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Background: Hypertension is a key risk factor for cardiovascular disease. Thus,
effective blood pressure (BP) management and adherence to antihypertensive
medications are crucial for reducing these risks in patients with hypertension. We
evaluated the effect of BP and medication adherence on the clinical outcomes
of patients with hypertension.

Methods: This is retrospective cohort study utilized data from the Korean
National Health Insurance Database. We analyzed data from 238,950 patients
with hypertension aged >20 who underwent at least two health checkups
between 2009 and 2012. Patients were categorized according to their systolic
BP (SBP) and medication adherence. The primary outcome was a composite of
all-cause death, myocardial infarction, ischemic stroke, hemorrhagic stroke, and
hospitalization for heart failure. Cox proportional hazard models were used to
estimate hazard ratios (HR) for composite outcomes.

Results: Higher SBP groups were associated with increased risk of composite
outcomes compared to the 120-129 mmHg group (<120 mmHg, HR 1.065;
130-139 mmHg, HR 1.056; 140-149 mmHg, HR 1.068; and >150 mmHg,
HR 1.238). In addition, across all SBP categories, poor adherence significantly
elevated the risk of composite outcomes, even after adjusting for confounding
factors. Among all categories, patients with high SBP (=150 mmHg) and poor
adherence had the highest risk.

Conclusion: Higher SBP and poor medication adherence were independently
associated with worse clinical outcomes in patients with hypertension. Strategies
to enhance medication adherence and achieve optimal BP control are essential
to reduce cardiovascular risk.

KEYWORDS
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1 Introduction

Hypertension is a major risk factor for cardiovascular diseases, including heart
fajlure (HF), myocardial infarction (MI), and ischemic stroke—the leading causes of
morbidity and mortality worldwide (1-3). These risks can be reduced by ensuring effective
hypertension management, with antihypertensive medication being a cornerstone of the
treatment (1). However, despite the availability of effective medications, achieving optimal
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blood pressure (BP) control remains challenging, with global
estimates suggesting that only 50%—60% of treated hypertensive
patients achieve target BP levels (4-6). One critical factor
influencing BP control and subsequent clinical outcomes is
medication adherence. Adherence is defined as the extent to
which a patient takes medication as prescribed by their healthcare
provider (7). Poor adherence to antihypertensive medication
has consistently been associated with suboptimal BP control,
leading to an increased risk of adverse cardiovascular events and
mortality (8-10). A large cohort study using nationwide claims data
demonstrated that poor adherence to antihypertensive medications
was associated with significantly increased cardiovascular mortality
and hospitalization risk (11). These findings highlight the strong
interrelationship between adherence and BP control, reinforcing
the need for strategies to improve adherence and reduce
cardiovascular risk.

In clinical practice, systolic BP (SBP) levels are a primary target
for hypertension management (12). Both elevated and excessively
low SBP levels are associated with poor clinical outcomes, creating a
complex relationship that healthcare providers must navigate (13).
Therefore, understanding the interaction between SBP levels and
medication adherence and how they influence clinical outcomes
is essential for developing effective management strategies for
patients with hypertension.

This study aims to investigate the combined impact of SBP
levels and medication adherence on cardiovascular outcomes
in a large, representative cohort of hypertensive patients. We
hypothesize that higher SBP levels and poor adherence will
independently and synergistically increase cardiovascular risk.
Given the critical role of adherence in achieving BP control,
this study will provide an important understanding of the need
for adherence-focused interventions to optimize hypertension
management and reduce cardiovascular risk.

2 Methods
2.1 Study design and population

This retrospective cohort study utilized data from the Korean
National Health Insurance Database (NHID), which includes
comprehensive health information on the Korean population. The
NHID is a comprehensive healthcare claims database that includes
demographic information, medical diagnoses, prescriptions,
procedures, and health examination records collected through the
National Health Insurance Service. The NHID has been widely
used for epidemiological research (14, 15). All diagnoses in the
NHID were documented using the International Classification of
Diseases, 10th Revision (ICD-10) codes. We focused on individuals
aged >20 years who underwent at least two health checkups
between 2009 and 2012. The individuals were identified through
random sampling from the NHID. From an initial cohort of
1,500,959 individuals (Figure 1), we selected 258,283 patients who
had a diagnosis of hypertension (ICD-10 codes 110-113, I15) and
had been prescribed antihypertensive medications within 6 months
before their first health checkup. To ensure a well-defined study
population and minimize potential bias, patients were excluded if
they had missing data (n = 221), exclusive use of alpha-blockers or

Frontiersin Medicine

10.3389/fmed.2025.1564791
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Health check-up 2 2 times
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(n =1,500,959)

| Missing data* (n = 221)

Anti-hypertensive medicationt
within 6 months before first check up
(n = 258,283)

Alpha-blocker or vasodilator only
(n = 254)
Alpha-blocker: 247
Vasodilator: 7

Hospitalization for cardiovascular

disease before first check up, or

within 2 years after first check up
(n=19,079)

| Final analysis (n = 238,950) ]

FIGURE 1

Study population. *Examined variables: systolic blood pressure
(SBP), diastolic blood pressure (DBP), fasting blood glucose,
cholesterol, body mass index (BMI), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT), gamma-glutamyl
transferase (GGT), triglycerides (TG), creatinine, hemoglobin, waist
circumference, and high-density lipoprotein (HDL); questionnaire
items: physical activity, smoking status, and alcohol consumption.
fPrescription of antinypertensive medication along with diagnosis
codes 110113, I15. Antihypertensive medications include diuretics,
beta-blockers, calcium channel blockers, angiotensin-converting
enzyme inhibitors (ACEi), angiotensin Il receptor blockers (ARB), and
others (such as alpha-blockers and vasodilators).

vasodilators (n = 254), or hospitalization for cardiovascular disease
or death (n = 19,079) either before their first checkup or within
2 years thereafter. Alpha-blockers and vasodilators were excluded
as these are not recommended as first-line antihypertensive agents
and are often prescribed for specific non-hypertensive indications
such as benign prostatic hyperplasia or resistant hypertension.
Hospitalization for cardiovascular disease included admissions for
HF (ICD-10 codes 150, 142.0, 111.0, 113.0, 113.2), MI (ICD-10 codes
121-122), ischemic stroke (ICD-10 codes 163-164), or hemorrhagic
stroke (ICD-10 codes 160-162), which was applied to minimize
reverse causality and ensure that BP levels and medication
adherence were assessed before clinical outcomes occurred. After
exclusion, 238,950 patients with hypertension were included in the
final study population.

The patients were stratified into five groups based on their SBP:
<120, 120-129, 130-139, 140-149, and >150 mmHg. Medication
adherence was assessed using the medication possession ratio
(MPR) and categorized as good (>0.8), moderate (between >0.5
and <0.8), or poor (<0.5) (16). The 120-129 mmHg groups
were used as the reference, representing the optimal SBP range in
guidelines (1, 17). SBP was categorized in 10 mmHg increments
to enable a structured analysis of BP trends and associated risks,
while >150 mmHg was set as the highest category due to its strong
association with increased cardiovascular risk and the need for
intensive management. The <120 mmHg category was included to
assess potential J-curve effects, where excessively low BP may be
related to adverse outcomes.

This study was approved by the local institutional review
board (approval no. GURI 2024-07-008). The requirement for
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informed consent was waived because the NHID had obtained
the participants’ consent. The dataset is in the public domain and
contains no individually identifiable information.

2.2 Data collection

The following variables were collected: age, documented as the
age of the patient at the time of the first health checkup, and sex.
BP measurements included both SBP and diastolic blood pressure
(DBP). Smoking status was categorized as never, past, or current.
Physical activity frequency was documented and categorized as
0, 1-2, 3-4, 5-6, or 7 times per week. Alcohol consumption
frequency was recorded and categorized as 0, 1-2, 3-4, or >5
times per week. Body mass index (BMI) was categorized into
<18.5, 18.5-22.9, 23-24.9, and >25 kg/m>. Fasting glucose levels
were categorized as <100, 100-125.9, or >126 mg/dL, whereas the
total cholesterol levels were categorized as <200, 200-239.9, or
>240 mg/dL. Household income was divided into quartiles, with
the first and fourth quartiles representing the highest and lowest
income groups.

Antihypertensive agents included diuretics, beta-blockers,
calcium channel blockers, angiotensin-converting
receptor

antihypertensive agents. The number of antihypertensive agents

enzyme

inhibitors, angiotensin II blockers, and other
used was categorized as 1, 2, 3, or >4. The use of glucose- and lipid-
lowering drugs and antiplatelet agents was also documented. The
Charlson comorbidity index (18), used to categorize comorbidities
was calculated based on the presence and severity of 19 different
medical conditions, with scores categorized into <1, 2, or >3.
The MPR was calculated as the ratio of the number of days the
medication was available to the patient to the total number of days
in the observation period (16). These variables were meticulously

collected and recorded to ensure a comprehensive dataset.

2.3 Study outcome

The primary outcome was a composite measure that included
all-cause deaths, MI, ischemic stroke, hemorrhagic stroke, and
hospitalization for HF during the follow-up period, which extended
to December 31, 2022. The follow-up period had a mean
duration of 12.35 + 1.95 years and a median duration of 12.89
years (interquartile range: Q1 12.2 years, Q3 13.39 years). The
secondary outcomes included each component of the primary
composite outcome, which was analyzed individually. The causes
and dates of death were obtained from the mortality records of
the National Statistical Office of Korea. HF was diagnosed based
on discharge diagnosis ICD-10 codes of 150, 142.0, I11.0, 113.0,
and 113.2 following hospitalization, whereas MI was diagnosed in
hospitalized patients who underwent coronary revascularization
with discharge diagnosis ICD-10 codes of I21-122. Ischemic stroke
was diagnosed in hospitalized patients who had undergone brain
imaging, with discharge diagnoses ICD-10 codes of 163 and 164.
Hemorrhagic stroke was also diagnosed in hospitalized patients
who had undergone brain imaging, with discharge diagnoses ICD-
10 codes of 160-62.
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2.4 Statistical analysis

Baseline patient characteristics were compared across SBP
categories using appropriate statistical tests. Continuous variables
are presented as mean =+ standard deviation and were compared
using one-way ANOVA. In contrast, categorical variables are
presented as frequencies and percentages and were compared using
the chi-square test.

Incidence rates were calculated as the total number of
outcomes during the follow-up period per 1,000 person-years
(PY). Kaplan-Meier curves were used to evaluate the impact
of SBP and medication adherence on clinical outcomes, and
log-rank tests were performed to compare event rates across
different SBP categories and adherence levels. Hazard ratios
(HRs)
using Cox proportional hazards regression models. SBP levels

and 95% confidence intervals (CIs) were estimated

120-129 mmHg and good medication adherence were used
as reference categories. Three models were constructed to
adjust for potential confounding variables: Model 1 was
adjusted for age and sex; Model 2 was adjusted for age, sex,

BMI, smoking status, alcohol consumption, physical activity,

household income, fasting glucose, and total cholesterol;
and Model 3 was adjusted for age, sex, BMI, smoking
status, alcohol consumption, physical activity, household

income, Charlson comorbidity index, and use of glucose- and
lipid-lowering medications.

Forest plots were used to visualize HRs for the primary and
secondary outcomes across the different SBP and medication
adherence groups. All statistical analyses were performed using SAS
version 9.4 (SAS Institute, Cary, NC), and statistical significance
was set at p-value <0.05.

3 Results

3.1 Baseline characteristics

Table I presents the baseline characteristics of the study
population stratified by SBP categories. Although significant
differences were observed in the variables across the SBP categories,
the actual differences were relatively minor. These factors included
age, sex, smoking status, physical activity, alcohol consumption,
BMI, fasting glucose, total cholesterol, household income, and
use of various medications. Regarding medication adherence
across SBP categories, although significant differences in the
adherence rates were observed (p < 0.0001), most patients in
all SBP categories exhibited good adherence, with over 70%
falling into the good adherence category. The SBP <120, 120-
129, 130-139, 140-149, and >150 mmHg groups had good
adherence rates of 71.97%, 75.00%, 76.08%, 77.23%, and 76.30%,
respectively. Hence, while statistically significant differences were
observed, the clinical significance might be limited, as most
patients had good medication adherence regardless of their
SBP levels. Notably, a substantial number of patients in the
highest SBP category (>150 mmHg) also maintained a good
medication adherence.
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Variables Systolic blood pressure (mmHg)
120-129 130-139 140-149
Total patients (N =238,950) 44,013 54,654 77,781 32,642 29,860
Age 59.39 £+ 10.16 59.56 £ 10.26 60.26 £ 10.45 61.27 £10.24 62.54 £10.31 <0.0001
Sex Male 20,387 (46.32) | 27,094 (49.57) | 39,687 (51.02) 16,103 (49.33) 14,289 (47.85) <0.0001
Female 23,626 (53.68) 27,560 (50.43) 38,094 (48.98) 16,539 (50.67) 15,571 (52.15)
Blood pressure SBP 111.04 £+ 6.31 122.76 £+ 3.18 132.94 £ 3.32 14225 4+2.91 157.59 £ 9.50 <0.0001
DBP 70.49 £ 6.92 77.07 £ 6.55 81.08 £ 6.74 85.97 £ 8.14 91.68 £ 9.96 <0.0001
Smoking Never 29,348 (66.68) 36,100 (66.05) 51,192 (65.82) 22,164 (67.90) 20,830 (69.76) <0.0001
Past 7,437 (16.90) 9,939 (18.19) 14,571 (18.73) 6,025 (18.46) 5,113 (17.12)
Current 7,228 (16.42) 8,615 (15.76) 12,018 (15.45) 4,453 (13.64) 3,917 (13.12)
Physical activity, 0 27,628 (62.77) 33,695 (61.65) 48,630 (62.52) 20,806 (63.74) 19,899 (66.64) <0.0001
times/week
1-2 8,435 (19.16) 10,636 (19.46) 14,714 (18.92) 5,795 (17.75) 4,805 (16.09)
3-4 4,545 (10.33) 5,787 (10.59) 8,006 (10.29) 3,295 (10.09) 2,709 (9.07)
5-6 2,103 (4.78) 2,753 (5.04) 3,862 (4.97) 1,604 (4.91) 1,413 (4.73)
7 1,302 (2.96) 1,783 (3.26) 2,569 (3.30) 1,142 (3.50) 1,034 (3.46)
Alcohol consumption, 0 28,657 (65.11) | 34,006 (62.22) | 47,266 (60.77) | 20,116 (61.63) 18,763 (62.84) <0.0001
times/week
1-2 10,158 (23.08) 13,287 (24.31) 18,867 (24.26) 7,359 (22.54) 6,257 (20.95)
3-4 3,352 (7.62) 4,792 (8.77) 7,483 (9.62) 3,240 (9.93) 2,884 (9.66)
>5 1,846 (4.19) 2,569 (4.70) 4,165 (5.35) 1,927 (5.90) 1,956 (6.55)
Body mass index, kg/m? <185 668 (1.52) 495 (0.91) 645 (0.83) 252 (0.77) 307 (1.03) <0.0001
18.5-22.9 12,043 (27.36) 12,712 (23.26) 16,619 (21.37) 6,595 (20.20) 6,161 (20.63)
23-24.9 12,107 (27.51) 14,628 (26.76) | 20,442 (26.28) 8,277 (25.36) 7,285 (24.40)
>25 19,195 (43.61) 26,819 (49.07) 40,075 (51.52) 17,518 (53.67) 16,107 (53.94)
Fasting glucose, mg/dL <100 24,377 (55.39) 29,027 (53.11) 39,500 (50.78) 15,790 (48.37) 13,683 (45.82) <0.0001
100-125.9 14,199 (32.26) 18,562 (33.96) 27,364 (35.18) 11,902 (36.46) 10,922 (36.58)
>126 5,437 (12.35) 7,065 (12.93) 10,917 (14.04) 4,950 (15.16) 5,255 (17.60)
Total cholesterol, mg/dL <200 26,729 (60.73) | 31,713 (58.03) | 42,880 (55.13) 17,348 (53.15) 15,035 (50.35) <0.0001
200-239.9 12,738 (28.94) 16,731 (30.61) 25,123 (32.30) 10,761 (32.97) 10,069 (33.72)
>240 4,546 (10.33) 6,210 (11.36) 9,778 (12.57) 4,533 (13.89) 4,756 (15.93)
Household income, Q1 9,437 (21.44) 11,871 (21.72) 17,065 (21.94) 7,125 (21.83) 6,817 (22.83) <0.0001
quartiles
Q2 7,436 (16.90) 8,906 (16.30) 13,170 (16.93) 5,534 (16.95) 5,275 (17.67)
Q3 10,598 (24.08) 12,901 (23.60) 18,878 (24.27) 8,046 (24.65) 7,503 (25.13)
Q4 16,542 (37.58) | 20,976 (38.38) | 28,668 (36.86) 11,937 (36.57) 10,265 (34.38)
Use of antihypertensive Diuretics 20,720 (47.08) 25,960 (47.50) 39,641 (50.96) 17,620 (53.98) 17,961 (60.15) <0.0001
agent
Beta blockers 23,213 (52.74) | 28,980 (53.02) | 42,791 (55.01) 18,903 (57.91) 18,984 (63.58) <0.0001
Calcium channel blockers 31,943 (72.58) 42,139 (77.10) 62,627 (80.52) 27,053 (82.88) 25,561 (85.60) <0.0001
ACE inhibitors 13,436 (30.53) 16,669 (30.50) 24,986 (32.12) 11,082 (33.95) 11,232 (37.62) <0.0001
Angiotensin II receptor 30,679 (69.70) 38,676 (70.77) 55,402 (71.23) 24,052 (73.68) 22,888 (76.65) <0.0001
blockers
Others 2,557 (5.81) 3,271 (5.98) 5,056 (6.50) 2,383 (7.30) 2,488 (8.33) <0.0001
(Continued)
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Variables Systolic blood pressure (mmHg) P-value
120-129 130-139 140-149

Number of 1 8,117 (18.44) 9,049 (16.56) 11,102 (14.27) 3,897 (11.94) 2,560 (8.57) <0.0001
antihypertensive agents

2 11,447 (26.01) 14,171 (25.93) 19,025 (24.46) 7,469 (22.88) 5,738 (19.22)

3 11,300 (25.67) 14,244 (26.06) 20,598 (26.48) 8,516 (26.09) 7,755 (25.97)

>4 13,149 (29.88) 17,190 (31.45) | 27,056 (34.78) 12,760 (39.09) 13,807 (46.24)
Use of glucose-lowering drugs 9,136 (20.76) 10,883 (19.91) 15,801 (20.31) 6,784 (20.78) 6,887 (23.06) <0.0001
Use of lipid-lowering drugs 19,600 (44.53) 24,183 (44.25) 33,408 (42.95) 13,987 (42.85) 12,619 (42.26) <0.0001
Use of antiplatelet agent 26,212 (59.56) 32,612 (59.67) 46,438 (59.70) 19,717 (60.40) 18,542 (62.10) <0.0001
Charlson comorbidity <1 23,103 (52.49) 29,847 (54.61) 42,975 (55.25) 17,793 (54.51) 16,278 (54.51) <0.0001
index

2 9,578 (21.76) 11,631 (21.28) 16,373 (21.05) 7,015 (21.49) 6,316 (21.15)

>3 11,332 (25.75) 13,176 (24.11) 18,433 (23.70) 7,834 (24.00) 7,266 (24.33)
Medication possession ratio 0.79 £ 0.26 0.82£0.23 0.82+0.23 0.83 £0.22 0.83 £0.22 <0.0001
Medication adherence Good 31,674 (71.97) 40,990 (75.00) 59,172 (76.08) 25,211 (77.23) 22,783 (76.30) <0.0001

Moderate 6,558 (14.90) 8,037 (14.71) 11,019 (14.17) 4,580 (14.03) 4,447 (14.89)

Poor 5,781 (13.13) 5,627 (10.30) 7,590 (9.76) 2,851 (8.73) 2,630 (8.81)

ACE, angiotensin-converting enzyme; DBP, diastolic blood pressure; SBP, systolic blood pressure.

3.2 Clinical outcomes according to blood
pressure and medication adherence

Table 2 shows the incidence rates of the composite primary
outcome per 1,000 PY across the different SBP categories and
medication adherence levels. The incidence rate increased from
18.90 per 1,000 PY in the <120 mmHg category to 26.86 per
1,000 PY in the >150 mmHg category. Similarly, the incidence
rate increased from 20.11 per 1,000 PY in the good adherence
group to 21.71 per 1,000 PY in the poor adherence group. Using
SBP 120-129 mmHg as the reference category, both lower and
higher SBP were associated with an increased risk for the composite
outcome. Specifically, patients with SBP <120 mmHg were at
higher risk than those in the reference group (HR 1.065, 95%
CI 1.037-1.094, p < 0.0001), and the risk progressively increased
with higher SBP levels (>150 mmHg, HR 1.238, 95% CI 1.204-
1.272, p < 0.0001). We also found that medication adherence
significantly affected clinical outcomes. Using good adherence as
the reference, moderate adherence was associated with an increased
risk, and poor adherence was associated with an even higher
risk. Regardless of the adjusted model, higher SBP and poorer
medication adherence were associated with an increased risk of the
composite primary outcome.

3.3 Interaction between SBP and
adherence on risk of clinical outcome

Table 3 shows the interaction between SBP and adherence
within each SBP category, with good adherence as the reference

Frontiersin Medicine

group. Across all SBP categories, poor medication adherence was
associated with a higher risk of adverse clinical outcomes. In
Model 3, patients in the SBP <120 mmHg category who had poor
adherence exhibited a significantly higher risk than those with good
adherence. Similarly, in the SBP 120-129 mmHg category, poor
adherence was associated with an increased risk, and this trend
persisted in higher SBP categories.

Figure 2A illustrates HRs for the composite primary outcome
according to SBP categories and medication adherence levels,
adjusted using Model 3. Using SBP 120-129 mmHg with good
adherence as the reference group, the highest risk was observed
in patients with SBP >150 mmHg and poor adherence (HR 1.61,
95% CI 1.50-1.73). Both low and very high SBP were associated
with an increased risk, with the most pronounced risk in the
high SBP (>150mmHg) and poor adherence groups. Figure 2B
shows HRs for the composite primary outcomes according to
medication adherence levels and SBP categories. A trend in which
the risk increases with poorer adherence and higher SBP was
observed. Interestingly, minimal differences in HRs were observed
among patients with good medication adherence across various
SBP categories. Therefore, maintaining good medication adherence
is crucial for minimizing adverse outcomes, especially in patients
with high SBP.

The secondary outcomes were the following individual
components of the primary composite outcome: all-cause death,
MLI, ischemic stroke, hemorrhagic stroke, and hospitalization for
HE. Supplementary Figures S1-S5 consistently show that poor
adherence to antihypertensive medication and higher SBP were
associated with an increased risk of these adverse outcomes.
Notably, in patients with SBP 120-129 mmHg and good adherence
showed statistically significant favorable outcomes in all-cause
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TABLE 2 Risk of primary outcomes according to systolic blood pressure and medication adherence.
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TABLE 3 Risk of primary outcomes stratified by systolic blood pressure and medication adherence.

SBP (mmHg) Adherence n Events Incidence rate per 1,000 PY Model 1 Model 2 Model 3
95% Cl  P-value HR 95% Cl  P-value HR 95% Cl  P-value

<120 Good 31,674 6,964 1851 1 (Ref)) - 1 (Ref.) - 1 (Ref.) -

Moderate 6,558 1,518 19.66 1175 | 1111-1242 |  <0.0001 118 1117-1.248 | <0.0001 1.184 1.12-1.251 <0.0001

Poor 5,781 1,366 20.18 1262 | 1.191-1.337 | <0.0001 1272 | 1200-1.348 <0.0001 1249 | 1.178-1.325 |  <0.0001
120-129 Good 40,990 8,635 17.68 1 (Ref)) - 1 (Ref)) - 1 (Ref)) -

Moderate 8,037 1,737 18.28 1193 | 1.133-1256 | <0.0001 1196 | 1.136-1259 | <0.0001 1194 | 1.134-1258 |  <0.0001

Poor 5,627 1,325 20.08 1.293 1.22-1.37 <0.0001 1.304 1.23-1.382 <0.0001 1285 | 1212-1362 = <0.0001
130-139 Good 59,172 13,888 19.85 1 (Ref.) - 1 (Ref.) - 1 (Ref.) -

Moderate 11,019 2,691 20.80 1192 | 1.143-1242 | <0.0001 1.189 1.14-1.239 <0.0001 1194 | 1.145-1.244 | <0.0001

Poor 7,590 1,874 21.13 1254 | 1.195-1316 | <0.0001 1251 | 1.192-1313 |  <0.0001 1.249 1.19-1.311 <0.0001
140-149 Good 25211 6,268 21.22 1 (Ref.) - 1 (Ref.) - 1 (Ref)) -

Moderate 4,580 1,163 21.84 1.19 1.118-1267 | <0.0001 1.193 1.12-1.27 <0.0001 1205 | 1.131-1.283 |  <0.0001

Poor 2,851 772 23.37 1255 | 1.165-1.352 |  <0.0001 1.252 1.162-1.35 <0.0001 1264 | 1.173-1.363 |  <0.0001
>150 Good 22,783 6,881 26.43 1 (Ref)) - 1 (Ref)) - 1 (Ref)) -

Moderate 4,447 1,414 27.99 1.23 1.162-1.303 <0.0001 1224 | 1.155-1296 | <0.0001 1237 | 1.168-1311 <0.0001

Poor 2,630 852 28.76 1287 | 1.199-1.382 | <0.0001 1277 | 1189-1.372 | <0.0001 1302 | 1212-1.399 | <0.0001

CI, confidence interval; HR, hazard ratio; SBP, systolic blood pressure; PY, person-year.

Model 1: adjusted for age and sex.

Model 2: adjusted for age, sex, body mass index, smoking status, alcohol consumption, physical activity, household income, fasting glucose, and total cholesterol.
Model 3: adjusted for age, sex, body mass index, smoking status, alcohol consumption, physical activity, household income, Charlson comorbidity index, and use of glucose-and lipid-lowering drugs.
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A
SBP Adherence Patients Events Rate HR (95% Cl)
{120 Good 31674 6964 18.51 1.06(1.03,1.10) :l—.—l
Moderate 6558 1518 19.66 1.26(1.19,1.33) : ——
Poor 5781 1366 20.18 1.33(1.26,1.41) : —a—
120-129 Good 40990 8635 17.68 1 (Ref.) +
Moderate 8037 1737 18.28 1.19(1.13,1.25) : -
Poor 5627 1325 20.08 1.28(1.21,1.36) : ——
130-139 Good 59172 13888 19.85 1.06 (1.03,1.09) : HH
Moderate 11019 2691 20.80 1.27(1.21,1.32) : i
Poor 7590 1874 21.13 1.33(1.26,1.40) | ——
140-149 Good 25211 6268 21.22 1.07 (1.04,1.11) : HilH
Moderate 4580 1163 21.84 1.29(1.22,1.37) i ——
Poor 2851 772 23.37 1.35(1.26,1.46) : —a—
2150 Good 22783 6881 26.43 1.23(1.19,1.27) : HilH
Moderate 4447 1414 27.99 1.53(1.44,1.61) : —a—
Poor 2630 852 28.76 1.61(1.50,1.73) : —a—
|
0.‘75 1.60 1.25 1,230 1,;5 2.60 2.25
B
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140-149 25211 6268 21.22 1.07 (1.04,1.11) E -
2150 22783 6881 26.43 1.23(1.19,1.27) : HlH
Moderate {120 6558 1518 19.66 1.26(1.19,1.33) | ——
120-129 8037 1737 18.28 1.19(1.13,1.25) | ——
130-139 11019 2691 20.80 1.27(1.21,1.32) : i
140-149 4580 1163 21.84 1.29(1.22,1.37) : ——
2150 4447 1414 27.99 1.53(1.44,1.61) : -
Poor <120 5781 1366 20.18 1.33(1.26,1.41) E -
120-129 5627 1325 20.08 1.28(1.21,1.36) : ——
130-139 7590 1874 21.13 1.33(1.26,1.40) : ——
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2150 2630 852 28.76 1.61(1.50,1.73) : —a—
|
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FIGURE 2

Forest plot stratified by systolic blood pressure and medication adherence. (A) Forest plot of HRs for the composite primary outcome according to
SBP categories and medication adherence levels. (B) Forest plot of HRs for the composite primary outcome according to medication adherence
levels and SBP categories. HRs shown are adjusted using Model 3, including age, sex, body mass index, smoking status, alcohol consumption,
physical activity, household income, Charlson comorbidity index, and use of glucose- and lipid-lowering drugs. The reference group had an SBP of
120-129 mmHg and good adherence. The plot illustrates the increased risk associated with higher SBP and poorer adherence to antihypertensive
medication. Cl, confidence interval; HR, hazard ratio; SBP, systolic blood pressure.
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Bohm et al. (13) illustrated a J-curve phenomenon in which
excessively low and high SBP levels were correlated with adverse
outcomes. Similarly, our findings indicated that patients with SBP
<120 mmHg and SBP >150 mmHg had an increased risk of
adverse clinical outcomes, although the risk increase at lower SBP
(<120 mmHg) was not as pronounced as that at higher SBP (>150
mmHg). This J-curve relationship has been consistently reported
in multiple studies and guidelines, emphasizing that excessively
low SBP may be associated with increased cardiovascular
risk, particularly in patients with established cardiovascular
disease. Furthermore, the 2017 American College of Cardiology
(ACC)/American Heart Association (AHA) hypertension guideline
(1), 2023 European Society of Hypertension (ESH) guideline (17),
and 2024 European Society of Cardiology (ESC) guideline (21)
recommend a target SBP <130 mmHg but emphasize the need for
individualized treatment, particularly in older or frail patients, to
avoid hypoperfusion-related complications at very low SBP levels.
One possible explanation for this phenomenon is that excessively
low SBP may lead to inadequate organ perfusion, particularly
affecting the coronary and cerebral circulation, increasing the risk
of myocardial ischemia and stroke (22-25). In our study, we
observed that while SBP <120 mmHg was associated with higher
risk, this risk was mitigated in patients with good medication
adherence, suggesting that the adverse outcomes in this group
might be partially influenced by poor adherence and uncontrolled
comorbid conditions rather than BP alone. To further clarify
this relationship, we subdivided the <120 mmHg group into
<110 mmHg and 110-119 mmHg. The <110 mmHg group
exhibited a higher risk (HR 1.178), while the 110-119 mmHg
group had significantly lower risk and even a lower HR than
the 130-139 mmHg group (HR 1.034 vs. 1.056, respectively;
Supplementary Table S1). This trend was most clearly observed
in the good adherence group, where a distinct J-curve pattern
was evident—patients with SBP <110 mmHg had a higher risk
(HR 1.191), while those with SBP 110-119 mmHg had lower
risk than the 130-139 mmHg group (Supplementary Table S2).
However, in the moderate and poor adherence groups, the J-
curve pattern was less pronounced, with statistically significant
differences primarily seen at the extremes of SBP (<110 mmHg
and >150 mmHg), suggesting that poor adherence may attenuate
or confuse the expected SBP-outcome relationship. Hence, for
most patients, the primary focus remains avoiding high BP rather
than targeting excessively low BP levels, especially because clinical
outcome benefits mainly result from maintaining good medication
adherence. The interplay between SBP and medication adherence
emphasizes the need for tailored hypertension management
strategies. Our findings show that poor adherence, regardless of
the SBP category, consistently leads to a higher risk of adverse
outcomes. For instance, in the SBP <120mm Hg category,
patients with good adherence had better outcomes than those with
poor adherence, emphasizing the protective effect of consistent
good medication adherence. Addressing optimal SBP targets and
enhancing medication adherence are crucial for mitigating risks
and improving prognosis in patients with hypertension (26).

Several studies have highlighted the critical role of medication
adherence in determining the clinical outcomes of patients
with hypertension. Tajeu et al. (27) demonstrated that lower
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rates of antihypertensive medication persistence and adherence
among adults aged <65 years were associated with a significantly
higher risk of cardiovascular events. They also highlighted
that promoting medications associated with better adherence
and using extended prescription periods could help improve
persistence and adherence rates. Similarly, Kim et al. (11) reported
that poor adherence (<50%) to antihypertensive medication
was associated with a markedly higher risk of cardiovascular
mortality and hospitalization in the Korean population. This
study showed that even intermediate adherence levels (50%<
to <80%) significantly increased the risk of adverse outcomes
compared to good adherence (>80%), emphasizing the importance
of maintaining consistent medication intake. Moreover, Kronish
et al. (28) also found that non-adherence was associated with
greater BP variability between clinic visits and independently
associated with increased cardiovascular risk. This BP variability
caused by non-adherence emphasizes the importance of consistent
medication use to achieve stable BP control and prevent adverse
cardiovascular events. Given the significant impact of adherence on
clinical outcomes, several targeted interventions can help improve
medication adherence in hypertensive patients. Simplifying drug
regimens through fixed-dose combination therapy reduces pill
burden and improves adherence, as demonstrated in multiple
studies (29-31). Digital health tools, including mobile apps and
telemonitoring systems, can facilitate adherence tracking, provide
reminders, and enhance patient engagement (32). Additionally,
behavioral strategies such as motivational interviewing and
pharmacist-led counseling have been shown to improve adherence
by addressing psychological and practical barriers (33-35). Taken
together, non-adherence to antihypertensive medications is a
significant modifiable risk factor for poor clinical outcomes,
including all-cause death, MI, stroke, and HF. Our findings
confirmed the importance of adherence by demonstrating that
patients with poor adherence, particularly those with high SBP
(>150 mmHg), had the highest risk of adverse outcomes.
Implementing these adherence-improving strategies in clinical
practice may help optimize BP control and reduce cardiovascular
risk in hypertensive patients.

Despite the significant findings of this study, there are several
limitations worth noting. First, the retrospective study design
inherently carries risks of bias and confounding factors. Second,
medication adherence was assessed using MPR, which, while
commonly used, does not fully capture actual medication intake
or reasons for non-adherence (36). MPR reflects medication
availability but does not measure whether patients take their
prescriptions correctly. Alternative measures, such as the
proportion of days covered, are often preferred for adherence
assessment as they consider continuous coverage over time.
Additionally, patient-reported adherence surveys can provide
further insights into behavioral aspects of adherence, such
as intentional non-adherence. Furthermore, while MPR has
been widely validated in previous epidemiological studies, it
was not independently revalidated within this study. Given
the retrospective design and claims-based dataset, we applied
standard MPR methodology without conducting a separate
validation process. Future research should incorporate multiple
adherence measures for a more comprehensive evaluation.
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Third, the
participated in regular health checkups. This may introduce

study population comprised individuals who
selection bias, as such individuals might be more health-
conscious and adhere to medical advice than the general
hypertensive population. Fourth, differences in healthcare
systems, medication accessibility, and adherence behaviors may
influence the generalizability of our results. Korea’s universal
healthcare system ensures broad access to antihypertensive
medications, potentially leading to higher adherence rates
than countries with privatized or fragmented systems, where
financial barriers may impact adherence. Genetic, dietary, and
lifestyle factors may also contribute to BP variability across
populations. Future research should compare these findings
with multi-ethnic cohorts and diverse healthcare settings to
confirm their global applicability. Finally, residual confounding
may remain despite the comprehensively adjusted statistical
models, as unmeasured variables such as dietary habits, stress
levels, and other lifestyle factors could influence BP control and
clinical outcomes.

Nevertheless, our study has several strengths that mitigate
these limitations. We included patients who had started
antihypertensive medication within 6 months before their
first health checkup, which effectively reduced bias related to
the long-term effects of hypertension or extended medication
use. Our findings more accurately reflect current BP control
and adherence patterns by selecting a population early in the
hypertension management journey. Additionally, we used
a large nationwide dataset from The Korean NHID, which
enhanced the robustness and generalizability of our results to a
broader population, providing valuable insights for hypertension

management strategies.

5 Conclusion

In conclusion, although maintaining SBP within the
optimal range is important, we highlighted the critical role
of medication adherence in reducing the risk of death and
major cardiovascular events in patients with hypertension. Poor
medication adherence was associated with worse outcomes across
all SBP categories, emphasizing the need for comprehensive
management strategies that prioritize both BP control and
include fixed-dose
digital health
tools for adherence tracking, and behavioral strategies such

sustained adherence. Key interventions

combination therapy to simplify regimens,
as pharmacist-led counseling. A multidisciplinary care model
incorporating regular follow-ups and patient education can further
optimize hypertension management. Our findings emphasize
that targeting both BP control and adherence is essential for
reducing adverse cardiovascular outcomes. Future research
should explore effective adherence-enhancing strategies in various
healthcare settings.
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