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ABSTRACT

Background. Chronic kidney disease increases sudden cardiac death (SCD) risk, but the association between kidney
function and SCD in a general population is largely unknown. Therefore, we investigated the association between kidney
function and SCD in a general middle-aged and elderly population.
Methods. We included individuals aged ≥45 years from a prospective population-based cohort study. The association
between kidney function assessments [estimated glomerular filtration rate based on serum creatinine (eGFRcreat),
cystatin C (eGFRcys) or both (eGFRcreat-cys)] and SCD was investigated using Cox proportional-hazards and joint
models. Absolute 10-year risks were computed using competing risk analyses. Mediation analyses were performed using
a four-way decomposition method.
Results. We included 9687 participants (median follow-up 8.9 years; mean age 65.3 years; 56.7% women; 243 SCD cases).
Lower eGFRcys and eGFRcreat-cys were associated with increased SCD risk [hazard ratio (HR) 1.23, 95% confidence
interval (CI) 1.12–1.34 and HR 1.17, 95% CI 1.06–1.29, per 10 mL/min/1.73m2 eGFR decrease]. A significant trend (P = 0.001)
across eGFRcys categories was found, with an HR of 2.11 (95% CI 1.19–3.74) for eGFRcys <60 compared with
eGFRcys >90 mL/min/1.73m2. Comparing eGFRcys of 90 to 60 mL/min/1.73m2, absolute 10-year risk increased from 1.0%
to 2.5%. Identified subgroups at increased risk included older participants and participants with atrial fibrillation. The
associations were not mediated by coronary heart disease, hypertension or diabetes.
Conclusions. Reduced kidney function is associated with increased SCD risk in the general population, especially with
eGFRcys. eGFRcys could be added to prediction models and screening programmes for SCD prevention.

Received: 29.11.2021; Editorial decision: 27.1.2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

1524

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/15/8/1524/6530215 by guest on 07 D

ecem
ber 2022

https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfac049
https://orcid.org/0000-0003-4569-7916
https://orcid.org/0000-0001-9397-0900
https://orcid.org/0000-0002-8738-3571
mailto:a.c.vanderburgh@erasmusmc.nl
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


Kidney function and sudden cardiac death 1525

GRAPHICAL ABSTRACT
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INTRODUCTION

Cardiovascular diseases (CVD) are responsible for approximately
31% of all deaths worldwide. Half of this cardiovascular mor-
tality can be attributed to sudden cardiac death (SCD) [1], with
4–5 million new cases annually worldwide [2]. Underlying coro-
nary heart disease (CHD) and cardiomyopathies account for 90%
of all SCDs [3]. However, in almost half of the cases, SCD is the
first manifestation of the underlying cardiac disease [4]. This
highlights the importance of identifying risk factors for SCD in
order to improve the prediction and prevention of SCD in the
general population [5].

Some subgroups within the general population are at higher
risk of developing SCD, including patients with chronic kid-
ney disease (CKD). In patients with CKD, SCD accounts for
16% of mortality [6] and several studies have suggested an
increased risk of SCD in patients with reduced kidney func-
tion [7–13]. However, it is still largely unknown whether kid-
ney function is also associated with SCD in the general popu-
lation. The Atherosclerosis Risk in Communities (ARIC) Study
[8], investigating community-dwelling participants up to 64
years of age from 1990 to 2001, reported that a lower esti-
mated glomerular filtration rate (eGFR) was associated with in-
creased SCD risk. However, there is currently inadequate evi-
dence regarding the association between kidney function and
SCD in middle-aged and elderly individuals from the gen-
eral population, in which the SCD incidence is the highest,
highlighting the need for prediction and prevention strategies

in especially these individuals. Also, in the previous decades,
primary prevention of CVD may have improved, especially
in individuals up to the age of 65 years [14]. Furthermore,
no study to date has investigated the possible mechanistic
role of putative mediators such as CHD and hypertension.
Identifying persons at risk and unravelling potential pathophys-
iological mechanisms is crucial for potential prevention efforts
and treatment indications, including more stringent primary
prevention efforts in subgroups at risk.

The use of serum creatinine to determine the eGFR has limi-
tations as it can be affected by several factors that are unrelated
to kidney function, most importantly lean muscle mass [15, 16].
An alternative marker for determining the eGFR is cystatin C,
which is independent of lean muscle mass [17] and which has
been proposed to be a better marker of kidney function in the el-
derly population than creatinine, as serum cystatin C is probably
less affected by ageing and loss of muscle mass [18, 19]. Previ-
ous studies have suggested that serum cystatin C or combining
serum cystatin C with serum creatinine could result in a more
accurate prediction of the risk of CVD and kidney failure [15, 16,
20–23].

Hence, we aimed to investigate the association between kid-
ney function, defined by eGFR based on serum creatinine and/or
cystatin C levels and the risk of SCD in middle-aged and elderly
individuals participating in a prospective population-based co-
hort study. In addition,we aimed to investigate the potentialme-
diating role of cardiovascular risk factorswithin this association.
Finally, we also investigated whether the association between
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kidney function and SCD differs depending on whether a single
assessment or multiple assessments of eGFR are used.

MATERIALS AND METHODS

A more detailed description of the methods can be found in the
Supplementary data.

Study design and population

This study was embedded within the Rotterdam Study, an ongo-
ing prospective, population-based cohort study. Details regard-
ing the design and rationale of the Rotterdam Study have been
described elsewhere [24]. Participants were eligible for the cur-
rent study if they had measurements of serum creatinine and
serum cystatin C available at baseline and if information on in-
cident SCD was available. All participants were followed from
their date of baseline laboratory blood measurement until the
date of SCD, the date of death from other causes or the end of
data collection on 1 January 2014,whichever came first. The Rot-
terdam Study complies with the declaration of Helsinki and has
been approved by the Medical Ethics Committee of the Eras-
mus MC (registration number MEC 02.1015) and by the Dutch
Ministry of Health, Welfare and Sport (Population Screening Act
WBO, license number 1 071 272–159521-PG). All participants pro-
vided written informed consent to participate in the study and
to have their information obtained from treating physicians. Par-
ticipants were not involved in the design, conduct, reporting or
dissemination of this research.

Assessment of kidney function and other covariables

Serum creatinine (μmol/L) and serum cystatin C (mg/L) were de-
termined at baseline and serum creatinine measurements from
the Rotterdam Study were supplemented with those from the
Star-MDC database, which is a database from a centre for med-
ical diagnostics for outpatients in the city of Rotterdam [25].
eGFR was calculated based on serum creatinine (eGFRcreat),
serum cystatin C (eGFRcys) or both (eGFRcreat-cys) accord-
ing to the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) formula [26]. In addition, we categorized eGFR-
creat using the ‘Kidney Disease: Improving Global Outcomes’
(KDIGO) 2013 guideline [27] into into three categories: eGFRcreat
≥90mL/min/1.73m2, GFRcreat 60–90mL/min/1.73m2 and eGFR-
creat <60 mL/min/1.73 m2. Categorization of eGFRcys was per-
formed using the same cut-offs. Information on other covari-
ables was collected at baseline as well; more information about
the data collection of other covariables can be found in the
Supplementary data.

Assessment of SCD

The definition and validation of SCD cases have been de-
scribed previously [28, 29]. Briefly, the medical records of
participants selected on relevant International Classification of
Diseases, 10th Revision codes were reviewed by two research
physicians to assess if the diagnosis of SCD should be assigned
and confirmed by an experienced cardiologist. Witnessed SCD
was defined according to the Myerburg definition [30] which is
endorsed by the European Society of Cardiology [31], as ‘a nat-
ural death due to cardiac causes, heralded by abrupt loss of
consciousness within 1 h from onset of acute symptoms; pre-
existing heart disease may have been known to be present, but
the time and mode of death are unexpected’. Death was clas-

sified as unwitnessed SCD if the person was in a stable medi-
cal condition 24 h before he or she was found dead and if there
was no evidence of a non-cardiac cause of death. Furthermore,
in case of limited information, cases were labelled as SCD when
treating physicians labelled the death of the person as sudden or
unexpected.

Statistical analysis

Multivariable Cox proportional-hazards hazards models were
used to assess the association between baseline continuous and
categorized eGFRcreat, eGFRcys and eGFRcreat-cys with the risk
of SCD. All analyses were performed using two final models. In
the first model, analyses were adjusted for age, sex and Rot-
terdam Study cohort. In the second model, we further adjusted
for heart rate, body mass index (BMI), smoking, alcohol, serum
cholesterol, history of CHD, diabetes and hypertension. Haz-
ard ratios (HR) with 95% confidence intervals (CI) were given
per 10 mL/min/1.73m2 decrease in eGFR. Absolute 10-year risks
were estimated for the total population and for age and sex
strata separately, using the Fine and Gray model [32] and taking
into account the competing risk of death of other causes than
SCD. These analyses were adjusted for all covariates present in
Model 2. Pre-defined stratification by Rotterdam Study cohort,
age, sex, diabetes, hypertension, heart failure, CHD and atrial
fibrillation (AF) categories were performed. A P for interaction
<0.10 was considered to be statistically significant. Several sen-
sitivity analyses were performed to study the robustness of our
findings. A joint modelling approach was used to assess the as-
sociation between repeated assessments of eGFRcreat and SCD.
Mediation analyses based on the four-way decomposition tech-
nique described by VanderWeele [33] were performed to assess
potential mediating effects of the history of CHD, hypertension
and diabetes, on the association between eGFR and the risk of
SCD, overall and stratified by age. Statistical analyses were per-
formed using R statistical software [R-project, R Foundation for
Statistical Computing (2020), 3.6.3].

RESULTS

The total study population consisted of 9687 participants with
a median follow-up time of 8.9 years (interquartile range 6.2–
13.6 years) (Supplementary data, Figure S1). During follow-up,
2764 individuals died of any cause, of which 808 were attributed
to cardiovascular- and cerebrovascular-related events. In total,
243 SCD events (30% of all cardiovascular- and cerebrovascular-
related events) occurred during follow-up,with an incidence rate
of 2.6 per 1000 person-years. The mean age of the study partic-
ipants was 65.3 years and 56.7% were women (Table 1). Mean
values of eGFRcreat, eGFRcys and eGFRcreat-cys were 79, 77 and
79 mL/min/1.73m2, respectively.

eGFR and risk of SCD

Lower levels of eGFRcys and eGFRcreat-cys (per
10 mL/min/1.73m2 decrease in eGFR) were significantly as-
sociated with an increased risk of SCD, with a larger HR
reported for eGFRcys (HR 1.23, 95% CI 1.12–1.34) than for
eGFRcreat-cys (HR 1.17, 95% CI 1.06–1.29, Table 2). Lower
levels of eGFRcreat, however, were not significantly as-
sociated with an increased risk of SCD (HR 1.05, 95% CI
0.96–1.16). Additionally adjusting all analyses for atrial
fibrillation, heart failure, C-reactive protein (CRP), thyroid-
stimulating hormone (TSH), glucocorticoid use, physical activity,

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/15/8/1524/6530215 by guest on 07 D

ecem
ber 2022



Kidney function and sudden cardiac death 1527

Table 1. Baseline characteristics of the total population (n = 9687)

Variable
Total population

(n = 9687)

Age, years (n = 9687) 65.3 ± 9.9
Sex, women, n (%) (n = 9687) 5496 (56.7)
Body mass index, kg/m2 (n = 9547) 27.3 ± 4.2
Systolic blood pressure, mmHg (n = 9630) 140 ± 21
Diastolic blood pressure, mmHg (n = 9630) 79 ± 11
Hypertension, n (valid %) (n = 9333) 5964 (62.8)
Heart rate, beats/minute (n = 8888) 69.1 ± 11.5
QTc interval, ms (n = 8888) 422.3 ± 21.6
Diabetes, n (%) (n = 9687) 1174 (12.1)
History of CHD, n (valid %) (n = 9635) 570 (5.9)
History of atrial fibrillation, n (%) (n = 9687) 408 (4.2)
History of heart failure, n (%) (n = 9687) 30 (0.3)
Smoking (n = 9582)

Current smoking, n (valid %) 1847 (19.3)
Past smoking, n (valid %) 4598 (48.0)
Never smoking, n (valid %) 3137 (32.7)

Alcohol use, g/day (n = 7868) 5.7 (0.5–14.4
eGFRcreat mL/min/1.73m2 (n = 9687) 79 ± 15
eGFRcys, mL/min/1.73m2 (n = 9687) 77 ± 19
eGFRcreat-cys, mL/min/1.73m2 (n = 9687) 78 ± 16
Serum cholesterol, mmol/L (n = 9629) 5.7 ± 1.0
Serum sodium, mmol/L (n = 7993) 142 ± 2
Serum potassium, mmol/L (n = 7994) 4.4 ± 0.3
Serum magnesium, mmol/L (n = 9679) 0.84 ± 0.06
Serum calcium, mmol/L (n = 9678) 2.43 ± 0.10
Serum phosphate, mmol/L (n = 9675) 1.11 ± 0.16

Data are presented as number (%), number (valid %), mean ± standard devia-

tion or median (interquartile range). Values are shown for non-imputed data.
For variables with missing data, valid % is given.
CHD, coronary heart disease; eGFRcreat, estimated glomerular filtration rate
(eGFR) determined by serum creatinine; eGFRcreat-cys, eGFR determined by

serum creatinine and serum cystatin C; eGFRcys,eGFR determined by serum cys-
tatin C; n, number. QTc interval, corrected QT interval.

serum electrolytes and corrected QT interval (QTc) interval did
notmeaningfully change the results (Supplementary data, Table
S1). Sensitivity analyses did not modify the risk estimates sub-
stantially (Table 3).

eGFR category and risk of SCD

When categorizing eGFRcys, 7151 participants had eGFR-
cys <90 mL/min/1.73m2 of which 1871 had eGFRcys
<60 mL/min/1.73m2. When categorizing eGFRcreat and
eGFRcreat-cys, 7141 and 7208 participants had eGFR
<90 mL/min/1.73m2 of which 969 and 1239 had eGFR
<60mL/min/1.73m2, respectively. In the analysis of eGFRcys cat-
egories, eGFRcys 60–90 mL/min/1.73m2 was non-significantly
associated with an increased risk of SCD (HR 1.36, 95% CI
0.81–2.28, Model 2), while eGFRcys <60 mL/min/1.73m2 was
significantly associated with an increased risk of SCD, with
an HR of 2.11 (95% CI 1.19–3.74), both compared with eGFR-
cys ≥90 mL/min/1.73m2. The P for trend across eGFRcys cate-
gories was 0.001. In the analysis of eGFRcreat and eGFRcreat-cys
categories, eGFR 60–90 and <60 mL/min per 1.73m2 were not
significantly associated with the risk of SCD (eGFRcreat: HR 0.83,
95% CI 0.54–1.28 and HR 1.07, 95% CI 0.64–1.80; eGFRcreat-cys
HR 0.88, 95% CI 0.55–1.39 and HR 1.28, 95% CI 0.75–2.20, Model
2) when compared with eGFR ≥90 mL/min/1.73m2. The P
for trend across eGFRcreat and eGFRcreat-cys categories was
0.48 and 0.09, respectively (Table 2). Similar results were re-
ported when 45 mL/min/1.73m2 was used as cut-off instead of
60 mL/min/1.73m2, although higher HRs were found with eGFR
<45 mL/min/1.73m2 compared with eGFR <60 mL/min/1.73m2

(Supplementary data, Table S2).

Absolute 10-year risks of SCD by eGFR

Absolute 10-year risks of SCD were comparable for eGFRcys
and eGFRcreat-cys (Figure 1). The absolute 10-year SCD risk

Table 2. Association between eGFRcys, eGFRcreat and eGFRcreat-cys at baseline and the risk of sudden cardiac death

eGFR SCD events/total N (% SCD events) HR (95% CI), Model 1 HR (95% CI), Model 2

Continuous, baseline assessment
eGFRcys, mL/min/1.73m2 243/9687 (2.51%) 1.27 (1.16–1.39) 1.23 (1.12–1.34)
eGFRcreat, mL/min/1.73m2 243/9687 (2.51%) 1.06 (0.96–1.17) 1.05 (0.96–1.16)
eGFRcreat-cys, mL/min/1.73m2 243/9687 (2.51%) 1.21 (1.09–1.33) 1.17 (1.06–1.29)

Categorical, baseline assessment
eGFRcys categories

eGFRcys ≥90 mL/min/1.73m2 18/2536 (0.71%) Reference Reference
eGFRcys 60–90 mL/min/1.73m2 116/5280 (2.20%) 1.42 (0.84–2.39) 1.36 (0.81–2.28)
eGFRcys <60 mL/min/1.73m2 109/1871 (5.83%) 2.40 (1.35–4.25) 2.11 (1.19–3.74)
P for trend <0.001 0.001

eGFRcreat categories
eGFRcreat ≥90 mL/min/1.73m2 30/2546 (1.18%) Reference Reference
eGFRcreat 60–90 mL/min/1.73m2 157/6172 (2.54%) 0.77 (0.50–1.17) 0.83 (0.54–1.28)
eGFRcreat <60 mL/min/1.73m2 56/969 (5.78%) 1.08 (0.65–1.81) 1.07 (0.64–1.80)
P for trend 0.36 0.48

eGFRcreat-cys categories
eGFRcreat-cys ≥90 mL/min/1.73m2 25/2479 (1.01%) Reference Reference
eGFRcreat-cys 60–90 mL/min/1.73m2 141/5969 (2.36%) 0.89 (0.56;1.41) 0.88 (0.55;1.39)
eGFRcreat-cys <60 mL/min/1.73m2 77/1239 (6.21%) 1.42 (0.83;2.43) 1.28 (0.75;2.20)
P for trend 0.03 0.09

Model 1 is adjusted for age, sex and Rotterdam Study cohort; Model 2 is additionally adjusted for heart rate, body mass index, smoking, alcohol, serum cholesterol,
history of CHD, diabetes and hypertension.
Hazard ratios given per 10 mL/min/1.73m2 decrease in eGFR.

CHD, coronary heart disease; CI, confidence interval; eGFRcreat, estimated glomerular filtration rate (eGFR) determined by serum creatinine; eGFRcreat-cys, eGFR
determined by serum creatinine and serum cystatin C; eGFRcys, eGFR determined by serum cystatin C; HR, hazard ratio; n, number; SCD, sudden cardiac death.
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Table 3. Sensitivity analyses for the association between eGFRcys, eGFRcreat and eGFRcreat-cys at baseline and the risk of sudden cardiac
death

Sensitivity analysis SCD events/total N HR (95% CI), Model 1 HR (95% CI), Model 2

Taking the competing risk of death of other causes into account
eGFRcys, mL/min/1.73m2 243/9679 1.27 (1.19–1.36) 1.23 (1.15–1.31)
eGFRcreat, mL/min/1.73m2 243/9679 1.06 (0.99–1.14) 1.05 (0.98–1.13)
eGFRcreat-cys, mL/min/1.73m2 243/9679 1.21 (1.13–1.29) 1.17 (1.09–1.26)

Restricting to participants with eGFRcreat below 120 mL/min/1.73m2

eGFRcys, mL/min/1.73m2 243/9679 1.27 (1.16–1.39) 1.23 (1.12–1.34)
eGFRcreat, mL/min/1.73m2 243/9679 1.06 (0.96–1.17) 1.05 (0.96–1.16)
eGFRcreat-cys, mL/min/1.73m2 243/9679 1.21 (1.09–1.33) 1.17 (1.06–1.29)

Restricting to participants with eGFRcreat above 60 mL/min/1.73m2

eGFRcys, mL/min/1.73m2 187/8718 1.28 (1.13–1.44) 1.23 (1.09–1.38)
eGFRcreat, mL/min/1.73m2 187/8718 0.91 (0.79–1.06) 0.96 (0.82–1.11)
eGFRcreat-cys, mL/min/1.73m2 187/8718 1.19 (1.03–1.38) 1.16 (1.01–1.35)

Censoring at time of initiation of kidney replacement therapy
eGFRcys, mL/min/1.73m2 243/9687 1.27 (1.16–1.39) 1.23 (1.12–1.34)
eGFRcreat, mL/min/1.73m2 243/9687 1.06 (0.96–1.17) 1.06 (0.96–1.16)
eGFRcreat-cys, mL/min/1.73m2 243/9687 1.21 (1.09–1.33) 1.17 (1.06–1.29)

Restricting to witnessed or probable SCDs
eGFRcys, mL/min/1.73m2 212/9687 1.26 (1.14–1.39) 1.21 (1.10–1.34)
eGFRcreat, mL/min/1.73m2 212/9687 1.03 (0.93–1.15) 1.03 (0.93–1.15)
eGFRcreat-cys, mL/min/1.73m2 212/9687 1.18 (1.06–1.31) 1.15 (1.04–1.28)

Excluding participants with heart failure and CHD at baselinea

eGFRcys, mL/min/1.73m2 185/8863 1.24 (1.12–1.39) 1.20 (1.07–1.33)
eGFRcreat, mL/min/1.73m2 185/8863 0.98 (0.87–1.11) 0.99 (0.88–1.12)
eGFRcreat-cys, mL/min/1.73m2 185/8863 1.15 (1.02–1.30) 1.13 (1.00–1.27)

Censoring at time of incident atrial fibrillationb

eGFRcys, mL/min/1.73m2 206/9279 1.25 (1.13–1.38) 1.20 (1.08–1.33)
eGFRcreat, mL/min/1.73m2 206/9279 1.02 (0.91–1.13) 1.02 (0.92–1.14)
eGFRcreat-cys, mL/min/1.73m2 206/9279 1.17 (1.05–1.30) 1.14 (1.02–1.27)

Model 1 is adjusted for age, sex and Rotterdam Study cohort; Model 2 is additionally adjusted for heart rate, body mass index, smoking, alcohol, serum cholesterol,
history of CHD, diabetes and hypertension.
Hazard ratios given per 10 mL/min/1.73m2 decrease in eGFR.
aModel 2 was not corrected for history of CHD. The non-imputed data is used to exclude the participants with heart failure and CHD at baseline.
bPrevalent cases of atrial fibrillation are excluded for this analysis.
CHD, coronary heart disease; CI, confidence interval; eGFRcreat, estimated glomerular filtration rate (eGFR) determined by serum creatinine; eGFRcreat-cys, eGFR
determined by serum creatinine and serum cystatin C; eGFRcys, eGFR determined by serum cystatin C; HR, hazard ratio; N, number; SCD, sudden cardiac death.

for eGFRcys increased from 1.0% up to 2.5% when comparing
eGFRcys of 90 versus 60 mL/min/1.73m2. Similarly, SCD risk for
eGFRcreat-cys increased from 1.0% up to 2.8% when compar-
ing eGFRcreat-cys of 90 versus 60 mL/min/1.73m2. Comparing
the same eGFR values, absolute 10-year SCD risk of men older
than 65 years increased from 2.3% to 4.3% for eGFRcys, while
the absolute 10-year SCD risk of men younger than 65 years in-
creased from 1.0% to 1.1% (Figure 2, Supplementary data, Table
S3). Absolute 10-year SCD risk for women older than 65 years
increased from 1.3% to 2.7%, comparing eGFRcys of 90 versus
60 mL/min/1.73m2.

Stratified analyses

Stratification by Rotterdam Study cohort did not show any dif-
ferences in the association between all three GFR estimates and
SCD (data not shown). When stratifying by age, lower levels of
eGFRcys, eGFRcreat and eGFRcreat-cys were associated with an
increased risk of SCD only in participants aged above 65 years
(in whom most SCD events occurred), with HRs of 1.29 (95% CI
1.16–1.44), 1.07 (95% CI 0.96–1.19) and 1.22 (95% CI 1.09–1.36) per

10 mL/min/1.73m2 decrease in eGFR, respectively (P for inter-
action for all analyses <0.10) (Table 4, Supplementary data Ta-
ble S4). There seemed to be a differential risk of SCD in atrial
fibrillation subgroups for all three GFR estimates, although the
P for interaction was borderline non-significant for eGFRcys (P
for interaction 0.11,Model 2) (Table 4, Supplementary data, Table
S4). Stratification by prevalent atrial fibrillation showed similar
results with higher HRs for all three GFR estimates in partici-
pants with atrial fibrillation (Table 4). No differential risks were
found for sex, diabetes, hypertension, heart failure and history
of CHD (P for interaction >0.10) (Supplementary data, Tables S4
and S5).

Repeated assessments of eGFRcreat and the risk of SCD

The median number of repeated assessments of eGFRcreat was
5 (interquartile range 3–8 assessments).A 10mL/min/1.73m2 de-
crease in eGFRcreat had minimal impact on the risk of SCD (HR
1.04, 95% CI 0.94–1.16, Model 2, Table 5). This result was similar
to the HR found for the association between baseline eGFRcreat
and the risk of SCD (HR 1.05, 95% CI 0.96–1.16, Table 2).
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FIGURE 1: Absolute 10-year risks of sudden cardiac death by eGFRcys and
eGFRcreat-cys at baseline. Absolute 10-year risks of sudden cardiac death were

calculated taking the competing risk of death of other causes into account.
Adjusted for age, sex, Rotterdam Study cohort, heart rate, body mass index,
smoking, alcohol, serum cholesterol, history of CHD, diabetes and hypertension.
CHD, coronary heart disease; eGFRcreat-cys, estimated glomerular filtration rate

(eGFR) determined by serum creatinine and serum cystatin C; eGFRcys, eGFR de-
termined by serum cystatin C.

Mediation analyses

In men, the association of eGFRcys and eGFRcreat-cys with SCD
was not mediated by a history of CHD, hypertension or diabetes
(Supplementary data, Table S6). Stratification by age revealed
similar results, as no signs of a mediating role of a history
of CHD, hypertension or diabetes were found in participants
younger or older than 65 years (Supplementary data, Table S7).

Similar results were found in women (Supplementary data,
Tables S8 and S9).

DISCUSSION

In this prospective cohort study, lower levels of eGFRcys
and eGFRcreat-cys were associated with an increased risk of
SCD irrespective of age, sex and other potentially important
confounders. We also identified an increased risk of SCD in
participants with eGFRcys <60 mL/min/1.73m2. In addition,
a significant trend between the different eGFRcys categories
and SCD was shown. Conversely, we did not find a significant
association between eGFRcreat and SCD. The results were
comparable when using either a single assessment or multiple
assessments of eGFRcreat. The discrepancy in findings between
eGFRcreat and eGFRcys may be explained by the non-eGFR
determinants of serum creatinine, including muscle mass, diet
and physical activity [15]. However, adjusting for these deter-
minants did not change the results, which suggests that the
association between kidney function and SCD is independent of
those determinants. In the absence of non-eGFR determinants,
other mechanisms such as the shrunken pore syndrome, a
novel syndrome characterized by a decreased diameter of
glomerular pores impairing the filtration of larger molecules
more than the filtration of smaller molecules [34, 35] might
also explain our findings, although more research into this
topic is first needed. Another explanation for the eGFRcreat
and eGFRcys discrepancy could be the power of our analyses,
as an almost twice as high proportion of the participants was
classified as having eGFR <60 mL/min/1.73m2 with eGFRcys
when compared with eGFRcreat. However, the percentage of
SCD events was similar in participants with eGFRcreat and
eGFRcys <60 mL/min/1.73m2 and still, only a significant and
strong association with SCD was found in participants with
eGFRcys <60 mL/min/1.73m2. This was also confirmed by the
continuous analyses in which power differences are not playing
a role and where a significant association with SCD was only
reported with lower levels of eGFRcys and eGFRcreat-cys.
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FIGURE 2: Absolute 10-year risks of sudden cardiac death by eGFRcys and eGFRcreat-cys at baseline, separately for age and sex strata. Absolute 10-year risks of sudden
cardiac death were calculated taking the competing risk of death of other causes into account. Adjusted for Rotterdam Study cohort, heart rate, body mass index,
smoking, alcohol, serum cholesterol, history of CHD, diabetes and hypertension. CHD, coronary heart disease, eGFRcreat-cys, estimated glomerular filtration rate

(eGFR) determined by serum creatinine and serum cystatin C; eGFRcys, eGFR determined by serum cystatin C.
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Table 4. Stratified analyses for the association between eGFRcys, eGFRcreat and eGFRcreat-cys at baseline and the risk of sudden cardiac death
based on baseline age and atrial fibrillation

Stratification variable SCD events/total N eGFR HR (95% CI), Model 1 HR (95% CI), Model 2

Age
<65 years 44/5312 eGFRcys, mL/min/1.73m2 1.02 (0.83–1.26) 0.97 (0.79–1.21)

eGFRcreat, mL/min/1.73m2 0.88 (0.68–1.15) 0.92 (0.71–1.19)
eGFRcreat-cys, mL/min/1.73m2 0.95 (0.74–1.22) 0.93 (0.73–1.19)

≥65 years 199/4375 eGFRcys, mL/min/1.73m2 1.35 (1.22–1.50) 1.29 (1.16–1.44)
eGFRcreat, mL/min/1.73m2 1.09 (0.99–1.22) 1.07 (0.96–1.19)
eGFRcreat-cys, mL/min/1.73m2 1.27 (1.14–1.41) 1.22 (1.09–1.36)

Atrial fibrillation
No 222/9279 eGFRcys, mL/min/1.73m2 1.24 (1.12–1.36) 1.18 (1.07–1.30)

eGFRcreat, mL/min/1.73m2 1.01 (0.90–1.12) 1.00 (0.90–1.11)
eGFRcreat-cys, mL/min/1.73m2 1.16 (1.04–1.29) 1.12 (1.01–1.24)

Yes 21/408 eGFRcys, mL/min/1.73m2 1.61 (1.21–2.13) 1.69 (1.24–2.32)
eGFRcreat, mL/min/1.73m2 1.52 (1.19–1.94) 1.51 (1.15–1.99)
eGFRcreat-cys, mL/min/1.73m2 1.62 (1.25–2.10) 1.67 (1.24–2.25)

Model 1 is adjusted for age, sex and Rotterdam Study cohort; Model 2 is additionally adjusted for heart rate, body mass index, smoking, alcohol, serum cholesterol,
history of CHD, diabetes and hypertension.

Hazard ratios given per 10 mL/min/1.73m2 decrease in eGFR.
CHD, coronary heart disease; CI, confidence interval; eGFRcreat, eGFR determined by serum creatinine; eGFRcreat-cys, estimated glomerular filtration rate (eGFR)
determined by serum creatinine and serum cystatin C; eGFRcys, eGFR determined by serum cystatin C; HR, hazard ratio; N, number; SCD, sudden cardiac death.

Table 5. Association between repeated assessments of eGFRcreat and the risk of sudden cardiac death

SCD events/total N HR (95% CI), Model 1 HR (95% CI), Model 2

eGFRcreat, mL/min/1.73m2 243/9687 1.06 (0.96–1.18) 1.04 (0.94–1.16)

Model 1 is adjusted for age, sex and Rotterdam Study cohort; Model 2 is additionally adjusted for heart rate, body mass index, smoking, alcohol, serum cholesterol,
history of CHD, diabetes and hypertension.
Hazard ratios given per 10 mL/min/1.73m2 decrease in eGFR.

CHD, coronary heart disease; CI, confidence interval; eGFRcreat, estimated glomerular filtration rate (eGFR) determined by serum creatinine; HR, hazard ratio; N,
number; SCD, sudden cardiac death.

Several previous studies suggested an increased risk of SCD
in patients with reduced kidney function [7–13]. However, it is
largely unknown whether kidney function is also associated
with SCD in a general population. In the current study,we inves-
tigated the association of kidney function and SCD in middle-
aged and elderly individuals from a single community, where
most SCD events occurred in individuals aged 65 years and
older. A previous population-based study including the ARIC
cohort [8] showed that low baseline eGFRcreat, eGFRcys and
eGFRcreat-cys were associated with increased SCD risk.We also
show that lower levels of eGFRcys and eGFRcreat-cys were as-
sociated with increased SCD risk, but we did not find a signif-
icant association between eGFRcreat and SCD. Several differ-
ences between this previous study and our study may explain
the differences in results. First, the maximum age of the pop-
ulation in the ARIC study was only 64 years, so elderly par-
ticipants were not included, and the follow-up for SCD was
completed until 2001, after which substantial changes in pri-
mary and secondary prevention of CVD and SCD have occurred.
The younger participants included in our study may have al-
ready benefited from this improved prevention,whichmight ex-
plain why we found no significant association of all three GFR
estimates with SCD risk and no increase in the absolute 10-
year risks of SCD for all three GFR estimates in participants
younger than 65 years. To our knowledge, no prior studies have

investigated the association of kidney function with SCD in
the setting of current prevention guidelines. Second, the pre-
vious study analysed eGFR in categories only, while continu-
ous analyses allow for potential non-linearity of the predictor
and takes all available information within the predictor into ac-
count [36]. Third, the investigators defined SCD as ventricular
arrhythmias, while this is not the only cause of SCD. In the
current study, a definition of SCD was used that includes all
possible SCD causes and is in accordance with the Myerburg
definition [30], which is endorsed by the European Society of
Cardiology [31].

Several possible mechanisms explaining the association be-
tween lower kidney function and SCD have been proposed.
Although individuals with lower kidney function are at an
increased risk of CVD [37–41], our data suggest that the asso-
ciation between eGFR and SCD was not mediated by a history
of CHD, hypertension or diabetes. We could not perform medi-
ation analyses with heart failure due to insufficient power, but
excluding participants with both heart failure and CHD did not
change ourmain results. Reduced kidney function is also associ-
ated with adverse cardiac remodelling, including left ventricular
hypertrophy and cardiac fibrosis [42], which both increase the
risk of ventricular arrhythmias and SCD partly due to prolonga-
tion of the QTc interval [43–45]. However, adjusting for the QTc
interval did not meaningfully change our results. Furthermore,
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reduced kidney function is associated with a higher prevalence
of hypokalaemia and hyperkalaemia [46, 47], although adjust-
ing for serum electrolytes did not meaningfully change our re-
sults as well. Therefore, it is possible that other mechanisms ex-
plain the association between lower kidney function and SCD,
including the tendency towards atherosclerosis with lower GFR
(mediated by a pro-inflammatory state, hyperphosphatemia and
vascular calcification) [48–54], sympathetic overactivity [48] and
impaired arterial baroreflex [48, 55].

This study has several strengths. The major strength is the
large number of participants from a population-based cohort
study with middle-aged and elderly individuals, which com-
prises a population at high risk for SCD. Also, the prospective
population-based design together with the high participation
rate limits the chance of selection bias and makes the results
generalizable to the general population. All data were collected
irrespective of the current research question, which reduced the
chance of information bias. The Rotterdam Study provides ex-
tensive data on SCD and on a wide variety of confounders. We
are the first to usemultiple eGFR assessments over time to inves-
tigate the association between kidney function and SCD in the
general population, which reduces bias introduced by random
variation and transient declines in eGFR, and increases statis-
tical power. To our knowledge, we are also the first to perform
mediation analyses to provide more insight into the potential
mechanisms underlying the association between kidney func-
tion and SCD. Several limitations should also be acknowledged.
First,we only had one assessment of eGFRcys and eGFRcreat-cys
available, and therefore repeated measurement analyses were
not possible for these two eGFR assessments. However, low vari-
ability of eGFR in our study participants was shown when com-
paring single and multiple assessments of eGFRcreat, resulting
in a low probability of misclassification of kidney function when
using only one single assessment. Second, insufficient data on
the urine albumin-to-creatinine ratio was available to generate
sufficient power to study the association between albuminuria
and SCD. Third, due to the observational design of the study,
we cannot fully exclude the possibility that the included me-
diators CHD, hypertension and diabetes are also confounders of
the association between kidney function and SCD. Finally, resid-
ual confounding cannot be excluded even though we adjusted
for various confounders and as our study mainly included Cau-
casians aged above 45 years, the generalizability of our results
to other populations might be limited.

The high incidence of SCD worldwide together with the
devastating consequences and the sudden aspect of this event
shows the importance of identifying modifiable risk factors for
SCD, such as kidney function and identifying subgroups at risk.
Our study suggests an increased SCD risk with lower levels of
eGFR in middle-aged and elderly individuals from the general
population, even without CKD, only when using serum cystatin
C measurements. This association was independent of non-
eGFR determinants of serum cystatin C. This suggests that even
mildly to moderately reduced kidney function could be a risk
factor for SCD. Our findings could be clinically relevant, as they
open up new avenues for future research. This includes further
investigation of the pathophysiological mechanisms underlying
the association between kidney function and SCD. Unravelling
these unknown mechanisms could identify potential therapeu-
tic targets,which is crucial as SCD is often the firstmanifestation
of underlying CVD. This also highlights the need for well-
performing prediction models for SCD and our findings suggest
the relevance of adding eGFRcys, but not eGFRcreat, to these
prediction models. In addition, future research should deter-

mine whether eGFRcys can be utilized in screening programmes
in the general population for underlying but as yet undiagnosed
CVD.
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