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BACKGROUND: Moderate kidney dysfunction is independently associated with increased cardiovascular death. Sudden cardiac
arrest (SCA) accounts for at least 25% of chronic kidney disease (CKD) death. This study aimed to evaluate the impact of
moderate CKD on SCA risk.

METHODS: We conducted a case—control study within a community-based investigation of SCA in the Portland, Oregon, met-
ropolitan area from February 1, 2002, to December 31, 2020. Analysis included individuals aged 40 to 75years who experi-
enced SCA (cases) and individuals with no history of SCA (controls), with creatinine levels measured before SCA/enroliment.
Moderate CKD was defined by an estimated glomerular filtration rate of 30 to <60mL/min per 1.73m? (2021 Chronic Kidney
Disease Epidemiology Collaboration formula). A population-based SCA study in southern California was used for validation.

RESULTS: We compared 2068 SCA cases and 852 controls (mean ages, 61.4+8.5 and 62.7+8.0years, respectively; men:
69.9% and 67.4%, respectively). SCA cases had more moderate CKD (17.7% versus 14.7%, P<0.001) and lower estimated
glomerular filtration rate (74.7 versus 80.9mL/min per 1.73m?, P<0.001) than controls. Multivariable regression demonstrated
that moderate CKD was an independent risk factor for SCA (odds ratio, 1.32 [95% Cl, 1.02-1.71]). Each 10mL/min per 1.73m?
estimated glomerular filtration rate drop to <90 increased SCA risk (odds ratio, 1.24 [95% ClI, 1.18—1.31]). Similar findings were
observed in the validation cohort (817 SCA and 3249 controls), where moderate CKD was associated with SCA (odds ratio,
1.54 [95% ClI, 1.18-2.00]).

CONCLUSIONS: Moderate CKD is associated with an increased risk of SCA in the general population. Further research into the
potential integration of moderate renal dysfunction into SCA risk stratification are warranted.
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nificant proportion of death (up to 25%) among
individuals with chronic kidney disease (CKD),
particularly when advanced.'"® Associations between
moderate CKD, defined as an estimated glomerular fil-
tration rate (€GFR) of 30 to 60 mL/min per 1.73m?,* and
SCA have been described but remain controversial.

SUdden cardiac arrest (SCA) accounts for a sig-

Previous studies have reported that moderate CKD is
associated with an increased risk of SCA in individu-
als with left ventricular dysfunction or coronary artery
disease (CAD).58 A study in the general population re-
ported that patients with non—dialysis-dependent CKD
face an elevated risk of SCA and worse outcomes
after cardiac arrest, with survival rates decreasing as
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CLINICAL PERSPECTIVE
What Is New?

Our findings indicate that even moderate renal
dysfunction was independently associated
with sudden cardiac arrest in 2 geographically
distinct populations. A decline in estimated
glomerular filtration rate from 90mL/min per
1.73m? exhibited a dose-response relationship
with sudden cardiac arrest.

e Among sudden cardiac arrest cases, mod-
erate chronic kidney disease was linked to a
higher likelihood of presenting with a nonshock-
able rhythm at the time of the event, and lower
survival rates to hospital discharge compared
with those with normal or mild chronic kidney
disease.

What Are the Clinical Implications?

e The findings have implications for the potential
integration of moderate renal dysfunction and
specifically estimated glomerular filtration rate,
given its dose-response relationship, into sud-
den cardiac arrest clinical risk stratification.

Nonstandard Abbreviations and Acronyms

CKD-EPI Chronic Kidney Disease
Epidemiology Collaboration

ORSUDS Oregon Sudden Unexpected Death
Study

PRESTO Prediction of Sudden Death in
Multi-Ethnic Communities

SCA Sudden Cardiac Arrest

glomerular filtration rate declines.” However, other ev-
idence suggests no significant association between
eGFR levels of 40 to 60mL/min per 1.73m? and SCA
compared with eGFR levels >60mL/min per 1.73m?28
Moreover, due to the small number of SCA cases in
previous studies, individuals with moderate CKD have
often been grouped with those with advanced CKD for
analysis, resulting in a lack of sufficient investigation
into moderate CKD as a distinct category.®=8 Therefore,
there is a need for studies specifically designed to eval-
uate the relationship between moderate CKD, as a dis-
tinct condition, and SCA, as well as to investigate the
potential underlying mechanisms driving this associa-
tion in this unique patient population.

Additionally, in previous studies, eGFR was com-
monly calculated using either the Modification of Diet in
Renal Disease formula or the Chronic Kidney Disease
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Epidemiology Collaboration (CKD-EPI) 2009/2012
formula, both of which incorporate patient age, sex,
serum creatinine levels, and race. However, these
equations have been shown to yield higher eGFR val-
ues for individuals identified as Black compared with
non-Black individuals with similar characteristics.®
Inker et al proposed a new equation in 2021 for es-
timating GFR that excludes race as a variable.'® This
approach was subsequently endorsed by the National
Kidney Foundation—American Society of Nephrology
Task Force. Recent studies indicate that applying the
updated CKD-EPI 2021 formula has led to a significant
reclassification of patients with CKD, impacting how
disease severity and progression are assessed.''?
Moreover, moderate CKD, classified on the basis
of eGFR calculated from serum creatinine using the
CKD-EPI 2012 or Modification of Diet in Renal Disease
formula, has been reported to predict SCA in some
studies, while other studies have found no such as-
sociation, particularly in older patients or the general
population 6713-15

The primary objective of this study was to address
these knowledge gaps and to evaluate how moderate
CKD, assessed using the updated CKD-EPI 2021 cri-
teria, impacts the risk of SCA at the community level.
Additionally, the secondary objective was to investigate
potential disparities in resuscitation outcomes across
the spectrum of CKD severity in SCA cases.

METHODS

Data Availability

The data in this manuscript are from an ongoing study,
and there is currently no institutional review board—ap-
proved mechanism by which these data will be depos-
ited in a public repository. All analytical methods are
included in this published article. Deidentified partici-
pant data will be made available after publication upon
reasonable request to the corresponding author, fol-
lowing approval of a proposal and a signed data use
agreement.

Study Population

Study participants were selected from the ORSUDS
(Oregon Sudden Unexpected Death Study), an ongo-
ing prospective, population-based study that enrolls
individuals experiencing out-of-hospital SCA within
the Portland, Oregon, metropolitan area (catchment
population =1 million). The study methods have been
detailed in prior publications.'® Briefly, SCA cases
were initially identified by certified emergency medi-
cal service (EMS) providers, including the Portland
Fire Department and local ambulance services. Details
such as patient demographics, specifics of the car-
diac arrest event (including time, location, background,
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witness, and bystander), resuscitation outcomes, and
comorbidities were provided in the EMS narrative and
care report and were recorded in accordance with
Utstein standards. Upon receiving the information on
SCA subjects, a comprehensive review of each case
was conducted. This review encompassed the cir-
cumstances of the event and the entire medical his-
tory, obtained through medical record reviews from
EMS prehospital care reports, comprehensive medi-
cal records from regional hospital systems, death
certificates from Oregon state vital statistics records,
and, when available, autopsy findings from the county
medical examiner’s office. Subsequently, SCA cases
with a likely cardiac cause were determined through an
in-house adjudication process involving 3 physicians
on the basis of this information. SCA was defined as
a sudden, pulseless collapse due to a likely cardiac
cause, occurring rapidly after symptom onset when
witnessed or, if unwitnessed, within 24 hours of the
subject being last seen in their usual state of health.!”
Cases with noncardiac causes, such as trauma,
drowning, overdose/substance abuse, terminal iliness,
malignancies not in remission, extracardiac causes
(eg, pulmonary embolism), and other natural causes
were excluded.

Acknowledging that CAD is the most common risk
factor for SCA, we designed controls for the ORSUDS
study to identify additional risk factors beyond CAD. In
other words, our goal was to assess the risk factors
for SCA in a population with a high burden of prevalent
CAD, which could be considered at moderate risk for
SCA. To achieve this, we prospectively recruited con-
trols for the ORSUDS study from the same geographic
area and time period as the cases. Control subjects
with CAD were intentionally oversampled to produce a
similar prevalence of CAD in both cases and controls,
facilitating efficient adjustment for CAD in the subse-
quent analysis. Additionally, control subjects with any
prior history of significant ventricular arrhythmias or
sudden cardiac arrest were excluded. Participants
were enrolled from several sources, including individ-
uals transported by EMS for symptoms of acute cor-
onary ischemia, patients undergoing angiography or
attending outpatient cardiology clinics at a participat-
ing hospital, and members of a regional health mainte-
nance organization.

Study Design for Discovery Cohort

For the discovery cohort of this study, we performed
a case—control study in which all cases and controls
from the ORSUDS study from February 1, 2002, to
December 31, 2020, were selected if they were aged
40 to 75years with detailed medical records available
and serum creatinine levels measured (before arrest
for cases). The serum creatinine data were obtained
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by 2 physicians who reviewed medical records from
all our collaborating hospitals. Each serum creatinine
measurement was recorded with detailed information,
including the date of the test. For subjects with multiple
serum creatinine measures, the one closest and before
the cardiac arrest event was selected for SCA cases.
For controls, the most recently measured creatinine be-
fore study entry was chosen. We selected individuals
aged 40 to 75years for 2 reasons. First, the incidence
rate of sudden cardiac death is significantly lower in
individuals aged <40years, at 1.7 to 2.9 cases per
100000 people, compared with 36.8 to 55.4 cases per
100000 people in those aged >40years.'®2? Second,
more than half of the population aged >75years has an
eGFR of <60mL/min per 1.73m?, with most falling into
the classification of moderate CKD.?32* Alongside the
numerous comorbidities in this population, including
these subjects could potentially reduce the predictive
value of moderate CKD, as it is very challenging to es-
timate the confounding effects accurately.

The institutional review boards of Cedars-Sinai
Medical Center, Oregon Health & Science University,
and all relevant hospitals/health systems have ap-
proved the study protocol.

CKD was classified on the basis of eGFR, calcu-
lated using the CKD-EPI 2021 formula and the follow-
ing categories: stage 1 CKD (chart history of kidney
disease, with eGFR >90mL/min per 1.73m?), stage 2
CKD (eGFR <90 and >60mL/min per 1.73m?), stage
3a CKD (eGFR <60 and =45mL/min per 1.73m?),
stage 3b CKD (eGFR <45 and =30 mL/min per 1.73m?),
stage 4 CKD (eGFR <30 and >15mL/min per 1.73m?),
and stage 5 CKD or end-stage renal disease (eGFR
<15mL/min per 1.73m?).* Moderate CKD was defined
as including both stage 3a CKD and stage 3b CKD.*
Demographic information and comorbidities were ob-
tained from medical records from collaborating hos-
pitals. We also included the most recent ECG and
electrolytes before arrest events for SCA cases and
the latest available ECGs and electrolytes for control
subjects in our analysis. The ECG data were obtained
from routine ECGs with a paper speed of 25mm/s and
calibration of 10mm/mV. Heart rate and QRS duration
were obtained from machine recordings. The QT, RR
interval, and T,..-To,q intervals were manually mea-
sured by trained researchers using a digital onscreen
software program (Datalnf Measure; Datalnf GmbH,
TUbingen, Germany).

External Validation Cohort Selection

To validate our findings, we replicated the analy-
sis using data from February 1, 2015, to February 1,
2023, from the ongoing Ventura PRESTO (Prediction
of Sudden Death in Multi-Ethnic Communities) study,
which covers a catchment population of ~850000. In
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this study, SCA cases were identified using methods
similar to those used in the ORSUDS study. This in-
cluded the same approaches to case ascertainment,
adjudication, inclusion criteria, data retrieval, and SCA
definitions, ensuring methodological consistency. The
methodology of the PRESTO study has been de-
scribed previously.?® In brief, the study included resi-
dents of Ventura County who experienced SCA with
resuscitation attempts by EMS. These cases were then
adjudicated by 3 physicians using information from
EMS prehospital care reports, medical records from
regional hospital systems, California state vital statis-
tics death certificates, and medical examiner reports,
including autopsies when available. The control group
for Ventura PRESTO were patients from a regional
health system (Cedars-Sinai Medical Center Medical
Network, Los Angeles, CA) (n=4251) designed to rep-
resent members of the general population who obtain
regular medical care. For the validation cohort, both
cases and controls were selected using the criteria:
individuals aged 40 to 75years with detailed medical
records and documented serum creatinine levels. All
variables included in the primary data sets were also
available in the validation cohort.

Statistical Analysis

Data were presented as mean+SD for continuous vari-
ables and as counts with percentages for categorical
variables. Tests for differences between continuous
variables were evaluated using the independent sam-
ples t test, while categorical variables were analyzed
using Pearson’s x° test. Multivariable logistic regres-
sion analysis was conducted to calculate adjusted
odds ratios (ORs) for moderate kidney dysfunction as
a predictor of SCA. Covariates included in the regres-
sion model were demographic factors (age, race and
ethnicity, and sex) and relevant risk factors or comor-
bidities associated with cardiac arrest and CKD: body
mass index, diabetes, hypertension, chronic obstruc-
tive pulmonary disease, liver disease, congestive heart
failure (CHF), CAD, and atrial fibrillation. Nonlinear rela-
tionships between the continuous variables (age and
body mass index) and the risk of SCA were assessed
using logistic regression with quadratic variable. Any
variable demonstrating a nonlinear relationship was
transformed into a categorical variable. We also calcu-
lated the adjusted ORs for each 1 mL/min per 1.73m?
and 10mL/min per 1.73m? decline in individuals with
eGFR >90mL/min per 1.73m? in discovery, validation,
and pooled cohort, where the pooled cohort included
all individuals from both the discovery and validation
groups. Furthermore, the interaction between CKD
severity and sex, age (=65 versus <65), history of hy-
pertension, diabetes, CAD, and CHF in predicting SCA
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was also tested individually using multiplicative terms
in logistic regression models.

To fulfill the secondary objective of this study, we
conducted a case—case analysis among SCA cases
to evaluate the relationship between CKD severity
and resuscitation outcomes using a multivariable lo-
gistic regression model with covariates associated
with survival outcome based on existing literature in-
cluding demographic factors (age, race and ethnicity,
and sex), history of CAD, CHF, witnesses, cardiopul-
monary resuscitation by bystander, and initial rhythm
recorded.?®?" Initial rhythm was divided into nonshock-
able rhythms (pulseless electrical activity and asystole)
and shockable rhythms (pulseless ventricular tachy-
cardia and ventricular fibrillation). All previous analyses
were repeated for the PRESTO cohort to validate the
findings.

Finally, because eGFR may vary with time, we per-
formed a sensitivity analysis in the discovery cohort,
limiting the analysis to individuals with creatinine levels
measured within 90 days of the cardiac arrest event for
SCA cases and within 90 days of the last physician visit
for controls. Statistical significance was determined
at a 2-sided P value threshold of <0.05. All analyses
were performed using SPSS Statistics version 24 (IBM,
Armonk, NY).

RESULTS

Study Overview and Baseline
Characteristics of Individuals With SCA in
the Discovery Cohort

From February 1, 2002, to December 31, 2020, in
the ORSUDS study, 6576 SCA cases were enrolled,
of which 2068 met inclusion criteria for this analysis.
Additionally, 852 controls meeting the criteria were
also included (Figure 1). The mean ages of SCA cases
and controls were 61.4 and 62.7 years, respectively.
SCA cases exhibited a higher prevalence of risk fac-
tors and comorbidities, except for CAD, compared
with controls. These included chronic obstructive pul-
monary disease, hypertension, diabetes, CHF, and
atrial fibrillation (Table 1). Additionally, SCA cases ex-
hibited a higher ventricular rate, QRS duration, cor-
rected QT interval, and T,..-T,,q interval compared
with controls. They also showed lower sodium and
calcium concentrations and higher potassium con-
centrations than the controls (Table S1). Of the 2920
subjects included, 2087 had normal kidney function
or mild CKD, 492 had moderate CKD, and 341 had
severe CKD. Compared with those with normal kidney
function or mild CKD, subjects with moderate CKD
were older and had a higher prevalence of all comor-
bidities (see Table S2).
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DISCOVERY POPULATION VALIDATON POPULATION

Control participants Control participants

Consecutive out-of-hospital SCA
from Portland, OR metro area
(Oregon SUDS, from February, 1st,
2002, to December, 31st, 2020,
catchment population ~1 million)
N = 6576

Consecutive out-of-hospital SCA
from Ventura County, CA (Ventura 1. No history of SCA
PRESTO from February, 1st, 2015,

to February, 1st, 2023, catchment

population ~850,000)
N =2922

. No history of SCA

2. Recruited from the same
geographical area during
similar time period

2. Recruited from the same
geographical area during
similar time period

Inclusion criteria
1. From 40 to 75 years
2. Detailed medical record available

3. Serum creatinine measured before
SCA events

Non-SCA controls (n = 852)
Age 62.7+ 8.0

SCA cases (n = 2068)
Age 61.48.5

SCA cases (n =817)
Age 63.2+8.2

Non-SCA controls (n = 3249)
Age 62.1+9.0

Male 574 (67.4%) Male 1446 (69.9%) Male 537 (65.8%) Male 2126 (65.4%)

Figure 1. Flowchart of discovery and validation study population selection.

The discovery population comprised 2068 SCA cases and 852 non-SCA controls, aged 40 to 75years, with detailed medical records
and pre-SCA serum creatinine measurements from the ORSUDS study. The validation population included 817 SCA cases and 3249
non-SCA controls, aged 40 to 75years, with detailed medical records and pre-SCA serum creatinine measurements from the PRESTO
study in Ventura, California. ORSUDS indicates Oregon Sudden Unexpected Death Study; PRESTO, Prediction of Sudden Death in

Multi-Ethnic Communities; and SCA, sudden cardiac arrest.

Association of Moderate CKD and SCA in
the General Population

A higher proportion of SCA cases had moderate and
severe CKD (stages 4 and 5) compared with controls
(17.7% and 15.4% versus 14.7% and 2.6%, respec-
tively; P<0.001); Additionally, SCA cases exhibited
a lower median eGFR than controls (74.7 versus
80.9mL/min per 1.73m?, P<0.001; Figure 2). Using in-
dividuals with normal kidney function (stage 1) or stage
2 CKD (eGFR >60mL/min per 1.73m? as the refer-
ence group, the unadjusted ORs for SCA were 1.49
(95% Cl, 1.19-1.87) for moderate CKD and 7.39 (95%
Cl, 4.76-11.50) for severe CKD (stages 4 and 5). Our
analysis revealed a nonlinear relationship between
body mass index and SCA risk, leading us to convert
body mass index from a continuous to a categorical
variable using World Health Organization classifica-
tion standards.?® In models adjusted for demographic
factors and comorbidities, CKD remained indepen-
dently associated with risk of SCA with ORs of 1.32
(95% ClI, 1.02-1.71) and 5.47 (95% Cl, 3.50-8.79) for
moderate and severe CKD (Table 2), respectively. The
adjusted ORs for SCA associated with other comor-
bidities are also presented in Table 2. The predictive
model demonstrated acceptable calibration, with the
Hosmer-Lemeshow goodness-of-fit test showing 2
(13)=20.98 (P=0.07). A calibration curve is included as
Figure S1. Furthermore, in study participants with an
eGFR <90mL/min per 1.73m?, each decline of 10mL/
min per 1.73m? was associated with a 24% (OR, 1.24
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[95% Cl, 1.18-1.31]) increase in the odds of SCA, after
adjusting for demographic factors and comorbidities
(Figure 3). No interaction was found between moder-
ate CKD and sex, age (>65years versus <65), history
of hypertension, diabetes, CAD, or CHF in predicting
the risk of SCA (Table S3). Finally, a sensitivity analysis
was performed on participants with creatinine meas-
ured within 90 days of the cardiac arrest event for SCA
cases and within 90days of the last physician visit for
controls. This analysis included 681 SCA cases and
278 controls. Moderate CKD remained independently
associated with SCA, with a crude OR of 1.68 (95%
Cl, 118-2.38) and an adjusted OR of 1.54 (95% Cl,
1.03-2.29).

Subgroup Analysis

Among SCA cases with initial rhythm data available
(n=2026), individuals with normal or mild CKD were
less likely to present with an initial rhythm of pulseless
electrical activity/asystole compared with those with
moderate and severe CKD (57.4% versus 68.7% and
69.2%, P<0.001). Moreover, they also demonstrated
a trend toward higher survival-to-hospital-discharge
proportion (14.8% versus 11.9% and 10.4%, P=0.06;
Table 3). After adjusting for demographic factors (age,
race and ethnicity, and sex), history of CAD and CHF,
whether the event was witnessed, bystander-provided
cardiopulmonary resuscitation, and the initial recorded
rhythm, moderate CKD appeared as an independent
predictor of lower survival to hospital discharge, with
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Table 1. Baseline Characteristics of SCA Cases and Controls Aged 40-75Years in the Discovery Cohort (ORSUDS) From

the Portland, Oregon, Metro Region

SCA cases (N=2068) Controls (N=852) P value

Age, y, mean+SD 61.4+8.5 62.7+8.0 <0.001
Male sex, n (%) 1446 (69.9) 574 (67.4) 0.18
Race and ethnicity, n (%) 0.02

White 1658 (81.0) 703 (83.6)

Hispanic 51 (2.5) 15 (1.8)

Asian 62 (3.0) 17 (2.0)

Black 225 (11.0) 99 (11.8)

Others* 50 (2.4) 7(0.8)

Missing' 22 11
eGFR, mean+SD, mL/min per 1.73m? 69.0+31.2 78.5+21.1 <0.001
Chronic kidney disease by CKD-EPI 2021, n (%) <0.001

Normal 618 (29.9) 272 (31.9)

Stage 2 764 (36.9) 433 (50.8)

Stage 3 367 (17.7) 125 (14.7)

Stage 4 129 (6.2) 1 (1.3

Stage 5 190 (9.2) 1 (1.3
Body mass index, mean+SD, kg/m? 32.7+10.9 30.5+7.0 <0.001
Chronic obstructive pulmonary disease, n (%) 500 (24.2) 77 (9.1) <0.001
Hypertension, n (%) 1565 (75.8) 600 (70.7) 0.004
Liver disease, n (%) 258 (12.5) 74 (8.7) 0.004
Diabetes, n (%) 956 (46.3) 259 (30.4) <0.001
Congestive heart failure, n (%) 757 (36.6) 108 (12.7) <0.001
History of coronary artery disease, n (%) 976 (47.2) 456 (53.5) 0.002
Atrial fibrillation, n (%) 457 (22.1) 114 (13.4) <0.001
Ventricular rate, beats/min, mean+SD 80.2+18.9 69.2+14.5 <0.001

Missing® 737 73
QRS duration, ms, mean+SD 103.19+24.6 98.1+21.2 <0.001

Missing? 737 73
Toeak~Tenar MS, Mean=SD 92.0+£26.5 89.9+19.2

Missing? 795 74 0.04
Corrected QT interval, ms, mean+SD 468.3+44.1 439.6+39.4 <0.001

Missing® 773 73

Tests for differences between continuous variables were evaluated using the independent samples t test, while categorical variables were analyzed using
Pearson’s x? test. A P value <0.05 was considered statistically significant. CKD-EPI indicates Chronic Kidney Disease Epidemiology Collaboration; eGFR,
estimated glomerular filtration rate; ORSUDS, Oregon Sudden Unexpected Death Study; and SCA, sudden cardiac arrest.

*Others included American Indian/Alaska Native, Native Hawaiian/Pacific Islander, and others.

For variables with missing values, proportions and P values were calculated with the nonmissing data used as the denominator.

an adjusted OR of 0.60 (95% ClI, 0.39-0.92; P=0.02;
Table S4). The model fit was satisfactory, with the
Hosmer-Lemeshow goodness-of-fit test yielding 2
(8)=11.85 (P=0.16) for initial rhythm (ventricular tachy-
cardia/ventricular fibrillation) prediction and x%(8)=8.36
(P=0.40) for survival prediction.

Validation Analysis

There were 817 SCA cases and 3249 controls from
the PRESTO study who met the inclusion criteria,
with mean ages of 63.2 and 62.1years, respectively.
As in ORSUDS, SCA cases in PRESTO had a higher
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prevalence of most comorbidities evaluated compared
with controls. Additionally, a greater proportion of
SCA cases had moderate CKD compared with con-
trols (22.6% versus 14.9%, P<0.001; Table S5).(Using
eGFR >60mL/min per 1.73m? as the reference group,
the crude ORs for SCA were 2.34 (95% Cl, 1.92-2.85)
for moderate CKD and 25.22 (95% ClI, 17.94-35.45)
for severe CKD, After adjusting for demographic vari-
ables and comorbidities the adjusted ORs were 1.54
(95% CI, 1.18-2.00) for moderate CKD and 9.41 (95%
Cl, 6.06-14.61) for severe CKD (Table 2). Moreover, a
decline in eGFR from 90mL/min per 1.73m? by each
1mL/min per 1.73m? and 10mL/min per 1.73m? was
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Figure 2. Estimated glomerular filtration rate of SCA cases and controls in discovery and validation cohorts.

In the discovery cohort, SCA cases had a lower median (€GFR) compared with their non-SCA control counterparts (74.7 [95% CI,
48.9-94.4] vs 80.9 [95% ClI, 66.9-94.1]; P<0.001). A similar finding was observed in the validation cohort, where SCA cases exhibited
significantly lower eGFR than controls (64.5 [95% CI, 33.0-90.3] vs 78.3 [95% CI, 65.9-90.7]; P<0.001). Differences were assessed
using the independent samples t test, with a P value of <0.05 being considered statistically significant. eGFR indicates estimated

glomerular filtration rate; and SCA, sudden cardiac arrest.

Table 2. Multivariable Adjusted Odds Ratios for sudden
Cardiac Arrest by CKD Severity and Other Comorbidities in
Discovery (ORSUDS) and Validation (PRESTO) Cohorts

In the multivariable logistic regression model, odds ratios were adjusted

for demographic variables (age, race and ethnicity, and sex) and relevant risk
factors and comorbidities associated with cardiac arrest and CKD. These
included body mass index, classified according to World Health Organization
standards with the normal class as the reference, along with medical histories
of diabetes, hypertension, chronic obstructive pulmonary disease, liver disease,
congestive heart failure, coronary artery disease, and atrial fibrillation. CKD,
chronic kidney disease; ORSUDS, Oregon Sudden Unexpected Death Study;
and PRESTO, Prediction of Sudden Death in Multi-Ethnic Communities.

J Am Heart Assoc. 2025;14:e042307. DOI: 10.1161/JAHA.125.042307

associated to an increased adjusted OR for SCA of
1.04 (95% ClI, 1.03-1.04) and 1.41 (95% Cl, 1.31-1.50),
respectively.

Among SCA cases, individuals with normal renal

ORSUDS PRESTO function or mild CKD were less likely to present with
CKD an initial rhythm of pulseless electrical activity/asystole
Normal or mild Reference Reference compared with those with moderate and severe CKD
Moderato 182 (1.02-1.71) 154 (118-2.00) (76.7% versus 78.9% and 84.4%, P=0.09). Additionally,
Sovere 547 (340879 | 041 6061461 SICA cases Wlth normal/mild CKD demongtrateo! a
: : higher proportion of return of spontaneous circulation
Chronic obstructive 3.01 (2.28-3.98) 3.01 (219-4.13) \ . \ .
oulmonary disease and survival to hospital discharge than their moplergte
Hypertension 108(0.88-133) | 173 (1.35-2.22) and severe CKD counterparts (Table 3). After gqlwstmg
Liver disease 104 077142 053 (039-0.72) for demographlc factors (age, race and ethnicity, and
S 47 (20180 203 211-5.28) sex), history of CAD, CHF, witnessed status, bystander-
— — performed cardiopulmonary resuscitation, and the ini-
Congestive heart failure 3.10 (2.39-4.02) 3.97 (2.82-5.59) tial rhythm recorded. moderate CKD appeared as an
Coronary artery disease 045(0.37-0.54) | 1.63 (1.28-2.06) independent predictor of failure to survive until hospital
Atrial fibrillation 1.22 (0.94-1.59) 1718 (10.44-28.26) discharge, with an adjusted OR of 3.19 (95% C|, 113-

9.09; P=0.03; Table S4).

DISCUSSION

We report that moderate CKD was independently as-
sociated with SCA in our discovery cohort (ORSUDS).
This association was confirmed in a sensitivity analysis
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Figure 3. Odds ratio for risk of SCA by eGFR (with 290 mL/min per 1.73m? as reference) in discovery, validation, and pooled
population.

The risk of SCA increases as the eGFR decreases in both the discovery and validation cohorts, as well as in the pooled population.
eGFR indicates estimated glomerular filtration rate; and SCA, sudden cardiac arrest.

Table 3. Resuscitation Characteristics of Sudden Cardiac Arrest Cases in Discovery (ORSUDS) and Validation (PRESTO)
Cohorts With Different Severity of CKD

Discovery cohort: ORSUDS Validation cohort: PRESTO
Normal/mild Moderate Severe CKD Normal/mild Moderate Severe CKD
CKD (n=1382) CKD (n=367) | (n=319) P value | CKD (n=446) CKD (n=185) (n=186) P value
Location, n (%) <0.001 <0.001
Home 866 (63.1) 237 (64.6) 170 (53.5) 358 (80.3) 148 (80.0) 128 (68.8)
Care facilities* 165 (12.0) 66 (18.0) 115 (36.2) 38 (8.5) 24 (13.0) 54 (29.0)
Public 301 (21.9) 54 (14.7) 28 (8.8) 46 (10.9) 12 (6.5) 4(2.2)
Other 40 (2.9 10 (2.7) 5(1.6) 4(0.9) 1(0.5) 0(0.0)
Missing? 10 0 1
Witnessed, n (%) 792 (57.8) 215 (58.9) 180 (56.6) 0.8 191 (42.9) 80 (43.2) 71(38.2) 0.5
Missing® 12 2 1
Bystander CPR, n (%) 617 (44.6) 141 (38.4) 148 (46.4) 0.06 240 (53.8) 93 (50.3) 100 (53.8) 0.7
Initial presenting <0.001 0.09
rhythm, n (%)
VF/VT 577 (42.6) 111 (30.8) 98 (31.3) 104 (23.3) 39 (21.1) 29 (15.6)
PEA/asystole 776 (57.4) 249 (69.2) 215 (68.7) 342 (76.7) 146 (78.9) 157 (84.4)
Missing® 29 7 6
Survival to hospital 204 (14.8) 38 (10.4) 38 (11.9) 0.06 40 (9.0) 5(2.7) 4(2.2) <0.001
discharge, n (%)
Missing? 1 1

Tests for differences between continuous variables were evaluated using the independent samples t test, while categorical variables were analyzed using
Pearson’s x? test. A P value <0.05 was considered statistically significant. A P value <0.05 was considered statistically significant. CKD indicates chronic kidney
disease; CPR, cardiopulmonary resuscitation; ORSUDS, Oregon Sudden Unexpected Death Study; PEA, pulseless electrical activity; PRESTO, Prediction of
Sudden Death in Multi-Ethnic Communities; SCA, sudden cardiac arrest; and VF/VT, ventricular fibrillation/ventricular tachycardia.

*Care facilities include nursing homes, outpatient clinics, and emergency department.

For variables with missing values, proportions and P values were calculated with the nonmissing data used as the denominator.

J Am Heart Assoc. 2025;14:e042307. DOI: 10.1161/JAHA.125.042307 8
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restricted to individuals with recently measured eGFR
(within 3months). Moreover, a reduced eGFR <90 mL/
min per 1.73m? appeared to have a dose-response
association with SCA. Among SCA cases, moder-
ate CKD was associated with a higher likelihood of
presenting with a nonshockable rhythm as the initial
cardiac rhythm and lower survival rates to hospital
discharge. These findings were validated in the geo-
graphically distinct PRESTO cohort.

Using 2 cohorts with distinct baseline character-
istics—a younger population with a high prevalence
of CAD and CHF in the discovery cohort (ORSUDS)
and an older but relatively healthier population in the
validation cohort (PRESTO)—we demonstrated that
moderate CKD is associated with an increased risk of
SCA in the general population. This observation aligns
with prior studies and underscores that the associa-
tion remains significant when eGFR is estimated using
either serum creatinine or cystatin C and across age
groups, from younger to older individuals.513-15.29
Notably, we found that even a modest decline in eGFR
from 90 mL/min per 1.73m? was associated with an
increased risk of SCA, ranging from 24% to 41% for
every 10mL/min per 1.73m? decrease. These findings
indicate a higher risk increase than previous reports,
which estimated a risk increase of 11% to 17% in pop-
ulations with CHF and CAD.%>® This discrepancy likely
reflects our study focus on the general population,
which typically has a lower baseline risk of SCA than
those with CHF or CAD. Consequently, the relatively
greater observed impact of moderate CKD on SCA
risk in our study is notable. Finally, our findings indi-
cate that moderate CKD presents a risk comparable
to well-known risk factors such as diabetes (hazard
ratio [HR], 2.60 [95% CI, 1.30-5.30]), hypertension
(relative risk, 2.10 [95% CI, 1.71-2.58]), chronic ob-
structive pulmonary disease (relative risk, 1.68 [95%
Cl, 1.28-2.21]), and congestive heart failure (HR, 2.13
[95% Cl, 1.53-2.98]).29-33 In addition to being an inde-
pendent risk factor for SCA, moderate CKD has been
shown to potentially increase the mortality rate when
combined with other risk factors such as diabetes,
hypertension, and hyperlipidemia.3* This highlights
the importance of paying close attention to moderate
CKD as a significant risk factor.

Moderate CKD can potentially contribute to SCA
through multiple mechanisms, including exaggerated
activity of the renin—angiotensin—aldosterone system
and the sympathetic nervous system, as well as in-
creased inflammation, fluid retention,*® and electro-
lyte imbalances.®® These factors collectively promote
left ventricular hypertrophy, remodeling, fibrosis, and
vasculopathy in both large (atherosclerosis) and small
vessels (arteriolosclerosis), resulting in ischemic heart
disease. These consequences not only lead to heart
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failure but also predispose to cardiac arrhythmias
through reentry pathways and conduction system
disruption.®6-3% Qur study demonstrated that individ-
uals with moderate CKD had higher proportion of co-
morbidities, including obesity, diabetes, hypertension,
chronic obstructive pulmonary disease, CAD, CHF, and
atrial fibrillation, compared with those with normal or
mild CKD. Recognizing that moderate CKD is an inde-
pendent risk factor for SCA, clinicians should consider
a comprehensive approach that includes the treatment
of comorbidities according to guidelines, lifestyle mod-
ifications, and the implementation of SCA prevention
strategies. Pharmacological interventions such as
blockers, renin—angiotensin—aldosterone system inhib-
itors, and calcium channel blockers should be carefully
considered and initiated even in patients with a modest
decline in renal function.3540:41

Additionally, regarding resuscitation characteris-
tics, among SCA cases, moderate CKD was associ-
ated with a higher proportion of initial nonshockable
rhythms. These findings are consistent with our pre-
vious, machine learning—based analysis of ventricular
fibrillation versus pulseless electrical activity.*?> Also,
these results align with previous studies on rhythm
monitoring in patients with CKD, particularly those
undergoing hemodialysis, which showed that brady-
cardia and asystole, rather than ventricular arrhyth-
mias, were the most common arrhythmias in these
individuals.*3-4®  Patients with moderate CKD are
prone to ventricular fibrosis, which alters intracardiac
conduction and is associated with conduction blocks.
Furthermore, they often have anemia, which limits cell
energy and makes the cardiac myocytes more vulner-
able to global myocardial energy depletion, contrib-
uting to nonshockable rhythms.*?46 Moreover, SCA
cases with moderate CKD had worse outcomes, with
lower survival rates to hospital discharge compared
with those with normal or mild CKD. This finding can
be explained by the higher proportion of nonshock-
able rhythms, which were associated with poorer out-
comes, and by the additional burden of CKD, which
involves electrolyte and fluid imbalances.

Finally, considering the high mortality rate associ-
ated with SCA, moderate CKD could be an important
factor in developing a risk prediction score for SCA in
the general population. By using eGFR instead of cat-
egorical classifications, incorporating moderate CKD
into risk stratification may enhance the accuracy of pre-
viously developed SCA risk scores.**® The dynamic
nature of eGFR could offer a more accurate reflection
of changes in SCA risk over time. Additionally, using a
race-free formula to calculate eGFR could further en-
hance the generalizability of the risk score across dif-
ferent racial groups.*® Additionally, raising awareness
among clinicians and patients about the significance
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of moderate kidney dysfunction could potentially en-
hance SCA prevention and outcomes.

Strengths and Limitations

Our study possesses several strengths worth noting.
First, it is a community-based study encompassing 2
distinct populations: the ORSUDS cohort in Oregon,
characterized by younger participants, a higher propor-
tion of White individuals, and a more prominent cardiac
disease burden; and the PRESTO cohort in Ventura
County, which included older participants, a higher
representation of Hispanic individuals, and lower car-
diac disease prevalence. Despite these demographic
and clinical differences, most of our findings were
consistent across cohorts. Additionally, compared
with other community-based studies, our work had a
broader age range and racial and ethnic diversity, en-
hancing the generalizability of our findings.”"* Second,
our study design integrated data from the EMS system
and a strict and systematic adjudication of SCA, pro-
viding a more comprehensive assessment and robust
evaluation of the burden of SCA among patients with
CKD in the community compared with prior studies re-
lying solely on International Classification of Diseases
(ICD) codes for SCA definition. Finally, our analyses in-
corporated adjustments for various confounders previ-
ously demonstrated to be associated with CKD and
SCA, strengthening the evidence for an independent
association between CKD and SCA.

However, certain limitations should be acknowl-
edged when interpreting our findings. First, the research
is based on 2 large community-based observational
studies. While we used multivariable regression models
to reduce confounding bias, some residual confounding
may persist. Second, the lack of alternative methods to
estimate renal function, such as eGFR calculated using
cystatin C or the urine albumin-to-creatinine ratio, limits
our ability to explore other perspectives of renal func-
tion and albuminuria in relation to SCA. Finally, given
the nature of out-of-hospital SCA, the initial rhythm data
could be influenced by delays in EMS response, po-
tentially underestimating the proportion of shockable
rhythms and limiting our ability to characterize the true
underlying rhythm at the time of arrest.

CONCLUSIONS

In conclusion, both moderate and severe CKD were
associated with a significantly increased risk of SCA
in the general population. Our findings underscore the
importance of further research to elucidate the role of
renal dysfunction in mechanisms of lethal arrhythmias
and to evaluate the potential role of moderate renal
dysfunction for improving SCA risk stratification.

J Am Heart Assoc. 2025;14:e042307. DOI: 10.1161/JAHA.125.042307

Kidney Dysfunction and Cardiac Arrest

ARTICLE INFORMATION
Received March 11, 2025; accepted July 1, 2025.

Affiliations

Center for Cardiac Arrest Prevention, Department of Cardiology, Smidt Heart
Institute, Cedars-Sinai Health System, Los Angeles, CA (T.T.T., A.U., H.C.,
K.R., S.S.C.); Nephrology Division, NYU Grossman School of Medicine,
New York, NY (D.M.C.); Ventura County Health Care Agency, Ventura, CA
(A.S.); andDepartment of Emergency Medicine, Oregon Health and Science
University, Portland, OR (J.J.).

Acknowledgments

The authors acknowledge the significant contribution of Portland, Oregon,
and Ventura, California, area residents; Global Medical Response; Portland/
Gresham fire departments; and local area hospital systems (Oregon Health
and Science University, Kaiser Permanente, Legacy Health and Providence
Health, Ventura Country Medical Center, Los Robles Regional Medical
Center, Community Memorial Hospital, Simi Valley Hospital, Dignity Health
Care).

Sources of Funding

Dr Chugh has received funding from National Institutes of Health and National
Heart, Lung, and Blood Institute grants ROTHL145675 and RO1HL147358 for
this work. Dr Chugh holds the Pauline and Harold Price Chair in Cardiac
Electrophysiology at Cedars-Sinai, Los Angeles.

Disclosures

All other authors have reported that they have no relationships to disclose
that are relevant to the contents of this paper.

Supplemental Material
Tables S1-S5
Figure S1

REFERENCES

1. Caravaca F, Chavez E, Alvarado R, Garcia-Pino G, Luna E. Sudden car-
diac death in non-dialysis chronic kidney disease patients. Nefrologia.
2016;36:404-409. doi: 10.1016/j.nefro.2016.05.001

2. Herzog CA, Mangrum JM, Passman R. Sudden cardiac death
and dialysis patients. Semin Dial. 2008;21:300-307. doi:
10.1111/j.1525-139X.2008.00455.x

3. Reinier K, Moon JY, Chugh HS, Sargsyan A, Nakamura K, Norby FL,
Uy-Evanado A, Talavera GA, Gallo LC, Daviglus ML, et al. Risk factors
for sudden cardiac arrest among Hispanic or Latino adults in Southern
California: Ventura PRESTO and HCHS/SOL. J Am Heart Assoc.
2023;12:e030062. doi: 10.1161/jaha.123.030062

4. KDIGO2024 clinicalpractice guidelineforthe evaluationand Management
of Chronic Kidney Disease. Kidney Int. 2024;105:S117-S314. doi:
10.1016/j.kint.2023.10.018

5. Goldenberg I, Moss AJ, McNitt S, Zareba W, Andrews ML, Hall WJ,
Greenberg H, Case RB. Relations among renal function, risk of sud-
den cardiac death, and benefit of the implanted cardiac defibrillator
in patients with ischemic left ventricular dysfunction. Am J Cardiol.
2006;98:485-490. doi: 10.1016/j.amjcard.2006.03.025

6. Pun PH, Smarz TR, Honeycutt EF, Shaw LK, Al-Khatib SM, Middleton
JP. Chronic kidney disease is associated with increased risk of sudden
cardiac death among patients with coronary artery disease. Kidney Int.
2009;76:652-658. doi: 10.1038/ki.2009.219

7. Suzuki T, Agarwal SK, Deo R, Sotoodehnia N, Grams ME, Selvin E,
Calkins H, Rosamond W, Tomaselli G, Coresh J, et al. Kidney function
and sudden cardiac death in the community: the atherosclerosis risk in
communities (ARIC) study. Am Heart J. 2016;180:46-53. doi: 10.1016/j.
ahj.2016.07.004

8. Deo R, Lin F, Vittinghoff E, Tseng ZH, Hulley SB, Shlipak MG. Kidney
dysfunction and sudden cardiac death among women with coro-
nary heart disease. Hypertension. 2008;51:1578-1582. doi: 10.1161/
hypertensionaha.107.103804

9. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF I, Feldman
HI, Kusek JW, Eggers P, Van Lente F, Greene T, et al. A new equation to

10


https://doi.org//10.1016/j.nefro.2016.05.001
https://doi.org//10.1111/j.1525-139X.2008.00455.x
https://doi.org//10.1161/jaha.123.030062
https://doi.org//10.1016/j.kint.2023.10.018
https://doi.org//10.1016/j.amjcard.2006.03.025
https://doi.org//10.1038/ki.2009.219
https://doi.org//10.1016/j.ahj.2016.07.004
https://doi.org//10.1016/j.ahj.2016.07.004
https://doi.org//10.1161/hypertensionaha.107.103804
https://doi.org//10.1161/hypertensionaha.107.103804

920z ‘0€ Afenuer uo Wod’ |rewioy®@Jzanb upoloyaquiny Ag Bio'sfeuinofeye//:diy wouy papeojumoq

Truyen et al

20.

21.

22,

23.

24,

25.

J Am Heart Assoc. 2025;14:e042307. DOI: 10.1161/JAHA.125.042307

estimate glomerular filtration rate. Ann Intern Med. 2009;150:604-612.
doi: 10.7326/0003-4819-150-9-200905050-00006

Inker LA, Eneanya ND, Coresh J, Tighiouart H, Wang D, Sang Y, Crews
DC, Doria A, Estrella MM, Froissart M, et al. New creatinine- and cys-
tatin C-based equations to estimate GFR without race. N Engl J Med.
2021;385:1737-1749. doi: 10.1056/NEJM0a2102953

Yap E, Prysyazhnyuk Y, Ouyang J, Puri |, Boutin-Foster C, Salifu M. The
implication of dropping race from the MDRD equation to estimate GFR
in an African American-only cohort. Int J Nephrol. 2021;2021:1880499.
doi: 10.1155/2021/1880499

Betzler BK, Sultana R, He F, Tham YC, Lim CC, Wang YX, Nangia V,
Tai ES, Rim TH, Bikbov MM, et al. Impact of chronic kidney disease ep-
idemiology collaboration (CKD-EPI) GFR estimating equations on CKD
prevalence and classification among Asians. Front Med (Lausanne).
2022;9:957437. doi: 10.3389/fmed.2022.957437

Deo R, Sotoodehnia N, Katz R, Sarnak MJ, Fried LF, Chonchol M,
Kestenbaum B, Psaty BM, Siscovick DS, Shlipak MG. Cystatin C
and sudden cardiac death risk in the elderly. Circ Cardiovasc Qual
Outcomes. 2010;3:159-164. doi: 10.1161/circoutcomes.109.875369
van der Burgh AC, Stricker BH, Rizopoulos D, lkram MA, Hoorn EJ,
Chaker L. Kidney function and the risk of sudden cardiac death in the
general population. Clin Kidney J. 2022;15:1524-1533. doi: 10.1093/ckj/
sfac049

Saxon LA, Bristow MR, Boehmer J, Krueger S, Kass DA, De Marco T,
Carson P, DiCarlo L, Feldman AM, Galle E, et al. Predictors of sudden car-
diac death and appropriate shock in the comparison of medical therapy,
pacing, and defibrillation in heart failure (COMPANION) trial. Circulation.
2006;114:2766-2772. doi: 10.1161/circulationaha.106.642892

Stecker EC, Vickers C, Waltz J, Socoteanu C, John BT, Mariani R,
McAnulty JH, Gunson K, Jui J, Chugh SS. Population-based analy-
sis of sudden cardiac death with and without left ventricular systolic
dysfunction: two-year findings from the Oregon sudden unexpected
death study. J Am Coll Cardiol. 2006;47:1161-1166. doi: 10.1016/j.
jacc.2005.11.045

Fishman GI, Chugh SS, Dimarco JP, Albert CM, Anderson ME, Bonow
RO, Buxton AE, Chen PS, Estes M, Jouven X, et al. Sudden cardiac
death prediction and prevention: report from a National Heart, Lung,
and Blood Institute and Heart Rhythm Society workshop. Circulation.
2010;122:2335-2348. doi: 10.1161/circulationaha.110.976092

Véhatalo J, Holmstrém L, Pakanen L, Kaikkonen K, Perkidmaki J,
Huikuri H, Junttila J. Temporal trends in the incidence and characteris-
tics of sudden cardiac death among subjects under 40years of age in
northern Finland during 1998-2017. Cardiology. 2022;147:328-331. doi:
10.1159/000522554

Couper K, Putt O, Field R, Poole K, Bradlow W, Clarke A, Perkins GD,
Royle P, Yeung J, Taylor-Phillips S. Incidence of sudden cardiac death
in the young: a systematic review. BMJ Open. 2020;10:e040815. doi:
10.1136/bmjopen-2020-040815

Holmstrom L, Chugh H, Uy-Evanado A, Jui J, Reinier K, Chugh SS.
Temporal trends in incidence and survival from sudden cardiac ar-
rest manifesting with shockable and nonshockable rhythms: a 16-
year prospective study in a large US Community. Ann Emerg Med.
20283;82:463-471. doi: 10.1016/j.annemergmed.2023.04.001

Empana J-P, Lerner |, Valentin E, Folke F, Bottiger B, Gislason G,
Jonsson M, Ringh M, Beganton F, Bougouin W, et al. Incidence of
sudden cardiac death in the European Union. J Am Coll Cardiol.
2022;79:1818-1827. doi: 10.1016/j.jacc.2022.02.041

Sung C-W, Chang H-C, Fan C-Y, Chen C-H, Huang EP-C, Chen L. Age,
sex, and pre-arrest comorbidities shape the risk trajectory of sudden
cardiac death—patterns highlighted by population data in Taiwan. Prev
Med. 2024;187:108102. doi: 10.1016/j.ypmed.2024.108102

O’Hare AM. The Management of Older Adults with a low eGFR: moving
toward an individualized approach. Am J Kidney Dis. 2009;53:925-927.
doi: 10.1053/j.ajkd.2009.02.013

Roderick PJ, Atkins RJ, Smeeth L, Mylne A, Nitsch DDM, Hubbard
RB, Bulpitt CJ, Fletcher AE. CKD and mortality risk in older people:
a community-based population study in the United Kingdom. Am J
Kidney Dis. 2009;53:950-960. doi: 10.1053/j.ajkd.2008.12.036

Reinier K, Dizon B, Chugh H, Bhanji Z, Seifer M, Sargsyan A, Uy-
Evanado A, Norby FL, Nakamura K, Hadduck K, et al. Warning
symptoms associated with imminent sudden cardiac arrest: a
population-based case-control study with external validation. Lancet
Digit Health. 2023;5:e763-e773. doi: 10.1016/s2589-7500(23)00147-4

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

.

42,

43.

Kidney Dysfunction and Cardiac Arrest

Sasson C, Rogers MAM, Dahl J, Kellermann AL. Predictors of survival
from out-of-hospital cardiac arrest. Circ Cardiovasc Qual Outcomes.
2010;3:63-81. doi: 10.1161/CIRCOUTCOMES.109.889576

Morrison LJ, Schmicker RH, Weisfeldt ML, Bigham BL, Berg RA,
Topjian AA, Abramson BL, Atkins DL, Egan D, Sopko G, et al. Effect of
gender on outcome of out of hospital cardiac arrest in the resuscitation
outcomes consortium. Resuscitation. 2016;100:76-81. doi: 10.1016/j.
resuscitation.2015.12.002

Obesity: preventing and managing the global epidemic. Report of a
WHO consultation. World Health Organ Tech Rep Ser. 2000;894:i-xii,
1-2583.

Svane J, Nielsen JL, Stampe NK, Feldt-Rasmussen B, Garcia R,
Risgaard B, Gislason GH, Winkel BG, Lynge TH, Tfelt-Hansen J.
Nationwide study of mortality and sudden cardiac death in young per-
sons diagnosed with chronic kidney disease. Europace. 2022;24:1599—
1607. doi: 10.1093/europace/euac032

Junttila MJ, Kiviniemi AM, Lepojérvi ES, Tulppo M, Piira O-P, Kentta T,
Perkiomaki JS, Ukkola OH, Myerburg RJ, Huikuri HV. Type 2 diabe-
tes and coronary artery disease: preserved ejection fraction and sud-
den cardiac death. Heart Rhythm. 2018;15:1450-1456. doi: 10.1016/j.
hrthm.2018.06.017

Pan H, Hibino M, Kobeissi E, Aune D. Blood pressure, hypertension and
the risk of sudden cardiac death: a systematic review and meta-analysis
of cohort studies. Eur J Epidemiol. 2020;35:443-454. doi: 10.1007/
510654-019-00593-4

Liu X, Chen Z, Li S, Xu S. Association of Chronic Obstructive
Pulmonary Disease with Arrhythmia Risks: a systematic review and
meta-analysis. Front Cardiovasc Med. 2021;8:732349. doi: 10.3389/
fcvm.2021.732349

Hall TS, von Lueder TG, Zannad F, Rossignol P, Duarte K, Chouihed
T, Dickstein K, Atar D, Agewall S, Girerd N. Relationship between left
ventricular ejection fraction and mortality after myocardial infarction
complicated by heart failure or left ventricular dysfunction. Int J Cardiol.
2018;272:260-266. doi: 10.1016/j.ijcard.2018.07.137

Arnold SV, Hunt PR, Chen H, Maclachlan S, Repetto E, Vora J,
Kosiborod M. Cardiovascular outcomes and mortality in type 2 diabe-
tes with associated cardio-renal-metabolic comorbidities. Diabetes.
2018;67:1582. doi: 10.2337/db18-1582-P

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky
J, Wittes J. The effect of spironolactone on morbidity and mortality in
patients with severe heart failure. N Engl J Med. 1999;341:709-717. doi:
10.1056/nejm199909023411001

Di Lullo L, Rivera R, Barbera V, Bellasi A, Cozzolino M, Russo D, De
Pascalis A, Banerjee D, Floccari F, Ronco C. Sudden cardiac death and
chronic kidney disease: from pathophysiology to treatment strategies.
Int J Cardiol. 2016;217:16-27. doi: 10.1016/j.iicard.2016.04.170

DiLullo L, Gorini A, Russo D, Santoboni A, Ronco C. Left ventricular hy-
pertrophy in chronic kidney disease patients: from pathophysiology to
treatment. Cardiorenal Med. 2015;5:254-266. doi: 10.1159/000435838
King BMN, Mintz S, Lin X, Morley GE, Schlamp F, Khodadadi-Jamayran
A, Fishman GlI. Chronic kidney disease induces proarrhythmic remod-
eling. Circ Arrhythm Electrophysiol. 2023;16:e011466. doi: 10.1161/
CIRCEP.122.011466

Shamseddin MK, Parfrey PS. Sudden cardiac death in chronic kidney
disease: epidemiology and prevention. Nat Rev Nephrol. 2011;7:145—
154. doi: 10.1038/nrneph.2010.191

Badve SV, Roberts MA, Hawley CM, Cass A, Garg AX, Krum H, Tonkin
A, Perkovic V. Effects of Beta-adrenergic antagonists in patients with
chronic kidney disease: a systematic review and meta-analysis. J Am
Coll Cardiol. 2011;58:1152-1161. doi: 10.1016/j.jacc.2011.04.041

Pun PH, Lehrich RW, Smith SR, Middleton JP. Predictors of survival
after cardiac arrest in outpatient hemodialysis clinics. Clin J Am Soc
Nephrol. 2007;2:491-500. doi: 10.2215/cjn.02360706

Holmstrom L, Bednarski B, Chugh H, Aziz H, Pham HN, Sargsyan
A, Uy-Evanado A, Dey D, Salvucci A, Jui J, et al. Artificial intelligence
model predicts sudden cardiac arrest manifesting with pulseless elec-
tric activity versus ventricular fibrillation. Circ Arrhythm Electrophysiol.
2024;17:e012338. doi: 10.1161/circep.123.012338

Roy-Chaudhury P, Tumlin JA, Koplan BA, Costea Al, Kher V, Williamson
D, Pokhariyal S, Charytan DM. Primary outcomes of the monitoring in
dialysis study indicate that clinically significant arrhythmias are com-
mon in hemodialysis patients and related to dialytic cycle. Kidney Int.
2018;93:941-951. doi: 10.1016/j.kint.2017.11.019

11


https://doi.org//10.7326/0003-4819-150-9-200905050-00006
https://doi.org//10.1056/NEJMoa2102953
https://doi.org//10.1155/2021/1880499
https://doi.org//10.3389/fmed.2022.957437
https://doi.org//10.1161/circoutcomes.109.875369
https://doi.org//10.1093/ckj/sfac049
https://doi.org//10.1093/ckj/sfac049
https://doi.org//10.1161/circulationaha.106.642892
https://doi.org//10.1016/j.jacc.2005.11.045
https://doi.org//10.1016/j.jacc.2005.11.045
https://doi.org//10.1161/circulationaha.110.976092
https://doi.org//10.1159/000522554
https://doi.org//10.1136/bmjopen-2020-040815
https://doi.org//10.1016/j.annemergmed.2023.04.001
https://doi.org//10.1016/j.jacc.2022.02.041
https://doi.org//10.1016/j.ypmed.2024.108102
https://doi.org//10.1053/j.ajkd.2009.02.013
https://doi.org//10.1053/j.ajkd.2008.12.036
https://doi.org//10.1016/s2589-7500(23)00147-4
https://doi.org//10.1161/CIRCOUTCOMES.109.889576
https://doi.org//10.1016/j.resuscitation.2015.12.002
https://doi.org//10.1016/j.resuscitation.2015.12.002
https://doi.org//10.1093/europace/euac032
https://doi.org//10.1016/j.hrthm.2018.06.017
https://doi.org//10.1016/j.hrthm.2018.06.017
https://doi.org//10.1007/s10654-019-00593-4
https://doi.org//10.1007/s10654-019-00593-4
https://doi.org//10.3389/fcvm.2021.732349
https://doi.org//10.3389/fcvm.2021.732349
https://doi.org//10.1016/j.ijcard.2018.07.137
https://doi.org//10.2337/db18-1582-P
https://doi.org//10.1056/nejm199909023411001
https://doi.org//10.1016/j.ijcard.2016.04.170
https://doi.org//10.1159/000435838
https://doi.org//10.1161/CIRCEP.122.011466
https://doi.org//10.1161/CIRCEP.122.011466
https://doi.org//10.1038/nrneph.2010.191
https://doi.org//10.1016/j.jacc.2011.04.041
https://doi.org//10.2215/cjn.02360706
https://doi.org//10.1161/circep.123.012338
https://doi.org//10.1016/j.kint.2017.11.019

920z ‘0€ Afenuer uo Wod’ |rewioy®@Jzanb upoloyaquiny Ag Bio'sfeuinofeye//:diy wouy papeojumoq

Truyen et al

44,

45.

46.

J Am Heart Assoc. 2025;14:e042307. DOI: 10.1161/JAHA.125.042307

Roberts PR, Stromberg K, Johnson LC, Wiles BM, Mavrakanas TA,
Charytan DM. A systematic review of the incidence of arrhythmias in
hemodialysis patients undergoing long-term monitoring with implant-
able loop recorders. Kidney Int Rep. 2021,6:56-65. doi: 10.1016/].
ekir.2020.10.020

Truyen TT TT, Uy-Evanado A, Holmstrom L, Reinier K, Chugh H, Jui J,
Herzog CA, Chugh SS. Sudden cardiac arrest associated with hemo-
dialysis: a community-based study. Kidney360. 2025; 6: 805-813. doi:
10.34067/kid.0000000705

Neumar RW, Browns CG, Robitaille P-ML, Altschul RA. Myocardial high
energy phosphate metabolism during ventricular fibrillation with total
circulatory arrest. Resuscitation. 1990;19:199-226. doi: 10.1016/0300-
9572(90)90103-L

47.

48.

49.

Kidney Dysfunction and Cardiac Arrest

Chugh SS, Reinier K, Uy-Evanado A, Chugh HS, Elashoff D, Young
C, Salvucci A, Jui J. Prediction of sudden cardiac death manifesting
with documented ventricular fibrillation or pulseless ventricular tachy-
cardia. JACC Clin Electrophysiol. 2022;8:411-423. doi: 10.1016/j.
jacep.2022.02.004

Bogle BM, Ning H, Goldberger JJ, Mehrotra S, Lloyd-Jones DM. A sim-
ple community-based risk-prediction score for sudden cardiac death.
Am J Med. 2018;131:532-539.e535. doi: 10.1016/j.amjmed.2017.12.002
Deo R, Norby FL, Katz R, Sotoodehnia N, Adabag S, DeFilippi CR,
Kestenbaum B, Chen LY, Heckbert SR, Folsom AR, et al. Development
and validation of a sudden cardiac death prediction model for the
general population. Circulation. 2016;134:806-816. doi: 10.1161/
circulationaha.116.023042

12


https://doi.org//10.1016/j.ekir.2020.10.020
https://doi.org//10.1016/j.ekir.2020.10.020
https://doi.org//10.34067/kid.0000000705
https://doi.org//10.1016/0300-9572(90)90103-L
https://doi.org//10.1016/0300-9572(90)90103-L
https://doi.org//10.1016/j.jacep.2022.02.004
https://doi.org//10.1016/j.jacep.2022.02.004
https://doi.org//10.1016/j.amjmed.2017.12.002
https://doi.org//10.1161/circulationaha.116.023042
https://doi.org//10.1161/circulationaha.116.023042

	Moderate Kidney Dysfunction Independently Increases Sudden Cardiac Arrest Risk: A Community-Based Study
	METHODS
	Data Availability
	Study Population
	Study Design for Discovery Cohort
	External Validation Cohort Selection
	Statistical Analysis

	RESULTS
	Study Overview and Baseline Characteristics of Individuals With SCA in the Discovery Cohort
	Association of Moderate CKD and SCA in the General Population
	Subgroup Analysis
	Validation Analysis

	DISCUSSION
	Strengths and Limitations

	CONCLUSIONS
	Acknowledgments
	Sources of Funding
	Disclosures
	References


