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Abstract

Background: Both atrial cardiopathy and impaired renal function are independently associated with
increased mortality, but their interrelationship and combined impact remain uncertain. Methods: We
analyzed 6,573 participants from NHANES-III (mean age 57 years; 50.5% women; 74.6% White) with
available electrocardiograms (ECGs). Estimated glomerular filtration rate (eGFR) was calculated
using the CKD-EPI equation. Atrial cardiopathy was defined by any of the following ECG markers:
abnormal P-wave axis (<0° or >75°), deep terminal negativity in lead V1 (>100 pV), or prolonged P-
wave duration in lead II (>120 ms). Participants with eGFR <15 mL/min/1.73 m? or major ECG
abnormalities were excluded. Logistic regression assessed the association between impaired renal
function (eGFR <45 vs. 245 mL/min/1.73 m?) and atrial cardiopathy. Cox models evaluated
independent and joint associations of impaired renal function and atrial cardiopathy with all-cause
mortality. Results: About 47.9% (n=3,151) had atrial cardiopathy at baseline, of whom 161(4.7%) had
impaired renal function. Impaired renal function was associated with higher odds of atrial
cardiopathy (OR 1.44; 95% CI 1.16-1.78). Over a median follow-up of 18.1 years, 3,076 deaths
occurred. Compared with participants without either condition, those with both had the highest
mortality risk (HR 1.68; 95% CI 1.46-1.94), exceeding risks from atrial cardiopathy alone (HR 1.10;
95% CI 1.02-1.18) or impaired renal function alone (HR 1.42; 95% CI 1.18-1.70; p=0.011 for
interaction). Conclusions: Impaired renal function is associated with a greater prevalence of atrial
cardiopathy. Their coexistence exerts a synergistic effect, substantially amplifying mortality risk
beyond either condition alone.

Keywords: atrial cardiopathy; renal impairment; P-wave axis; deep terminal negativity in V1;
prolonged P-wave duration; NAHNES-III

1. Introduction

Atrial cardiopathy is an emerging concept entailing any atrial structural, contractile,
electrophysiological or functional changes predisposing to adverse outcomes, including stroke, heart
failure, and mortality, even in the absence of clinical arrythmia such as atrial fibrillation (AF).12 With
the absence of therapeutic modalities directed towards atrial cardiopathy, identifying conditions that
contribute to its development and modify its associations with outcomes is crucial.

Consistent evidence indicates that renal impairment contributes to augmented long-term CVD
risk, with cardiovascular mortality remains the principal cause of death in this population.>¢Beyond
its established links to coronary heart disease and heart failure, reduced kidney function may
predispose to atrial remodeling and AF.7 This is plausible as kidney disease , even at early stages
can lead to activation of neurohormonal systems, volume overload, oxidative stress, and systemic
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inflammation, which can promote atrial enlargement, scarring, and electrical abnormalities.0-12
Despite this, less is known about whether reduced renal function predisposes to atrial cardiopathy
and whether their co-occurrence amplifies the risk of mortality in the general population.

We hypothesize that reduced eGFR is associated with increased risk of atrial cardiopathy, and
that both conditions, whether independent or coexistent, increase the risk of mortality in the general
population. Therefore, we investigated the associations of reduced eGFR with risk of atrial
cardiopathy, as well as their independent and combined impact on all-cause mortality, using data
from the United States Third National Health and Nutrition Examination Survey (NHANES III).

2. Methods and Materials

The National Health and Nutrition Examination Survey (NHANES) is an ongoing, nationally
representative survey conducted by the National Center for Health Statistics (NCHS) under the
Centers for Disease Control and Prevention (CDC) to assess health and disease patterns among the
non-institutionalized U.S. population. NHANES-III was conducted between 1988 and 1994 with
approval from the NCHS Research Ethics Review Board, and all participants provided written
informed consent. Detailed descriptions of the study design and methodology have been published
previously.!! By study design, only NHANES-III participants aged >40 years underwent
electrocardiogram (ECG) recording. For the present analysis, we excluded individuals with missing
ECG data, non-sinus rhythm, or estimated glomerular filtration rate (eGFR) <15 mL/min/1.73 m2.

Sociodemographic information (age, sex, race/ethnicity, smoking status, education, family
income, and medication use) was obtained through structured in-home interviews. Physical activity
was assessed based on frequency and type of leisure-time activities. Height and weight were
measured at mobile examination centers and used to calculate body mass index (BMI; kg/m?). Blood
pressure was measured up to three times in the seated position and mean systolic and diastolic values
were recorded. Diabetes mellitus was defined as fasting plasma glucose 2126 mg/dL or use of glucose-
lowering medication. Laboratory assays conducted by NCHS included fasting glucose, total
cholesterol, and serum creatinine, among other metabolic measures.

Blood samples were collected by venipuncture during home visits or at mobile examination
centers. Renal function was assessed using eGFR, calculated from serum creatinine with the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. Participants were stratified into
two categories: eGFR 245 mL/min/1.73 m? and eGFR <45 mL/min/1.73 m?2.

Atrial cardiopathy was defined by the presence of at least one of the following abnormalities on
resting 12-lead ECGs: abnormal P-wave axis (outside 0-75°), deep terminal negativity in V1 (<100
uV), or prolonged P-wave duration in lead II (>120 ms). ECGs were recorded using a Marquette MAC
12 electrocardiograph (Marquette Medical Systems, Milwaukee, WI) during mobile examination
center assessments.'2?® Digital ECG signals were transmitted to the Epidemiological Cardiology
Research Center (EPICARE) at Wake Forest University School of Medicine (Winston-Salem, NC) for
central processing. All ECGs were visually inspected by trained technicians and then automatically
analyzed using the GE 12-SL program (Marquette Medical Systems, Milwaukee, WI).

All-cause mortality was determined through linkage with the National Death Index, with
follow-up through December 31, 2015.

Statistical analysis:

We compared participant characteristics by presence of atrial cardiopathy using Chi-square tests
for categorical variables and Student’s t-tests for continuous variables. Categorical variables are
presented as counts and percentages, and continuous variables as mean + standard deviation (SD).

Multivariable logistic regression was used to examine the cross-sectional association between
eGFR and atrial cardiopathy. eGFR was modeled both categorically (45 vs. <45 mL/min/1.73 m?) and
continuously (per 1-SD decrease). Two models were constructed: Model 1 adjusted for age, sex,
race/ethnicity, education, and income; Model 2 included Model 1 covariates plus prior cardiovascular
disease, smoking status, diabetes, total cholesterol, lipid-lowering medication use, body mass index,
systolic blood pressure, and antihypertensive medication use.
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Mortality incidence rates were calculated per 1,000 person-years, stratified by eGFR level and
atrial cardiopathy status. Multivariable Cox proportional hazards models were used to evaluate
associations of impaired renal function (eGFR <45 vs. 245 mL/min/1.73 m?), atrial cardiopathy
(present vs. absent), and their combined presence with all-cause mortality. Covariate adjustments
followed the same sequence as in logistic regression (Model 1 and Model 2). The interaction between
eGFR and atrial cardiopathy was tested in Model 2.

All analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC). Statistical
significance was defined as a two-sided p <0.05.

3. Results

This analysis included 6,573 participants (mean age 57.0 + 13.0 years; 50.5% women; 74.6%
White). At baseline, 47.9% (n=3,151) had atrial cardiopathy. Compared with those without atrial
cardiopathy, affected participants were older and more likely to have diabetes and a history of
cardiovascular disease. They also exhibited higher systolic blood pressure, greater body mass index,
lower mean eGFR, and a higher proportion with eGFR <45 mL/min/1.73 m? (Table 1).

Table 1. Baseline Characteristics of the Study Participants.

Characteristics [Mean + Standard deviation Atrial Cardiopathy- Absent Atrial Cardiopathy-Present (n=

or N (%)] (n= 3422) 3151) p-Value
Age (years) 58.2+13.1 61.7 +13.5 <0.001
Women 1867 (54.6%) 1451 (46.1%) <0.001
Race/Ethnicity

White 1782 (52.1%) 1632 (51.8%) <0.001

Black 661 (19.3%) 785 (24.9%)

Mexican American 822 (24.0%) 643 (20.4%)

Others 157 (4.6%) 91 (2.9%)
Smoking Status

Ever Smoked 1894 (55.4%) 1806 (57.3%) 0.108

Never Smoked 1528 (44.7%) 1345 (42.7%)
Body Mass Index (kg/m2) 27.3+5.3 28.1+5.6 <0.001
Systolic Blood Pressure (mm Hg) 131.4 +26.4 135.9 +30.8 <0.001
Diastolic Blood Pressure (mm Hg) 76.7 +26.0 77.5+272 0.241
Prior CVD* 258 (7.5%) 392 (12.4%) <0.001
Use of BP Medications 674 (19.7%) 902 (28.6%) <0.001
Diabetes Mellitus 488 (14.3%) 539 (17.1%) 0.002
Use of lipid lowering 160 (4.7%) 160(5.1%) 0.449
Total Cholesterol(mg/dl) 225.5+154.9 223.1+453 0.382
eGFR (mean) 71.0+15.6 67.4+66.8 <0.001
eGFR <45 mL/min/1.73 m?2 (%) 161(4.7%) 294(9.3%) <0.001

eGFR: estimated glomerular filtration rate. CVD: cardiovascular disease. BP: Blood pressure. * A composite of
history of prior stroke, HF, and CHD.

In logistic regression models adjusted for sociodemographic and cardiovascular risk factors,
reduced eGFR (<45 mL/min/1.73 m?) was associated with significantly 44% higher odds of atrial
cardiopathy compared with eGFR >45 mL/min/1.73 m2. When modeled as a continuous variable, each
1-SD decrease in eGFR was similarly associated with increased odds of atrial cardiopathy (OR: 1.08;
95% CI: 1.01-1.15) (Table 2).

Table 2. Association of eGFR levels with Atrial Cardiopathy .

eGFR Level Atrial Cardiopathy N (%) Model 1 Model 2
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Present Absent OR (95% CI) p-Value OR (95% CI)  p-Value
eGFR >45 mL/min/1.73 m? 2857(90.7%) 3261 (95.3%) Reference -- Reference --
eGFR <45 mL/min/1.73 m2 294 (9.3%) 161 (4.7%) 1.53 (1.24-1.89) <0.001 1.44(1.16-1.78)  <0.001
eGFR per 1-SD decrease* - 1.11 (1.04-1.19) 0.004 1.08 (1.01-1.15) 0.019

eGFR: estimated glomerular filtration rate. OR: odds ratio. CI: confidence interval. Model 1 adjusted for age, sex,
race (Whites vs. non-whites), education (less than high school vs. other) and income ($20k per year). Model 2
adjusted for model 1 plus smoking status (ever smoked vs. never), history of diabetes, total cholesterol, use of
lipid lowering, smoking, prior CVD, body mass index, systolic blood pressure, and use of BP medication. *eGFR
SD=16.2 mL/min/1.73 m*

Over a median follow-up of 18.1 years, 3,076 deaths occurred. In Cox proportional hazards
models adjusted for sociodemographic and cardiovascular risk factors, both atrial cardiopathy and
reduced renal function were associated with higher odds of mortality (HR: 1.12; 95% CI: 1.04-1.20)
vs. (HR:1.50, ; 95% CI: 1.34-1.68), respectively. In a dose response fashion, each 1-SD decrease in eGFR
was associated an incremental 10% increased risk of mortality (Tables 3 and 4).

Table 3. Association Between Atrial Cardiopathy and All-Cause Mortality.

Outcome Participants Model 1 Model 2

N (%) HR (95% CI) p-Value HR (95% CI) p-Value
Atrial Cardiopathy- Absent 3422 (52.1) Reference - Reference -
Atrial Cardiopathy- Present 1669 (47.9) 1.14 (1.06-1.22) <0.001 1.12 (1.04-1.20)  0.003

eGFR: estimated glomerular filtration rate. HR: hazard ratio. CI: confidence interval. Model 1: Age, sex, race,
education and income. Model 2: Model 1 plus prior cardiovascular disease, smoking status, history of diabetes,
total cholesterol, use of lipid lowering, smoking, body mass index, systolic blood pressure, and use of blood

lowering medication.

Table 4. Association Between eGFR and All-Cause Mortality.

eGFR Level All-cause mortality n (%) Model 1 Model 2
Present Absent OR (95% CI) p-Value OR(95%CI) p-Value
eGFR 245 mL/min/1.73 m? 2668 (43.6%) N (%) Reference -- Reference --
eGFR <45 mL/min/1.73 m2 408(89.7%) N (%) 1.57 (1.41-1.76) <0.001  1.50(1.34-1.68) <0.001
eGFR per 1-SD decrease* -- 1.10 (1.05-1.15) <0.001 1.10(1.05-1.15) <0.001

eGFR: estimated glomerular filtration rate. OR: odds ratio. CI: confidence interval. Model 1 adjusted for age, sex,
race (Whites vs. non-whites), education (less than high school vs. other) and income (< vs. > $20k per year).
Model 2 adjusted for model 1 plus CVD, smoking status (ever smoked vs. never), diagnosis of diabetes, total
cholesterol, use of lipid lowering, smoking, prior CVD, body mass index, systolic blood pressure, and use of BP
medication. * eGFR SD=16.2 mL/min/1.73 m*

Injoint analyses, mortality risk increased stepwise across combinations of atrial cardiopathy and
eGFR categories. As illustrated in Figure 1, the highest mortality rate was observed among
participants with both atrial cardiopathy and eGFR <45 mL/min/1.73 m?, while the lowest rate was
observed in those without atrial cardiopathy and with eGFR 245 mL/min/1.73 m?2. In multivariable
Cox models, coexistence of both conditions conferred the greatest risk (HR: 1.68; 95% CI: 1.46-1.94),
exceeding the risk associated with atrial cardiopathy alone or impaired renal function defined as
lower eGFR <45 mL/min/1.73 m? alone (interaction p=0.011) (Table 5).
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Figure 1. All-Cause Mortality Incidence Stratified by eGFR Levels and Atrial Cardiopathy Status.
Table 5. Association of combinations of eGFR levels and Atrial Cardiopathy Status with mortality.
Participants Model 1 Model 2
Atrial Cardiopath d eGER level
ral-arciopaty and €LER €VEIS  (n)/Events (%)  HR (95%CI)  p-Value HR (95%CI) p-Value
Atrial cardiopathy Absent + eGFR 245 3261/1267 Reference Reference
mL/min/1.73 m? (38.9%)
Atrial cardiopathy Absent + eGFR <45 2857/1401
1.12 (1.04-1.21 0.003 1.10(1.02-1.18) 0.019
mL/min/1.73 m? (49.0%) ( ) ( )

Atrial cardiopathy present + eGFR >45
mL/min/1.73 m?
Atrial cardiopathy present + eGFR <45
mL/min/1.73 m?
eGFR= estimated glomerular filtration rate. HR: hazard ratio. CI: confidence interval. Model 1 adjusted for age,

sex, race/ethnicity, education and income. Model 2 adjusted for model 1 plus diabetes, total cholesterol, use of

161/140 (87.0%)  1.55 (1.30-1.86) <0.001 1.42 (1.18-1.70) <0.001

294/268 (91.2%) 1.75(1.52-2.01)  <0.001 1.68 (1.46-1.94) <0.001

lipid lowering medications, smoking status, history of prior cardiovascular disease, body mass index, systolic
blood pressure, and use of blood pressure medications. Interaction p-value for eGFR*atrial cardiopathy
Calculated using model 2 covariates. = 0.011.

4. Discussion

With increasing prevalence, mortality, and morbidity of both cardiovascular and renal diseases
worldwide, examining their interrelationship as well as identifying modifying factors associated with
worse prognosis is crucial. In this racially and ethnically representative sample, our study revealed
that reduced kidney function (eGFR <45 mL/min/1.73 m?) is associated with increased risk of atrial
cardiopathy. In longitudinal analysis, both reduced eGFR and atrial cardiopathy were independently
associated with increased risk of all-cause mortality. Importantly, when both conditions coexisted,
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the risk of mortality was highest. This observation reflects the overlapping and synergistic
mechanisms that accelerate progression toward adverse outcomes.

Over recent years, research has increasingly clarified the interrelationship between kidney
disease and atrial remodeling, linking renal dysfunction to atrial arrhythmias, particularly AF.1415 In
our analysis, reduced eGFR was associated with a 44% higher risk of atrial cardiopathy, underscoring
the adverse impact of impaired renal function on atrial structure and electrophysiology. These
findings are consistent with and extend previous reports linking renal dysfunction to atrial
pathology.

For an instance, in the MESA study, participants with both electrocardiographic left atrial
abnormality and albuminuria had a 2.43-fold higher risk of developing AF compared with those
without either condition.!* A large systematic review and meta-analysis by Ha et al., including over
28 million participants, further confirmed that eGFR <60 mL/min/1.73 m? and albuminuria were
associated with 43% and 64% higher risks of incident AF, respectively, reinforcing the link between
renal impairment and atrial electrical abnormalities.!® Interestingly, Gong et al. also demonstrated a
possible bidirectional relationship in diabetic populations, showing that left atrial volume index and
strain parameters were independently associated with renal impairment, with progressive atrial
dysfunction as kidney disease advanced.’” Collectively, these findings suggest that kidney
dysfunction and atrial remodeling are interrelated processes that may amplify each other’s adverse
effects.

Although some of these studies evaluated AF as the primary outcome, the observed associations
likely reflect a shared atrial disease substrate characterized by fibrosis, conduction delay, and
mechanical dysfunction. Our findings extend this evidence by demonstrating that reduced eGFR is
associated with atrial cardiopathy which is an intermediate phenotype of atrial disease representing
a mechanistic pathway linking renal dysfunction to increased all-cause mortality.

The association between low eGFR and atrial cardiopathy reflects a combination of structural,
electrical, and metabolic stress on the atria. Reduced kidney function promotes chronic activation of
the renin-angiotensin-aldosterone and sympathetic nervous systems, leading to systemic
inflammation, which in turn trigger oxidative stress, and fluid overload. These processes increase
atrial wall tension, trigger fibroblast activation, and cause extracellular matrix deposition, resulting
in atrial fibrosis and impaired conduction.’® Alongside this, the electrolyte imbalances associated
with low eGFR including elevated serum levels of potassium and phosphorus play a role as well as
it disrupts ion channel function, prolong atrial depolarization, and alter P-wave morphology.!® Over
time, these changes create a vulnerable atrial substrate prone to abnormal conduction and mechanical
dysfunction, even before the onset of atrial fibrillation.!>-2!

From a prognostic standpoint, our findings demonstrated that both atrial cardiopathy and
reduced kidney function are independently associated with increased mortality risk, with the greatest
risk observed when both conditions coexist. This pattern supports the hypothesis that structural and
electrical atrial abnormalities in atrial cardiopathy may amplify the systemic consequences of renal
dysfunction, while declining kidney health may worsen atrial remodeling, together driving patients
into a higher-risk trajectory.

The mortality risk associated with kidney disease is largely attributed to enhanced
cardiovascular risk, even beyond progression to end-stage renal failure in many cohorts.>6222¢ The
mechanisms include a proinflammatory state, oxidative stress, endothelial dysfunction, and
activation of maladaptive neurohormonal systems, which together accelerate vascular aging,
atherosclerosis, vascular calcification, and myocardial fibrosis.’$212526 Impaired excretory function
leads to accumulation of uremic toxins, volume overload, disturbances in mineral metabolism, and
electrolyte derangements, all of which further stress the cardiovascular system.”® These pathologies
can impair myocardial structure, promote left ventricular hypertrophy, and predispose to
arrhythmias and sudden cardiac death.?>? In addition, the microvascular ischemia and endothelial
injury inherent to kidney disease may likewise contribute to atrial ischemia and fibrosis, setting the
stage for atrial cardiopathy.?*

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Meanwhile, atrial cardiopathy confers mortality risk through mechanisms linked to thrombosis,
arrhythmia, and heart failure.?52¢ Structural and electrical remodeling of the atria including fibrosis
and conduction heterogeneity promotes blood stasis, which increases the likelihood of clot formation
and systemic embolism.? In addition, the effect of atrial cardiopathy on atrial structural and
functional status can lead to atrial contractile dysfunction, thereby reducing cardiac output and
promoting heart failure decompensation.?> Several cohort studies have shown that markers of atrial
dysfunction as evident by abnormal P-wave indices or reduced atrial strain predict all-cause
mortality and ischemic events independent of overt AF.?”

The observed synergy between reduced eGFR and atrial cardiopathy may reflect the intersection
of these shared and distinct pathways. Systemic inflammation, oxidative stress, neurohormonal
activation, endothelial injury, and fibrotic remodeling act as common mediators.8-2125.26 Kidney
disease may potentiate atrial injury via volume overload, hypertension, metabolic derangements, and
microvascular ischemia, while atrial pathology may worsen renal hemodynamics, elevate upstream
pressures, compromise cardiac-renal coupling, and amplify neurohormonal stress.’82! The cycle may
intensify over time, accelerating progression toward decompensated heart failure, arrhythmic events,
and multiorgan dysfunction, thereby elevating mortality beyond what either condition would
produce in isolation.

These results highlight the need for closer clinical attention to atrial cardiopathy markers in
patients with reduced kidney function, as their coexistence may identify a subgroup at particularly
high risk. Understanding this overlap may help guide risk categorization and early intervention
strategies, particularly in community-based settings where comorbidities may otherwise remain
undetected. Clinically, our findings emphasize the importance of incorporating simple ECG markers
into risk stratification for patients with impaired renal function. Identification of atrial cardiopathy
in this population could inform targeted early interventions, closer cardiovascular monitoring, and
refinement of existing prognostic tools to improve outcome prediction and patient management.

Limitations:

Several limitations should be acknowledged. First, we adjusted many sociodemographic and
cardiovascular risk factors, but some residual confounding from unmeasured variables such as
inflammatory markers, medication adherence, or other socioeconomic determinants. Second, we
used ECG markers for detecting the atrial cardiopathy, which, despite being reproducible and widely
available, may not fully detect the structural and functional atrial remodeling that could be assessed
with imaging or biomarker data. Finally, our findings are based on U.S. adults from NHANES-II], it
might be not enough for generalizability or applicable for non-U.S. populations.

5. Conclusions

In this nationally representative cohort of middle-aged and older U.S. adults, impaired renal
function and electrocardiographic atrial cardiopathy were each independently associated with
increased all-cause mortality, and their coexistence conferred a synergistically elevated risk. These
findings underscore the value of simple ECG markers for identifying high-risk individuals with
chronic kidney disease in community settings. Incorporating atrial cardiopathy assessment into
routine care for patients with reduced eGFR may enhance risk stratification and guide early
preventive interventions. Future research should evaluate whether targeted therapies addressing
atrial remodeling in patients with kidney disease can mitigate this amplified mortality risk.
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