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BACKGROUND: Glomerular hyperfiltration (GHF) is paradoxically associated with increased cardiovascular events in healthy in-
dividuals, but the pathogenesis remains unclear. We aim to investigate whether GHF is associated with mortality and whether
decreased heart rate variability (HRV) is associated with GHF.

METHODS AND RESULTS: We retrospectively analyzed 1615 participants (aged 66.1+17.3 years, 61.9% men) without prior car-
diovascular events. The glomerular filtration rate was estimated using the Chronic Kidney Disease Epidemiology Collaboration
equation. GHF was defined as glomerular filtration rate >the 95th percentile after stratification for age and sex, whereas normal
filtration was defined as the 25th to 75th percentiles. HRV indexes, including time domain, frequency domain, and sample
entropy, were measured using 24-hour ambulatory electrocardiography. Clinical outcomes were defined as all-cause mortal-
ity at 2 years. During a mean follow-up of 16.5+8.2 months, there were 117 deaths (7.2%). GHF was associated with a higher
risk of death (hazard ratio and 95% Cls, 1.97 [1.15-3.37]). Reduced HRV indexes, including time domain, frequency domain,
and sample entropy (odds ratio and 95% Cls, 0.79 [0.70-0.89]) were all independently associated with the presence of GHF
after accounting for age, sex, mean heart rate, morbidities, and medications. In subgroup analysis, reduced HRV was more
predictive of GHF in the young than the elderly. Mediation analysis revealed a significant mediation effect between HRV and
GHF in addition to their respective detrimental effects on survival.

CONCLUSIONS: Reduced HRV was independently associated with the presence of GHF. Autonomic dysfunction may be in-
volved in the pathogenesis of adverse outcomes of GHF in individuals without prior cardiovascular events.
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factor for cardiovascular events (CVEs) and mor-

tality, and the hazard increases sharply in patients
with chronic kidney disease, defined as an estimated
glomerular filtration rate (€GFR) of <60 mL/min per
1.73 m2.! Recently, it has been proposed that individu-
als with abnormally elevated eGFR, or glomerular hy-
perfiltration (GHF), are associated with adverse clinical
outcomes.?2 In a multiethnic population consisting pre-
dominantly of patients who were hypertensive, Reboldi
et al reported a U-shaped relationship between eGFR

Impaired renal function is a well-recognized risk

and adverse events, suggesting that GHF is an inde-
pendent predictor of CVEs.* Dupuis et al also found
that GHF was correlated with a higher risk of CVEs
in patients who had chronic kidney disease stage 3a
(eGFR 45-60 mL/min per 1.73 m?) in a cohort of 9515
healthy participants.® Despite the fact that GHF may
represent altered renal hemodynamics resulting from
unfavorable neurohormonal activation,®’ the patho-
genesis of the poor outcomes remains unclear.
Impaired cardiac autonomic function, which is preva-
lent in patients with chronic kidney disease,®® has been
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CLINICAL PERSPECTIVE
What Is New?

Glomerular hyperfiltration (GHF) is paradoxically
an established predictor of mortality in patients
without prior cardiovascular events.

e Reduced heart rate variability, assessed by 24-
hour ambulatory electrocardiography, is sig-
nificantly associated with the presence of GHF,
especially in younger patients.

e There is a significant mediation effect between
heart rate variability and GHF, suggesting a
reinforcement mechanism contributing  to-
ward the detrimental consequences on clinical
outcomes.

What Are the Clinical Implications?

e Heart rate variability, a surrogate of cardiac au-
tonomic activity that is easily accessible in clini-
cal practice, can be reflective of the unfavorable
neurohormonal milieu underlying GHF.

e This study unveils the pathogenesis of GHF and
sparks future research to identify early, nonin-
vasive markers for mortality and to evaluate
the mechanisms linking the renin-angiotensin-
aldosterone  system  with  hyperfiltration-
associated cardiovascular risk.

Nonstandard Abbreviations and Acronyms

CVE cardiovascular event

GHF glomerular hyperfiltration

HF high-frequency power

HRV heart rate variability

LF low-frequency power

PNN20 percent of the interbeat intervals
differing from neighboring intervals by
>20 ms

RAS renin-angiotensin-aldosterone system

SDANN SD of the 5-minute average normal
interbeat intervals

SDNN SD of the normal interbeat intervals
VLF very-low-frequency power

associated with a poor prognosis.’® Previous studies
have described the association between adrenergic tone
and the maladaptive activation of the renin-angiotensin-
aldosterone system (RAS)." Through preferential increase
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in efferent resistance of the glomeruli, the maladaptive
RAS may subsequently contribute to the changes in glo-
merular hemodynamics.’>'® Heart rate variability (HRV),
a noninvasive surrogate characterizing the modulation of
autonomic tone, is associated with the prognosis of car-
diovascular diseases beyond traditional cardiovascular
risk factors.'*'® It has been reported that reduced HRV is
independently associated with the activated RAS in pa-
tients who are hypertensive.'®" However, no study has
evaluated the association between autonomic function
and the presence of GHF. Therefore, the objectives of this
study were to investigate whether GHF is associated with
mortality and whether decreased HRV is associated with
GHF and mortality in apparently healthy participants.

METHODS

Study Population

The study population was drawn from an intramural
registry of Taipei Veterans General Hospital (TARGET
registry)'®'® and enrolled patients from June 2009 to
December 2012 for the surveys conducted on cardio-
vascular diseases. Medical history, physical examina-
tion findings, prescribed medications, and biochemical
examinations were prospectively logged in a web-based
electronic medical recording system. Participants who
had undergone comprehensive echocardiographic stud-
ies, 24-hour ambulatory ECG monitoring, and blood tests
for biochemistry within a month were eligible. Patients
with prior CVEs, including heart failure, myocardial infarc-
tion, stroke, or transient ischemic attack, and those with
arrhythmia, sick sinus syndrome, or pacing rhythm or
those who used [-blockers were excluded. In this studly,
hypertension was defined as an office systolic blood
pressure >130 mm Hg and/or a diastolic blood pres-
sure >80 mm Hg or currently on antihypertensive treat-
ment. Coronary artery disease (CAD) was diagnosed
using coronary angiograms with >50% luminal reduction
of >1 coronary arteries. The investigation conformed to
the principles outlined in the Declaration of Helsinki, and
the Institutional Review Board of Taipei Veterans General
Hospital approved the study and waived the requirement
for informed consent. The data that support the findings
of this study are available from the corresponding author
upon reasonable request.

Definition of GHF

eGFR was calculated using serum creatinine meas-
ured within 30 days of ECG studies using the Chronic
Kidney Disease Epidemiology Collaboration equation,

Ser . \* Sor .\ %
eGFR =141 x min <T 1> X max (T 1) x 0.993%% % 1.018 (if female)
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where Scr is serum creatinine, K is 0.7 for women and
0.9 for men, a is —0.329 for women and -0.411 for
men, min indicates the minimum value of Scr/k or 1, and
max indicates the maximum value of Scr/k or 1.%° The
sex-specific distributions of Chronic Kidney Disease
Epidemiology Collaboration—calculated eGFR were di-
vided by age decades. GHF was defined as an eGFR
>95th percentile (or 2 SDs above the mean), whereas a
normal filtration rate was defined as an eGFR between
the 25th and 75th percentiles, and a low filtration rate
was defined as an eGFR <5th percentile, after stratifi-
cation for age decades and sex.

Measurements of HRV

The 24-hour ambulatory ECG monitoring was per-
formed using a 3-channel digital recorder (Medilog
FD4, Oxford Instruments, UK). When >18 hours of
good quality ECG signals were obtained, the stored
signals were then automatically processed using
open-source HRV algorithms, as was done in our pre-
vious studies.'®?" The R-R intervals between ectopic
beats, normal and ectopic beats, and unrecogniz-
able beats were excluded from the analysis. Patients
with rejected intervals of >5% were also excluded.
In brief, time-domain measures of HRV consisted of
mean heart rate and SD of the normal interbeat inter-
vals (SDNN), the SD of the 5-minute average normal
interbeat intervals (SDANN), the root mean square of
the successive difference between adjacent normal
interbeat intervals, and the percentage of adjacent in-
tervals that varied by >20 ms (pNN20). Spectral HRV
measures included high-frequency power (HF; 0.15-
0.40 Hz), low-frequency power (LF; 0.04-0.15 Hz), and
very-low-frequency power (VLF; 0.003-0.04 Hz). A
natural logarithmic transformation was used to normal-
ize the distribution of the spectral HRV measurements.
Sample entropy, a nonlinear processing approach,
was also measured to quantify the complexity and
regularity of the heart rate time series.??

Outcomes Measure

Clinical outcomes and mortality were acquired by
linking the database to the National Death Registry
2 years after enrollment. The National Death Registry
database registers valid information according to the
International Classification of Diseases, Ninth Revision
(ICD-9). The ICD-9 codes for cardiovascular deaths
ranged from 390 to 459. The accuracy of the coding in
Taiwan’s National Death Registry database has been
validated.?®

Statistical Analysis

Baseline characteristics are reported as mean+SD for
continuous variables and percentages for categorical
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variables. One-way ANOVAs were conducted to evalu-
ate the differences in baseline characteristics and HRV
parameters between the low, normal, and high filtration
groups. Post hoc analysis with the Bonferroni test was
performed for between-group comparisons. Kaplan—
Meier survival curve analysis was conducted to reveal
the trend of prognosis between the low, normal, and
high glomerular filtration groups. Cox proportional
hazards regression models were used to evaluate the
independence of HRV variables and the presence of
GHF in the prediction of 2-year all-cause mortality.
Logistic regression analysis was used to evaluate the
association between HRV and the existence of GHF
after adjusting for the covariates known to affect the
eGFR. To explore the associations between HRV, GHF,
and clinical outcome, we conducted mediation analy-
sis. Single-mediator analyses, with either HRV or GHF
as the mediator, were used to assess the direct and
indirect effects on the time-to-event outcomes under
the Cox proportional hazards models.?* To assess the
robustness of the mediation analysis to unmeasured
confounding for total effects, we computed the E-value
as a sensitivity analysis to estimate the strength of the
confounder—outcome relationship and the approximate
strength of the confounder-mediator relationship.2%:2%
Statistical significance was set at P<0.05. All statisti-
cal analyses were performed using SPSS version
22.0 (International Business Machines Corporation,
Chicago, IL) and R version 3.6.3 (R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Baseline Characteristics and HRV

A total of 1615 participants (aged 66.1+17.3 years,
61.9% men) were analyzed (Figure 1). Among them,
778 (48.2%) participants had hypertension, 307 (19.0%)
had diabetes, and 296 (18.3%) had CAD. According to
the age-specific and sex-specific percentiles of eGFR
distributions, we categorized the participants as hav-
ing low filtration (Nn=90 [5.5%)]), normal filtration (=959
[59.4%]), and high filtration (N=130 [8%]). The baseline
characteristics of the 3 groups are shown in Table 1.
In brief, the low filtration group had the lowest levels
of hemoglobin, albumin, and high-density lipoprotein
cholesterol; highest levels of serum creatinine and glu-
cose; and highest prevalence of hypertension, diabe-
tes, and CAD and use of calcium channel blockers or
diuretics. There was no significant between-group dif-
ference between the high and normal filtration groups
except for lower hemoglobin levels and less prescribed
statins in the high filtration group. Regarding HRV in-
dexes, SDNN, SDANN, pNN20, VLF power, LF power,
HF power, total power, and sample entropy were
significantly higher in the normal filtration group than
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6,861 Subjects completed
24-hour ambulatory
electrocardiography

Y.

2,970 Subjects were available
of glomerular filtration rate

3,891 Were excluded for
unavailable serum creatinine

A 4

1,644 Subjects without prior
cardiovascular events

A 4

1,326 Were excluded for prior
cardiovascular events
625 Had CHF
20 Had Mi
681 Had stroke/TIA

| 29 Were excluded for current

1,615 Subjects were included
in analysis

use of B-blockers

Figure 1. Flowchart of the study population.

CHF indicates congestive heart failure; MIl, myocardial infarction; and TIA, transient ischemic attack.

those in the other 2 groups, whereas there was no sig-
nificant difference in any of the HRV indexes between
the high and low filtration groups (Table 2). The root
mean square of the successive difference between ad-
jacent normal interbeat intervals was similar between
the 3 groups.

Follow-Up and Survival Analysis

During a mean follow-up of 16.5+8.2 months, there
were 117 deaths (7.2% of the study population). Figure 2
shows the 2-year survival curves stratified by filtration
group. Participants with either low (hazard ratio [HR],
3.18; 95% Cl, 1.43-7.08) or high filtration rates were as-
sociated with higher mortality than those with a normal
filtration rate (HR, 3.20; 95% ClI, 1.61-6.38).

Among the participants with either normal or high glo-
merular filtration rates, the presence of GHF was inde-
pendently correlated with an increased risk of all-cause
death (HR, 2.92; 95% CI, 1.74-4.90) after adjusting for
age, sex, and mean heart rate in the multivariate Cox pro-
portional hazards regression model (Table 3, model 1).
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The association remained true (HR, 1.97; 95% CI, 1.15—
3.37) when hemoglobin, diabetes, and the use of statins
were further accounted for (Table 3, model 2).

In addition, both the time-domain (SDNN, SDANN,
pNN20) and frequency-domain HRV indexes (VLF
power, LF power, HF power, and total power) as well as
sample entropy were all independently related to mor-
tality at 2 years after adjusting for age, sex, and mean
heart rate (Table 3, model 1). When hemoglobin, dia-
betes, and the use of statins were further accounted
for, the frequency-domain HRV indexes (VLF power, LF
power, and total power) and sample entropy remained
the independent predictors of poor prognosis (Table 3,
model 2).

Predictors of GHF

Among the participants with either normal or high
glomerular filtration rates, SDNN, SDANN, pNNZ20,
VLF power, LF power, HF power, total power, and
sample entropy were all inversely predictive of GHF.
After adjusting for age, sex, and mean heart rate,
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Table 1. Baseline Characteristics Between Low, Normal, and High Glomerular Filtration
Normal (25th-75th),
Variables Low (<5th), n=90 n=959 High (>95th), n=130 P value
Age, y 65.9+17.1 65.3+17.3 67.0£19.4 0.585
Male sex 50 (55.6) 602 (62.8) 71 (54.6) 0.101
Systolic BP, mm Hg 128.8+22.3 126.8+19.7 121.8+21.1 0.070
Diastolic BP, mm Hg 70.2+13.8 72.6+12.6 701121 0.144
Laboratory testing
Hemoglobin, g/dL 10.3+1.9 12.7£2.0* 12.0+1.9%F <0.001
Creatinine, mg/dL 4.6x2.9 0.9+0.2* 0.6+0.2%t <0.001
eGFR, mL/min per 1.73 m? 20.9+21.8 80.2+20.6* 102.0+21.1%1 <0.001
Albumin, mg/dL 3.6+0.6 3.9+0.5* 3.8+0.6 <0.001
Glucose, mg/dL 134.9+71.5 108.9+47.3* 118.2+55.6 0.001
LDL-c, mg/dL 104.0+39.7 113.0+34.9 111.3+35.0 0.040
HDL-c, mg/dL 42.6+14.5 49.4+15.6* 50.4+16.6 0.031
Echocardiography
LVEF, % 62.7+7.5 60.2+5.9* 61.1£6.0 0.031
E/A ratio 0.9+0.4 1.0£0.5 1.0£0.5 0.338
Medial E/e’ 6.4+1.1 4.5+0.2* 4.6+0.6 0.006
RVSP, mm Hg 38.7£17.9 30.2+9.6* 32.3+10.5" <0.001
Comorbidities
Hypertension 56 (62.2) 431 (44.9)* 50 (38.5)* 0.002
Diabetes 34 (37.8) 147 (156.3) 17 (13.1)" <0.001
CAD 29 (32.2) 169 (17.6)* 17 (13.1)* 0.001
Medications
RAS inhibitor 0(0) 10 (1.0) 4 (4.4 0.007
CCB 36 (40) 286 (29.8) 31 (23.8)* 0.036
Diuretics 23 (25.6) 16 (12.1)° 19 (14.6)* 0.001
Aspirin 23 (25.6) 228 (23.8) 24 (18.5) 0.354
Statins 14 (15.6) 153 (16.0) 10 (7.7)~F 0.046

Data are provided as mean+SD or number (percentage). BP indicates blood pressure; CAD, coronary artery disease; CCB, calcium channel blocker; eGFR,
estimated glomerular filtration rate; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction;
RAS, renin-angiotensin-aldosterone system; and RVSP, right ventricular systolic pressure.

*P<0.01 vs the low filtration group.
P<0.01 vs the normal filtration group.

the correlations between HRV indexes and GHF re-
mained (Table 4, model 1). With further adjustments for
known factors affecting glomerular filtration, including
the presence of hypertension, diabetes, and the use
of RAS inhibitors (Table 4, model 2), SDNN, SDANN,
PNNZ20, VLF power, LF power, HF power, total power,
and sample entropy were still independently correlated
with GHF. In the stratified analysis, reduced sample en-
tropy was related to the presence of GHF, regardless
of age, sex, hypertension, diabetes, or CAD (Figure 3).
However, the association between sample entropy and
GHF was more prominent in participants aged <65
years than those aged >65 years.

Mediation Analysis
Figure 4A presents the mediation effect of GHF
between HRV and mortality, whereas Figure 4B
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demonstrates the mediation effect of HRV between
GHF and mortality. In the model using total power as
the measure of HRV, we found that total power had
a direct effect on mortality (adjusted HR, 0.71; 95%
Cl, 0.59-0.86; E-value=2.15), and the effect could be
mediated through the pathway of GHF (adjusted HR,
0.95; 95% ClI, 0.93-0.98; E-value=1.28). In contrast,
GHF was directly associated with an increased risk
for mortality (adjusted HR, 2.81; 95% Cl, 1.68-4.70; E-
value=5.07; Figure 4B), which could be mediated by
the reduced total power (adjusted HR, 1.12; 95% CI,
1.03-1.22; E-value=1.48). The results were consistent
while using sample entropy as the measure of HRV
(Figure 4A and 4B, right). In brief, the presence of GHF
explained 10.5% and 7.7% of the detrimental effects of
reduced low total power and sample entropy on sur-
vival, respectively, whereas reduced total power and
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Table 2. Heart Rate and HRV in Patients With Low, Normal, and High Glomerular Filtration

Normal (25th-75th),
Variables Low (<5th), n=90 n=959 High (>95th), n=130 P value
Heart rate, bpm 85.4+16.3 82.8+15.4 87.7+18.5* 0.002
Time domain
SDNN, ms 89.9+44.9 104.5+36.9" 87.5+37.9* <0.001
SDANN, ms 75.5+41.5 89.7+35.0" 73.7+33.1* <0.001
RMSSD, ms 38.5+29.6 37.0+24.1 33.6+25.6 0.264
pNN20, % 30.8+23.3 37.8+19.7F 31.9+22.0* <0.001
Frequency domain
Ln VLF 7.5+1.2 8.2+0.81 7.8+1.1* <0.001
LnLF 6.3+1.5 6.8+1.0" 6.3+1.2* <0.001
Ln HF 6.3+1.5 6.4+1.3 6.1+1.5% 0.005
LnTP 8.1+1.2 8.6+0.8" 8.2+1.1* <0.001
Nonlinear analyses
Sample entropy 1.6+0.2 1.7+0.11 1.6+£0.2* <0.001

Data are provided as mean+SD. HF indicates high-frequency power; HRV, heart rate variability; LF, low-frequency power; Ln, natural logarithm; pNN20,
percent of the interbeat intervals differing from neighboring intervals by >20 ms; RMSSD, root mean square of the successive difference between adjacent
normal interbeat intervals; SDANN, SD of the 5-minute average normal interbeat intervals; SDNN, SD of the normal interbeat intervals; TP, total power of heart

rate variability power spectrum; and VLF, very-low-frequency power.
*P<0.01 vs the normal filtration group.
P<0.01 vs the low filtration group.

sample entropy mediated 15.6% and 18% of the effect
of GHF on all-cause mortality.

DISCUSSION

The present study is the first to demonstrate that pa-
tients with GHF have impaired HRV with regard to
time-domain and frequency-domain indexes and en-
tropy compared with those with normal filtration rates.
Similar to those with impaired renal function, patients
with GHF was also associated with poor survival. In
addition, impaired HRV was independently predictive
of GHF after adjusting for age, sex, heart rate, and
other confounders. The relationship between HRV and
GHF consistently existed in various subgroups, espe-
cially in the young participants rather than in the el-
derly. Mediation analysis further revealed a significant
mediation effect between reduced HRV and GHF in
addition to their detrimental consequences on clini-
cal outcomes in apparently healthy individuals without
prior CVEs (Figure 5).

Definition of GHF

It has been reported in multiple studies that GHF is
associated with various medical conditions, such as
pregnancy, hypertension, diabetes, or obesity.?”?®
However, there is no commonly established definition
of GHF. Among the equations for estimating GFR, both
the Modification of Diet in Renal Disease Study equa-
tion and Cockcroft-Gault formula may underestimate
GFR, especially at higher levels, thus compromising
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their use in healthy individuals or patients with incipi-
ent kidney diseases with hyperfiltration.??2° To assess
renal function in the general populations, GFR esti-
mated from the Chronic Kidney Disease Epidemiology
Collaboration equation may be more accurate, and it
has been broadly used for defining GHF in previous
studies.?® However, using arbitrarily defined cutoff val-
ues for the definition of GHF may introduce bias regard-
ing age-related or sex-related changes in eGFR.?%3!
Despite the lack of a guideline-established definition
for GHF, an epidemiology-derived threshold for GHF
after stratification for age and sex has been suggested
and adopted in recent studies.*5?° Therefore, we
used the 95th percentile (or >2 SDs above the mean)
of each age decade and sex as the threshold for GHF
in the present study.

GHF and Clinical Outcomes

The pathologic role of supraphysiologic elevation in
GFR has gained much interest during the past decade.
Although hyperfiltration was shown to correlate with in-
cipient loss of renal function in patients with diabetes,
Tonelli et al further reported a U-shaped relationship
between mortality and eGFR in an outpatient popula-
tion of 1 526 437 patients.®? In a pooled analysis of 8
prospective cohorts consisting predominantly of indi-
viduals who were hypertensive, GHF was a strong and
independent predictor of CVEs.* In addition, Dupuis et
al have demonstrated that GHF is also related to in-
creased cardiovascular risks in healthy participants.®
Although GHF is associated with worse cardiovascular
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Figure 2. Kaplan-Meier survival curves for 2-year all-cause mortality, stratified by glomerular
filtration groups.

prognosis, its clinical implications could be limited by GHF, which suggest that autonomic dysfunction may
the unclarified underlying mechanisms. be involved in the pathogenesis of the poor outcomes

The present study demonstrated independent as- of GHF. Although it has already been established that
sociations between HRV indexes and the presence of  an imbalance of the RAS results in altered glomerular

Table 3. Cox Proportional Hazards Regression Analysis Assessing the Association Between GHF, HRV, and 2-Year All-
Cause Mortality

Model 1* Model 2f
Variable HR (95% CI) P Value HR (95% CI) P value
GHF 2.922 (1.744-4.895) <0.001 1.965 (1.145-3.370) 0.014
Time domain
SDNN (1 SD=35.9 ms) 0.677 (0.540-0.848) 0.001 0.838 (0.650-1.079) 0.170
SDANN (1 SD=34.2 ms) 0.693 (0.550-0.873) 0.002 0.856 (0.656-1.116) 0.251
RMSSD (1 SD=22.7 ms) 0.909 (0.761-1.087) 0.296 0.951 (0.779-1.161) 0.621
pNN20 (1 SD=19.0%) 0.797 (0.669-0.950) 0.011 0.874 (0.717-1.066) 0.185
Frequency domain
Ln VLF (1 SD=0.8) 0.709 (0.620-0.811) <0.001 0.797 (0.688-0.923) 0.002
Ln LF (1 SD=1.0) 0.707 (0.606-0.824) <0.001 0.796 (0.671-0.945) 0.009
Ln HF (1 SD=1.2) 0.810 (0.692-0.947) 0.008 0.876 (0.735-1.044) 0.138
Ln TP (1 SD=0.8) 0.726 (0.627-0.840) <0.001 0.808 (0.688-0.949) 0.009
Nonlinear analyses
Sample entropy (1 SD=0.1) 0.824 (0.764-0.890) <0.001 0.856 (0.778-0.942) 0.001

GHF indicates glomerular hyperfiltration; HF, high-frequency power; HR, hazard ratio; HRV, heart rate variability; LF, low-frequency power; Ln, natural
logarithm; pNN20, percent of the interbeat intervals differing from neighboring intervals by >20 ms; RMSSD, root mean square of the successive difference
between adjacent normal interbeat intervals; SDANN, SD of the 5-minute average normal interbeat intervals; SDNN, SD of the normal interbeat intervals; TP,
total power of HRV power spectrum; and VLF, very-low-frequency power.

*Adjusting for age, sex, and heart rate.

TAdjusting for age, sex, mean heart rate, hemoglobin, diabetes, and the use of statin.
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Table 4. Logistic Regression Analysis of the Association Between HRV (Per 1 SD) and the Existence of Glomerular

Hyperfiltration

Model 1* Model 27
Variables OR (95% CI) P value OR (95% ClI) P value
Time domain
SDNN (1 SD=35.9 ms) 0.662 (0.521-0.841) 0.001 0.655 (0.514-0.834) 0.001
SDANN (1 SD=34.2 ms) 0.655 (0.514-0.836) 0.001 0.655 (0.513-0.836) 0.001
RMSSD (1 SD=22.7 ms) 0.903 (0.743-1.097) 0.303 0.891 (0.733-1.083) 0.247
PNN20 (1 SD=19.0%) 0.802 (0.666-0.966) 0.020 0.792 (0.657-0.956) 0.015
Frequency domain
Ln VLF (1 SD=0.8) 0.750 (0.630-0.892) 0.001 0.741 (0.622-0.883) 0.001
Ln LF (1 SD=1.0) 0.741 (0.620-0.885) 0.001 0.731 (0.611-0.874) 0.001
LnHF (1 SD=1.2) 0.797 (0.672-0.886) 0.009 0.788 (0.663-0.936) 0.007
Ln TP (1 SD=0.8) 0.747 (0.630-0.886) 0.001 0.737 (0.620-0.875) 0.001
Nonlinear analyses
Sample entropy (1 SD=0.1) 0.795 (0.709-0.891) <0.001 0.790 (0.704-0.886) <0.001

HF indicates high-frequency power; HRV, heart rate variability; LF, low-frequency power; Ln, natural logarithm; OR, odds ratio; pNN20, percent of the
interbeat intervals differing from neighboring intervals by >20 ms; RAS, renin-angiotensin-aldosterone system; RMSSD, root mean square of the successive
difference between adjacent normal interbeat intervals; SDANN, SD of the 5-minute average normal interbeat intervals; SDNN, SD of the normal interbeat
intervals; TP, total power of HRV power spectrum; and VLF, very-low-frequency power.

*Adjusting for age, sex, and heart rate.

fAdjusting for age, sex, mean heart rate, hypertension, diabetes, and the use of RAS inhibitors.

hemodynamics,?” sympathetic nerve activity, which
may modulate the RAS, could therefore influence
GFR.®® In young participants with mild hypertension,
Schmieder et al demonstrated the stress-induced
sympathetic activation could provoke GHF, with a

concomitant increase of angiotensin I1.%* Increased lev-
els of angiotensin Il may contribute to hyperfiltration via
efferent arteriolar vasoconstriction, whereas blockade
of the RAS may reverse the hyperfiltrating state.”® In
contrast, renal sympathetic denervation may prevent

Cases Odds ratio (95% Cl) P for interaction
Overall 1089 —’— 0.762 (0.685-0.846)
Age i P=0.005
< 65 years 481 —_— . | 0.626 (0.526-0.744)
> 65 years 608 ! 5 0.850 (0.748-0.967)
Sex . P=0.054
Women 416 —c—&— 0.664 (0.550-0.802)
Men 673 —_—r 0.824 (0.720-0.943)
Hypertension 694 ' P=0.248
No 395 —— 0.730 (0.639-0.835)
Yes HEA 0.829 (0.696-0.988)
Diabetes mellitus ' P=0.271
No 925 ——— 0.731 (0.648-0.825)
Yes 164 } 0.812 (0.667-0.990)
Coronary artery disease ' P=0.985
No 903 — 0.763 (0.676-0.861)
Yes 186 - 0.750 (0.608-0.927)
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 3. Odds ratio and 95% Cls per 1 SD increase of sample entropy (1 SD=0.1) of the heart rate variability for the
presence of glomerular hyperfiltration in the younger (<65 years) and older (>65 years) male and female patients and patients
with and without hypertension, diabetes, or coronary artery disease or the use of the renin-angiotensin-aldosterone system

inhibitors after controlling for age.
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GHF GHF
10.5% 7.7%
Total power Mortality Sample entropy Mortality
- E-value ; E-value
0, 0,
Path | Adjusted HR  95% CI P (lower Cl) Path | Adjusted HR  95% CI P (lower Cl)
NDE 0.71 0.59-0.86 <0.001 2.15 (1.59) NDE 0.80 0.72-0.87 <0.001 1.83 (1.55)
NIE 0.95 0.93-0.98 <0.001 1.28 (1.18) NIE 0.98 0.96-0.99 0.049 1.17 (1.01)
TE 0.68 0.56-0.82 <0.001 TE 0.78 0.71-0.86 <0.001
5 Total power Sample entropy
15.6% 18%
GHF Mortality GHF Mortality
Path |Adjusted HR 95% CI P E-value Path |Adjusted HR 95% CI P E-value
(lower ClI) (lower CI)
NDE 2.81 1.68-4.70 <0.001 5.07 (2.75) NDE 277 1.65-4.63 <0.001 4.98 (2.69)
NIE 1.12 1.03-1.22 0.014 1.48(1.18) NIE 1.14 1.06-1.23 <0.001 1.54 (1.30)
TE 3.15 1.87-5.29  <0.001 TE 3.15 1.88-5.30 <0.001

Figure 4. Mediation analysis to explore the associations between HRV, GHF, and all-cause mortality.

The effect estimates (HR) and 95% Cls are reported for all paths. Models were adjusted for age, sex, and the mean heart rate. A,
Effect of reduced HRV on all-cause mortality mediated by GHF. B, Effect of the presence of GHF on all-cause mortality mediated by
reduced HRV. GHF indicates glomerular hyperfiltration; HR, hazard ratio; HRV, heart rate variability; NDE, natural direct effect; NIE,

natural indirect effect; and TE, total effect.

GHF in an animal model.®® By mediation analysis, the
study results may support the fact that increased sym-
pathetic tone, manifested as reduced HRYV, could be a
contributing factor for GHF.

On the other hand, the renal afferent nerve has been
related to elevated central sympathetic drive and sub-
sequently alters global autonomic tone. In patients who
were hypertensive, Hoogerwaard et al illustrated that renal
sympathetic denervation induces a significant decrease
in the LF/HF ratio, suggesting a lower sympathetic bal-
ance.%" In a population-based longitudinal cohort of 4605
participants, renal dysfunction was found to precede
the change in HRV.®® Clinical studies have reported that
renal dysfunction may alter autonomic function through
impaired autonomic reflex, activation of renal afferents,
RAS, and cardiovascular remodeling.®® GHF, manifested
as the incipient decline of renal function, could be a pro-
active cause of the autonomic dysfunction that follows.

The significant interactions of impaired HRV and
GHF in the young, rather than elderly patients, as
shown in our study, highlights the more prominent as-
sociation between autonomic function and GHF in the

J Am Heart Assoc. 2021;10:e021585. DOI: 10.1161/JAHA.121.021585

younger population. Given that a higher cardiovascular
risk of GHF was observed in middle-aged individuals,
as shown by previous studies, the significant associ-
ation between reduced HRV and GHF, especially in
younger participants (age <65 years), exemplifies its
possible underlying mechanism.?4% In contrast, the
correlations between reduced HRV and GHF were
similar in both men and women and in patients with
and without hypertension, diabetes, or CAD.

Study Limitations

This study has several limitations. First, eGFR was esti-
mated from a single measurement of serum creatinine
within a median duration of 3 days from the HRV meas-
urements. The lack of information about muscle mass
may misclassify patients with muscle wasting as a case
of GHF. However, because the hyperfiltration group had
similar serum albumin levels as the normal group and the
significant association was higher in younger patients,*°
sarcopenia may be less likely to be a confounding fac-
tor. To replicate our findings, we applied the Modification
of Diet in Renal Disease equation to assess eGFR, and
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Figure 5. Association between heart rate variability,
glomerular hyperfiltration, and all-cause mortality.
Glomerular hyperfiltration is paradoxically associated with a
greater risk of cardiovascular events. There is a significant
mediation effect between heart rate variability and glomerular
hyperfiltration, suggesting a reinforcement mechanism
contributing toward their respective detrimental consequences
on clinical outcomes.

consistent results could be observed. Second, con-
sidering the poor agreement of the causes of death
validated in the National Death Registry, only all-cause
mortality was analyzed as the outcome in the present
study. We were not able to attribute the diseases as-
sociated with HRV and GHF to cardiovascular or non-
cardiovascular deaths. In addition, we did not measure
GFR repeatedly, and whether the death was related to
the progressive decline of GFR or impaired HRV war-
rants prospective research. Third, HRV indexes are sur-
rogates of global autonomic balance, as most of the
parameters measure mixed autonomic influences from
both sympathetic and parasympathetic activities rather
than directly discern specific renal autonomic output.
There is no single HRV parameter that can represent the
renal sympathetic activity. However, HRV currently re-
mains a noninvasive and simple tool for the assessment
of autonomic activity in clinical practice. Finally, although
we adjusted for the measured confounding factors, un-
measured confounding could still possibly influence the
study findings.?®> However, our E-values suggested that
considerable confounding would be needed to explain
away the observed effect estimates, although modest
confounding could explain the conservative estimates
from ClI closest to null. Further prospectively controlled
studies with longitudinal follow-up are needed to validate
the results, which can provide more solid evidence for
causal inference.

GHF is an established predictor of premature death
in patients without prior CVEs. The present study
proposes a significant mediation effect between the
reduced HRV and GHF on the long-term survival, sug-
gesting a reinforcement mechanism contributing to their
respective detrimental effect on the clinical outcomes.
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Because the unfavorable neurohormonal milieu has
been identified as an independent cardiovascular risk
factor for healthy individuals, the present study can
spark future research to identify early, noninvasive
markers for mortality, especially in young populations,
and to evaluate the mechanisms linking the RAS with
hyperfiltration-associated cardiovascular risks.
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