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Purpose: We aimed to evaluate the effect of visit-to-visit variability in blood
pressure (BP) on the risk of open-angle glaucoma (OAQG) in individuals without
systemic hypertension using a population-based retrospective cohort study
design.

Methods: The Korean National Health Insurance Service-National Health
Screening Cohort database, which collected data of 209,226 individuals between
2002 and 2015, was used to analyze the data of 140,910 eligible participants. The
mean follow-up duration was 8.3 years. Visit-to-visit BP variability was assessed
using standard deviation (SD), coefficient of variation (CV), and variability
independent of the mean (VIM). Participants were categorized into four groups
according to BP variability quartiles. We verified the effect of BP variability by
comparing participants of the first to third quartiles of BP variability groups with
those belonging to the fourth quartile group. A Cox proportional hazards model
was used to determine the hazard ratio (HR) of BP variability in cases of newly
diagnosed OAG. Moreover, we conducted subgroup analyses using baseline
characteristics.

Results: In the multivariable analyses, BP variability did not significantly increase
the risk of OAG development. However, subgroup analyses revealed significant
interactions between age and systolic BP variability in the development of OAG
(CV: p=0.008; SD: p=0.007). For participants aged <60 years, the risk of OAG
development significantly increased with high systolic BP variability (CV: HR,
1.18; 95% confidence interval [Cl], 1.00-1.39; p = 0.049). We observed a similar
trend using the SD and VIM as the parameters for systolic BP variability.

Conclusion: Higher visit-to-visit systolic BP variability was associated with an
increased risk of OAG development in participants younger than 60 years of
age without systemic hypertension. These results suggest that BP variability
can be the considerable factor when assessing the risk of OAG, especially in
relatively young people without systemic hypertension.

01 frontiersin.org


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2023.1300778﻿&domain=pdf&date_stamp=2024-01-10
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
https://www.frontiersin.org/articles/10.3389/fmed.2023.1300778/full
mailto:yhun777@gmail.com
https://doi.org/10.3389/fmed.2023.1300778
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2023.1300778

Leeetal.

KEYWORDS

10.3389/fmed.2023.1300778

blood pressure, blood pressure variability, KNHIS-HEALS, open-angle glaucoma,
systemic hypertension

Introduction

Increased intraocular pressure (IOP) is a major risk factor,
amongst several which are associated with the development of
glaucoma (1, 2). Considering the multifactorial nature of glaucoma,
its pathogenesis cannot be elucidated by the mechanical theory alone,
which states that the increased IOP induces damage to the lamina
cribrosa and retinal ganglion cell axons. In addition to this theory,
perfusion abnormalities and vascular damage of the optic nerve head
are also important mechanisms underlying the pathogenesis of
glaucoma (3, 4). Arterial, venous, and intraocular pressures determine
the perfusion pressure of the optic nerve head (5); thus, it is likely that
blood pressure (BP) has an important role in the development and
progression of glaucoma.

BP and glaucoma display varied associations owing to the complex
correlation between IOP, BP, and ocular blood perfusion pressure (6).
Some studies (7, 8) have demonstrated a positive correlation between
BP and IOP, while others (9-11) have found that low BP correlated
with optic nerve damage. One study (12), which analyzed the US
National Health and Nutrition Examination Survey data, reported a
nonlinear (i.e., U-shaped) relationship between the prevalence of
glaucoma and systolic BP (SBP) or diastolic BP (DBP). The
aforementioned relationship provides evidence for the correlation
between high and low BPs and glaucoma. In addition, a high risk of
open-angle glaucoma (OAG) development in patients with systemic
hypertension provides evidence of the close relationship between BP
and glaucoma (13).

BP does not have a constant value and changes with time. BP
variability increases the risk of cardiovascular or cerebrovascular
diseases such as arterial fibrillation, stroke, and dementia (14-16).
Mortality in patients with diabetes is associated with BP variability
(17). Considering the association between the perfusion pressure of
the optic nerve head and glaucoma development, BP variability and
glaucoma are likely to be associated. Lee et al. revealed that SBP
variability was associated with the development of primary OAG,
based on visit-to-visit BP data in a population-based cohort (18).
Another population-based study using a continuous BP measurement
method demonstrated a correlation between normal-tension
glaucoma and BP variability (19). Thus, BP variability may also be an
important factor in the development of glaucoma.

It is important to note that the aforementioned studies included
participants with systemic hypertension. Systemic hypertension and
the use of antihypertensive medications can be major confounding
factors, thereby necessitating additional studies to determine the effect
of BP variability on glaucoma development in participants without
systemic hypertension. Therefore, we aimed to investigate the
association between visit-to-visit BP variability and the incidence of
OAG in participants without systemic hypertension by using large
population-based data from the Korean National Health Insurance
Service (KNHIS)-National Health Screening Cohort (HEALS).
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Methods
Study design and population

This population-based retrospective cohort study used data
from the KNHIS-HEALS database between 2002 and 2015. The
health insurance system in South Korea is characterized by a
nationwide, single-payer system managed by the KNHIS, which
covers >98% of all South Koreans (20). It provides detailed
information on age, sex, general health information, and disease
diagnoses using the Korean Standard Classification of Disease
(KCD) codes, similar to those of the International Classification
of Disease (ICD). In addition, it provides data on prescribed
medications and hospital visit history by exchanging all cost-
related healthcare information between the KNHIS and medical
providers using the electronic codes of the Korean Electronic Data
Interchange medical procedures. All Koreans aged >40 years are
eligible for the KNHIS health screening program at least once
every 2years (21). The KNHIS-HEALS database comprises
publicly open data. Thus, the Institutional Review Board of the
Asan Medical Center (Seoul, Korea) and the University of Ulsan
College of Medicine (Seoul, Korea) approved a waiver to review
the data for this study (2020-1713). This study was conducted
according to the ethical principles outlined in the Declaration of
Helsinki. The requirement for obtaining informed consent
was waived.

We used a database comprising 209,226 Koreans who underwent
health screening examinations in 2007 (ie., the index year).
We identified 177,668 participants who underwent three or more
health examinations from January 1, 2002 to December 31, 2007.
We excluded individuals with pre-existing OAG or angle-closure
glaucoma (KCD codes H401 and H402, respectively), conditions that
could cause secondary glaucoma (Supplementary Table S7), and
hypertension up to the index year. Systemic hypertension was
identified by the presence of ICD-10 clinical modification codes
110-113 and I15, with a claim for the prescription of antihypertension
medications. Since the first Korean hypertension diagnosis and
management guideline was suggested by the Korean Society of
Hypertension in 2000, the guideline underwent multiple
amendments. South Korea’s very first diagnostic and treatment
criteria were derived from the recommendations of the Joint National
Committee on Detection, Evaluation, and Treatment of High Blood
Pressure (JNC), and later adapted to account for the epidemiological
characteristics of South Korean population. However, the cut-off line
for diagnosing hypertension by Korean hypertension diagnosis and
treatment guideline still remains to be SBP>140mmHg or
DBP >90mmHg even in the most recent version in 2022. After
excluding participants with missing data for one or more variables, a
total of 140,910 participants were ultimately included in the
final analysis.
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Measurements of variables and
comorbidities

Health screening examination data provided the results of
laboratory tests and questionnaires on health behavior, along with
anthropometric details such as height, weight, and waist circumference.
Moreover, the database includes BP measurements. BMI is calculated
as weight in kilograms divided by the squared height in meters (kg/m?).
Samples for the measurement of fasting serum glucose, total
cholesterol, aspartate aminotransferase, alanine aminotransferase, and
gamma glutamyl transferase levels were collected through venous
blood sampling after an overnight fast of more than 8h. A diagnosis of
diabetes mellitus was defined as follows: (1) fasting glucose
level > 126 mg/dL or (2) having at least one claim per year under
ICD-10 codes E10-14 and a prescription for antidiabetic medications.
Dyslipidemia was defined according to the following: (1) total
cholesterol >240 mg/dL or (2) having at least one claim per year under
ICD-10 code E78 with a prescription for lipid-lowering agents. Cataract
was defined, based on the ICD-10 codes related to cataract (i.e., H25.0,
H25.1, H25.2, H25.8, H25.9, H26.02, H26.21, H26.28, H26.3, H26.8,
H26.9, H28.0, H28.1, and H28.2). We used the Charlson Comorbidity
Index as a covariate to match the overall general health statuses
between the groups. This score refers to a weighted index calculated by
the presence of 17 systemic diseases. Thus, the higher the score, the
greater the burden of systemic diseases (22). Current smoking status,
alcohol consumption, regular exercise, and income level were defined
by the questionnaire results. The response to cigarette smoking was
“never; “ex-smoker; or “current smoker.” In the present study, a current
smoker was defined as a response of “current smoker” among the
aforementioned three items. Alcohol consumption was defined as
drinking 3-4 times a week or more, whereas regular exercise was
defined as exercising five times or more a week. Low household income
level was defined as an income level of <10%.

BP measurements and visit-to-visit BP
variability

During the KNHIS health screening examination, a trained clinician
measured brachial BP according to the protocol using a standardized
sphygmomanometer. This measurement was conducted twice in
participants after a five-minute rest period and their average BP was
recorded. SBP and DBP were measured separately. Moreover, BP
variability was assessed using the SD, CV, and VIM of BP until the index
year. The CV was defined as the SD divided by the mean value, whereas
the VIM was calculated as follows: 100 x SD/mean’ (23), where f3 refers
to the regression coefficient based on the natural logarithm of the SD
over the natural logarithm of the mean. The number of BP measurements
ranged from three to six per individual, as follows: three measurements
(n=68,698); four measurements (n=15,436); five measurements
(n=21,207), and six measurements (1 =235,749).

Study outcomes and follow-up

Newly diagnosed OAG was the primary outcome. OAG
development was defined when the following three criteria were met:
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(1) a diagnosis of OAG, based on the KCD code (H401), (2) undergoing
a visual field test more than once, and (3) a prescription for
antiglaucoma medications (13). We followed the cohort from the index
date until the date of being newly diagnosed with OAG or until the end
of the study (December 21, 2015), whichever occurred first. The mean
and median follow-up duration was 8.2 years and 8.4 years, respectively.
The interquartile range of the follow-up duration was 8.2-8.6 years.

Statistical analysis

Participants were classified into four groups based on the BP
variability quartile. Differences in the distribution of baseline
characteristics among the BP quartile groups were identified by using
analysis of variance or the Chi-square test, as appropriate. We used the
Cox proportional hazards model to estimate the hazard ratio (HR)
and the 95% confidence interval (CI) of newly diagnosed
OAG. Multivariable analyses were conducted using two models, based
on the type of variables used for the adjustment. Model 1 was adjusted
for age and sex; model 2 was adjusted for all variables used to
demonstrate the baseline characteristics. We conducted subgroup
analyses within the baseline characteristics for a better understanding
of the effect of BP variability on newly diagnosed OAG. Therefore, the
interaction effect between BP variability and each subgroup was
evaluated using Cox regression analysis. A two-sided p-value of <0.05
was considered statistically significant. All statistical analyses were
conducted using SAS 9.4 (SAS Institute, Cary, NC, USA).

Results
Baseline characteristics

Tables 1, 2 summarize the characteristics of the study participants,
based on their variability independent of the mean (VIM) quartiles
for SBP and DBP. Significant differences were observed in all variables
among the VIM SBP groups, except for fasting glucose level
(p=0.679). In contrast, among the VIM DBP groups, significant
differences were observed in all variables, except for fasting glucose
level (p=0.304) and alcohol consumption (p=0.199). We observed
similar results with defining BP variability by the standard deviation
(SD) and  coefficient of variation (CV) of BP
(Supplementary Tables S1-S4). Upon defining SBP and DBP
variabilities as SD, we observed a significant difference among the
quartile groups for all variables. Upon defining SBP variability by the
CV, all variables, except for the total cholesterol level, demonstrated
significant differences among the quartile groups. In contrast,
significant differences were observed in all variables, except for fasting
glucose level and alcohol consumption, on defining diastolic BP
variability by CV, which was similar to the VIM results.

Effect of BP variability on the development
of OAG

Table 3 summarizes the HRs and 95% ClIs of newly diagnosed
OAG according to BP variability (per 10-unit increase). Only a
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TABLE 1 Baseline characteristics of the study participants, based on the VIM quartiles for visit-to-visit variability of systolic blood pressure.

Q1 Q2 Q3 Q4 P-value ®
N 35,246 35,209 35,228 35,227
Age (y) 55.2+8.5 543+7.9 54.8+8.2 56.8+9.1 <0.0001
Sex (male) 21,064 (59.8) 22,510 (63.9) 21,775 (61.8) 18,550 (52.7) <0.0001
BMI (kg/m?) 24.0+2.8 239+2.8 23.8+2.8 23.8+£29 <0.0001
Mean SBP 126.2+11.9 125.5+12.7 124.8+12.5 124.6+13.9 <0.0001
Mean DBP 79.1+7.7 78.9+8.1 78.4+7.9 77.9+8.5 <0.0001
SBP variability
CV (%) 37+14 6.6+0.9 9.0+1.0 13.7+£3.2 <0.0001
SD 4.7x1.9 83+1.7 11.3+22 17.2+5.2 <0.0001
VIM 4.7+1.8 8.3+0.9 11.5+1.0 17.5+3.8 <0.0001
DBP variability
CV (%) 7.1+£3.8 8.2+3.8 9.5+4.0 12.4+5.2 <0.0001
SD 5.6+3.1 6.4+3.0 7.5+3.3 9.7+4.4 <0.0001
VIM 5.6+3.1 6.5+3.0 7.6+3.2 9.9+4.1 <0.0001
FPG 97.5+£23.3 97.4+23.1 97.6+£24.0 97.6+£23.8 0.679
Total cholesterol 199.3+36.3 198.6 +£36.0 198.6 £36.1 198.7+37.0 0.028
AST 26.0+£14.2 26.1+15.3 26.2+16.6 26.4+16.4 0.007
ALT 25.2+18.5 25.5+19.0 25.2+209 24.7+£19.9 <0.0001
GGT 38.2+47.9 39.0£49.0 39.2+52.2 37.7+52.5 0.0001
DM 4,966 (14.1) 5,324 (15.1) 5,438 (15.4) 5,545 (15.7) <0.0001
Hyperlipidemia 11,461 (32.5) 11,351 (32.2) 11,504 (32.7) 11,953 (33.9) <0.0001
Cataract 2,723 (7.7) 2,282 (6.5) 2,384 (6.8) 3,216 (9.1) <0.0001
CCI <0.0001
0 13,744 (39.0) 14,326 (40.7) 13,936 (39.6) 12,241 (34.7)
1 9,922 (28.2) 9,930 (28.2) 9,846 (27.9) 9,891 (28.1)
2 5,649 (16.0) 5,510 (15.6) 5,837 (16.6) 6,139 (17.4)
>3 5,931 (16.8) 5,443 (15.5) 5,609 (15.9) 6,956 (19.7)
Current smoker 7,055 (20.0) 8,036 (22.8) 7,835 (22.2) 6,770 (19.2) <0.0001
Alcohol consumption 3,455 (9.8) 3,504 (10.0) 3,555 (10.1) 3,280 (9.3) 0.003
Regular exercise 3,675 (10.4) 3,347 (9.5) 3,369 (9.6) 3,531 (10.0) <0.0001
Income (<10%) 2,493 (7.1) 2,555 (7.3) 2,813 (8.0) 3,233 (9.2) <0.0001

Data are expressed as the mean + the SD or as n (%)."The P-value is derived from the analysis of variance and the Chi-square test. VIM, variability independent of the mean; N, number; Q1-4,
quartile 1-4; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, coefficient of variation; SD, standard deviation; FPG, fasting plasma glucose; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; DM, diabetes mellitus; and CCI, Charlson Comorbidity Index.

significant increase in the risk of OAG development correlated with
SBP variability, defined by SD (HR, 1.13; 95% CI, 1.03-1.24). However,
multivariable analyses revealed no significant findings in any BP
variability parameter. As an additional method to verify the effect of
BP variability, we compared the risk of OAG development in the
highest quartile group (Q4) with that in the lower three quartiles (Q1-
Q3) as the reference group (Table 4). Without an adjustment for the
variables, we observed a significantly increased risk of OAG
development in the Q4 group, compared with the Q1-Q3 group in all
three parameters for BP variability. However, BP variability did not
significantly increase the risk of OAG development in model 1 and
model 2 analyses that adjusted for the variables.
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Subgroup analyses

We conducted stratified analyses by age, sex, body mass index
(BMI), diabetes mellitus, hyperlipidemia, cataract, smoking status,
alcohol consumption status, regular exercise status, and income status.
Table 5 summarizes the results of the stratified analyses for the effect
of SBP variability on OAG development according to the CV. Based
on the subgroup analysis of factors that could affect this development,
we identified a significant interaction for age x SBP variability (CV,
SD) (p=0.009 for CV and p=0.007 for SD) (Table 5;
Supplementary Table S5). The risk of OAG development significantly
increased with high SBP variability (CV) for participants aged
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TABLE 2 Baseline characteristics of the study participants, based on the VIM quartiles for visit-to-visit variability of diastolic blood pressure.

Q1 Q2 Q3 Q4 P-value ®
N 35,228 35,224 35,232 35,226
Age (y) 55.2+8.3 549+8.4 54.4+7.9 56.6+9.1 <0.0001
Sex (male) 21,003 (59.6) 21,428 (60.8) 22,131 (62.8) 19,337 (54.9) <0.0001
BMI (kg/m?) 24.0+2.8 23.8+2.8 23.8+2.8 23.8+29 <0.0001
Mean SBP 126.3+12.4 1243+11.7 124.9+13.0 125.7+13.8 <0.0001
Mean DBP 79.5+£7.9 78.1+7.2 78.4+8.4 78.3+8.7 <0.0001
SBP variability
CV (%) 63+3.2 7.2+33 8.4+3.5 11.0+4.7 <0.0001
SD 8.0+4.2 9.0+4.3 10.5+4.7 14.0+6.6 <0.0001
VIM 8.0+£4.0 9.3+4.2 10.7+4.4 14.0£5.9 <0.0001
DBP variability
CV (%) 4.0+2.0 7.4+0.6 10.2+1.0 15.6+3.4 <0.0001
SD 32+1.6 5.8+0.7 8.0+1.2 122+32 <0.0001
VIM 3216 59+0.5 8.1+0.8 12.3+2.7 <0.0001
FPG 97.7+£22.6 97.5+£24.2 97.4+23.8 97.6£23.6 0.304
Total cholesterol 199.7+36.2 198.6+36.1 198.2+36.1 198.7+36.9 <0.0001
AST 26.2+15.7 26.0+15.2 26.2+15.6 26.3+16.1 0.043
ALT 25.5+20.4 25.1+18.5 25.4+20.0 24.7+19.6 <0.0001
GGT 38.6+49.2 37.8+48.5 39.2+49.9 38.5+53.9 0.004
DM 5,067 (14.4) 5,102 (14.5) 5,479 (15.6) 5,625 (16.0) <0.0001
Hyperlipidemia 11,471 (32.6) 11,225 (31.9) 11,504 (32.7) 12,069 (34.3) <0.0001
Cataract 2,674 (7.6) 2,479 (7.0) 2,307 (6.5) 3,145 (8.9) <0.0001
CCI <0.0001
0 13,752 (39.0) 13,887 (39.4) 14,118 (40.1) 12,490 (35.5)
1 9,837 (27.9) 9,921 (28.2) 10,014 (28.4) 9,817 (27.9)
2 5,784 (16.4) 5,601 (15.9) 5,637 (16.0) 6,113 (17.4)
>3 5,855 (16.6) 5,815 (16.5) 5,463 (15.5) 6,806 (19.3)
Current smoker 7,176 (20.4) 7,591 (21.6) 8,014 (22.7) 6,915 (19.6) <0.0001
Alcohol consumption 3,526 (10.0) 3,488 (9.9) 3,388 (9.6) 3,392 (9.6) 0.199
Regular exercise 3,608 (10.2) 3,479 (9.9) 3,337 (9.5) 3,498 (9.9) 0.008
Income (<10%) 2,586 (7.3) 2,555 (7.3) 2,806 (8.0) 3,147 (8.9) <0.0001

Data are expressed as the mean + the SD or as n (%)."The P-value is derived from the analysis of variance and the Chi-square test. VIM, variability independent of the mean; N, number; Q1-4,
quartile 1-4; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, coefficient of variation; SD, standard deviation; FPG, fasting plasma glucose; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; GGT, gamma glutamyl transferase; DM, diabetes mellitus; and CCI, Charlson Comorbidity Inde.

<60years (HR, 1.18; 95% CI, 1.00-1.39; p=0.0485). We observed a
similar trend when using SD and VIM as the parameters for SBP
variability (SD: HR, 1.18; 95% CI, 0.99-1.39; p=0.061; VIM: HR, 1.18;
95% CI, 1.00-1.39; p=0.048) (Supplementary Tables S5, S6). However,
no condition significantly affected the relationship between DBP
variability and the risk of OAG development.

Discussion

In the present study, we investigated the association between visit-
to-visit BP variability and OAG development in participants without
systemic hypertension by using a large longitudinal population-based
cohort. BP variability significantly increased the risk of OAG
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development, according to the unadjusted analyses; however, this
finding was not confirmed after adjusting for the variables. In the
subgroup analyses, the visit-to-visit SBP variability, which was defined
using three different indicators, was associated with an increased risk
of OAG development in participants aged <60 years without systemic
hypertension. Previously, researchers have reported the association
between BP variability and the development of primary OAG using
the National Sample Cohort of the KNHIS (18). Moreover, there are
reports which verify the association between BP variability and
glaucoma (19, 24). However, these studies included participants with
systemic hypertension. Thus, confounding factors related to BP
variability, such as the use of antihypertensive medications, would
likely affect the results. Unlike previous studies, only data of
participants without systemic hypertension were analyzed in this
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TABLE 3 Hazard ratios and 95% confidence intervals of newly diagnosed open angle glaucoma, based on visit-to-visit variability of blood pressure (per
10-unit increase).

BP variability (per 10- Unadjusted Model 1 Model 2

il M) HR (95% CI) P-value HR(95% Cl)  P-value HR(95% Cl)  P-value
SBP

CcVv 1.12 (0.99-1.27) 0.076 0.96 (0.85-1.09) 0.525 0.96 (0.85-1.08) 0.477
SD 1.13 (1.03-1.24) 0.008 0.97 (0.89-1.06) 0.536 0.96 (0.87-1.05) 0.387
VIM 1.05 (0.95-1.16) 0.318 0.97 (0.88-1.07) 0.496 0.97 (0.88-1.07) 0.518
DBP

CcvV 1.10 (0.99-1.23) 0.086 1.03 (0.92-1.14) 0.642 1.02 (0.92-1.13) 0.718
SD 1.14 (1.00-1.30) 0.052 1.02 (0.90-1.16) 0.737 1.02 (0.89-1.16) 0.802
VIM 1.13 (0.98-1.29) 0.091 1.03 (0.90-1.18) 0.636 1.03 (0.90-1.17) 0713

Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1+ the other variables in Table 1.
OAG, open-angle glaucoma; BP, blood pressure; HR, hazard ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; VIM, variability independent of the mean; CV, coefficient of

variation; and SD, standard deviation; VIM, variability independent of the mean.

study. The difference in the inclusion of participants with systemic
hypertension in previous studies may explain why our subgroup
analysis demonstrated that SBP variability induced a significantly
increased risk of OAG development.

Under physiological condition, BP naturally fluctuates, which is
essential for maintaining appropriate multiple-organ perfusion.
Therefore, failure to control BP fluctuations results in a high possibility
of impaired organ function. Longitudinal and cross-sectional studies
have reported that an increase in the visit-to-visit BP variability is
associated with a greater risk of organ damage, cardiovascular events,
and mortality (16, 25, 26). In addition, researchers have verified its
association with the occurrence of neurodegenerative diseases such as
dementia and Alzheimer’s disease (15, 27, 28). Nonetheless,
investigators have not clearly elucidated the mechanism underlying
the effect of BP variability on various pathologic conditions, including
OAG. Considering the involvement of vascular dysregulation in the
pathophysiology of glaucoma (29, 30), the association between BP
variability and cardiovascular homeostasis is supposedly a key factor
that explains the correlation between glaucoma development and BP
variability (16). Arterial stiffness is another important factor in the
relationship between BP variability and glaucoma. Arterial stiffness
has an important role in BP variability (31). A recent study using
optical coherence tomography angiography verified that a high pulse-
wave velocity was associated with decreased macular vessel density in
patients with normal-tension glaucoma (32). Pulse-wave velocity is a
representative parameter of arterial stiffness. Therefore, the
aforementioned result indicates a possible correlation between arterial
stiffness and the pathogenesis of normal-tension glaucoma.
Autonomic dysfunction may also play a role in the relationship
between BP variability and glaucoma; it induces BP variability and
reduces ocular perfusion pressure (33-36). Although there is
insufficient data from previous studies regarding the exact mechanism,
it is not difficult to conclude that a relationship exists between BP
variability and glaucoma is related to vascular dysregulation. Further
studies are warranted to directly verify the relationship between BP
variability and ocular blood supply and the mechanism underlying the
effect of BP variability on glaucoma development, particularly with
the use of devices such as coherence tomography angiography.
Nevertheless, our study is of sufficient value in that it supports the
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vascular theory underlying the pathogenesis of glaucoma and
identified clinical factors associated with OAG development.

In the present study, the age of the Q4 group was higher than that
of the other groups. In addition, in the subgroup analyses, the Q4
group included a relatively higher number of participants aged
>60years than participants aged <60 years. These results are similar to
those of previous studies demonstrating that BP variability increases
with age (37, 38). Many of the possible underlying mechanisms
associated with aging, such as hemodynamic instability, advanced
arterial remodeling, atherosclerosis, arterial stiffness, baroreflex
impairment, endothelial dysfunction, and subclinical inflammation,
are interconnected (39). Although further investigations are necessary
to establish whether elevated blood pressure variability constitutes a
hallmark of aging, it has recently garnered attention as a potential
candidate marker for aging, owing to its associations with the
mechanisms mentioned above. Age-related impairment to the
baroreflex or an increase in arterial stiffness is the primary mechanism
underlying the relationship between BP variability and age (38).
Therefore, an increase in BP variability at a relatively young age
indicates a more pathological condition, unlike age-related changes,
which may be a factor that increases susceptibility to organ damage.
SBP variability exerts a greater effect on stroke risk at a young age (23).
Glaucoma requires an early diagnosis and lifelong treatment to reduce
the likelihood of progression of visual function impairment. The
development of glaucoma at a young age increases the likelihood of
encountering various problems caused by the progression of visual
function impairment. Therefore, the finding of the subgroup analysis
that large SBP variability significantly increased the risk of OAG
development in relatively young participants without systemic
hypertension has clinical significance. Investigators should perform
additional research, such as determining clinical factors affecting the
impact of SBP variability on the risk of OAG development with age to
accurately verify the relationship between them. However, our
findings likely have clinical significance in that they identified a
notable factor to be considered (i.e., BP variability), while classifying
and monitoring a high-risk group for OAG.

The following limitations of the current study should
be considered when interpreting these results. First, determining the
presence of a disease based on diagnostic codes is a representative
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TABLE 4 Hazard ratios and 95% confidence intervals of newly diagnosed OAG with comparison between quartile 1-3 and quartile 4 of visit-to-visit

variability of blood pressure.

Unadjusted

F/U
duration
(person-

years)

Events (n) Incidence

HR (95%
(95% Cl) Cl)

Model 1 Model 2

HR (95% P-value HR (95%
Cl) Cl)

P-value P-value

SBP variability

Ccv

Q1-Q3 1,027 872,203 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 394 288,432 1.37 (1.24-1.51) 1.16 (1.03- 0.012 1.01 (0.90- 0.866 1.00 (0.89- 0.958
1.30) 1.14) 1.13)

SD

Q1-Q3 1,016 872,710 1.16 (1.09-1.24) 1 (ref) 1 (ref) 1 (ref)

Q4 405 287,926 1.41 (1.28-1.55) 1.21 (1.08- 0.001 1.01 (0.90— 0.900 0.99 (0.88- 0.904
1.36) 1.13) 1.12)

VIM

Q1-Q3 1,022 871,817 1.17 (1.10-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 399 288,818 1.38 (1.25-1.52) 1.18 (1.05- 0.006 1.06 (0.95— 0.291 1.06 (0.95- 0.306
1.32) 1.20) 1.19)

DBP variability

Ccv

Q1-Q3 1,025 871,536 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 396 289,099 1.37 (1.24-1.51) 1.16 (1.04- 0.010 1.06 (0.95— 0.309 1.06 (0.94- 0.352
1.31) 1.19) 1.19)

SD

Q1-Q3 1,018 872,155 1.17 (1.10-1.24) 1 (ref) 1 (ref) 1 (ref)

Q4 403 288,480 1.40 (1.27-1.54) 1.20 (1.07- 0.002 1.06 (0.94- 0.326 1.06 (0.94- 0.373
1.34) 1.19) 1.19)

VIM

Q1-Q3 1,028 871,770 1.18 (1.11-1.25) 1 (ref) 1 (ref) 1 (ref)

Q4 393 288,865 1.36 (1.23-1.50) 1.15 (1.03- 0.016 1.05 (0.94- 0.390 1.05 (0.93- 0.442
1.30) 1.18) 1.18)

Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1 + the other variables in Table 1.
OAG, open-angle glaucoma; BP, blood pressure; F/U, follow-up; HR, hazard ratio; CI, confidence interval; SBP, systolic blood pressure; CV, coefficient of variation; Q1-4, quartile 1-4; SD,

standard deviation; VIM, variability independent of the mean; DBP, diastolic blood pressure.

limitation of studies using claim data. To minimize possible diagnostic
inaccuracies, we used additional parameters, such as medication use
and clinical examination. Second, we only included participants who
had visited a hospital. Thus, we cannot exclude the possibility of
underestimating the presence of OAG and other diseases. Third, there
was no control of the BP measurement conditions, which we presumed
was not performed accurately. This is a common limitation of previous
studies that verified a relationship between visit-to-visit BP variability
and pathologic conditions using KNHIS data. However, BP
measurements obtained during health screening examinations, based
on the protocol of medical institutions certified by the KNHIS,
alleviated the risk of measurement bias. Fourth, the BP variability was
based on a range of three to six BP measurements per subjects.
Furthermore, the temporal intervals between BP measurements
exhibited non-uniformity. In investigating visit-to-visit BP variability,
it is important to define the BP measurement interval and number of
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BP measurements. Given the characteristics of the data collected for
this research, it is unfeasible to obtain BP measurements at consistent
intervals or at the same frequency. Nonetheless, it is noteworthy that
the methodology employed for characterizing BP variability in our
study has been consistently utilized in several prior studies (14, 18, 40,
41) that defined BP variability using KNHIS data. Fifth, our findings
were obtained from a database with data for an overwhelmingly large
population of Koreans. This factor warrants cautiously applying the
present findings to other ethnic groups. Finally, despite using
longitudinal follow-up results with a large sample size, our study was
based on a retrospective design. Therefore, our findings should
be confirmed by additional prospective longitudinal studies that
include other ethnic groups.

In conclusion, high visit-to-visit SBP variability significantly
increased the risk of OAG development in participants aged <60 years;
however, our results did not demonstrate an effect of high BP
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TABLE 5 Subgroup analyses for the effect of visit-to-visit variability of systolic blood pressure (CV) on the development of open angle glaucoma.

Q1-Q3 Q4 HR (95% CI) P-value P for interaction
Age 0.008
<60y 563/79689 191/22333 1.18 (1.00-1.39) 0.049
>60y 464/25990 203/12898 0.86 (0.73-1.01) 0.073
Sex 0.546
Female 402/40923 172/16088 0.96 (0.80-1.15) 0.676
Male 625/64756 222/19143 1.03 (0.89-1.21) 0.664
BMI (kg/m?) 0.395
<25 689/71711 252/23388 0.97 (0.84-1.12) 0.649
>25 338/33968 142/11843 1.07 (0.88-1.31) 0.475
DM 0.639
No 856/90430 313/29207 0.99 (0.87-1.13) 0.878
Yes 171/15249 81/6024 1.06 (0.81-1.38) 0.656
Hyperlipidemia 0.921
No 657/71784 240/22857 1.00 (0.86-1.16) 0.984
Yes 370/33895 154/12374 1.01 (0.84-1.22) 0.912
Cataract 0.411
No 869/98412 324/31893 1.03 (0.90-1.17) 0.695
Yes 158/7267 70/3338 0.90 (0.68-1.19) 0.470
Current smoker 0.230
No 836/82839 338/28375 1.04 (0.91-1.18) 0.595
Yes 191/22840 56/6856 0.85(0.63-1.14) 0.283
Alcohol consumption 0.923
No 920/95426 351/31690 1.00 (0.88-1.13) 0.985
Yes 107/10253 43/3541 1.02 (0.72-1.45) 0.914
Regular exercise 0.564
No 886/95360 344/31628 1.02 (0.90-1.15) 0.795
Yes 141/10319 50/3603 0.92 (0.66-1.27) 0.606
Income (<10%) 0.956
No 940/97923 353/31893 1.00 (0.89-1.14) 0.946
Yes 87/7756 41/3338 0.99 (0.68-1.44) 0.971

Hazard ratios were calculated based on multivariate Cox regression after being adjusted for variables belonging to model 2.
Data are expressed as the number of events/number of patients. Model 1 is adjusted for age and sex. Model 2 is adjusted for the variables in Model 1 + the other variables in Table 1.
BP, blood pressure; OAG, open-angle glaucoma; CV, coefficient of variation; Q1-4, quartile 1-4; HR, hazard ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus.

variability on an increased risk of OAG development for all age
groups. Although it needs to be verified through further research, our
results indicate that BP variability may be a factor to consider when
assessing the risk of OAG development in relatively young people
without systemic hypertension. In addition, the importance of BP
variability in the development of glaucoma is likely to be considered
as remarkable evidence that supports the vascular theory, which
explains the pathophysiology of glaucoma.
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