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Abstract

Background/Objectives: Heart rate variability (HRV) is a marker of autonomic nervous
system function, based on fluctuations in heartbeat intervals. Although several studies have
investigated the association between frequency-domain HRV parameters and glaucoma,
evidence based on large sample sizes remains limited. Therefore, the present study aimed
to examine the relationship between frequency-domain HRV parameters and glaucoma
subtypes, including primary open-angle glaucoma (PG) and exfoliation glaucoma (EG),
using a larger sample size. Methods: Participants with primary open-angle glaucoma
(PG), exfoliation glaucoma (EG), or no ocular disease other than cataract (controls) were
recruited at Shimane University between June 2023 and July 2024. Frequency-domain
HRV parameters (total power [TP], very-low-frequency [VLF], low-frequency [LF], high-
frequency [HF], and LF/HF) were measured using a sphygmograph (TAS9 Pulse Analyzer
Plus View). Group comparisons were conducted using unpaired t-tests, Fisher’s exact tests,
and Tukey’s HSD test. Multivariate analyses were performed to identify factors associated
with each HRV parameter. Results: A total of 809 participants were analyzed, including 522
with PG, 191 with EG, and 96 controls. The EG group showed significantly lower values
across all frequency-domain HRV parameters compared to the PG group, and significantly
lower LnLF values than the control group (p = 0.012). Multivariate analyses revealed that no
significant associations were found between HRV measures and the presence of glaucoma
or pseudoexfoliation material (PEM) deposition. Older age was significantly associated
with lower values across all HRV parameters. Conclusions: In elderly glaucoma patients,
age-related alterations in frequency-domain HRV parameters have been observed.

Keywords: frequency-domain heart rate variability; autonomic nervous system; primary
open-angle glaucoma; exfoliation glaucoma

1. Introduction
The autonomic nervous system (ANS) exerts regulatory control across most organ

systems in the human body. Structurally, it is divided into three major components: the
sympathetic, parasympathetic, and enteric systems [1]. ANS dysfunction may influence
the onset and progression of various diseases, including psychiatric disorders [2], neurode-
generative diseases [3,4], metabolic diseases [5,6], and cardiovascular diseases [7,8].

ANS dysfunction may also be associated with glaucoma [9–13]. Heart rate variability
(HRV), which reflects fluctuations in the time intervals between successive heartbeats
and serves as an indicator of autonomic balance, has been widely used to assess ANS
function [14]. Asefa et al. reported that lower HRV was associated with a higher prevalence
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of glaucoma, with individuals in the lowest HRV quartile showing a 15% increased risk
compared to those in the highest quartile [15]. A previous study has shown that patients
with normal-tension glaucoma (NTG) exhibit significantly reduced HRV during both
daytime and nighttime periods [16]. According to Liu et al., decreased HRV may be
a predictor of more rapid deterioration in glaucoma patients [10]. Therefore, detecting
changes in the ANS may be useful for understanding the pathophysiology of glaucoma
and for making clinical prognostic assessments.

However, there are still few studies with large sample sizes that have examined the
association between glaucoma and autonomic dysfunction. HRV includes time-domain
analysis, which statistically processes raw time-series data, and frequency-domain analysis,
which allows for estimation of autonomic nervous system components by analyzing the fre-
quency spectrum. Our group previously investigated the association between time-domain
parameters of HRV and glaucoma subtypes using a large sample size, and found that
patients with exfoliation glaucoma (EG) exhibited significantly lower standard deviation of
normal-to-normal intervals (SDNN) and coefficient of variation of R–R intervals (CVRR)
than those with primary open-angle glaucoma (PG) [17]. Nevertheless, the association
between frequency-domain HRV parameters and glaucoma remains unclear. To address
these gaps in the current literature, the present study explores the relationship between
frequency-domain HRV parameters and glaucoma subtypes, including PG and EG, based
on a larger sample size. As a result, it was found that changes in the ANS were more
pronounced in EG, which predominantly affects older individuals.

2. Materials and Methods
2.1. Study Design and Participants

This cross-sectional study was approved by the Institutional Review Board of Shimane
University Hospital (approval number: 20200228-2; revised on 27 October 2024) and con-
ducted in accordance with the principles of the Declaration of Helsinki. The objective was
to investigate the association between ANS activity, as assessed by frequency domain HRV,
and different glaucoma subtypes. Participants were recruited at Shimane University be-
tween June 2023 and July 2024. The study included Japanese individuals diagnosed with PG
or EG, as well as control participants with no ocular conditions other than cataract. Instead
of obtaining written informed consent, information regarding the study was published
on the institutional website, allowing participants the opportunity to opt out. Exclusion
criteria were as follows: (1) an HRV reliability score below 95%, and (2) the presence of
ocular conditions other than PG, EG, or cataract. One eye per participant was selected for
analysis. For control subjects, the eye with better visual acuity was chosen; if both eyes
had equal acuity, the right eye was used. In cases of unilateral PG or EG, the affected eye
was selected. For patients with bilateral glaucoma, the eye with the higher intraocular
pressure (IOP) was chosen; if IOP was equal in both eyes, the right eye was analyzed. The
diagnosis of glaucoma was confirmed by ophthalmologists based on comprehensive ocular
examinations, including IOP measurement, slit-lamp examinations, gonioscopy, optic nerve
evaluation using fundus photography and optical coherence tomography (OCT), and visual
field testing. The diagnosis of PG was made based on the presence of open iridocorneal
angles in both eyes, glaucomatous optic nerve damage characterized by enlarged optic disc
cupping or localized thinning of the neuroretinal rim, and matching visual field defects in
at least one eye, with no evidence of secondary glaucoma in either eye. EG was identified
by the presence of pseudoexfoliation material on the lens capsule and/or pupillary margin
in one or both eyes, along with an open iridocorneal angle. Visual field abnormalities were
evaluated using an automated perimeter (Humphrey Visual Field Analyzer, Carl Zeiss
Meditec, Dublin, CA, USA).
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2.2. Frequency Domain Heart Rate Variability

Frequency domain HRV analysis was performed to evaluate ANS activity based on
the distribution of power across specific frequency bands. Measurements were conducted
using a sphygmograph device (TAS9 Pulse Analyzer Plus View; YKC Corp., Tokyo, Japan)
configured for frequency-domain analysis. All recordings were obtained with participants
seated in a resting state during daytime outpatient visits (measurements were conducted
in the morning for most patients), using a standardized 20 s measurement protocol with a
sampling frequency of 1 kHz. All measurements were performed by ophthalmic technicians
experienced in this examination. Each patient underwent the test once; however, if the
technician judged that the result was not stable, the measurement was repeated.

In this study, the following frequency-domain HRV parameters [18–20] were used: to-
tal power (TP), which reflects the overall variance in heart rate and total autonomic activity;
very-low-frequency power (VLF; 0.0033–0.04 Hz), associated with thermoregulation and
other long-term regulatory mechanisms; low-frequency power (LF; 0.04–0.15 Hz), which
reflects both sympathetic and parasympathetic activity and is influenced by baroreflex
function; high-frequency power (HF; 0.15–0.40 Hz), primarily indicative of parasympa-
thetic activity; and the LF/HF ratio, often interpreted as an index of sympathovagal
balance, with higher values suggesting sympathetic dominance. To normalize the dis-
tributions and facilitate statistical analysis, each parameter was transformed using the
natural logarithm, resulting in LnTP, LnVLF, LnLF, LnHF, and LnLF/HF, which were used
in subsequent analyses.

2.3. Statistical Analysis

Descriptive statistics are presented as means ± standard deviations (SD) for con-
tinuous variables and as percentages for categorical variables. Comparisons of demo-
graphic characteristics and HRV parameters between the control and glaucoma groups
were performed using unpaired t-tests for continuous variables and Fisher’s exact tests for
categorical variables. For pairwise comparisons among the control, PG, and EG groups,
post hoc analyses were conducted using Tukey’s honest significant difference (HSD) test.
Multivariate analyses were further performed to examine potential factors associated with
each frequency-domain HRV parameter (LnTP, LnVLF, LnLF, LnHF, and LnLF/HF). These
analyses employed generalized linear regression models, with the following covariates in-
cluded as potential confounders: age, sex, smoking status, body mass index (BMI), systolic
blood pressure (sBP), diastolic blood pressure (dBP), pulse rate, hypertension, diabetes
mellitus (DM), and presence of pseudoexfoliation material (PEM). A p-value < 0.05 was
considered statistically significant. All statistical analyses were performed using JMP Pro
version 17.2.0 (SAS Institute Inc., Cary, NC, USA).

3. Results
A total of 809 participants (one eye per participant) were included in the analysis.

Participant characteristics are summarized in Table 1. Among them, 713 were diagnosed
with glaucoma: 522 had PG, and 191 had EG. The remaining 96 participants without ocular
disease other than cataract were assigned to the control group. The mean age ± SD was
68.6 ± 12.5 years for all glaucoma patients, with subgroup means of 66.0 ± 12.7 years
in the PG group, 75.8 ± 8.7 years in the EG group, and 59.9 ± 18.8 years in the control
group. Statistically significant differences in age were observed between the control and
glaucoma groups, as well as among all subgroup comparisons (control vs. PG, control vs.
EG, and PG vs. EG; all p < 0.0001). In addition to age, statistically significant differences
were observed between the control and glaucoma groups in pulse rate, hypertension status,
and the presence of PEM. The mean pulse rate was higher in the control group compared
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to the glaucoma group (80.1 ± 15.7 bpm vs. 73.6 ± 12.6 bpm, p < 0.0001). The prevalence of
hypertension was also significantly lower in the control group (29.2%) than in the glaucoma
group (45.0%, p = 0.003). Furthermore, while no PEM deposition was observed in the
control group, it was present in 26.8% of glaucoma patients (p < 0.0001).

Table 1. Comparison of demographic data between control and glaucoma groups, and control group
and PG group and EG group.

Parameters

Control Glaucoma PG EG

p Value aN or
Mean ± SD

% or
95% CI Range

N or
Mean ± SD

% or
95% CI Range

N or
Mean ± SD

% or
95% CI Range

N or
Mean ± SD

% or
95% CI Range

Subjects 96 713 522 191
Eyes 96 713 522 191

Age, years 59.9 ± 18.8 56.0, 63.7 68.6 ± 12.5 67.7, 69.5 66.0 ± 12.7 64.9, 67.1 75.8 ± 8.7 74.5, 77.0 <0.0001 **
p value, vs.
control b <0.0001 ** <0.0001 ** <0.0001 **

p value, vs. PG b <0.0001 **
Sex

Male 55 57.3 389 54.6 285 54.6 104 54.5 0.89
Female 41 42.7 324 45.4 237 45.4 87 45.6

p value, vs.
control b 0.66 0.66 0.71

p value, vs. PG b >0.99
Smoking habit

yes 77 83.7 606 88.7 441 88.7 165 88.7 0.36
no 15 16.3 77 11.3 56 11.3 21 11.3

p value, vs.
control b 0.17 0.17 0.26

p value, vs. PG b >0.99
BMI, kg/m2 23.2 ± 4.35 22.3, 24.1 22.7 ± 3.26 22.5, 23.0 22.7 ± 3.30 22.4, 23.0 22.8 ± 3.18 22.3, 23.2 0.52
p value, vs.
control b 0.26 0.49 0.64

p value, vs. PG b 0.52
sBP, mmHg 141 ± 23.4 136, 146 143 ± 21.0 141, 144 141 ± 20.8 139, 143 148 ± 20.2 145, 151 0.0002 **
p value, vs.
control b 0.51 0.98 0.03 *

p value, vs. PG b 0.0001 **
dBP, mmHg 79.5 ± 14.3 76.5, 82.5 80.7 ± 13.3 79.7, 81.7 80.8 ± 13.1 79.7, 82.0 80.3 ± 14.1 78.2, 82.3 0.64
p value, vs.
control b 0.42 0.65 0.88

p value, vs. PG b 0.88
Pulse rate, bpm 80.1 ± 15.7 76.8, 83.4 73.6 ± 12.6 72.6, 74.6 73.0 ± 12.2 71.9, 74.1 75.3 ± 13.6 73.3, 77.3 <0.0001 **

p value, vs.
control b <0.0001 ** <0.0001 ** 0.01 *

p value, vs. PG b 0.10
Hypertension

yes 28 29.2 321 45.0 225 43.1 96 50.3 0.0029 **
no 68 70.8 392 55.0 297 56.9 95 49.7

p value, vs.
control b 0.003 ** 0.01 * 0.0007 **

p value, vs. PG b 0.09
DM
yes 20 20.8 100 14 69 13.2 31 16.2 0.12
no 76 79.2 613 86 453 86.8 160 83.8

p value, vs.
control b 0.09 0.06 0.33

p value, vs. PG b 0.33
PEM deposition

yes 0 0 191 26.8 0 0 191 100 <0.0001 **
no 96 100 522 73.2 522 100 0 0

p value, vs.
control b <0.0001 ** >0.99 <0.0001 **

p value, vs. PG b <0.0001 **

a p values are calculated using the unpaired t-test or Fisher’s exact test. b p values are calculated using Tukey’s
HSD test or Fisher’s exact test between each pair of groups. ** p < 0.01, * p < 0.05. PG, primary open-angle
glaucoma; EG, exfoliation glaucoma; BMI, body mass index; sBP, systolic blood pressure; dBP, diastolic blood
pressure; bpm, beats per minute; DM, diabetes mellitus; PEM, pseudoexfoliation material; SD, standard deviation;
CI, confidence interval.

Table 2 summarizes the comparison of frequency domain HRV parameters across the
control, glaucoma, PG, and EG groups. The mean LnTP was significantly different among
the groups (p = 0.03), with a notable difference between the PG and EG groups (p = 0.03).
For LnVLF, a significant overall difference was found (p = 0.02), primarily driven by a
significant difference between the PG and EG groups (p = 0.02). LnLF showed significant
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group differences (p = 0.002), with post hoc tests revealing lower values in the EG group
compared to both the control group (p = 0.01) and the PG group (p = 0.04). LnHF also
demonstrated a significant overall difference (p = 0.02), although no significant differences
were identified in post hoc pairwise comparisons. Regarding the sympathovagal balance,
assessed by the LnLF/LnHF ratio, a significant group difference was observed (p = 0.01),
with the EG group showing a significantly lower ratio compared to the PG group (p = 0.008).

Table 2. Comparison of HRV between control group and glaucoma (+) group, and between control
group and PG group and EG group.

Parameters
Control Glaucoma PG EG

p Value a

Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI

LnTP 6.14 ± 0.98 5.94, 6.33 6.19 ± 0.90 6.12, 6.25 6.24 ± 0.89 6.16, 6.32 6.04 ± 0.90 5.91, 6.17 0.03 *
p value, vs. control b 0.61 0.56 0.69

p value, vs. PG b 0.03 *
LnVLF 5.56 ± 0.80 5.40, 5.72 5.61 ± 0.74 5.55, 5.66 5.65 ± 0.75 5.59, 5.72 5.48 ± 0.69 5.38, 5.58 0.02 *

p value, vs. control b 0.59 0.52 0.65
p value, vs. PG b 0.02 *

LnLF 4.28 ± 1.44 3.99, 4.57 4.06 ± 1.41 3.95, 4.16 4.16 ± 1.35 4.05, 4.28 3.78 ± 1.52 3.56, 3.99 0.002 *
p value, vs. control b 0.15 0.74 0.01 *

p value, vs. PG b 0.04 *
LnHF 4.21 ± 1.52 3.90, 4.52 4.46 ± 1.40 4.35, 4.56 4.53 ± 1.36 4.41, 4.65 4.26 ± 1.47 4.05, 4.47 0.02 *

p value, vs. control b 0.11 0.10 0.96
p value, vs. PG b 0.06

LnLF/LnHF 20.22 ± 4.37 19.30, 21.07 20.30 ± 3.98 20.01, 20.60 20.58 ± 3.90 20.24, 20.91 19.56 ± 4.12 18.97, 20.15 0.01 *
p value, vs. control b 0.79 0.65 0.42

p value, vs. PG b 0.008 *

a p values are calculated using the unpaired t-test. b p values are calculated using Tukey’s HSD test. * p < 0.05.
HRV, heart rate variability; PG, primary open-angle glaucoma; EG, exfoliation glaucoma; SD, standard deviation;
CI, confidence interval; LnTP, natural logarithm Total Power; LnVLF, natural logarithm Very Low Frequency
Power; LnLF, natural logarithm Low Frequency; LnHF, natural logarithm High Frequency.

As shown in Tables 3–7, multivariate regression analyses for the frequency-domain
HRV parameters (LnTP, LnVLF, LnLF, LnHF, and LnLF/LnHF) identified several signif-
icant associations. Older age was significantly associated with lower values across all
HRV parameters. Likewise, a higher pulse rate was consistently associated with reduced
HRV in all models. Hypertension was negatively associated with LnTP, LnLF, LnHF, and
LnLF/LnHF. In addition, a higher BMI was significantly associated with lower LnTP, LnLF,
and LnHF values. In contrast, neither PEM deposition nor the presence of glaucoma
showed a significant association with any of the frequency domain HRV parameters in the
multivariate models.

Table 3. Multivariate analysis for possible parameters associated with LnTP.

Parameters Estimate 95% CI p Value

Age, /year −0.01 −0.02, −0.01 <0.0001 **
Sex, F/M 0.02 −0.06, 0.06 0.99

Smoking habit, yes/no 0.16 −0.18, 0.20 0.93
BMI, /kg/m2 −0.04 −0.04, −0.00 0.04 *
sBP, /mmHg 0.00 −0.00, 0.01 0.18
dBP, /mmHg −0.00 −0.007, 0.01 0.87

Pulse rate, /bpm −0.03 −0.03, −0.02 <0.0001 **
Hypertension, yes/no −0.13 −0.14, −0.01 0.03 *

DM, yes/no −0.07 −0.14, 0.03 0.21
PEM deposition, yes/no 0.00 −0.09, 0.06 0.73

Glaucoma, yes/no 0.10 −0.08, 0.11 0.78
p values are calculated using the generalized regression model. ** p < 0.01, * p < 0.05. BMI, body mass index;
sBP, systolic blood pressure; dBP, diastolic blood pressure; bpm, beats per minute; DM, diabetes mellitus; PEM,
pseudoexfoliation material; CI, confidence interval.
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Table 4. Multivariate analysis for possible parameters associated with LnVLF.

Parameters Estimate 95% CI p Value

Age, /year −0.01 −0.02, −0.01 <0.0001 **
Sex, F/M −0.02 −0.07, 00 0.42

Smoking habit, yes/no 0.02 −0.13, 0.18 0.78
BMI, /kg/m2 −0.02 −0.03, 0.00 0.056
sBP, /mmHg 0.00 −0.00, 0.01 0.14
dBP, /mmHg −0.00 −0.01, 0.00 0.72

Pulse rate, /bpm −0.02 −0.03, −0.02 <0.0001 **
Hypertension, yes/no −0.05 −0.10, 0.01 0.084

DM, yes/no −0.04 −0.11, 0.04 0.33
PEM deposition, yes/no −0.02 −0.08, 0.05 0.62

Glaucoma, yes/no 0.02 −0.06, 0.09 0.70
p values are calculated using the generalized regression model. ** p < 0.01. BMI, body mass index; sBP, systolic
blood pressure; dBP, diastolic blood pressure; bpm, beats per minute; DM, diabetes mellitus; PEM, pseudoexfolia-
tion material; CI, confidence interval.

Table 5. Multivariate analysis for possible parameters associated with LnLF.

Parameters Estimate 95% CI p Value

Age, /year −0.03 −0.03, −0.02 <0.0001 **
Sex, F/M 0.01 −0.09, 0.11 0.87

Smoking habit, yes/no −0.12 −0.42, 0.19 0.45
BMI, /kg/m2 −0.03 −0.06, −0.00 0.04 *
sBP, /mmHg 0.00 −0.00, 0.01 0.47
dBP, /mmHg 0.01 −0.00, 0.02 0.21

Pulse rate, /bpm −0.02 −0.03, −0.02 <0.0001 **
Hypertension, yes/no −0.15 −0.26, −0.05 0.004 *

DM, yes/no −0.12 −0.25, 0.02 0.10
PEM deposition, yes/no −0.04 −0.16, 0.08 0.52

Glaucoma, yes/no −0.05 −0.21, 0.10 0.51
p values are calculated using the generalized regression model. ** p < 0.01, * p < 0.05. BMI, body mass index;
sBP, systolic blood pressure; dBP, diastolic blood pressure; bpm, beats per minute; DM, diabetes mellitus; PEM,
pseudoexfoliation material; CI, confidence interval.

Table 6. Multivariate analysis for possible parameters associated with LnHF.

Parameters Estimate 95% CI p Value

Age, /year −0.01 −0.02, −0.00 0.02 *
Sex, F/M 0.02 −0.08, 0.12 0.73

Smoking habit, yes/no 0.16 −0.14, 0.47 0.29
BMI, /kg/m2 −0.04 −0.07, −0.01 0.01 *
sBP, /mmHg 0.00 −0.00, 0.01 0.56
dBP, /mmHg −0.00 −0.01, 0.01 0.88

Pulse rate, /bpm −0.03 −0.04, −0.03 <0.0001 **
Hypertension, yes/no −0.13 −0.23, −0.02 0.02 *

DM, yes/no −0.07 −0.21, 0.07 0.33
PEM deposition, yes/no −0.04 −0.16, 0.08 0.50

Glaucoma, yes/no 0.10 −0.06, 0.25 0.22
p values are calculated using the generalized regression model. ** p < 0.01, * p < 0.05. BMI, body mass index;
sBP, systolic blood pressure; dBP, diastolic blood pressure; bpm, beats per minute; DM, diabetes mellitus; PEM,
pseudoexfoliation material; CI, confidence interval.
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Table 7. Multivariate analysis for possible parameters associated with LF/HF.

Parameters Estimate 95% CI p Value

Age, /year −0.06 −0.08,−0.04 <0.0001 **
Sex, F/M 0.00 −0.28, 0.28 0.99

Smoking habit, yes/no 0.08 −0.77, 0.92 0.86
BMI, /kg/m2 −0.10 −0.18, −0.02 0.01 *
sBP, /mmHg 0.01 −0.01, 0.03 0.29
dBP, /mmHg 0.00 −0.02, 0.03 0.78

Pulse rate, /bpm −0.11 −0.13, −0.09 <0.0001 **
Hypertension, yes/no −0.40 −0.69, −0.11 0.007 *

DM, yes/no −0.28 −0.66, 0.11 0.16
PEM deposition, yes/no −0.11 −0.44, 0.22 0.52

Glaucoma, yes/no 0.07 −0.36, 0.50 0.74
p values are calculated using the generalized regression model. ** p < 0.01, * p < 0.05. BMI, body mass index;
sBP, systolic blood pressure; dBP, diastolic blood pressure; bpm, beats per minute; DM, diabetes mellitus; PEM,
pseudoexfoliation material; CI, confidence interval.

4. Discussion
This study represents a large-scale cross-sectional investigation of frequency-domain

HRV across glaucoma subtypes, including PG and EG. As shown in Table 2, significant
differences in HRV parameters were observed among the groups. Notably, the EG group
demonstrated significantly lower values across all frequency-domain HRV parameters
compared to the PG group. Additionally, the EG group exhibited significantly lower LnLF
values than the control group. In multivariate analyses (Tables 3–7), older age, higher BMI,
elevated pulse rate, and the presence of hypertension were all independently associated
with decreased frequency-domain HRV parameters. In contrast, no significant associations
were found between HRV measures and either the presence of glaucoma or PEM deposition.

The association between frequency-domain HRV parameters and glaucoma remains
unclear, with existing studies yielding inconsistent findings. Some studies have found
elevated LF, HF, and LF/HF ratios in glaucoma patients, suggesting increased sympathetic
activity [13,21], while others have observed decreases in these indices [11,12], particularly
in NTG or high tension glaucoma (HTG) subtypes. However, the number of studies in-
vestigating frequency-domain HRV in glaucoma patients is limited. To our knowledge,
the present study is the first to explore the link between frequency-domain HRV param-
eters and glaucoma using a larger sample size. The association between glaucoma and
ANS dysfunction may be explained by several underlying mechanisms. One hypothesis
involves impaired vascular regulation due to autonomic imbalance, particularly reduced
parasympathetic and/or increased sympathetic activity, which could lead to unstable
ocular perfusion and contribute to optic nerve damage [22,23]. In addition, autonomic
dysfunction may alter IOP regulation by influencing aqueous humor production or outflow
through neurohumoral pathways [24]. Systemic autonomic dysregulation has also been
linked to oxidative stress and endothelial dysfunction, both of which are implicated in
glaucoma pathogenesis [25,26]. These pathways suggest that ANS alterations may play a
contributory role in both the development and progression of glaucoma.

In line with our previous study examining time-domain HRV in glaucoma [17], the
current analysis revealed significantly lower frequency-domain HRV parameters in glau-
coma patients, especially within the EG group. One possible explanation involves the
underlying pathophysiology of exfoliation syndrome (XFS), which leads to EG. XFS has
been associated with vascular abnormalities, such as impaired endothelial function [27],
increased oxidative stress both ocularly and systemically [28,29], and abnormalities in coag-
ulation processes [30]. These vascular changes may indirectly contribute to dysregulation
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of the autonomic nervous system. Further studies are warranted to clarify the mechanistic
pathways linking EG and autonomic dysfunction.

In the univariate analysis, the EG group showed significantly reduced values in
all frequency-domain HRV parameters compared to the PG group, and also exhibited
markedly lower LnLF values relative to the control group. As this study included only
glaucoma outpatients, the number of controls was relatively small compared to the PG and
EG groups, which may have affected the results of the multivariate analysis. Furthermore,
after adjusting for age, the differences in HRV parameters among groups were attenuated,
possibly reflecting the greater prevalence of EG in older populations. In multivariate
analysis, factors such as the presence of hypertension, blood pressure, pulse rate, and
BMI were identified as influencing HRV parameters. It is well known that glaucoma is
modulated not only by local ocular factors but also by various systemic conditions [31].
The disappearance of the association between glaucoma and HRV in the multivariate
analysis may paradoxically suggest that complex systemic factors are deeply involved in
the pathophysiology of glaucoma and EG. The results of the multivariate analysis indicate
that the impact of HRV on glaucoma is not direct, but is largely mediated by systemic
factors such as aging. However, the present findings suggest that in glaucoma subtypes
that develop in older individuals, such as EG, changes in the ANS are more prominently
detected compared to younger patients. Future studies with larger and more balanced
cohorts are needed to confirm these findings and to further elucidate the relationship
between glaucoma or EG and ANS regulation.

This study has several limitations. First, the potential for selection bias should be
considered. As all participants were recruited from patients attending the glaucoma clinic
at Shimane University Hospital, the control group may not be representative of the general
healthy population. Second, the time of day at which HRV was measured was not taken into
account. Given that HRV can vary depending on the time of measurement, this may have
influenced the results. Third, the potential effects of anti-glaucoma and antihypertensive
medications were not evaluated. Since these agents may alter IOP, BP, pulse rate, and
HRV parameters, their exclusion may have introduced confounding effects. Fourth, due
to the cross-sectional design, it is not possible to establish a causal relationship between
frequency-domain HRV measures and glaucoma. We conducted analyses on the association
between subject-based background factors and HRV parameters in the present study. In the
future, we plan to investigate the relationship between eye-based background factors—such
as intraocular pressure and visual field sensitivity—and HRV.

5. Conclusions
This is the first study to comprehensively evaluate frequency-domain HRV parameters

across glaucoma subtypes, including PG and EG, in a large clinical sample. Patients with
EG showed significantly lower HRV values compared to those with PG and healthy controls
in unadjusted analyses. However, multivariate models revealed that frequency-domain
HRV parameters were not associated with the presence of glaucoma or PEM deposition.
These findings indicate that in elderly patients with glaucoma, particularly those with EG,
age-related changes in ANS balance are present. Further longitudinal studies are needed to
clarify causal relationships and underlying mechanisms.
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Abbreviations
The following abbreviations are used in this manuscript:

HRV Heart rate variability
ANS Autonomic nervous system
SDNN The standard deviation of normal-to-normal intervals

RMSSD
The square root of the mean of the sum of the squared differences between adjacent
normal-to-normal intervals

CVRR The coefficient of variation of R-R intervals
PG Primary open-angle glaucoma
EG Exfoliation glaucoma
NTG Normal tension glaucoma
PEM Pseudoexfoliation material
IOP Intraocular pressure
BMI Body mass index
BP Blood pressure
CI Confidence interval
XFS Exfoliation syndrome
TP Total power
VLF Very-low-frequency
LF Low-frequency
HF High-frequency

References
1. Waxenbaum, J.A.; Reddy, V.; Varacallo, M.A. Anatomy, Autonomic Nervous System. In StatPearls; StatPearls Publishing: Treasure

Island, FL, USA, 2025.
2. Liu, W.; Wang, S.; Gu, H.; Li, R. Heart rate variability, a potential assessment tool for identifying anxiety, depression, and sleep

disorders in elderly individuals. Front. Psychiatry 2025, 16, 1485183. [CrossRef]
3. Cheng, Y.C.; Huang, Y.C.; Huang, W.L. Heart rate variability in patients with dementia or neurocognitive disorders: A systematic

review and meta-analysis. Aust. N. Z. J. Psychiatry 2022, 56, 16–27. [CrossRef] [PubMed]
4. Alonso, A.; Huang, X.; Mosley, T.H.; Heiss, G.; Chen, H. Heart rate variability and the risk of Parkinson disease: The Atheroscle-

rosis Risk in Communities study. Ann. Neurol. 2015, 77, 877–883. [CrossRef] [PubMed]
5. Rooney, M.R.; Norby, F.L.; Soliman, E.Z.; Chen, L.Y.; Selvin, E.; Echouffo-Tcheugui, J.B. Duration of diabetes, glycemic control,

and low heart rate variability: The Atherosclerosis Risk in Communities (ARIC) study. J. Diabetes Complicat. 2024, 38, 108903.
[CrossRef] [PubMed]

6. Tomar, A.; Ahluwalia, H.; Ramkumar, S.; Pattnaik, S.; Nandi, D.; Raturi, P. The interplay of heart rate variability and ventricular
repolarization parameters in the obese state: A review. Cardiovasc. Endocrinol. Metab. 2025, 14, e00323. [CrossRef]

https://doi.org/10.3389/fpsyt.2025.1485183
https://doi.org/10.1177/0004867420976853
https://www.ncbi.nlm.nih.gov/pubmed/33287558
https://doi.org/10.1002/ana.24393
https://www.ncbi.nlm.nih.gov/pubmed/25707861
https://doi.org/10.1016/j.jdiacomp.2024.108903
https://www.ncbi.nlm.nih.gov/pubmed/39541734
https://doi.org/10.1097/XCE.0000000000000323


Biomedicines 2025, 13, 1805 10 of 10

7. Phurpa, M.; Ferdousi, S. Short-term Heart Rate Variability: A Technique to Detect Subclinical Cardiac Autonomic Neuropathy in
Type 2 Diabetes Mellitus. Mymensingh Med. J. 2021, 30, 447–452.

8. Pop-Busui, R.; Backlund, J.C.; Bebu, I.; Braffett, B.H.; Lorenzi, G.; White, N.H.; Lachin, J.M.; Soliman, E.Z.; DCCT/EDIC Research
Group. Utility of using electrocardiogram measures of heart rate variability as a measure of cardiovascular autonomic neuropathy
in type 1 diabetes patients. J. Diabetes Investig. 2022, 13, 125–133. [CrossRef]

9. Park, H.L.; Jung, S.H.; Park, S.H.; Park, C.K. Detecting autonomic dysfunction in patients with glaucoma using dynamic
pupillometry. Medicine 2019, 98, e14658. [CrossRef]

10. Liu, B.; Zhao, Y.; Zhang, H. The Effect of Autonomic Nervous System Dysfunction on the Progression of Primary Open-Angle
Glaucoma. Int. J. Gen. Med. 2022, 15, 4565–4573. [CrossRef]

11. Kurysheva, N.I.; Shlapak, V.N.; Ryabova, T.Y. Heart rate variability in normal tension glaucoma: A case-control study. Medicine
2018, 97, e9744. [CrossRef]

12. Kurysheva, N.I.; Ryabova, T.Y.; Shlapak, V.N. Heart rate variability: The comparison between high tension and normal tension
glaucoma. EPMA J. 2018, 9, 35–45. [CrossRef] [PubMed]

13. Gherghel, D.; Hosking, S.L.; Armstrong, R.; Cunliffe, I.A. Autonomic dysfunction in unselected and untreated primary open
angle glaucoma patients: A pilot study. Ophthalmic Physiol. Opt. 2007, 27, 336–341. [CrossRef] [PubMed]

14. van Ravenswaaij-Arts, C.M.; Kollee, L.A.; Hopman, J.C.; Stoelinga, G.B.; van Geijn, H.P. Heart rate variability. Ann. Intern. Med.
1993, 118, 436–447. [CrossRef] [PubMed]

15. Asefa, N.G.; Neustaeter, A.; Jansonius, N.M.; Snieder, H. Autonomic Dysfunction and Blood Pressure in Glaucoma Patients: The
Lifelines Cohort Study. Investig. Ophthalmol. Vis. Sci. 2020, 61, 25. [CrossRef]

16. Riccadonna, M.; Covi, G.; Pancera, P.; Presciuttini, B.; Babighian, S.; Perfetti, S.; Bonomi, L.; Lechi, A. Autonomic system activity
and 24-hour blood pressure variations in subjects with normal- and high-tension glaucoma. J. Glaucoma 2003, 12, 156–163.
[CrossRef]

17. Yoshida, Y.; Takei, H.; Ukisu, M.; Takagi, K.; Tanito, M. Heart Rate Variability Time-Domain Analysis Across Glaucoma Subtypes.
Biomedicines 2025, 13, 893. [CrossRef]

18. Ori, Z.; Monir, G.; Weiss, J.; Sayhouni, X.; Singer, D.H. Heart rate variability. Frequency domain analysis. Cardiol. Clin. 1992, 10,
499–537.

19. Sacha, J.; Pluta, W. Different methods of heart rate variability analysis reveal different correlations of heart rate variability
spectrum with average heart rate. J. Electrocardiol. 2005, 38, 47–53. [CrossRef]

20. Shaffer, F.; Ginsberg, J.P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5, 258. [CrossRef]
21. Cao, L.; Graham, S.L.; Pilowsky, P.M. Carbohydrate ingestion induces differential autonomic dysregulation in normal-tension

glaucoma and primary open angle glaucoma. PLoS ONE 2018, 13, e0198432. [CrossRef]
22. Grieshaber, M.C.; Flammer, J. Blood flow in glaucoma. Curr. Opin. Ophthalmol. 2005, 16, 79–83. [CrossRef]
23. Hayreh, S.S. The role of age and cardiovascular disease in glaucomatous optic neuropathy. Surv. Ophthalmol. 1999, 43 (Suppl. S1),

S27–S42. [CrossRef]
24. Liu, J.H.; Kripke, D.F.; Twa, M.D.; Hoffman, R.E.; Mansberger, S.L.; Rex, K.M.; Girkin, C.A.; Weinreb, R.N. Twenty-four-hour

pattern of intraocular pressure in the aging population. Investig. Ophthalmol. Vis. Sci. 1999, 40, 2912–2917.
25. Gherghel, D.; Mroczkowska, S.; Qin, L. Reduction in blood glutathione levels occurs similarly in patients with primary-open

angle or normal tension glaucoma. Investig. Ophthalmol. Vis. Sci. 2013, 54, 3333–3339. [CrossRef] [PubMed]
26. Mroczkowska, S.; Benavente-Perez, A.; Negi, A.; Sung, V.; Patel, S.R.; Gherghel, D. Primary open-angle glaucoma vs normal-

tension glaucoma: The vascular perspective. JAMA Ophthalmol. 2013, 131, 36–43. [CrossRef] [PubMed]
27. Praveen, M.R.; Shah, S.K.; Vasavada, A.R.; Diwan, R.P.; Shah, S.M.; Zumkhawala, B.R.; Thomas, R. Pseudoexfoliation as a risk

factor for peripheral vascular disease: A case-control study. Eye 2011, 25, 174–179. [CrossRef] [PubMed]
28. Tanito, M.; Kaidzu, S.; Takai, Y.; Ohira, A. Status of systemic oxidative stresses in patients with primary open-angle glaucoma and

pseudoexfoliation syndrome. PLoS ONE 2012, 7, e49680. [CrossRef]
29. Doudevski, I.; Rostagno, A.; Cowman, M.; Liebmann, J.; Ritch, R.; Ghiso, J. Clusterin and complement activation in exfoliation

glaucoma. Investig. Ophthalmol. Vis. Sci. 2014, 55, 2491–2499. [CrossRef]
30. Goren Sahin, D.; Sahin, A.; Akay, O.M. Comparison of Rotational Thromboelastography Findings in Pseudoexfoliation Syndrome

Patients and Healthy Controls. J. Glaucoma 2016, 25, 879–882. [CrossRef]
31. Tanito, M. Proposal of the Glaucoma Etiology Complex (GEC): A Structured Framework for Understanding the Multifactorial

Nature of Glaucoma. Cureus 2025, 17, e84379. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/jdi.13635
https://doi.org/10.1097/MD.0000000000014658
https://doi.org/10.2147/IJGM.S362275
https://doi.org/10.1097/MD.0000000000009744
https://doi.org/10.1007/s13167-017-0124-4
https://www.ncbi.nlm.nih.gov/pubmed/29515686
https://doi.org/10.1111/j.1475-1313.2007.00485.x
https://www.ncbi.nlm.nih.gov/pubmed/17584284
https://doi.org/10.7326/0003-4819-118-6-199303150-00008
https://www.ncbi.nlm.nih.gov/pubmed/8439119
https://doi.org/10.1167/iovs.61.11.25
https://doi.org/10.1097/00061198-200304000-00011
https://doi.org/10.3390/biomedicines13040893
https://doi.org/10.1016/j.jelectrocard.2004.09.015
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.1371/journal.pone.0198432
https://doi.org/10.1097/01.icu.0000156134.38495.0b
https://doi.org/10.1016/S0039-6257(99)00018-1
https://doi.org/10.1167/iovs.12-11256
https://www.ncbi.nlm.nih.gov/pubmed/23599328
https://doi.org/10.1001/2013.jamaophthalmol.1
https://www.ncbi.nlm.nih.gov/pubmed/22964974
https://doi.org/10.1038/eye.2010.175
https://www.ncbi.nlm.nih.gov/pubmed/21127507
https://doi.org/10.1371/journal.pone.0049680
https://doi.org/10.1167/iovs.13-12941
https://doi.org/10.1097/IJG.0000000000000461
https://doi.org/10.7759/cureus.84379

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Frequency Domain Heart Rate Variability 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

