) � 19.0 2.43 (1.65–3.58) 2.15 (1.44–3.22)

P for trend < 0.001 < 0.001 < 0.001 < 0.001

NT-proBNP, pg/mL

T1 � 99.2 1 (reference) 1 (reference) � 86.3 1 (reference) 1 (reference)

T2 99.3–241.3 0.95 (0.75–1.22) 0.97 (0.76–1.24) 86.7–254.1 0.84 (0.58–1.20) 0.84 (0.58–1.21)

T3 � 241.7 1.33 (1.04–1.71) 1.40 (1.08–1.81) � 255.9 1.22 (0.84–1.77) 1.18 (0.79–1.75)

P for trend 0.006 0.002 0.10 0.20

GDF15, pg/mL

T1 � 1298.0 1 (reference) 1 (reference) � 1665.0 1 (reference) 1 (reference)

T2 1299.0–1835.0 1.18 (0.92–1.51) 1.14 (0.89–1.46) 1666.0–2682.0 1.22 (0.86–1.75) 1.18 (0.82–1.69)

T3 � 1836.0 1.33 (1.031.71) 1.28 (0.98–1.66) � 2683.0 1.47 (1.03–2.11) 1.45 (1.00–2.09)

P for trend 0.034 0.07 0.04 0.05

Kidney markers

Serum creatinine, mg/dLc

T1 � 0.82 1 (reference) 1 (reference) � 0.85 1 (reference) 1 (reference)

T2 0.83–1.02 0.85 (0.66–1.10) 0.82 (0.64–1.06) 0.86–1.10 1.47 (1.02–2.13) 1.44 (0.98–2.10)

T3 � 1.03 0.95 (0.73–1.24) 0.91 (0.69–1.19) � 1.11 1.52 (1.04–2.24) 1.39 (0.93–2.07)

P for trend 0.89 0.66 0.06 0.18

Cystatin C, mg/L

T1 � 1.02 1 (reference) 1 (reference) � 1.09 1 (reference) 1 (reference)

T2 1.03–1.23 1.19 (0.93–1.51) 1.10 (0.86–1.41) 1.10–1.36 1.08 (0.76–1.54) 0.96 (0.67–1.38)

T3 � 1.24 1.26 (0.99–1.61) 1.14 (0.88–1.47) � 1.37 1.31 (0.92–1.86) 1.10 (0.76–1.60)

P for trend 0.08 0.35 0.12 0.54

b-2 microglobulin, mg/L

T1 �2.05 1 (reference) 1 (reference) � 2.21 1 (reference) 1 (reference)

T2 2.06–2.56 1.18 (0.93–1.50) 1.11 (0.87–1.42) 2.22–2.90 1.32 (0.92–1.87) 1.21 (0.85–1.74)

T3 �2.57 1.35 (1.05–1.73) 1.24 (0.96–1.60) � 2.92 1.43 (1.00–2.06) 1.22 (0.84–1.78)

P for trend 0.02 0.10 0.07 0.37

Urine albumin:creatinine ratio, mg/g

T1 �3.97 1 (reference) 1 (reference) � 5.39 1 (reference) 1 (reference)

T2 3.98–10.50 1.15 (0.91–1.47) 1.17 (0.92–1.50) 5.40–20.00 1.03 (0.72–1.46) 0.99 (0.69–1.43)

T3 �10.60 1.51 (1.19–1.92) 1.55 (1.22–1.97) � 20.73 1.15 (0.81–1.64) 1.04 (0.72–1.50)

P for trend 0.001 < 0.001 0.39 0.79

Glycemic markers

Fasting glucose, mg/dLd

T1 �92 1 (reference) 1 (reference) � 104 1 (reference) 1 (reference)

T2 93–100 0.90 (0.71–1.14) 0.85 (0.67–1.09) 105–132 0.99 (0.70–1.42) 0.95 (0.66–1.37)

Continued
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However, only the association of urine albumin-to-
creatinine ratio with PN remained significant in adults
without diabetes after further adjusting for cardiovascular
risk factors. Moreover, b-2 microglobulin is a marker of
kidney filtration and has been associated with end-stage
renal disease, cardiovascular disease, and all-cause mortal-
ity in the general population (35, 36). The attenuation of
its association with PN after risk adjustment suggests that
b-2 microglobulin expression may be mediated by cardio-
vascular factors. Urine albumin-to-creatinine ratio is a

marker of kidney damage and has been shown to be an
independent risk factor for subclinical atherosclerosis (37)
and all-cause and cardiovascular mortality (38). Elevated
urine albumin-to-creatinine ratio levels may reflect sys-
temic transvascular “leakiness” that occurs in association
with subclinical atherosclerotic disease (38), suggesting a
possible shared microvascular etiology for chronic kidney
disease and PN among nondiabetic adults.

Hyperglycemia is an established risk factor for PN
(15). Consistent with the literature, we observed that

Table 3. (continued)

Cardiac markers

No diabetes Diagnosed diabetes

Tertile value Model 1a Model 2b Tertile value Model 1a Model 2b

T3 �101 1.21 (0.95–1.54) 1.12 (0.88–1.44) � 133 1.47 (1.03–2.09) 1.39 (0.97–2.00)

P for trend 0.08 0.24 0.020 0.044

Hb A1c, %

T1 �5.5 1 (reference) 1 (reference) � 6.0 1 (reference) 1 (reference)

T2 5.6–5.8 1.06 (0.84–1.34) 1.06 (0.84–1.33) 6.1–6.9 1.41 (0.99–2.01) 1.37 (0.95–1.97)

T3 � 5.9 1.24 (0.97–1.57) 1.21 (0.95–1.55) � 7.0 1.84 (1.29–2.63) 1.76 (1.22–2.54)

P for trend 0.09 0.13 0.001 0.003

Fructosamine, umol/L

T1 � 230.0 1 (reference) 1 (reference) � 249.0 1 (reference) 1 (reference)

T2 231.0–249.0 1.19 (0.94–1.51) 1.25 (0.99–1.59) 250.0–283.0 1.35 (0.95–1.93) 1.44 (1.00–2.08)

T3 � 250.0 1.05 (0.82–1.34) 1.15 (0.89–1.47) � 284.0 1.62 (1.14–2.31) 1.71 (1.19–2.46)

P for trend 0.75 0.32 0.009 0.006

Glycated albumin, %

T1 � 12.0 1 (reference) 1 (reference) � 14.0 1 (reference) 1 (reference)

T2 13.0–13.0 0.87 (0.69–1.11) 0.92 (0.72–1.17) 15.0–16.0 1.29 (0.89–1.86) 1.31 (0.90–1.91)

T3 � 14.0 1.03 (0.82–1.31) 1.10 (0.87–1.40) � 17.0 1.46 (1.05–2.03) 1.45 (1.03–2.03)

P for trend 0.82 0.46 0.03 0.04

1,5-AG, ug/mL

T1 � 13.8 1 (reference) 1 (reference) � 9.5 1 (reference) 1 (reference)

T2 13.9–19.5 0.90 (0.71–1.14) 0.90 (0.71–1.14) 9.6–16.5 1.02 (0.73–1.44) 1.02 (0.72–1.45)

T3 � 19.6 1.02 (0.80–1.29) 0.98 (0.77–1.25) � 16.6 0.77 (0.54–1.10) 0.75 (0.52–1.07)

P for trend 0.90 0.87 0.17 0.13

Inflammatory Marker

hs-CRP, mg/L

T1 �0.988 1 (reference) 1 (reference) � 1.194 1 (reference) 1 (reference)

T2 0.991–2.611 1.13 (0.90–1.43) 1.09 (0.86–1.38) 1.196–3.323 1.17 (0.82–1.66) 1.05 (0.73–1.51)

T3 � 2.613 1.20 (0.95–1.53) 1.07 (0.84–1.38) � 3.338 1.37 (0.96–1.94) 1.18 (0.82–1.72)

P for trend 0.17 0.69 0.09 0.35

aModel 1: adjusted for age, sex, race and center, and education.
bModel 2: adjusted for variables in model 1 plus body mass index, smoking status, alcohol status, hypertension, hyperlipidemia, cardiovascular disease, and peripheral artery
disease.
cTo convert mg/dL to mmol/L, multiply by 0.088 for creatinine.
dTo convert mg/dL to mmol/L, multiply by 5.55 for glucose.
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Fig. 1. Adjusted odds ratios and 95% CIs for the continuous associations of cardiac markers with prevalent PN. Odds ratios
are from logistic regression adjusted for age, sex, race and center, education, body mass index, smoking status, alcohol sta-
tus, hypertension, hyperlipidemia, prevalent cardiovascular disease, and prevalent peripheral artery disease. Biomarkers were
modeled using a restricted cubic spline with knots at the 5th, 35th, 65th and 95th percentiles. The models were centered at
the 50th percentile, and the display of graphs was truncated at the 95th percentile. The light gray bars denote the distribu-
tion of participants without diabetes, and dark gray bars denote the distribution of participants with diabetes.

Fig. 2. Adjusted odds ratios and 95% CIs for the continuous associations of kidney markers with prevalent PN. Odds ratios
are from logistic regression adjusted for age, sex, race and center, education, body mass index, smoking status, alcohol sta-
tus, hypertension, hyperlipidemia, prevalent cardiovascular disease, and prevalent peripheral artery disease. Biomarkers were
modeled using a restricted cubic spline with knots at the 5th, 35th, 65th and 95th percentiles. The models were centered at
the 50th percentile, and the display of graphs was truncated at the 95th percentile. The light gray bars denote the distribu-
tion of participants without diabetes, and the dark gray bars denote the distribution of participants with diabetes.
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Hb A1c was associated with PN in the setting of diabe-
tes. Similar associations were observed for the nontradi-
tional serum measures of hyperglycemia fructosamine
and glycated albumin. This is consistent with our prior
work in ARIC, demonstrating high correlations of fruc-
tosamine and glycated albumin with Hb A1c levels (27,
39) and similar associations with long-term complica-
tions of diabetes (40). The 1,5-AG marker of glycosuria
was not an important risk factor for PN in our study.

The limitations of our study include the cross-
sectional design and a lack of clinical neuropathy-related
outcomes. We cannot determine the temporality of the
observed associations or eliminate the possibilities of re-
verse causality or residual confounding. Consequently,
the utility of this panel of biomarkers to predict the de-
velopment of incident PN is unknown. We also cannot
exclude possible false-positive findings, given the num-
ber of biomarkers examined.

In conclusion, we found that a panel of cardiac and
kidney biomarkers was associated with PN in older
adults. In particular, hs-cTnT was associated with PN
regardless of diabetes status and independent of tradi-
tional risk factors. Associations with measures of hyper-
glycemia were specific to PN in adults with diabetes.
Our findings support the hypothesis that cardiac and
kidney biomarkers may be useful global measures of end
organ damage and that laboratory biomarkers—specifi-
cally hs-cTnT—may help us identify individuals who
have PN. Further research is necessary to understand
whether these biomarkers can also help identify individ-
uals at risk of developing PN.
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Supplemental material is available at Clinical Chemistry
online.
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