
Original Paper

Group-Based Multitrajectory Modeling Analysis of Joint
Trajectories of Blood Pressure and Heart Rate and
Their Association With Relative Change in Relative Wall
Thickness in Patients With Hypertension: Community-Based
Longitudinal Cohort Study

Qi Pan1, MPH; Nanxiang Zhang1, PhD; Shuo Yang1, PhD; Chonglong Ding1, MMSc; Jianan Yin1, MPH; Yi Fei1,
BSc; Xinyan Zou1, BMSc; Yongjun Zheng2, BSc; Xiang Huang2, PhD; Jiezhen Feng2, BSc; Hai Lin2, BSc; Jinxin
Zhang1, PhD
1Department of Medical Statistics, School of Public Health, Sun Yat-sen University, Guangzhou, China
2Sanxiang Community Health Service Center of Zhongshan, Town Goverment of Zhongshan, Zhongshan, China

Corresponding Author:
Jinxin Zhang, PhD
Department of Medical Statistics
School of Public Health, Sun Yat-sen University
No. 74, Zhongshan 2nd Road, Yuexiu District
Guangzhou 510080
China
Phone: 2087330678
Email: zhjinx@mail.sysu.edu.cn

Abstract
Background: Ambulatory blood pressure monitoring objectively assesses circadian hemodynamic rhythms. However, the
joint trajectories of longitudinal blood pressure (BP) and heart rate (HR), and their association with early hypertensive cardiac
remodeling, remain incompletely characterized.
Objective: This study aimed to identify joint trajectories of BP and HR using group-based multitrajectory modeling and
examine their associations with relative changes in relative wall thickness (ΔRWT).
Methods: This community-based longitudinal cohort study included 213 patients with hypertension, with data collected
between November 2022 and January 2025. Participants underwent 4 ambulatory BP monitoring sessions over 6 months, and
echocardiography was measured at 3 months and 9 months. Group-based multitrajectory modeling was used to identify joint
trajectories of 24-hour mean systolic blood pressure, diastolic blood pressure, and HR. A full-model multiple linear regression
estimated the associations between trajectory groups and ΔRWT. Sensitivity analyses were conducted by adjusting for age and
sex, and by using complete-case data.
Results: Four joint trajectory groups were identified: group 1 (lowest BP and HR, n=59), group 2 (normal BP, high HR,
n=60), group 3 (stage 1 hypertension range, normal HR, n=54), and group 4 (stage 2 hypertension range, high HR, n=40). In
the primary adjusted multiple linear regression model, compared with group 4, group 2 showed a significant inverse associa-
tion with changes in ΔRWT (b=−0.059, 95% CI −0.112 to −0.007; P=.03). Antidiabetic medication use was significantly
associated with a reduction in ΔRWT (b=−0.067, 95% CI −0.116 to −0.018; P=.008). Waking up before 7 AM was positively
associated with an increase in ΔRWT (b=0.045, 95% CI 0.007-0.083; P=.02). Notably, the association for group 2 attenuated
to marginal significance (P=.06) in the complete-case analysis, primarily due to the reduction in statistical power.
Conclusions: Hypertensive cardiac remodeling exhibits significant heterogeneity across distinct joint systolic blood pressure,
diastolic blood pressure, and HR trajectories. Stable BP control is associated with a potential attenuation of early cardiac
remodeling even in the presence of an elevated HR; however, this beneficial association attenuated to marginal significance
in the complete-case analysis. Concurrent antidiabetic medication use and waking after 7 AM showed a beneficial association
with the relative change in ΔRWT.
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Introduction
Hypertension is a chronic cardiovascular disease (CVD). It
involves persistent high arterial blood pressure (BP) and is
a top cause of global cardiovascular illness and early death
[1,2]. High systolic blood pressure (SBP) was one of the
top 3 risk factors for poor health and early death worldwide
in 2021, along with smoking and high blood sugar [3]. Its
prevalence doubled from 650 million (1990) to 1.3 billion
adults (2019) [4].

Ambulatory blood pressure monitoring (ABPM) can
objectively and comprehensively assess circadian rhythms
and occult hypertension [5,6], and several community-based
studies have shown that ambulatory BP is superior to office
BP in determining cardiovascular risk [7-9]. Poor BP control
raises cardiovascular event and death risks significantly
[10]. Hypertension can lead to progressive deterioration of
left ventricular (LV) geometry, an important predictor of
cardiovascular events [11-13]. Four LV geometric patterns
are defined using left ventricular mass index (LVMI) and
relative wall thickness (RWT): concentric hypertrophy (CH),
eccentric hypertrophy, concentric remodeling, and normal
geometry [14]. Left ventricular mass exhibits a continuous
association with cardiovascular risk [15]. CH, defined by an
elevated LVMI accompanied by RWT, has been shown to be
a strong predictor of future cardiovascular events in patients
with hypertension [12,16]. RWT serves as a central indicator
to distinguish CH from eccentric hypertrophy and directly
determines the pathological features of CH [17-19]. Although
global wall thickness shows superior discriminatory power
in patients with early-stage normal left ventricular mass
[20], prognostic studies focusing specifically on RWT remain
limited. Given the important role of RWT in LV remodeling
patterns and its predictive value for cardiovascular prognosis,
this study chooses it as an outcome indicator representing LV
geometry.

However, traditional clinical practice relies on a single
office BP measurement, which makes it difficult to capture
the dynamic changes of BP (ie, BP trajectory) [21]. A single
measurement is susceptible to stochastic fluctuation, which
may lead to erroneous risk stratification [22,23]. Group-based
trajectory modeling identifies the number of subgroups with
different developmental trends from longitudinal data and
fits the developmental trajectories of different subgroups
[24,25]. Extending this framework, group-based multitrajec-
tory modeling (GBMTM) allows researchers to analyze
associations among several relevant outcomes over time and
across subgroups. In cardiovascular epidemiology, group-
based trajectory modeling reveals adverse change patterns
in glucose and BP trajectories that predict coronary and
cerebrovascular events [26,27]. Recent studies have con-
firmed that BP trajectories are better predictors of cardiovas-
cular prognosis than a single measurement [28]. However, the

relationship between the joint trajectories of BP and heart
rate (HR) and cardiac structure in patients with hyperten-
sion remains unclear. Previous studies have analyzed SBP,
diastolic blood pressure (DBP), and HR as independent
variables, overlooking their physiological synergy. However,
BP and HR are coregulated by the autonomic nervous
system and are often simultaneously influenced by seda-
tives, analgesics, and antihypertensive drugs [29,30]. Patients
with hypertension often exhibit increased resting HR, with
more pronounced elevation in those with moderate to severe
hypertension [31,32].

Therefore, this study aimed to identify distinct joint
trajectories of 24-hour mean SBP, DBP, and HR among
community-based patients with hypertension using GBMTM,
and to investigate the associations between these trajectory
groups and ΔRWT, a sensitive marker of early hypertensive
cardiac remodeling.

Methods
Study Participants
The study cohort (Dynamic ECG & Blood Pressure for
Hypertension at Sanxiang) consisted of managed care
hypertension cases within the primary care community of
Zhongshan City, Guangdong Province, China, from Novem-
ber 1, 2022, to January 1, 2025 [33]. The inclusion criteria
for this study were based on meeting the diagnostic crite-
ria for hypertension in the Chinese Hypertension Prevention
and Treatment Guidelines (2024 Revised Edition) [34]: SBP
≥140 mm Hg and/or DBP ≥90 mm Hg measured on 3 non–
consecutive days within a week. Patients with hypertension
who were included in the management of the National Basic
Public Health Service Programme were included in the study.
Inclusion criteria included baseline age ≥35 years; clear
consciousness, unimpeded communication, and no cogni-
tive impairment; and completion of 4 ABPM sessions (at
baseline, 3 months, 6 months, and 9 months after baseline;
with 3-month intervals). Exclusion criteria were patients
with secondary hypertension (such as renovascular hyperten-
sion, endocrine-induced hypertension, etc); individuals with
gestational hypertension; those complicated with severe acute
or chronic diseases (eg, malignant tumors, end-stage renal
disease, and acute decompensated heart failure) or severe
physical disabilities; those with incomplete baseline data (eg,
missing key variables) or inability to cooperate with follow-
up; and those who withdrew voluntarily or were lost to
follow-up.

Data Collection

Structured Questionnaire
Through reviewing the literature [35-37], a structured,
face-to-face questionnaire was administered to collect
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comprehensive baseline data. This instrument captured
sociodemographic characteristics (age, sex, residency,
education, and marital status), physical metrics (BMI),
lifestyle habits (smoking and alcohol consumption), and
current medication use. To specifically evaluate hypertension
management, the questionnaire also assessed recent dietary
patterns (primarily evaluating the structural balance between
meat-based and plant-based diets), history of diabetes
(verified via patient self-reporting combined with community
electronic health records), and self-reported average morning
wake-up time.

For statistical analysis, self-reported morning wake-up
times were dichotomized at 7 AM. This specific threshold
is grounded in established chronobiological and cardiovas-
cular physiological evidence [38]. During this early morn-
ing window, the morning BP surge and cortisol awakening
response reach their peak, which corresponds directly to
the well-documented surge in major cardiovascular events
occurring between 6 AM and 12 PM [39,40]. Physiologi-
cally, awakening before 7 AM triggers a premature shift
toward sympathetic nervous system dominance and amplifies
neuroendocrine stress responses [41,42]; both mechanisms
are intrinsically linked to elevated vascular resistance and
subsequent adverse cardiac remodeling.

Sleep Status Rating Scale
The Self-Rating Scale of Sleep [43] was used to assess
the sleep status of the patients. There are 10 items in the
scale, and each item is rated on a 5-point scale (1-5), with
higher scores indicating more serious sleep problems. Li [43]
initially proposed that a total Self-Rating Scale of Sleep score
of ≥23 indicates sleep problems.

Ambulatory Blood Pressure Monitoring
After completion of baseline data collection, patients with
hypertension who completed the baseline assessment received
regular follow-up visits. At each visit, we used a certified
24-hour ABPM (Nalon ABP01, Nalon Health Technology
Co, Ltd) for 24-hour continuous monitoring (valid readings
≥80%, recorded every 30/60 minutes during daytime or
nighttime, respectively), and systematically collected 24-hour
mean SBP, DBP, and HR data to comprehensively assess the
patients’ BP status.

Echocardiography
Echocardiography was performed at 3 months after base-
line and 9 months after baseline using a Philips EPIQ
CVx ultrasound system with an S5-1 probe (Royal Phi-
lips) to objectively and comprehensively obtain the patient’s
cardiac-related parameters. RWT was calculated according
to the American Society of Echocardiography recommenda-
tions [44] as follows: RWT= (2×posterior wall thickness
at end-diastole)/left ventricular internal dimension at end-
diastole (LVIDd). To strictly control measurement bias,
echocardiographic examinations for the same patient were
independently performed by a doctor, while the subse-
quent entry of echocardiographic parameters was handled
by 2 separate investigators. Ultimately, all collected data

underwent rigorous range and logic checks to ensure database
completeness and accuracy.
Medication Exposure
Medication exposure during the 9-month follow-up was
tracked via prescription refill records, categorizing the
predominant regimen into drug classes including angioten-
sin receptor blockers (ARBs), calcium channel blockers
(CCBs), β-blockers, and combination therapies. To account
for potential treatment adjustments during this period, each
patient’s predominant medication regimen was defined as the
specific drug class or combination prescribed most frequently
across all outpatient visits.
Quality Control
To ensure data quality for the managed patients with
hypertension, multiple strategies were implemented. All
follow-up staff were professionally trained and certified. They
strictly adhered to standardized operating procedures during
data collection to ensure the consistency and objectivity of
raw data.

During data cleaning and validation, abnormal values were
defined as clinically implausible data (eg, SBP <80 or >220
mm Hg) or statistical outliers beyond the mean (SD 3). These
values were first cross-checked against original records, such
as monitoring device logs and paper questionnaires. Con-
firmed measurement errors were corrected, while unverifiable
values were marked as missing.

Missing data were subsequently handled based on variable
criticality. Participants missing ≥20% of critical measure-
ments were excluded according to predefined criteria. For
noncritical variables and partially missing critical variables
(eg, single-time RWT), multiple imputation (MI) was used to
generate 5 complete datasets, and the results were pooled for
analysis.

To guarantee standardization and accuracy, the processes
of data cleaning, merging, and handling missing values were
independently repeated twice and cross-compared. Addition-
ally, research variables were classified and assigned values
based on high-quality literature. Furthermore, a complete-
case analysis (CCA), strictly excluding participants with
any missing covariate data, was performed as a sensitivity
analysis to verify the robustness of the primary imputed
findings.
Statistical Analyses

Modeling of Joint Trajectories of BP and HR
Analysis was performed using SAS (version 9.4; SAS
Institute Inc) software, and GBMTM was completed through
the SAS Proc Traj program, fitting joint trajectories of
the 24-hour mean SBP, DBP, and HR. Models specifying
2-5 trajectory groups, with polynomial orders (constant,
linear, and quadratic) for each variable within each group,
were evaluated. The optimal number of groups and shape
of trajectories were determined based on (1) minimiza-
tion of Bayesian Information Criterion and Akaike Informa-
tion Criterion, (2) average posterior probabilities of group
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membership >0.90 for each group, (3) entropy >0.80, (4)
adequate group size (each group >5% of the sample), and (5)
clinical interpretability.

Association Analysis of Joint Trajectories With
ΔRWT
Echocardiography was performed at the first and third
follow-up visits to obtain cardiac-related parameters of the
patients. For missing values of relative ventricular wall
thickness measured by echocardiography, 5 complete datasets
were generated using MI, and the results were combined and
analyzed. The relative change in RWT (ΔRWT) over the
6-month period between the first (3 months after baseline)
and third (9 months after baseline) follow-up visits was
defined as follows: ΔRWT was used as the dependent
variable, and the data were distributed according to a non–
normal distribution. The independent variables included 18
factors such as trajectory group, sociodemographic charac-
teristics (age, gender, residency status, education level, and
marital status), physical status (BMI), lifestyle (smoking
and alcohol consumption), and treatment factors (medica-
tions used). Continuous variables were expressed as median
(IQR), and comparisons between groups were made using
the Kruskal-Wallis H test. Independent variables with P<.10
in univariate analyses were simultaneously entered into the
regression models using the Enter method. To ensure the
robustness of our findings, 2 types of sensitivity analyses
were conducted: first, by further adjusting for predefined
biological confounders, specifically age and sex; and second,
by performing a CCA, which strictly excluded participants
with any missing covariate data to verify the consistency
of the results. Multicollinearity was diagnosed using the
variance inflation factor (VIF), which was considered to
exist if the VIF exceeded 4. If multicollinearity was identi-
fied, variables with the highest VIF values were sequentially
excluded (prioritizing those with weaker clinical relevance to
the outcome), until all remaining variables had VIF ≤4, to
ensure the stability of the multiple linear regression model.
Furthermore, to justify the use of parametric linear regression
for the non–normally distributed ΔRWT, residual diagnostics
were systematically performed. The regression models were
deemed statistically appropriate provided that the standar-
dized residuals fell within the widely accepted threshold
(approximately ±3), which confirms the absence of severe
outliers and ensures that the assumptions of homoscedastic-
ity and normality of residuals were adequately met. The
statistical analyses were conducted using R (version 4.4.3;
R Foundation for Statistical Computing) and SPSS (version
26.0; IBM Corp).

Sensitivity Analyses
To verify the robustness of the primary findings, sensitiv-
ity analyses were implemented. The first analysis forced

established biological confounders (age and sex) into the
regression models to address potential variable selection
biases. The second used a CCA approach, strictly excluding
any participants with missing covariate data to validate the
stability of the imputed associations.

Antihypertensive Medications Assessment
Medication exposure during the 9-month follow-up was
tracked via prescription refill records, categorizing the
predominant regimen into drug classes including ARBs,
CCBs, β-blockers, and combination therapies. Differences in
medication utilization across the identified trajectory groups
were evaluated primarily using chi-square tests.
Ethical Considerations
The study was approved by the Biomedical Research Ethics
Review Committee of the School of Public Health, Sun
Yat-sen University (approval number 2021-No.081). Written
informed consent was obtained from all participants prior to
enrollment. All study data were deidentified before analysis
to ensure confidentiality. Participants received complimen-
tary 24-hour ABPM and echocardiography assessments as
compensation for their involvement in this research. No
images or supplementary materials containing identifiable
information are included in this manuscript.

Results
Joint Trajectories of 24-Hour Mean SBP,
DBP, and HR
The relevant parameters during the fitting trajectory are
shown in Table 1. Since the proportion of group members in
the group number of 5 was less than 5%, the optimal number
of groups for the trajectory model was chosen as 4. Then
the number of longitudinal trajectory groups in patients with
hypertension was determined to be 4, the order was adjusted,
and the order of the final trajectory curve was determined
by combining the morphology of the trajectory curves in
the graphs and the P value, which were all determined
to be 0th order (straight lines). All trajectory groups satis-
fied the following criteria [25]: absolute values of Bayesian
Information Criterion and Akaike Information Criterion are
minimum, proportion of group members >5%, entropy >0.80,
and average posterior probability >0.90, indicating excellent
model classification accuracy.
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Table 1. Model selection criteria for group-based multitrajectory modeling of 24-hour mean blood pressure and heart rate. Data were derived from
a longitudinal cohort study conducted at 3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with
hypertension between November 2022 and January 2025.

Number of
groups BICa AICb AvePPc

Proportion of
group members
(%) Likelihood ratio Entropy

Number of
group members

2 −9443.33 −9406.35 96.59/97.48 52.47/47.53 −9384.35 0.85 110/103
3 −9348.48 −9294.70 93.00/93.53/95.

88
27.67/48.99/23.37 −9262.70 0.87 59/105/49

4 −9280.14 −9209.56 96.32/92.45/92.
31/94.29

27.90/28.18/25.56/
18.36

−9167.56 0.88 59/60/54/40

5 −9247.55 −9160.15 95.30/91.01/93.
27/92.14/99.13

26.71/29.73/25.30/
14.27/3.99

−9108.15 0.89 57/64/53/31/8

aBIC: Bayesian Information Criterion.
bAIC: Akaike Information Criterion.
cAvePP: average posterior probability.

As described in Table 2, the 4 trajectory groups have the
following characteristics: group 1: BP (123/68 mm Hg) and
HR (67 bpm) were both at the lowest levels, but a diastolic
pressure below 70 mm Hg may lead to inadequate organ
perfusion (eg, myocardial ischemia and cerebral ischemia),
particularly in older adult patients or those with concomitant
coronary artery disease or carotid artery stenosis [45]; group
2: BP was well controlled (128/77 mm Hg), but the persis-
tently elevated HR (80 bpm) suggested increased sympathetic
nervous system activity, which may increase cardiovascular
risk; group 3: BP was within the stage 1 hypertension range

(134/82 mm Hg), with a normal HR (70 bpm); and group 4:
BP was within the stage 2 hypertension range (142/89 mm
Hg), with high HR (84 bpm), indicating a decompensated
state and the highest cardiovascular risk. The median pulse
pressure across the 4 study groups ranged from 51 to 55 mm
Hg. Although these group-level mean values were below the
60 mm Hg risk threshold specified by the European Society
of Hypertension [45], this macro-level observation does not
rule out the presence of elevated pulse pressure-related risk in
individual patients.

Table 2. Baseline blood pressure, heart rate, pulse pressure, and main clinical characteristics of each joint trajectory group. Data were derived from
a longitudinal cohort study conducted at 3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with
hypertension between November 2022 and January 2025.
Group Group members, n SBPa, mm Hg DBPb, mm Hg Pulse pressure, mm Hg HRc, bpm Main characteristics
1 59 123 68 55 67 Lowest BPd and HR
2 60 128 77 51 80 Normal BP and high HR
3 54 134 82 52 70 Stage 1 hypertension range, normal HR
4 40 142 89 53 84 Stage 2 hypertension range, high HR

aSBP: systolic blood pressure.
bDBP: diastolic blood pressure.
cHR: heart rate.
dBP: blood pressure.

The individual trajectories of BP and HR in 213 patients
with hypertension (Figures 1A-1C) showed strong align-
ment with the joint trajectories identified by the GBMTM
(Figures 2A-2C). Moreover, the empirical distributions of
BP and HR at 9 months after baseline closely matched the
model-predicted values for each trajectory group, confirming
that the GBMTM reliably identified subgroups exhibiting

distinct hemodynamic progression patterns. As illustrated in
Figure 3, the 3D distribution of joint trajectories quantita-
tively distinguishes the spatiotemporal differentiation among
the 4 trajectory groups within the multidimensional param-
eter space. This representation offers clinically valuable
insights into the heterogeneous dynamic profiles across these
physiological dimensions.
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Figure 1. Individual longitudinal trajectories of 24-hour mean SBP, DBP, and HR. The spaghetti plots depict the individual hemodynamic
progression of patients across the 4 identified trajectory groups (groups 1-4) over 6 months, with measurements taken at baseline (T0), 3 months (T1),
6 months (T2), and 9 months (T3). Data were derived from a longitudinal cohort study conducted at 3 community health centers in Zhongshan City,
Guangdong Province, China, among 213 patients with hypertension between November 2022 and January 2025. DBP: diastolic blood pressure; HR:
heart rate; SBP: systolic blood pressure.
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Figure 2. Joint trajectories of 24-hour mean SBP, DBP, and HR identified by group-based multitrajectory modeling (GBMTM). The line graphs
illustrate the 4 distinct joint trajectory groups over 4 time points: baseline (T0), 3 months (T1), 6 months (T2), and 9 months (T3). Shaded bands
around each trajectory represent the 95% CIs of the GBMTM-predicted values. Data were derived from a longitudinal cohort study conducted at
3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with hypertension between November 2022 and
January 2025. DBP: diastolic blood pressure; HR: heart rate; SBP: systolic blood pressure.

Figure 3. Three-dimensional (3D) spatiotemporal distribution of actual mean values for joint trajectories of SBP, DBP, and HR. The 3D scatter
plots quantitatively distinguish the spatiotemporal differentiation among the 4 trajectory groups across 4 follow-up visits: baseline (1), 3 months (2),
6 months (3), and 9 months (4). Data were derived from a longitudinal cohort study conducted at 3 community health centers in Zhongshan City,
Guangdong Province, China, among 213 patients with hypertension between November 2022 and January 2025. DBP: diastolic blood pressure; HR:
heart rate; SBP: systolic blood pressure.
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Baseline Characteristics
The baseline characteristics of the study population are shown
in Table 3. A total of 213 patients with hypertension were
included in the study, 110 (51.64%) males and 103 (48.36%)
females; their age ranged from 35 to 80 years, with a median

age of 57 (IQR 52‐65) years. The results of the Kruskal-
Wallis H test indicated that the 4 factors of trajectory group,
wake-up time, dietary pattern, and history of diabetes mellitus
met the prespecified threshold for inclusion in the multivaria-
ble model (P<.10).

Table 3. Baseline sociodemographic and clinical characteristics of the study population. Data were derived from a longitudinal cohort study
conducted at 3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with hypertension between November
2022 and January 2025a.
Variable Values, n Relative change in RWTb (ΔRWT), median (IQR) H P value
Group   8.07 .05
  1 59 0.02 (−0.03 to 0.07)     
  2 60 −0.05 (−0.10 to 0.03)     
  3 54 0.00 (−0.07 to 0.08)     
  4 40 0.03 (−0.06 to 0.13)     
Sex     0.01 .92
  Male   110 0.00 (−0.08 to 0.08)     
  Female 103 0.00 (−0.06 to 0.06)     
Age (years)     2.12 .35
  35-44 9 0.00 (−0.03 to 0.01)     
  45-59 113 0.00 (−0.07 to 0.09)     
  ≥60 91 −0.02 (−0.08 to 0.05)     
Registered residence     0.08 .78
  Local resident 57 −0.01 (−0.07 to 0.05)     
  Non–local resident 156 0.00 (−0.07 to 0.08)     
Education level     0.59 .74
  Primary school and below 79 0.00 (−0.07 to 0.05)     
  Junior high school 106 0.00 (−0.07 to 0.08)     
  High school and above 28 0.00 (−0.10 to 0.07)     
Employment status     0.08 .78
  Full-time or part-time 108 0.00 (−0.07 to 0.08)     
  Retired or unemployed 105 0.00 (−0.07 to 0.06)     
Marital status     0.10 .75
  Married 207 0.00 (−0.07 to 0.08)     
  Nonmarried 6 −0.01 (−0.06 to 0.04)     
Monthly household income (RMB)c     0.51 .78
  <5000 126 0.00 (−0.07 to 0.07)     
  5000-9999 61 0.00 (−0.07 to 0.07)     
  ≥10,000 26 0.00 (−0.06 to 0.08)     
BMI     1.86 .60
  Underweight 2 −0.06 (−0.07 to −0.06)     
  Normal 72 0.00 (−0.07 to 0.09)     
  Overweight 95 −0.02 (−0.07 to 0.07)     
  Obese 44 0.01 (−0.05 to 0.07)     
Smoking status     0.69 .71
  Smoking 25 −0.02 (−0.07 to 0.08)     
  Quit smoking 12 −0.03 (−0.09 to 0.03)     
  Never smoked 176 0.00 (−0.07 to 0.07)     
Alcohol consumption     0.00 .99
  Regular drinking (≥1/wk) 27 0.00 (−0.08 to 0.08)     
   Less frequent drinking 186 0.00 (−0.07 to 0.07)     
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Variable Values, n Relative change in RWTb (ΔRWT), median (IQR) H P value
   (<1/wk)
  Wake-up time     3.04 .08
  Before 7 AM 139 0.00 (−0.07 to 0.09)     
  After 7 AM 74 −0.02 (−0.08 to 0.05)     
Bedtime     0.21 .65
  Before 10 PM 48 0.00 (−0.08 to 0.12)     
  After 10 PM 165 0.00 (−0.07 to 0.07)     
Sleep problems     0.01 .92
  Yes 75 0.02 (−0.09 to 0.07)     
  No 138 0.00 (−0.07 to 0.07)     
Dietary pattern     4.97 .08
  Balanced diet 178 0.00 (−0.07 to 0.08)     
  Meat-based diet 17 0.05 (−0.02 to 0.09)     
  Plant-based diet 18 −0.05 (−0.13 to 0.03)     
History of diabetes     7.55 .02
  Diabetes without medications 7 0.09 (−0.07 to 0.18)     
  Diabetes with medications 33 −0.05 (−0.13 to 0.03)     
  No diabetes 173 0.00 (−0.07 to 0.08)     
Antihypertensive medications     2.01 .57
  ARBd 38 −0.03 (−0.09 to 0.05)     
  CCBe 61 0.00 (−0.07 to 0.08)     
  β-blocker 2 0.03 (0.03 to 0.03)     
  Combination therapy 70 0.00 (−0.06 to 0.10)     
Sedentary behavior     1.01 .31
  Yes 146 0.00 (−0.08 to 0.08)     
  No 67 0.00 (−0.07 to 0.05)     

aThe data for antihypertensive medication usage are based on available records (N=171). A total of 42 patients with unrecorded or missing
medication data were excluded from this specific analysis.
bRWT: relative wall thickness.
cAll household income values are presented in Chinese Yuan (RMB). The exchange rate was 1 RMB=0.138 US $ as of January 2025 (the study
period).
dARB: angiotensin receptor blocker.
eCCB: calcium channel blocker.

Multiple Linear Regression of ΔRWT
A multiple linear regression analysis was performed to
model ΔRWT using the independent variables identified via
univariate analysis. The corresponding results are presented
in Table 4. Trajectory group, wake-up time, dietary pattern,

and history of diabetes were converted to dummy variables,
with group 4, wake-up time after 7 AM, balanced diet,
and no diabetes set as reference categories. Multicollinearity
diagnostics showed all VIFs <2.0.

Table 4. Multiple linear regression analysis of the independent associations of joint blood pressure and heart rate trajectories and baseline clinical
covariates with the relative change in relative wall thickness (ΔRWT). Data were derived from a longitudinal cohort study conducted at 3 community
health centers in Zhongshan City, Guangdong Province, China, among 213 patients with hypertension between November 2022 and January 2025a.
Variable bb b’c SE t test (df) P value 95% CI of b
Group             
  1 −0.016 −0.056 0.027 −0.598 (204) .55 −0.070 to 0.037
  2 −0.059 −0.205 0.027 −2.224 (204) .03 −0.112 to −0.007
  3 −0.008 −0.027 0.028 −0.292 (204) .77 −0.063 to 0.047
  4 Reference   N/Ad   N/A   N/A   N/A   N/A
History of diabetes             
  No diabetes Reference   N/A   N/A   N/A   N/A   N/A
  Diabetes without medications 0.042 0.060 0.049 0.845 (204) .40 −0.056 to 0.139
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Variable bb b’c SE t test (df) P value 95% CI of b
  Diabetes with medications −0.067 −0.188 0.025 −2.681 (204) .008 −0.116 to −0.018
Wake-up time             
  After 7 AM Reference   N/A   N/A   N/A   N/A   N/A
  Before 7 AM 0.045 0.167 0.019 2.354 (204) .02 0.007 to 0.083
Dietary pattern             
  Balanced diet Reference   N/A   N/A   N/A   N/A   N/A
  Meat-based diet 0.054 0.116 0.032 1.663 (204) .10 −0.010 to 0.117
  Plant-based diet −0.049 −0.107 0.032 −1.542 (204) .13 −0.112 to 0.014

a F=3.392, P=.001, R²=0.127, adjusted R²=0.089. Model diagnostics: the assumption of normally distributed residuals was confirmed. The
standardized residuals for this fully adjusted model ranged from −2.127 to 3.001, indicating the absence of severe outliers and justifying the
use of parametric multiple linear regression for the non–normally distributed ΔRWT.
bb: unstandardized coefficient.
cb’: standardized coefficient.
dN/A: not applicable.

Results indicated that trajectory group 2 (b=−0.059, 95% CI
−0.112 to −0.007) and diabetes with medications (b=−0.067,
95% CI −0.116 to −0.018) were independently associated
with a reduction in ΔRWT. Conversely, a wake-up time
before 7 AM (b=0.045, 95% CI 0.007-0.083) was associated
with an increase in ΔRWT (Table 4). The fully adjusted
multiple linear regression model demonstrated a significant
overall fit (F8204=3.392; P=.001), explaining 12.7% of the
variance in ΔRWT (R²=0.127, adjusted R²=0.089). This
indicates that group 2, medication history, and wake-up
time are independently associated with ΔRWT, although the
overall variance explained by the model remains modest.

Sensitivity Analysis
To address potential variable selection and imputation biases,
sensitivity analyses were performed by forcing age and sex
into the regression models. In the sensitivity analysis using
the fully adjusted model (Table 5), the association for group
2 remained statistically significant (P=.04). Furthermore,
antidiabetic medication use (P=.009) and waking before 7
AM (P=.01) remained independently associated with ΔRWT.
In this imputed model, age (P=.09) and sex (P=.66) did not
reach statistical significance.

Table 5. Sensitivity analysis: fully adjusted multiple linear regression model for the association with change in relative wall thickness (ΔRWT).
Sensitivity analysis forcing established biological confounders (age and sex) into the multiple linear regression model. Data were derived from
a longitudinal cohort study conducted at 3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with
hypertension between November 2022 and January 2025a.
Variable bb b’c SE t test (df) P value 95% CI of b
Group             
  1 −0.002 −0.008 0.029 −0.081 (202) .94 −0.059 to 0.054
  2 −0.056 −0.194 0.027 −2.082 (202) .04 −0.109 to −0.003
  3 −0.002 −0.008 0.028 −0.088 (202) .93 −0.057 to 0.052
  4 Reference   N/Ad   N/A   N/A   N/A   N/A
History of diabetes             
  No diabetes Reference   N/A   N/A   N/A   N/A   N/A
  Diabetes without medications 0.039 0.056 0.050 0.783 (202) .44 −0.059 to 0.137
  Diabetes with medications −0.067 −0.187 0.025 −2.639 (202) .009 −0.116 to −0.017
Wake-up time             
  After 7 AM Reference   N/A   N/A   N/A   N/A   N/A
  Before 7 AM 0.051 0.188 0.019 2.606 (202) .01 0.012 to 0.089
Dietary pattern             
  Balanced diet Reference   N/A   N/A   N/A   N/A   N/A
  Meat-based diet 0.056 0.121 0.032 1.725 (202) .09 −0.008 to 0.119
  Plant-based diet −0.047 −0.102 0.032 −1.484 (202) .14 −0.110 to 0.016
Age (years) −0.002 −0.129 0.001 −1.731 (202) .09 −0.004 to 0.000
Sex             
  Female Reference   N/A   N/A   N/A   N/A   N/A
  Male −0.008 −0.032 0.019 −0.439 (202) .66 −0.045 to 0.029
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aF=3.045, P=.001, R²= 0.141, adjusted R²= 0.095. Model diagnostics: the assumption of normally distributed residuals was confirmed. The
standardized residuals for this fully adjusted model ranged from −2.084 to 3.105, indicating the absence of severe outliers and justifying the use of
parametric multiple linear regression for the non–normally distributed ΔRWT.
bb: unstandardized coefficient.
cb’: standardized coefficient.
dN/A: not applicable.

To further verify the robustness of these findings, a CCA
was conducted (Table 6). In this model, the association for
group 2 was attenuated to marginal significance (P=.06). This
shift is primarily attributable to the reduction in statisti-
cal power when cases with missing data were excluded

(n=196). Meanwhile, early waking (P=.004) and antidiabetic
medication use (P=.01) robustly maintained their statisti-
cal associations. Furthermore, age emerged as an independ-
ent factor associated with ΔRWT (P=.047), whereas sex
remained nonsignificant (P=.82).

Table 6. Sensitivity analysis: fully adjusted multiple linear regression model (complete case analysis) sensitivity analysis excluding missing data
and forcing established biological confounders (age and sex) into the model. Data were derived from a longitudinal cohort study conducted at 3
community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with hypertension between November 2022 and
January 2025a.
Variable bb b’c SE t test (df) P value 95% CI of b
Group             
  1 0.003 0.012 0.027 0.123 (185) .90 −0.050 to 0.056
  2 −0.048 −0.170 0.025 −1.908 (185) .06 −0.097 to 0.002
  3 −0.006 −0.022 0.026 −0.246 (185) .81 −0.058 to 0.045
  4 Reference   N/Ad   N/A   N/A   N/A   N/A
History of diabetes             
  No diabetes Reference   N/A   N/A   N/A   N/A   N/A
  Diabetes without medications 0.018 0.070 0.024 0.753 (185) .45 −0.029 to 0.066
  Diabetes with medications −0.081 −0.231 0.032 −2.495 (185) .01 −0.144 to −0.017
Wake-up time             
  After 7 AM Reference   N/A   N/A   N/A   N/A   N/A
  Before 7 AM 0.053 0.199 0.018 2.897 .004 0.017 to 0.089
Dietary pattern             
  Balanced diet Reference   N/A   N/A   N/A   N/A   N/A
  Meat-based diet 0.055 0.119 0.031 1.768 (185) .08 −0.006 to 0.117
  Plant-based diet −0.045 −0.100 0.030 −1.506 (185) .13 −0.104 to 0.014
Age (years) −0.002 −0.143 0.001 −2.001 (185) .047 −0.004 to −0.0003
Sex             
  Female Reference   N/A   N/A   N/A   N/A   N/A
  Male −0.004 −0.016 0.017 −0.228 (185) .82 −0.038 to 0.030

aF=3.090, P=.001, R²= 0.133, adjusted R²=0.090. Model diagnostics: the assumption of normally distributed residuals was confirmed. The
standardized residuals for this fully adjusted model ranged from –2.301 to 2.939, indicating the absence of severe outliers and justifying the
use of parametric multiple linear regression for the non–normally distributed ΔRWT. This table presents the results of the complete-case analysis,
excluding 17 participants with missing echocardiographic data (final analytical sample size, N=196).
bb: unstandardized coefficient.
cb’: standardized coefficient.
dN/A: not applicable.

Antihypertensive Medications Analysis
To investigate differences in the use of antihypertensive
medications across trajectory groups, this study categorized
patients into 5 groups based on their medication regimens
over a 9-month period: ARBs, CCBs, β-blockers, combi-
nation therapy (≥2 medications), and unrecorded medica-
tions. Given the elevated HR in group 2 and the potential
chronotropic effects of CCBs, we focused on comparing
CCB usage rates across the 4 trajectory groups. Chi-square
analysis revealed no statistically significant differences in
overall antihypertensive drug distribution (χ²9=8.22; P=.51)

or CCB usage rates (χ²3=3.30; P=.35) across groups (Table
7). Notably, group 4 demonstrated the highest CCB adoption
rate (85.7%, predominantly amlodipine), exceeding group
2’s rate (78.7%) by 7.0 percentage points, although this
difference did not reach statistical significance. Amlodipine
is primarily indicated for patients requiring BP reduction
without sympathetic activation or metabolic abnormalities,
and its HR-lowering effect is weaker than that of specific
CCBs such as cilnidipine [46]. Furthermore, the VALUE trial
demonstrated that amlodipine may induce reflex sympathetic
activation via peripheral vasodilation, leading to a slight HR
increase [47]. While this mechanism supports BP stability,
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it compromises effective HR control. The prevalent use of
amlodipine in Zhongshan’s 3 communities may contribute to
sustained HR ≥80 bpm in these patients.

Table 7. Chi-square analysis of antihypertensive medication usage across the 4 joint trajectory groups over a 9-month period. Data were derived
from a longitudinal cohort study conducted at 3 community health centers in Zhongshan City, Guangdong Province, China, among 213 patients with
hypertension between November 2022 and January 2025a.
Medications used Group 1 Group 2 Group 3 Group 4 Chi-square (df) P value
Antihypertensive medications   N/Ab   N/A   N/A   N/A 8.22 (9) .51
  ARBc 12 11 11 4   N/A   N/A
  CCBd 14 18 18 11   N/A   N/A
  β-blocker 1 1 0 0   N/A   N/A
  Combination therapy 18 18 14 20   N/A   N/A
CCB adoption   N/A   N/A   N/A   N/A 3.30 (3) .35
  Yes 31 37 33 30   N/A   N/A
  No 14 10 11 5   N/A   N/A

aThe data for antihypertensive medication usage are based on available records (N=171). A total of 42 patients with unrecorded or missing
medication data were excluded from this specific analysis.
bN/A: not applicable.
cARB: angiotensin receptor blocker.
dCCB: calcium channel blocker.

Discussion
Principal Findings
In this community-based cohort, GBMTM identified 4
distinct joint trajectory groups of BP and HR. Regarding the
clinical implications, group 2 (characterized by normal BP
and high HR) was significantly associated with a reduction in
ΔRWT over 6 months, suggesting a potential improvement in
LV geometry. BP in this group was well controlled and below
the current guideline-recommended standard for hypertension
of 130/80 mm Hg [45,48,49].

Furthermore, the use of antidiabetic medications in
patients with hypertension with comorbid diabetes was
significantly associated with a reduction in ΔRWT. This
suggests that ameliorating insulin resistance may inhibit
myocardial fibrosis and facilitate the repair of microvascu-
lar dysfunction [50-52], thereby providing evidence for the
potential beneficial structural associations of these medi-
cations. Conversely, a wake-up time before 7 AM was
significantly associated with an increase in ΔRWT, indicating
that circadian dysregulation (manifested as early awakening)
may elevate the risk of hypertensive cardiac remodeling by
disrupting metabolic, endocrine, and BP regulation [42,53,
54].
Comparison With Prior Work
In this study, unlike previous studies focusing solely on
BP trajectories, we applied GBMTM to identify 4 distinct
joint trajectories of 24-hour mean SBP, DBP, and HR in
patients with hypertension. Previous studies have used the
product of BP and HR (BP × HR), known as the double
product, as an indicator of myocardial oxygen consumption.
The double product serves as an indicator that simultaneously
integrates BP and HR. It not only reflects the risk of angina

pectoris episodes but also independently predicts all-cause
mortality and cardiovascular mortality at rest, highlighting the
necessity of simultaneously monitoring BP and HR in clinical
assessment and risk prediction [55,56]. This metric increases
with age in untreated populations and shows a U-shaped trend
in treated populations. The dynamic changes of this index
suggest that the synergistic elevation of BP and HR increa-
ses myocardial oxygen consumption, while their combined
control may reduce related risks. This indicates that there is
still significant room for improvement if the focus is solely on
BP control, and combined management with other indicators
(such as HR) may enhance control effectiveness [57].

Group 1 exhibited the lowest BP and HR levels; however,
their DBP fell below 70 mm Hg. Consistent with the “J-
curve” phenomenon in cardiovascular risk, clinical manage-
ment for this phenotype should prioritize systolic BP control
while closely monitoring DBP to avoid potential hypoperfu-
sion [58].

Group 2 maintained optimal BP control (below the 130/80
mm Hg threshold) alongside improved ventricular structure,
which aligns with findings that good BP control is associated
with the potential reversal of LV hypertrophy [59]. However,
their elevated resting HR (approximately 80 bpm) suggests
persistent sympathetic activation. The structural improvement
in ΔRWT in these patients may have preceded the reduction
in HR, similar to the phenomenon of delayed autonomic
modulation (HR variability) after structural improvement
observed in patients with chronic thromboembolic pulmo-
nary hypertension [60]. Despite this short-term structural
improvement, long-term high HR may still pose potential
risks to myocardial tissue, warranting caution. This study,
through GBMTM, is the first attempt to reveal the cardiac
remodeling characteristics of normal BP with high HR,
providing a new perspective for risk stratification in patients

JMIR CARDIO Pan et al

https://cardio.jmir.org/2026/1/e87091 JMIR Cardio 2026 | vol. 10 | e87091 | p. 12
(page number not for citation purposes)

https://cardio.jmir.org/2026/1/e87091


with hypertension. These findings suggest that neglecting
HR may lead to an underestimation of the potential bene-
ficial associations with cardiac geometry in some patients.
Therefore, a combined assessment of BP and HR is necessary
for evaluating risk in patients with hypertension.

Group 3 and group 4 represent escalating stages of
pressure overload and autonomic decompensation, requiring
aggressive, combined targeted therapies. Previous studies
have shown that BP trajectories, by integrating long-term
BP levels and the slope of changes, can predict cardiovas-
cular events and mortality, providing important evidence
for the risk assessment and intervention of CVDs. SBP
trajectories have a stronger association with cardiovascular
outcomes; furthermore, high-increasing SBP trajectories are
also significantly correlated with elevated LVMI [61,62].
Previous studies have confirmed that elevated RWT is an
independent predictor of CVD in patients with hypertension
and diabetes [63]. This study reveals the synergistic asso-
ciation of dynamic interaction patterns between BP and
HR with cardiac remodeling. Furthermore, regarding sleep
patterns, the observed risk associated with early awaken-
ing aligns with chronobiological evidence that the morning
BP surge and cortisol awakening response peak during the
early morning window. Awakening prematurely triggers a
shift toward sympathetic dominance and amplifies neuroen-
docrine stress, which are mechanistically linked to elevated
vascular resistance. Finally, the observed potential benefi-
cial associations of antidiabetic medications suggest that
ameliorating insulin resistance may be linked to the inhibition
of myocardial fibrosis and the improvement of microvascular
dysfunction.

Our findings also highlight the clinical implication of
0th-order trajectories. The GBMTM algorithm identified
0th-order trajectories as the optimal fit for all 4 groups,
indicating that the joint BP and HR profiles remained stable
over the 9-month follow-up. This stability aligns with the
clinical characteristics of the study cohort, which consisted of
patients with chronic hypertension maintained on established
medication regimens in a community setting, rather than
newly diagnosed patients undergoing initial dose titration.
Consequently, the 0th-order trajectories demonstrate that the
identified hemodynamic phenotypes, such as the persistently
elevated HR in group 2, represent chronic physiological
states rather than transient measurements. Establishing this
longitudinal stability provides the necessary methodological
basis for assessing the cumulative longitudinal associations
of these sustained profiles with continuous cardiac structural
remodeling.
Strengths and Limitations
Our study possesses several key strengths. First, meth-
odologically, this study applies GBMTM to a community-
based hypertensive cohort to construct joint trajectories of
SBP, DBP, and HR. This approach overcomes the lim-
itations of traditional single-variable trajectory analyses,
capturing the population heterogeneity of joint hemodynamic
changes and identifying subgroups with distinct pathophy-
siological profiles. Second, by evaluating the progression

of early cardiac remodeling across these joint trajectories,
we explored the longitudinal determinants of structural
changes. In contrast to previous studies that predominantly
relied on cross-sectional associations, demonstrating the link
between specific trajectory phenotypes and cardiac remod-
eling progression deepens our understanding of BP-HR
interactions and provides longitudinal evidence for early
intervention. Third, based on a Chinese community-dwelling
cohort, this study highlights the optimal BP control range, the
critical need for concurrent HR management, and the clinical
significance of sleep interventions. These findings support
the implementation of more precise, individualized hyperten-
sion management and cardiovascular risk reduction strategies
within primary care settings.

However, several limitations of this study must be
acknowledged. First, selection bias cannot be completely
ruled out, as the sample was derived from a single commun-
ity. Second, the specific roles of different classes of antidia-
betic medications were not explored. Third, the follow-up
period was relatively short. Although this duration was
sufficient to observe early changes in ΔRWT, it is inad-
equate to fully evaluate long-term target organ damage
and hard clinical end points. Fourth, echocardiographic
measurements were obtained at the 3-month and 9-month
follow-ups, rather than at baseline. Baseline imaging was
omitted to reduce the logistical burden on primary care
facilities during initial community recruitment. Consequently,
the first 3 months functioned as a run-in period, during
which approximately 200 participants were lost to follow-up.
This attrition may have introduced selection bias, restricting
the final cohort to patients with higher adherence. Further-
more, the shortened 6-month observation window (from
month 3 to month 9) restricted the detectable magnitude of
changes in ΔRWT. Because cardiac structural remodeling
progresses slowly, this reduced time frame increases the
likelihood that true biological changes are masked by the
inherent measurement error of echocardiography, which may
have attenuated the observed associations in our analy-
sis. Nonetheless, the fact that significant correlations were
identified despite these constraints suggests that the associa-
tions between high HR, BP trajectories, and cardiac remod-
eling are clinically noteworthy and warrant attention even
within a limited observation window. Fifth, the utilization
rate of β-blockers within our cohort was extremely low.
Because β-blockers are the primary pharmacological agents
for HR reduction, their underuse in this community setting
likely contributed to the prevalence of the “normal BP,
high HR” phenotype observed in group 2. Consequently,
our findings primarily reflect the hemodynamic progression
of patients with hypertension lacking specific HR-targeted
interventions. This restricts the generalizability of our results
to advanced clinical settings where β-blocker prescription
rates are substantially higher. Sixth, regarding medication
adjustments, we characterized each patient’s pharmacological
exposure based on their most frequently prescribed regimen
over the 9-month period. While this “predominant expo-
sure” approach effectively captures the primary long-term
maintenance therapy typical of community management, it
inevitably simplifies the longitudinal pharmacological history.
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Transient dose titrations or brief medication switches were
not continuously modeled as time-varying covariates in
the GBMTM. Therefore, the acute hemodynamic impacts
of short-term prescription fluctuations cannot be entirely
ruled out. Seventh, the relatively modest sample size of
our community cohort renders the multiple linear regres-
sion models somewhat sensitive to specific data-handling
techniques. This is evidenced by the minor discrepancies
observed between the sensitivity analysis using imputed data
and the strict CCA. Specifically, the association for group 2
attenuated from statistical significance to marginal signifi-
cance in the CCA. This shift is primarily attributable to
the reduction in statistical power when cases with missing
data were excluded. Conversely, age emerged as an independ-
ently associated factor in the CCA but did not reach full
statistical significance in the imputed model. This suggests
that in a limited sample, the additional variance introduced
by the MI process may dilute certain subtle associations,
whereas complete-case exclusion may slightly alter the
overall sample composition. These fluctuations highlight the
necessity of interpreting the statistical associations cautiously
and underscore the need for larger cohort studies to confirm
these findings.
Future Directions
Future large-scale, multicenter prospective cohort studies
with extended follow-up periods are needed to fully evalu-
ate long-term cardiac target organ damage and hard clin-
ical end points. Therefore, future research should extend
the follow-up period beyond 2 years to better elucidate the
temporal relationship between HR optimization and struc-
tural improvements, particularly for patients in group 2.
Expanding recruitment across diverse community populations

will help verify the external validity and generalizability of
our findings. Additionally, using objective sleep measurement
tools, such as polysomnography, would minimize self-report-
ing bias and improve the accuracy of sleep parameter
assessments.
Conclusions
In this study, we applied GBMTM to longitudinal data on
SBP, DBP, and HR in community-dwelling patients with
hypertension, identifying 4 distinct joint trajectory groups of
BP and HR. Notably, group 2 (characterized by normal BP
and high HR) was significantly associated with a reduction
in ΔRWT over 6 months, suggesting that achieving stable
BP control is linked to a potential short-term attenuation of
adverse LV geometric remodeling. However, it should be
noted that this beneficial association attenuated to marginal
significance in the CCA due to the reduction in statisti-
cal power. Additionally, concurrent antidiabetic medication
use in patients with hypertension with comorbid diabetes
was significantly associated with a reduction in ΔRWT,
further supporting that these medications showed a beneficial
association with the relative change in RWT. Conversely,
waking up before 7 AM was associated with an increase in
ΔRWT (Table 4), indicating that circadian rhythm disrup-
tion is involved in the progression of hypertensive cardiac
remodeling.

These findings suggest the necessity to incorporate
multidimensional BP and HR metrics to refine risk stratifi-
cation and cardiac management in hypertension. Targeted
interventions need to be explored in the future through
long-term follow-up and the integration of multidimensional
cardiovascular measurements.
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