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BACKGROUND: Chronic kidney disease (CKD) is associated
with an increased cardiovascular disease mortality risk. It is,
however, less clear at what point in the course from normal
kidney function to CKD the association with cardiovascular
disease appears. Studying the associations of estimated glomerular filtration rate (eGFR) and albuminuria with biomarkers of (subclinical) cardiac injury in a population without substantial CKD may clarify this issue.
METHODS: We examined the cross-sectional associations
of eGFR and urinary albumin excretion (UAE) with
high-sensitivity cardiac troponin (hs-cTn) T, hs-cTnI,
and N-terminal probrain natriuretic-peptide (NTproBNP) in 3103 individuals from a population-based
diabetes-enriched cohort study.
RESULTS: After adjustment for potential confounders,
eGFR and UAE were associated with these biomarkers of
cardiac injury, even at levels that do not fulfill the CKD
criteria. For example, eGFR 60 –⬍90 mL 䡠 min⫺1 䡠
(1.73 m2)⫺1 [vs ⱖ90 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1] was
associated with a [ratio (95% CI)] 1.21 (1.17–1.26), 1.14
(1.07–1.20), and 1.19 (1.12–1.27) times higher hscTnT, hs-cTnI, and NT-proBNP, respectively. The association of eGFR with hs-cTnT was statistically significantly stronger than that with hs-cTnI. In addition,
UAE 15–⬍30 mg/24 h (vs ⬍15 mg/24 h) was associated
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with a 1.04 (0.98 –1.10), 1.08 (1.00 –1.18), and 1.07
(0.96 –1.18) times higher hs-cTnT, hs-cTnI, and NTproBNP, respectively.
CONCLUSIONS: eGFR and albuminuria were already associated with biomarkers of (subclinical) cardiac injury at
levels that do not fulfill the CKD criteria. Although reduced renal elimination may partly underlie the associations of eGFR, these findings support the concept that
eGFR and albuminuria are, over their entire range, associated with cardiac injury.

© 2016 American Association for Clinical Chemistry

Chronic kidney disease (CKD),11 which is defined as an
estimated glomerular filtration rate (eGFR) ⬍60
mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 and/or a urinary albumin excretion (UAE) ⱖ30 mg/24 h, is associated with an increased cardiovascular disease (CVD) mortality risk (1 ).
It is, however, not entirely clear at what point in the
course from normal kidney function to CKD the association with CVD risk appears (1, 2 ). For example, GFR
estimates that include cystatin C have been associated
with CVD mortality at levels far above the 60
mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 threshold, whereas this is less
clear for eGFR based on creatinine only (2 ). In addition,
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Nonstandard abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular ﬁltration rate; UAE, urinary albumin excretion; CVD, cardiovascular disease; cTn, cardiac troponin; NT-proBNP, N-terminal probrain natriuretic-peptide; hs, high-sensitivity; hs-cTnT,
high-sensitivity cardiac troponin T; hs-cTnI, high-sensitivity cardiac troponin I; T2DM, type 2
diabetesmellitus;eGFRcrcys,eGFRbasedoncreatinineandcystatinC;eGFRcr,eGFRbasedon
creatinine; eGFRcys, eGFR based on cystatin C; LoB, limit of blank; LoD, limit of detection; CV,
coefﬁcient of variation; Hb A1c, hemoglogin A1c; ECG, electrocardiogram; IQR, interquartile
range; VEGF, vascular endothelial growth factor; NO, nitric oxide.

887

Downloaded from https://academic.oup.com/clinchem/article/63/4/887/5612993 by Universiteit Maastricht user on 05 November 2021

Estimated Glomerular Filtration Rate and Albuminuria
Are Associated with Biomarkers of Cardiac Injury in a
Population-Based Cohort Study:
The Maastricht Study

Materials and Methods
THE MAASTRICHT STUDY POPULATION AND DESIGN

We used data from The Maastricht Study, an observational prospective population-based cohort study. The
rationale and methodology have been described previously (20 ). In brief, the study focuses on the etiology,
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pathophysiology, complications, and comorbidities of
type 2 diabetes mellitus (T2DM) and is characterized by
an extensive phenotyping approach. Eligible for participation were all individuals aged between 40 and 75 years
and living in the southern part of the Netherlands. Participants were recruited through mass media campaigns
and from the municipal registries and the regional Diabetes Patient Registry via mailings. Recruitment was
stratified according to known T2DM status, with an
oversampling of individuals with T2DM, for reasons of
efficiency. The present report includes cross-sectional
data from the first 3451 participants, who completed the
baseline survey between November, 2010 and September, 2013. The examinations of each participant were
performed within a time window of 3 months. The
study has been approved by the institutional medical
ethical committee (NL31329.068.10) and the Minister of Health, Welfare and Sports of the Netherlands
(Permit 131088 –105234-PG). All participants gave
written informed consent. For this study, participants
with type 1 diabetes or other specific types of diabetes
(n ⫽ 41) were excluded. After further successively excluding participants whose eGFR based on creatinine
and cystatin (eGFRcrcys) was missing (n ⫽ 33), whose
24-h urine collections were collected erroneously
(⬍20 h or ⬎28 h) or were not handed in at all (n ⫽
42), and who had missing data on other variables in
our primary regression models (n ⫽ 232), 3103 participants were included.
KIDNEY FUNCTION

GFR was estimated with the CKD-EPI equation based
on the combination of serum creatinine and serum cystatin C (eGFRcrcys) for the primary analyses (see Supplemental Methods that accompany the online version of
this article at http://www.clinchem.org/content/vol63/
issue4) (21 ). For additional analyses, eGFR was calculated with the CKD-EPI equations based on serum creatinine (eGFRcr) (21 ) and serum cystatin C (eGFRcys)
(21 ).
To assess UAE, participants were requested to collect two 24-h urine collections (see the online Supplemental Methods). UAE was preferably based on the average of 2 (available in 91.9% of the participants) 24-h
urine collections.
CARDIAC BIOMARKERS

Fasting blood samples were collected from all participants and processed according to the manufacturers’ instructions. Serum samples were stored at ⫺80 °C for 1– 4
years. hs-cTnT was measured on a Roche Cobas 6000
analyzer (Roche) with the Elecsys Troponin T hs assay
(Roche), which has a limit of blank (LoB) of 3 ng/L, a
limit of detection (LoD) of 5 ng/L, and achieves a 10%
coefficient of variation (10% CV) at 13 ng/L. hs-cTnI
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it is important to gain insight into the mechanisms that
underlie the CVD mortality risk associated with eGFR
and albuminuria. Studying the associations of eGFR levels ⱖ60 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 and UAE levels ⬍30
mg/24 h with biomarkers of (subclinical) cardiac injury,
such as the cardiac troponins (cTn) T and I, and
N-terminal probrain natriuretic-peptide (NT-proBNP)
(3, 4 ), may help in clarifying these issues. The interpretation of these biomarkers in the face of kidney disease is,
nevertheless, controversial (5 ).
In this regard, it is important to distinguish eGFR
from albuminuria as both entities may be associated with
biomarkers of cardiac injury via different mechanisms.
For instance, reduced eGFR may cause cardiac injury via
chronic low-grade inflammation and endothelial dysfunction (6 ), but may also reduce the renal elimination of
cTn and NT-proBNP (5, 7 ). In contrast, albuminuria
has been hypothesized to be a biomarker of generalized
endothelial dysfunction (8 ) and capillary rarefaction (9 ),
which in turn may cause (subclinical) cardiac ischemia
(10 ), resulting in higher cTn and NT-proBNP concentrations (3, 4 ). Indeed, the limited available data (5, 11–
13 ) suggest that eGFR and albuminuria are mutually
independently associated with cTn (5, 11, 13 ) and NTproBNP (11 ). However, only 2 of these studies have
examined a population without substantial CKD
(11, 13 ).
In addition, only 2 studies have examined whether
cTnT and cTnI behave similarly with regard to their
associations with eGFR at levels ⱖ60 mL 䡠 min⫺1 䡠 (1.73
m2)⫺1 (14 ) and with albuminuria (5 ). This may be important as both cTn are used interchangeably in clinical
practice, whereas cTnT has been suggested to be more
strongly dependent on renal elimination than cTnI (15 ).
The latter is supported by stronger associations of eGFR
(5, 15–18 ) and measured GFR (19 ) with cTnT than
with cTnI at levels ⬍60 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1, even
when both cTn were measured with high-sensitivity (hs)
assays (5, 15, 17, 19 ).
In view of the above, we examined whether eGFR
and albuminuria were, independently of each other, associated with hs-cTnT, hs-cTnI, and NT-proBNP in a
population-based cohort, and whether these associations
appeared at levels of eGFR and albuminuria, which do
not fulfill the CKD criteria. In addition, we compared
the strength of any associations of eGFR and albuminuria
with hs-cTnT and hs-cTnI.

Estimated GFR, Albuminuria and Cardiac Biomarkers

COVARIATES

We collected data on glucose metabolism status, hemoglobin A1c (Hb A1c), total cholesterol, HDL, LDL, triglycerides, waist circumference, office blood pressure,
24-h average ambulatory blood pressure, medication use,
smoking behavior, alcohol consumption, educational
level, questionnaire based prevalent CVD, resting 12lead electrocardiogram (ECG), and self-reported physical
activity as described previously (20, 22 ). Please see the
online Supplemental Methods for further details and
definitions.
STATISTICAL ANALYSES

All analyses were performed with SPSS Statistics version
22.0 (IBM). Characteristics of the entire study population, and as categorized according to eGFRcrcys and albuminuria, were summarized as means with SD, medians
with interquartile ranges (IQRs), and numbers with percentages, as appropriate. The cardiac biomarkers are described with both actual mean (with SD) and median
(with IQR) levels. However, given their positively
skewed distributions, the median and IQR most accurately capture their central tendency and variation. For
the comparison of participants across eGFRcrcys and albuminuria categories, continuous variables were analyzed with one-way ANOVA if normally distributed and
with the Kruskal–Wallis test if not. Categorical variables
were compared with the 2 test.
Associations of eGFRcrcys and albuminuria with hscTnT, hs-cTnI, and NT-proBNP were evaluated with
multivariable linear regression analyses. eGFRcrcys and
albuminuria were analyzed as categorical (ⱖ90, 60 –
⬍90, and ⬍60 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1; ⬍15, 15–
⬍30, and ⱖ30 mg/24 h) and as continuous (per ⫺10
mL 䡠 min⫺1 䡠 (1.73 m2)⫺1; per doubling of UAE) variables. To obtain similar proportions of individuals with a
value above the LoB for hs-cTnT and hs-cTnI (87.1%,
and 87.9%, respectively), the LoB of hs-cTnI was considered to be 0.9 ng/L. For both hs-cTnT and hs-cTnI,
concentrations below the LoB were subsequently set at
LoB/2. NT-proBNP concentrations below the LoD were
set at LoD/2. Thereafter, concentrations of hs-cTnT, hscTnI, and NT-proBNP were natural logarithmically
transformed. The regression coefficients were exponentiated to obtain the ratio of (geometric mean) concentra-

tions of the cardiac biomarkers per 1 unit increase in the
independent variable. We adjusted for potential confounders as follows: model 1, unadjusted model; model
2, age, sex, glucose metabolism status; model 3, model
2 ⫹ waist circumference, total-to-HDL cholesterol ratio,
triglycerides, use of lipid-modifying medication, smoking behavior, alcohol consumption, educational level,
eGFRcrcys/albuminuria; model 4a, model 3 ⫹ office systolic pressure, use of antihypertensive medication, ischemic ECG abnormalities; model 4b, similar to model 4a
but adjusted for 24 h average ambulatory systolic pressure
instead of office systolic pressure. Systolic pressure, use of
antihypertensive medication, and ischemic ECG abnormalities were entered in a separate model as these may be
both confounders and intermediates in the associations
examined.
The distributions of hs-cTnT and hs-cTnI should be
taken into account when comparing their associations
with eGFRcrcys and albuminuria. Therefore, we subsequently calculated partial correlations of eGFRcrcys and
albuminuria with hs-cTnT and hs-cTnI in model 4a and
compared these with a test for comparing correlations
measured on the same individuals (23 ).
Several additional analyses were performed. First,
analyses were repeated: in participants with UAE ⱕ300
mg/24 h and in participants with 2 valid urine collections; with additional adjustment for total and moderate
to vigorous physical activity; and with alternative operationalizations of prior CVD, blood pressure, and the use
of antihypertensive medication. Second, eGFRcrcys was
replaced with either eGFRcr or eGFRcys. Third, we added
interaction terms to model 4a to explore interaction with
glucose metabolism status because glucose metabolism
status has been shown to modify associations of other
CVD risk factors with CVD events (24 ) (Pinteraction
⬍0.10 was considered statistically significant). Fourth, to
explore whether any association of eGFRcrcys and albuminuria with (subclinical) cardiac injury could also be
detected with an ECG, we examined their associations
with ischemic ECG abnormalities.
Results
CHARACTERISTICS OF THE STUDY POPULATION

Table 1 and online Supplemental Table 1 show the characteristics of the study population stratified according to
eGFRcrcys and albuminuria categories, respectively. Due
to oversampling, 27.7% had T2DM. Average eGFRcrcys
was 88.2 (14.8) mL 䡠 min⫺1 䡠 (1.73 m2)⫺1. Most participants had an eGFRcrcys ⱖ90 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1
(48.2%) or 60 –⬍90 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 (47.7%),
whereas 4.1% had an eGFRcrcys ⬍60 mL 䡠 min⫺1 䡠 (1.73
m2)⫺1. Median UAE was 6.7 [IQR 4.1–11.9] mg/24 h.
In 10.4% UAE was 15 to ⬍30 mg/24 h, whereas it was
ⱖ30 mg/24 h in 8.6%. In general, participants with
Clinical Chemistry 63:4 (2017) 889
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was measured on an Architect i2000 SR analyzer (Abbott
Diagnostics) with the Architect STAT High Sensitive
Troponin-I assay (Abbott), which has an LoB range of
0.7–1.3 ng/L, an LoD range of 1.1–1.9 ng/L, and
achieves a 10% CV at 4.7 ng/L. NT-proBNP was assessed on a Roche Cobas 6000 analyzer (Roche) with the
Elecsys proBNP II assay (Roche), which has a LoD of 5.0
ng/L (LoB not reported), and achieves a 20% CV at 50.0
ng/L.

Table 1. Clinical characteristics of the study population stratiﬁed according to eGFRcrcys categories.a
eGFRcrcys categories
≥90 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 1497

60 to <90 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 1480

<60 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 126

P valueb

59.8 ± 8.2

56.5 ± 8.1

62.6 ± 7.1

67.2 ± 6.2

<0.001

1608 (51.8)

763 (51.0)

770 (52.0)

75 (59.5)

Demographics
Age, years
Men
Educational level
Low

0.18
<0.001

517 (16.7)

207 (13.8)

271 (18.3)

39 (31.0)

Intermediate

1327 (42.8)

664 (44.4)

612 (41.4)

51 (40.5)

High

1259 (40.6)

626 (41.8)

597 (40.3)

36 (28.6)

Ischemic ECG abnormalities

333 (10.7)

150 (10.0)

157 (10.6)

26 (20.6)

<0.01

Questionnaire based prevalent
cardiovascular diseasec

504 (16.5)

186 (12.6)

270 (18.6)

48 (38.7)

<0.001

Never smoker

1088 (35.1)

550 (36.7)

507 (34.3)

31 (24.6)

Former smoker

1596 (51.4)

751 (50.2)

772 (52.2)

73 (57.9)

Current smoker

419 (13.5)

196 (13.1)

201 (13.6)

22 (17.5)

572 (18.4)

269 (18.0)

265 (17.9)

38 (30.2)

Low (women ≤7 glasses/week;
men ≤14 glasses/week)

1720 (55.4)

827 (55.2)

824 (55.7)

69 (54.8)

High (women >7 glasses/week;
men >14 glasses/week)

811 (26.1)

401 (26.8)

391 (26.4)

19 (15.1)

101.4 ± 11.9

99.8 ± 11.9

102.3 ± 11.4

109.3 ± 12.5

89.9 ± 13.0

88.4 ± 12.7

91.1 ± 13.0

96.5 ± 13.5

<0.001

135.1 ± 18.2

133.3 ± 17.4

136.3 ± 18.7

141.7 ± 19.5

<0.001

Lifestyle variables
Smoking behavior

0.07

Alcohol consumption
None

<0.01

Metabolic variables
Waist circumference, cm
Men
Women
Ofﬁce systolic pressure, mmHg

<0.001

Ofﬁce diastolic pressure, mmHg

76.2 ± 9.9

76.1 ± 9.6

76.6 ± 10.0

74.5 ± 10.9

0.05

24-h Average ambulatory systolic
pressure, mmHgd

119.1 ± 11.8

118.5 ± 11.8

119.5 ± 11.8

121.1 ± 11.9

0.02

24-h Average ambulatory diastolic
pressure, mmHgd

73.5 ± 7.2

73.9 ± 7.1

73.4 ± 7.3

70.7 ± 6.7

<0.001

1742 (56.1)

735 (49.1)

890 (60.1)

117 (92.9)

<0.001

1775 (57.2)

916 (61.2)

827 (55.9)

32 (25.4)

Hypertension
Glucose metabolism status
Normal glucose metabolism

<0.001

Impaired fasting glucose

129 (4.2)

62 (4.1)

62 (4.2)

5 (4.0)

Impaired glucose tolerance

341 (11.0)

156 (10.4)

174 (11.8)

11 (8.7)

T2DM

858 (27.7)

363 (24.2)

417 (28.2)

78 (61.9)

Without T2DM

5.5 ± 0.4

5.5 ± 0.4

5.6 ± 0.4

5.6 ± 0.4

With T2DM

6.9 ± 1.0

6.9 ± 1.1

6.9 ± 0.9

7.0 ± 1.0

0.47

202.7 ± 44.8

202.2 ± 43.9

204.8 ± 45.3

183.9 ± 44.8

<0.001

Hb A1c (%)e

Total cholesterol, mg/dL

<0.001

HDL cholesterol, mg/dL
Men

51.4 ± 14.5

52.6 ± 14.8

50.7 ± 14.3

45.1 ± 11.1

<0.001

Women

67.2 ± 18.5

68.1 ± 18.6

66.8 ± 18.4

60.2 ± 17.1

<0.01

LDL cholesterol, mg/dL
Triglycerides, mg/dL
Total-to-HDL cholesterol ratio

119.5 ± 40.0

119.1 ± 39.2

121.5 ± 40.2

102.2 ± 40.8

<0.001

107.2 (77.9–152.3)

100.1 (72.6–143.5)

110.7 (84.1–155.0)

138.2 (98.3–203.3)

<0.001

3.7 ± 1.2

3.6 ± 1.2

3.8 ± 1.2

3.8 ± 1.1

<0.01

Continued on page 891
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Study population,
n = 3103

Estimated GFR, Albuminuria and Cardiac Biomarkers

Table 1. Clinical characteristics of the study population stratiﬁed according to eGFRcrcys categories. (Continued from page 890)
eGFRcrcys categories
Study population,
n = 3103

≥90 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 1497

60 to <90 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 1480

eGFRcrcys, mL 䡠 min−1 䡠 (1.73 m2)−1

88.2 ± 14.8

99.2 (94.3–104.5)

80.1 (73.6–85.6)

53.0 (48.6–57.5)

<0.001

eGFRcr, mL 䡠 min−1 䡠 (1.73 m2)−1

84.5 ± 13.9

94.5 (89.2–99.9)

77.3 (70.8–83.9)

53.8 (46.7–58.4)

<0.001

eGFRcys, mL 䡠 min−1 䡠 (1.73 m2)−1

89.8 ± 16.5

102.4 (96.6–107.9)

80.8 (73.1–87.9)

52.6 (46.4–57.3)

<0.001

UAE, mg/24 h

6.7 (4.1–11.9)

6.4 (3.9–10.7)

6.7 (4.1–12.3)

14.4 (7.0–68.6)

<0.001

<60 mL 䡠 min−1 䡠
(1.73 m2)−1,
n = 126

P valueb

UAE categories
<15 mg/24 h

<0.001
2514 (81.0)

1261 (84.2)

1187 (80.2)

66 (52.4)

15 to <30 mg/24 h

323 (10.4)

148 (9.9)

156 (10.5)

19 (15.1)

≥30 mg/24 h

266 (8.6)

88 (5.9)

137 (9.3)

41 (32.5)

1223 (39.4)

469 (31.3)

641 (43.3)

113 (89.7)

<0.001

927 (29.9)

350 (23.4)

480 (32.4)

97 (77.0)

<0.001

1104 (35.6)

454 (30.3)

561 (37.9)

89 (70.6)

<0.001

6.6 ± 6.1

5.1 ± 3.1

7.5 ± 7.3

Medication
Antihypertensive medication
Renin–angiotensin system
inhibitor
Lipid-modifying medication
Cardiac biomarkers
hs-cTnT, ng/L

5.4 (3.9–7.9)
hs-cTnI, ng/L

3.2 ± 9.1
1.9 (1.3–3.1)

NT-proBNP, ng/L

82.6 ± 133.2
50.9 (29.1–90.5)

4.6 (3.2–6.5)
2.5 ± 5.9

6.0 (4.4–8.8)
3.6 ± 11.6

1.7 (1.1–2.6)

2.1 (1.4–3.4)

13.8 ± 9.8

<0.001

11.3 (7.3–17.2)

<0.001

5.4 ± 7.1

<0.001

3.7 (2.5–5.5)

<0.001

60.5 ± 63.8

92.8 ± 140.2

225.6 ± 362.5

<0.001

41.9 (23.9–73.4)

57.6 (34.0–99.0)

101.9 (58.6–243.3)

<0.001

a

Data are presented as n (%), mean ± SD, or median (interquartile range). Conversion factors for units: Hb A1c in % to mmol/mol, 10.93 × Hb A1c (%) + 23.5; cholesterol in mg/dL to
mmol, × 0.02586; triglycerides in mg/dL to mmol/L, × 0.01129.
b
P values for the comparison of participants across the eGFRcrcys categories were calculated with the one-way ANOVA test for normally distributed variables, the Kruskal–Wallis test for
nonnormally distributed variables and the 2 test for categorical variables.
c
Data available for 3059 participants.
d
Data available for 2749 participants.
e
Data available for 3096 participants.

lower eGFRcrcys and participants with higher UAE had a
worse CVD risk profile. Further, lower eGFRcrcys was
accompanied by higher UAE and vice versa. Online Supplemental Fig. 1 shows the distribution of hs-cTnT and
hs-cTnI. hs-cTnT was above the LoD in 55.6%; hs-cTnI
was above the LoD in 49.3% (1.9 ng/L) to 80.2%
(1.1 ng/L).

When eGFRcrcys was expressed as a continuous variable, each 10 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 lower eGFRcrcys
was associated with a [ratio (95% CI)] 1.11 (1.09 –1.12)
times higher hs-cTnT, a 1.07 (1.05–1.10) times higher
hs-cTnI, and a 1.10 (1.08 –1.13) times higher NTproBNP (model 4a). However, these models somewhat
underestimated the associations at lower eGFRcrcys levels,
particularly for NT-proBNP (Fig. 1).

eGFR AND CARDIAC BIOMARKERS

Participants with lower eGFRcrcys had higher hs-cTnT,
hs-cTnI, and NT-proBNP (Table 1). After adjustment
for potential confounders, and as compared with
eGFRcrcys ⱖ90 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1, both eGFRcrcys
60 –⬍90 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 and eGFRcrcys ⬍60
mL 䡠 min⫺1 䡠 (1.73 m2)⫺1 remained associated with
higher hs-cTnT, hs-cTnI, and NT-proBNP (Table 2,
model 4a). Results were similar when we adjusted for
24-h average ambulatory systolic pressure (Table 2,
model 4b).

eGFR AND CARDIAC BIOMARKERS— hs-cTnT VS hs-cTnI

The associations of categorical and continuous eGFRcrcys
with hs-cTnT were slightly stronger than those with hscTnI (Table 2, model 4a). This difference was statistically
significant when we took their different distributions
into account using a comparison of partial correlations in
model 4a (P ⬍0.001 for eGFRcrcys 60 –⬍90 mL 䡠
min⫺1 䡠 (1.73 m2)⫺1, eGFRcrcys ⬍60 mL 䡠 min⫺1 䡠 (1.73
m2)⫺1, and continuous eGFRcrcys).
Clinical Chemistry 63:4 (2017) 891
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Table 2. Associations of eGFRcrcys with biomarkers of cardiac injury.a
eGFRcrcys 60 to <90
mL 䡠 min−1 䡠 (1.73 m2)−1

eGFRcrcys ≥90
mL 䡠 min−1 䡠 (1.73 m2)−1
Biomarker

hs-cTnI

NT-proBNP

Model

Ratio (95% CI)

P value

Ratio (95% CI)

P value

Ratio (95% CI)

P value

1

Reference

NAb

1.44 (1.38–1.51)

<0.001

2.68 (2.40–3.00)

<0.001

2

Reference

NA

1.23 (1.18–1.27)

<0.001

1.81 (1.65–1.99)

<0.001

3

Reference

NA

1.21 (1.17–1.26)

<0.001

1.73 (1.57–1.90)

<0.001

4a

Reference

NA

1.21 (1.17–1.26)

<0.001

1.69 (1.53–1.85)

<0.001

4b

Reference

NA

1.21 (1.16–1.26)

<0.001

1.70 (1.54–1.88)

<0.001

1

Reference

NA

1.35 (1.27–1.43)

<0.001

2.24 (1.93–2.60)

<0.001

2

Reference

NA

1.15 (1.09–1.22)

<0.001

1.63 (1.42–1.88)

<0.001

3

Reference

NA

1.13 (1.07–1.19)

<0.001

1.49 (1.29–1.72)

<0.001

4a

Reference

NA

1.14 (1.07–1.20)

<0.001

1.45 (1.26–1.66)

<0.001

4b

Reference

NA

1.15 (1.08–1.22)

<0.001

1.45 (1.25–1.68)

<0.001

1

Reference

NA

1.40 (1.32–1.50)

<0.001

2.82 (2.39–3.33)

<0.001

2

Reference

NA

1.17 (1.09–1.25)

<0.001

2.15 (1.82–2.54)

<0.001

3

Reference

NA

1.19 (1.11–1.27)

<0.001

2.05 (1.74–2.43)

<0.001

4a

Reference

NA

1.19 (1.12–1.27)

<0.001

1.94 (1.64–2.29)

<0.001

4b

Reference

NA

1.19 (1.11–1.28)

<0.001

1.97 (1.65–2.34)

<0.001

Betas represent the ratio of geometric mean concentrations of cardiac biomarkers in the respective eGFRcrcys category relative to participants with an eGFRcrcys ≥90 mL 䡠 min−1 䡠 (1.73 m2)−1.
Model 1: unadjusted model; model 2: age, sex, glucose metabolism status; model 3: model 2 + waist circumference, total-to-HDL cholesterol ratio, triglycerides, use of lipid-modifying
medication, smoking behavior, alcohol consumption, educational level, UAE (categorical); model 4a: model 3 + ofﬁce systolic pressure, use of antihypertensive medication, ischemic ECG
abnormalities; model 4b: similar to model 4a but adjusted for 24-h average ambulatory systolic pressure instead of ofﬁce systolic pressure (missing in 354 participants).
b
NA, not applicable.
a

ALBUMINURIA AND CARDIAC BIOMARKERS

Participants with higher UAE had higher hs-cTnT, hscTnI, and NT-proBNP (see online Supplemental Table
1). After adjustment for potential confounders, and as

compared with UAE ⬍15 mg/24 h, both UAE 15–⬍30
mg/24 h and UAE ⱖ30 mg/24 h remained associated
with higher hs-cTnI, whereas only UAE ⱖ30 mg/24 h
was associated with higher hs-cTnT and NT-proBNP

Fig. 1. Associations of eGFRcrcys with hs-cTnT (left panel), hs-cTnI (middle panel), and NT-proBNP (right panel), for eGFRcrcys expressed as a continuous variable (continuous lines with dashed lines for 95% CIs) and as a categorical variable (columns).
Columns for eGFRcrcys categories were set at the median eGFRcrcys value of the respective category (column width represents IQR). Ratios
represent the ratio of geometric mean concentrations of cardiac biomarkers as compared with an eGFRcrcys of 99.2 mL 䡠 min−1 䡠 (1.73 m2)−1
[the median eGFRcrcys in participants with eGFRcrcys ≥90 mL 䡠 min−1 䡠 (1.73 m2)−1] for eGFRcrcys expressed as a continuous variable or as
compared with eGFRcrcys ≥90 mL 䡠 min−1 䡠 (1.73 m2)−1 for eGFRcrcys expressed as a categorical variable (model 4a).
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Table 3. Associations of albuminuria with biomarkers of cardiac injury.a
UAE <15 mg/24 h
Biomarker

hs-cTnI

NT-proBNP

Model

UAE ≥30 mg/24 h

Ratio (95% CI)

P value

Ratio (95% CI)

P value

Ratio (95% CI)

P value

1

Reference

NAb

1.27 (1.19–1.37)

<0.001

1.69 (1.56–1.84)

<0.001

2

Reference

NA

1.05 (0.99–1.12)

0.10

1.22 (1.14–1.31)

<0.001

3

Reference

NA

1.04 (0.98–1.10)

0.21

1.13 (1.06–1.21)

<0.001

4a

Reference

NA

1.04 (0.98–1.10)

0.23

1.11 (1.04–1.18)

<0.01

4b

Reference

NA

1.01 (0.95–1.08)

0.67

1.09 (1.01–1.17)

0.02

1

Reference

NA

1.27 (1.16–1.40)

<0.001

1.79 (1.61–1.98)

<0.001

2

Reference

NA

1.11 (1.02–1.21)

0.02

1.41 (1.28–1.55)

<0.001

3

Reference

NA

1.10 (1.01–1.19)

0.04

1.34 (1.21–1.47)

<0.001

4a

Reference

NA

1.08 (1.00–1.18)

0.07

1.26 (1.14–1.38)

<0.001

4b

Reference

NA

1.07 (0.97–1.17)

0.16

1.21 (1.09–1.34)

<0.001

1

Reference

NA

1.08 (0.97–1.21)

0.15

1.51 (1.34–1.70)

<0.001

2

Reference

NA

1.05 (0.95–1.17)

0.32

1.52 (1.35–1.70)

<0.001

3

Reference

NA

1.06 (0.96–1.17)

0.28

1.41 (1.26–1.58)

<0.001

4a

Reference

NA

1.07 (0.96–1.18)

0.21

1.34 (1.19–1.50)

<0.001

4b

Reference

NA

1.04 (0.94–1.16)

0.43

1.29 (1.15–1.46)

<0.001

a

Betas represent the ratio of geometric mean concentrations of cardiac biomarkers in the respective albuminuria category relative to participants with a UAE <15 mg/24 h. Model 1:
unadjusted model; model 2: age, sex, glucose metabolism status; model 3: model 2 + waist circumference, total-to-HDL cholesterol ratio, triglycerides, use of lipid-modifying
medication, smoking behavior, alcohol consumption, educational level, eGFRcrcys (categorical); model 4a: model 3 + ofﬁce systolic pressure, use of antihypertensive medication,
ischemic ECG abnormalities; model 4b: similar to model 4a but adjusted for 24-h average ambulatory systolic pressure instead of ofﬁce systolic pressure (missing in 354
participants).
b
NA, not applicable.

(Table 3, model 4a). Results were similar when we adjusted for 24-h average ambulatory systolic pressure (Table 3, model 4b).
When albuminuria was expressed as a continuous
variable, each doubling of UAE was associated with a
[ratio (95% CI)] 1.03 (1.02–1.04) times higher hscTnT, a 1.05 (1.03 –1.07) times higher hs-cTnI, and a
1.07 (1.04 –1.09) times higher NT-proBNP (model 4a).
However, these models somewhat underestimated the
associations at higher UAE, particularly for hs-cTnI and
NT-proBNP (Fig. 2).
ALBUMINURIA AND CARDIAC BIOMARKERS— hs-cTnT VS hs-cTnI

The associations of categorical and continuous albuminuria with hs-cTnI seemed to be slightly stronger than
those with hs-cTnT (Table 3, model 4a), but this difference was not statistically significant when we took the
distributions of hs-cTnT and hs-cTnI into account using
a comparison of partial correlations in model 4a (P ⫽
0.57 for UAE 15–⬍30 mg/24 h; P ⫽ 0.13 for UAE ⱖ30
mg/24 h; P ⫽ 0.72 for continuous UAE).
ADDITIONAL ANALYSES

First, results were not materially altered: when we restricted the analyses to participants with UAE ⱕ300

mg/24 h (n ⫽ 3081) or to participants with 2 urine
collections (n ⫽ 2851); after additional adjustment for total (n ⫽ 2717) or moderate to vigorous physical activity
(n ⫽ 2716), or questionnaire based prevalent CVD
(n ⫽ 3059); when we replaced office systolic pressure
with either office diastolic pressure, office pulse pressure,
office mean arterial pressure or their 24-h average ambulatory equivalents, or the presence of hypertension; and
when we replaced the use of antihypertensive medication
with the use of a renin–angiotensin system inhibitor
(data not shown). Second, when eGFRcrcys was replaced
with eGFRcr, associations of eGFR with hs-cTnT and
NT-proBNP became numerically weaker but remained
statistically significant, whereas results were similar when
eGFRcrcys was replaced with eGFRcys (see online Supplemental Table 2). Third, analyses with interaction terms
indicated statistically significant interaction (Pinteraction
⬍0.10) between eGFRcrcys and T2DM, to such an extent
that the associations of eGFRcrcys with the cardiac biomarkers were stronger in participants with T2DM than
in participants with normal glucose metabolism (see
stratified analyses in online Supplemental Table 3). In
addition, the associations of albuminuria with NTproBNP were stronger in participants with T2DM than
in participants with normal glucose metabolism (see
Clinical Chemistry 63:4 (2017) 893
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stratified analyses in online Supplemental Table 4).
Fourth, UAE ⱖ30 mg/24 h, but none of the eGFRcrcys
categories, was positively associated with ischemic ECG
abnormalities after adjustment for potential confounders
(see online Supplemental Table 5).
Discussion
This population-based study on the associations of eGFR
and albuminuria with biomarkers of cardiac injury had
two main findings. First, eGFRcrcys and albuminuria
were mutually independently associated with hs-cTnT,
hs-cTnI, and NT-proBNP after adjustment for demographics, lifestyle variables, and CVD risk factors. Second, eGFRcrcys was more strongly associated with hscTnT than with hs-cTnI. However, although statistically
significant, this difference seemed modest in absolute
terms. Of interest, for albuminuria the associations with
hs-cTnT and hs-cTnI were much more similar.
Our results are in line with most (5, 11, 13 ) but not
all (12 ) of the few previous studies that have conjointly
evaluated eGFR and albuminuria and have shown mutually independent associations of both with hs-cTnT
(5, 11, 13 ), hs-cTnI (5 ), and NT-proBNP (11 ). The
present study expands the population-based data on this
topic (11, 13 ) by its direct comparison of both cTn and
the detailed characterization of its population, which allowed adjustment for an extensive series of potential confounders, including 24-h average ambulatory blood pressure. Altogether, the available data argue that eGFR and
albuminuria are, over their entire range, associated with
these biomarkers of cardiac injury.
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cTn are released following myocardial injury due to,
for example, cardiac ischemia, and possibly also cardiac
strain (3 ). Similarly, NT-proBNP may be a marker of “pancardiac disease” (4 ), being associated with left ventricular
dysfunction, left ventricular hypertrophy, left atrial dilation,
and cardiac ischemia (4 ). NT-proBNP (8.5 kDa) is subsequently eliminated via the kidneys (7 ), whereas the elimination routes of cTnT and cTnI are unknown. However,
based on their molecular weight, free cTnT (37 kDa), free
cTnI (24 kDa), and their fragments may be (partly) filtered
by the glomeruli and catabolized by the tubules (25, 26 ).
Indeed, after myocardial infarction, cTnT and cTnI have
been observed as free cTnT and cTnI, larger cTnT-I-C (77
kDa) and cTnI-C (40 kDa) complexes, and fragments (27–
31 ). In contrast, in renal failure, cTnT circulates primarily
as fragments (32 ), whereas the circulating form of cTnI in
renal failure is unknown.
In this study, we could not determine the relative
contributions of lower renal elimination and cardiac injury to the association of eGFR with the cardiac biomarkers. The observation that eGFR seemed to be associated
more strongly with the biomarkers than albuminuria, the
absence of a positive association with ischemic ECG abnormalities and the minor attenuation of the regression
coefficients after adjustment for these ECG findings
may indicate a role for lower renal elimination. However, the cardiac biomarkers may identify cardiac injury that is subclinical and not visible on an ECG. Further, findings from other studies strongly argue that
cardiac injury is involved. First, eGFR has been associated with CVD mortality at concentrations ⱖ60
mL 䡠 min⫺1 䡠 (1.73 m2)⫺1, especially if the GFR esti-
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Fig. 2. Associations of albuminuria with hs-cTnT (left panel), hs-cTnI (middle panel), and NT-proBNP (right panel), for albuminuria
expressed as a continuous variable (continuous lines with dashed lines for 95% CIs) and as a categorical variable (columns).
Columns for urinary albumin excretion categories were set at the median urinary albumin excretion of the respective category (column width
approximates the IQR). Ratios represent the ratio of geometric mean concentrations of cardiac biomarkers as compared with a urinary albumin
excretion of 5.6 mg/24 h (the median urinary albumin excretion in participants with a urinary albumin excretion <15 mg/24 h) for albuminuria expressed as a continuous variable or as compared with a urinary albumin excretion <15 mg/24 h for albuminuria expressed as a
categorical variable (model 4a).

Estimated GFR, Albuminuria and Cardiac Biomarkers

Third, for NT-proBNP the interaction with T2DM may
reflect the distributions of eGFR and UAE according to
glucose metabolism status (i.e., lower eGFR and higher
UAE in individuals with T2DM), combined with curvilinear associations of both with NT-proBNP (Figs. 1 and
2). Nevertheless, we cannot exclude the play of chance.
Our finding that eGFR was more strongly associated
with hs-cTnT than hs-cTnI expands the results of studies
in selected populations (5, 14 –19 ) to the range of eGFR
observed in the general population. Differences in renal
elimination between both cTn, for example accumulation
of cTnT fragments (32 ), may explain their differential association with eGFR (15 ). However, other explanations
should also be considered. For example, differences in stability and modification after release into the circulation that
interfere with detection may exist in the face of reduced
eGFR (41 ). Hence, future mechanistic studies should compare the extent of renal elimination of cTnT and cTnI. The
similar associations of albuminuria with both cTn disagree
with a smaller study that also showed stronger associations
of albuminuria with hs-cTnT than hs-cTnI (5 ). However,
that study did not formally compare both cTn taking their
different distributions into account.
Our study had some limitations. First, owing to the
cross-sectional design and the absence of data on hard
clinical outcomes, such as incident CVD, we cannot
make strong causal inferences and we cannot determine
the direction of the associations. In fact, these may be
bidirectional (42, 43 ). In addition, data on hard clinical
outcomes may clarify the clinical relevance of the differences between hs-cTnT and hs-cTnI. Second, although
we measured cTnT and cTnI with hs assays, concentrations were still below the LoB and LoD in a substantial
number of participants. Third, the lack of standardization of hs-cTnI assays may hamper generalizability to
other hs-cTnI assays. Fourth, participants resided in a
single region in the Netherlands, and the vast majority
were white individuals from European descent (98.6%);
this may limit generalizability to other ethnic groups.
In conclusion, eGFR and albuminuria were, independently of each other, associated with biomarkers of
(subclinical) cardiac injury, and these associations already
appeared at levels that do not fulfill the CKD criteria.
Although reduced renal elimination may partly underlie
the associations of eGFR, this study supports the concept
that eGFR and albuminuria are, over their entire range,
associated with cardiac injury. In addition, eGFR was
more strongly associated with hs-cTnT than with hscTnI. The mechanisms responsible for this difference
need further study as this could be of clinical relevance.
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mate included cystatin C (2 ), and the evidence for an
association of eGFR ⬍60 mL 䡠 min⫺1 䡠 (1.73 m2)⫺1
with CVD is compelling (1, 2 ). Second, hs-cTnT and
NT-proBNP have been associated with incident overt
CVD regardless of eGFR in the general population (11 ).
Therefore, the results of this study suggest that (subclinical) cardiac injury may be a mechanism for the CVD
mortality risk associated with lower eGFR in the general
population.
In this study, eGFR was associated with the cardiac
biomarkers regardless of the filtration marker and equation used. Nevertheless, associations of eGFR with hscTnT and NT-proBNP were numerically stronger with
GFR estimates that included cystatin C. This observation
agrees with data on the association of eGFR with CVD
mortality (2 ). Non-GFR determinants of cystatin C,
which may include obesity, diabetes, and inflammation,
may have augmented the association with the cardiac
biomarkers (2 ). Alternatively, cystatin C may be a more
sensitive biomarker of GFR than creatinine in populations with more comorbidities (33 ).
The association of albuminuria with the biomarkers
of cardiac injury, which was independent of its association with ischemic ECG abnormalities, fits the strong
association of albuminuria with CVD mortality (1 ).
Generalized endothelial dysfunction and/or capillary rarefaction may explain the association of albuminuria with
cardiac injury. According to this theory, endothelial dysfunction and capillary rarefaction in the microcirculation
(i.e., microvascular dysfunction) of the kidneys leads to
albuminuria (8, 9 ), whereas in the heart both may cause
a supply demand mismatch with (subclinical) ischemia
(10 ). Indeed, lower coronary flow reserve (34 ) and lower
myocardial perfusion reserve (35 ), which are measures of
microvascular dysfunction of the heart (10 ), have been
associated with higher cTn (34 ) and NT-proBNP (35 )
in individuals without overt coronary artery disease. Importantly, albuminuria has also been associated with
lower coronary flow reserve (36 ).
Explorative analyses suggested that the associations
of eGFR with hs-cTnT, hs-cTnI, and NT-proBNP, and
the association of albuminuria with NT-proBNP, were
stronger in individuals with T2DM. Although speculative, these observations may have several explanations.
First, the diabetic milieu may augment the effects of reduced eGFR on CVD. Second, experimental data suggest that albuminuria could be a better biomarker of microvascular disease in individuals with diabetes than in
nondiabetic individuals (37, 38 ). This may be because
hyperglycemia may disrupt the vascular endothelial
growth factor (VEGF)–nitric oxide (NO) axis and,
thereby, may aggravate vascular injury (39 ). Alternatively or additionally, in individuals with T2DM, glomerular hyperfiltration (40 ) may increase permeation of
albumin through an injured glomerular capillary wall.
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