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Background: Hypertensive heart disease (HHD) in older adults is characterized by structural remodeling and subtle functional
impairment that may escape conventional echocardiography. This study aimed to determine the diagnostic value of two-dimensional
speckle tracking echocardiography (2D-STE)—derived left atrial strain rates for functional assessment in elderly patients with HHD.
Methods: In this retrospective, single-center cohort, 236 patients aged >65 years were enrolled (January 2023—January 2025): 118
with echocardiographic HHD and 118 age-matched hypertensive controls without structural abnormalities. Transthoracic echocardio-
graphy with 2D-STE quantified mean peak left atrial strain rates in late diastole (mSRa), early diastole (mSRe), and systole (mSRs).
Elderly HHD patients were stratified by New York Heart Association (NYHA) class. Group comparisons used t-tests, and receiver
operating characteristic (ROC) curves with area under the curve (AUC) evaluated discrimination.

Results: Compared with controls, the HHD group had larger left ventricular end-diastolic diameter (LVEDD 60.29 + 5.26 vs 48.17 +
5.46 mm; P<0.001), lower left ventricular ejection fraction (LVEF 51.10 + 7.25% vs 61.21 £ 4.96%; P<0.001), and impaired atrial
mechanics (mSRa —2.20 + 0.27 vs —2.75 + 0.30 sfl; P<0.001; mSRe —2.29 + 0.33 vs —1.90 + 0.38 sfl; P<0.001; mSRs 1.34 + 0.30 vs
2.15+0.31 s '; P<0.001). Within HHD, NYHA III-IV showed worse strain than NYHA I-II (eg, mSRa —1.90 + 0.26 vs —2.48 + 0.23
s '; P<0.001). ROC analysis demonstrated excellent discrimination of functional severity: AUC 0.916 for mSRa (cut-off —2.367 s ';
sensitivity 96.8%; specificity 76.7%), AUC 0.876 for mSRe (—2.302 s 91.6%:; 65.0%), and AUC 0.881 for mSRs (1.361 s 92.5%;
68.7%) (all P<0.001).

Conclusion: In elderly HHD, 2D-STE—derived atrial strain rates (mSRa, mSRe, mSRs) are significantly impaired, correlate with
NYHA class, and provide high diagnostic accuracy for differentiating mild versus severe functional limitation. These indices may
serve as sensitive, non-invasive markers to support early detection and clinical stratification in this population. Prospective studies are
needed to establish prognostic utility.

Keywords: two-dimensional speckle tracking echocardiography, hypertensive heart disease, atrial strain, mSRa, mSRe, mSRs, elderly
patients, ROC analysis

Introduction

Hypertensive heart disease (HHD) encompasses a continuum of structural and functional cardiac alterations secondary to
chronic arterial hypertension, including left ventricular hypertrophy (LVH), diastolic dysfunction, left atrial enlargement,
and eventually systolic heart failure and arrhythmias."? As hypertension disproportionately affects the elderly and
remains a leading contributor to cardiovascular morbidity and mortality worldwide, the burden of HHD is particularly
significant in older populations. Age-related myocardial fibrosis, vascular stiffness, and impaired diastolic reserve further
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exacerbate hypertensive cardiac remodeling in the elderly, making early detection of functional impairment both
challenging and essential.>~

Conventional echocardiographic parameters, including left ventricular ejection fraction (LVEF), left ventricular mass
index (LVMI), and left atrial diameter, are routinely used to assess cardiac structure and function. However, these indices
often remain within normal ranges in early-stage HHD, especially in elderly patients with preserved systolic function,
thereby limiting their sensitivity for identifying subclinical myocardial dysfunction.®” Two-dimensional speckle tracking
echocardiography (2D-STE) offers a non-invasive, angle-independent technique to evaluate myocardial deformation.®
While global longitudinal strain (GLS) has been widely validated as an early marker of left ventricular dysfunction,
recent studies underscore the added diagnostic value of atrial strain parameters in hypertensive populations.”'® In
particular, left atrial strain has shown promise in detecting impaired diastolic function and increased filling pressures
before overt symptoms develop. Recent studies have shown that left atrial strain, particularly during systole and diastole,
is closely associated with elevated left ventricular filling pressure and adverse outcomes in hypertensive patients, even
when conventional parameters remain within normal ranges.'""'? For instance, reduced atrial strain has been linked to
symptom burden, impaired functional class, and increased hospitalization risk in patients with preserved LVEE."
Accordingly, 2D-STE provides a valuable tool for early detection of myocardial impairment in hypertensive patients,
supporting timely risk stratification and guiding the implementation of intensified antihypertensive and cardioprotective
therapies.'* '

However, despite the growing body of evidence linking left atrial strain to hypertension-related cardiac dysfunction,
few studies have specifically examined its diagnostic performance in elderly patients with confirmed HHD.'”'® Most
prior investigations have focused on early hypertension, preserved LVEF, or general hypertensive populations without
stratified analysis by functional class. Moreover, the relationship between atrial strain parameters and New York Heart
Association (NYHA) functional classification remains underexplored in this population.'® To address this gap, the
present study aimed to evaluate the diagnostic value of 2D-STE—derived left atrial strain rates in elderly patients with
HHD. We sought to determine the association between strain indices and NYHA functional status, and to quantify their
ability to discriminate functional severity using ROC analysis. This may support the use of atrial strain as a sensitive,
non-invasive tool for early risk stratification and clinical decision-making in older adults with hypertensive heart disease.

Methods

Study Design

This retrospective observational study included patients diagnosed with hypertension who received treatment at our
institution between January 2023 and January 2025. All clinical and echocardiographic data were retrieved from the
institutional electronic medical record system and echocardiography database. For each potentially eligible case,
demographic characteristics (age, sex, body mass index), blood pressure records, laboratory results, and echocardio-
graphic measurements were extracted. A total of 236 patients were ultimately enrolled in the study. Among them, 118
elderly patients with confirmed hypertensive heart disease comprised the HHD group, while 118 age- and sex-matched
patients with essential hypertension but without echocardiographic features of HHD served as the hypertension control
group. Informed consent was obtained from all subjects. The study protocol was reviewed and approved by the hospital’s
ethics committee. All procedures complied with relevant regulations and the ethical principles outlined in the Declaration
of Helsinki. Participant data were anonymized before analysis to ensure confidentiality and protect privacy.

Eligibility and Exclusion Criteria
Eligibility Criteria
(1) Age > 65 years.

(2) Echocardiographic evidence of HHD, defined as the presence of at least one of the following (in the absence of
other structural cardiac abnormalities), according to the 2016 American Society of Echocardiography (ASE) and
American College of Cardiology (ACC) guidelines:

a. LVH: LV mass index >115 g/m? for men or >95 g/m? for women.
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b. Left atrial enlargement: Left atrial volume index (LAVI) >34 mL/m?.

c. Diastolic dysfunction: E/e’ ratio >14, supported by additional parameters such as reduced e’ velocity or
a pseudonormal filling pattern.

(3) Sinus rhythm at the time of echocardiography.

(4) Adequate image quality for 2D speckle-tracking echocardiography (2D-STE) analysis.

Exclusion Criteria

1) Significant valvular heart disease (moderate or severe).

2) Non-hypertensive cardiomyopathies (eg, dilated, hypertrophic, or restrictive forms).

3) Ischemic heart disease or cardiomyopathy, defined by a history of myocardial infarction, prior coronary revascu-
larization, >50% coronary stenosis on angiography or CT, or regional wall motion abnormalities suggestive of
ischemia.

4) Persistent arrhythmias (eg, atrial fibrillation), which would compromise strain measurements.

5) Advanced renal dysfunction: eGFR <30 mL/min/1.73 m? or dialysis dependency.

6) Incomplete clinical or echocardiographic data precluding comprehensive analysis.

Echocardiographic Equipment and Image Acquisition Protocol

All echocardiographic examinations were performed using commercially available color Doppler ultrasound systems,
including the Philips iE33 (Philips Medical Systems, Andover, MA, USA) and the GE Vivid E95 (GE Healthcare,
Chicago, IL, USA). The imaging probes included an M5Sc transducer with a frequency range of 1.7-3.3 MHz and an
S5-1 phased-array transducer with a frequency range of 1-5 MHz. 2D-STE analyses were conducted using the QLAB
9.0 software platform (Philips Medical Systems) and the integrated automated quantification system of the GE
Vivid E95.

All subjects underwent transthoracic echocardiography while in the left lateral decubitus position, with simultanecous
electrocardiogram gating. Standard parasternal and apical views were acquired. The left ventricular end-diastolic
diameter (LVEDD) was measured using the S5-1 probe in the parasternal long-axis view. LVEF was calculated using
the biplane Simpson’s method. Patients were instructed to maintain steady breathing, and breath-holding was employed
when necessary to optimize image clarity. Following conventional echocardiographic assessment, 2D-STE was per-
formed using the QLAB-TMQA analysis module. Regions of interest (ROI) were manually traced along the endocardial
borders of the left atrium in the apical two-chamber, three-chamber, and four-chamber views. The ROI width was
adjusted to match the myocardial wall thickness. Automated frame-by-frame tracking of myocardial motion within each
ROI was conducted by the software.

For strain analysis, the left atrium was segmented into five anatomical walls—anterior, posterior, septal, lateral, and
inferior. Each wall was divided into three segments: basal, mid, and apical, yielding a total of 15 segments. From each
mid-wall segment, longitudinal left atrial strain rate parameters were extracted, including:

1. SRa: peak strain rate during late diastole (atrial contraction),
2. SRe: peak strain rate during early diastole (ventricular relaxation),
3. SRs: peak strain rate during left ventricular systole.

Each strain rate parameter was measured three times per segment, and the average was calculated and reported as mean
strain rate in late diastole (mSRa), early diastole (mSRe), and systole (mSRs), respectively (all in s ').

Assessment and Classification of Cardiac Functional Status

Cardiac functional status in all elderly patients with hypertensive heart disease was evaluated based on the classification
system proposed by the NYHA. The NYHA functional classification is a widely accepted clinical tool used to assess the
severity of heart failure symptoms and the degree of physical activity limitation. It consists of the following four grades:

Clinical Interventions in Aging 2025:20 hetps: 2379



Guo et al

1) Class I: No limitation of physical activity. Ordinary physical activity does not cause undue fatigue, palpitation, or
dyspnea.

2) Class II: Slight limitation of physical activity. Comfortable at rest, but ordinary physical activity results in fatigue,
palpitation, or dyspnea.

3) Class III: Marked limitation of physical activity. Comfortable at rest, but less than ordinary activity causes fatigue,
palpitation, or dyspnea.

4) Class IV: Unable to carry out any physical activity without discomfort. Symptoms of heart failure may be present
even at rest. Any physical activity increases discomfort.

Data Collection

Clinical and echocardiographic data were retrospectively obtained from the institutional electronic medical record and
echocardiography reporting systems between January 2023 and January 2025. Demographic variables (age, sex, and
body mass index), hemodynamic parameters [systolic blood pressure (SBP), diastolic blood pressure (DBP), and resting
heart rate (HR)], and laboratory findings [fasting plasma glucose (FPG), total cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-C)] were extracted from standardized medical records. Comorbid conditions, including
diabetes mellitus and smoking history, were identified through clinical documentation.

Echocardiographic measurements were collected from finalized structured reports generated by board-certified
echocardiographers at the time of examination. These reports were routinely validated through the department’s internal
quality assurance process to ensure measurement reliability. For this study, data entry and extraction were independently
cross-checked by two investigators to minimize transcription errors. Only cases with complete clinical and echocardio-
graphic datasets were included in the final analysis.

Statistical Analysis

All statistical analyses were conducted using SPSS software, version 28.0 (IBM Corp., Armonk, NY, USA). The
Shapiro—Wilk test was used to assess the normality of continuous variables. Data with a normal distribution were
expressed as mean + standard deviation and compared between groups using the independent samples #-test. Non-
normally distributed data were expressed as median and interquartile range (IQR), and the Mann—Whitney U-test was
applied for group comparisons. Categorical variables were reported as frequencies and percentages, and differences
between groups were analyzed using the chi-square (%) test. Receiver operating characteristic (ROC) curves were plotted
to assess the diagnostic performance of echocardiographic parameters, and the area under the curve (AUC) was
calculated. A two-tailed P value < 0.05 was considered statistically significant.

Results
Baseline Characteristics of Study Cohort

Baseline demographic, anthropometric, hemodynamic, metabolic, and comorbidity profiles were comparable between the
HHD group (n = 118) and the Hypertension (HTN) group (n = 118). There was no significant difference in gender
distribution (50.8% vs 55.1% male, P = 0.514) or mean age (73.6 & 5.8 years vs 72.6 + 5.7 years, P = 0.178). Body mass
index was similarly distributed (20.9 + 1.1 kg/m? vs 21.1 + 1.2 kg/m?, P = 0.295). Resting blood pressures and heart rates did
not differ appreciably between groups (SBP: 155.2 £ 6.9 mmHg vs 153.3 £ 9.0 mmHg, P =0.079; DBP: 110.8 + 7.0 mmHg
vs 109.0 £ 7.4 mmHg, P = 0.055; HR: 74.8 £ 6.0 bpm vs 75.6 £ 5.9 bpm, P = 0.319). Fasting plasma glucose and lipid
parameters were also similar (all P > 0.1). Prevalence of diabetes (21.2% vs 20.3%, P = 0.873) and smoking history (28.8%
vs 23.7%, P = 0.375) did not differ. These findings confirm that the two groups were well matched at baseline (Table 1).

Comparison of Left Ventricular Dimensions, Ejection Fraction, and Atrial Strain

Parameters Between Hypertensive Heart Disease and Hypertension Groups
As shown in Table 2, patients with hypertensive heart disease demonstrated significant differences in both conventional
echocardiographic measurements and 2D-STE—derived atrial strain rates compared with those having hypertension alone.
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Table | Baseline Demographic and Clinical Variables in the Hypertensive Heart Disease (HHD) and Hypertension

(HTN) Groups

Variable Hypertensive Heart Hypertension Test Statistic P value
Disease Group (n = 118) Group (n = 118)
Male, n (%) 60 (50.8%) 65 (55.1%) ¥ = 0.425 0.514
Age (years), mean * SD 73.59 + 5.80 72.58 + 5.67 t=1.353 0.178
BMI (kg'm?), mean £ SD 2092 £ 1.14 21.08 £ 1.20 t=1.050 0.295
SBP (mmHg), mean + SD 155.16 + 6.87 153.32 £ 9.03 t=1.762 0.079
DBP (mmHg), mean + SD 110.80 + 7.01 108.99 + 7.41 t=1.928 0.055
HR (bpm), mean + SD 7481 £ 5.96 75.58 + 5.89 t=0.998 0.319
FPG (mmol L"), mean + SD 598 £ .21 5.76 £ 0.99 t= 1529 0.128
TC (mmol L"), mean + SD 5.08 £ 0.94 5.18 £ 0.84 t = 0.862 0.390
LDL-C (mmol L"), mean + SD 2.98 £ 0.60 2.89 £ 0.59 t=1.162 0.247
History of Diabetes, n (%) 25 (21.2%) 24 (20.3%) x> = 0.026 0.873
Smoking History, n (%) 34 (28.8%) 28 (23.7%) x* = 0.788 0.375

Notes: Data are presented as mean * SD or n (%).
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; FPG, fasting plasma glucose; TC,
total cholesterol; LDL-C, low-density lipoprotein cholesterol.

Table 2 Comparison of Standard Echocardiographic and Two-Dimensional
Speckle Tracking Echocardiography (2D-STE) Parameters Between HHD and
HTN Groups (X + SD)

Parameter Hypertensive Heart | Hypertension | t Value | P value
Disease (n = 118) (n=118)

LVEDD (mm) 60.29 + 5.26 48.17 + 5.46 17.373 <0.001

LVEF (%) 51.10 £7.25 61.21 + 496 14.982 <0.001

mSRa (s ') —2.20 = 0.27 —2.75 £ 0.30 14.801 <0.001

mSRe (s') —2.29 +0.33 —-1.90 + 0.38 8418 <0.001

mSRs (s ') 1.34 £ 0.30 2.15 + 031 20.402 <0.001

Notes: Data are presented as mean * SD.

Abbreviations: LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection frac-
tion; mSRa, mean peak strain rates in late diastole; mSRe, mean peak atrial strain rate in early diastole;
mSRs, mean peak atrial strain rate in systole; SD, standard deviation; 2D-STE, two-dimensional
speckle tracking echocardiography.

Specifically, the HHD group exhibited a markedly larger LVEDD (60.29 £ 5.26 mm vs 48.17 + 5.46 mm; t = 17.373, P <
0.001) and a lower LVEF (51.10 + 7.25% vs 61.21 = 4.96%; t = 14.982, P < 0.001). Regarding atrial mechanics, mSRa
was significantly attenuated in the HHD cohort (2.20 = 0.27 s ' vs —2.75 £ 0.30 s '; t = 14.801, P < 0.001), and mSRe
was similarly reduced (—2.29 £ 0.33 s ' vs —=1.90 £ 0.38 s '; t = 8.418, P < 0.001). Furthermore, the HHD group showed
a significantly reduced systolic atrial strain rate (mSRs: 1.34 + 0.30 s™' vs 2.15 + 0.31 s°'; t = 20.402, P < 0.001),
indicating both adverse cardiac remodeling on conventional echocardiography and pronounced atrial deformation
impairment detected by 2D-STE in elderly patients with hypertensive heart disease.

Comparison of Atrial Strain Rates by NYHA Functional Classification in Elderly HHD

Patients

Among the 118 elderly patients diagnosed with HHD, NYHA functional classification was as follows: Class I (n = 12,
10.2%), Class I (n = 31, 26.3%), Class III (n =45, 38.1%), and Class IV (n = 30, 25.4%). The corresponding atrial strain
rate parameters measured by 2D-STE were compared between patients with NYHA Class I-1I (n = 43, 36.4%) and those
with NYHA Class III-IV (n = 75, 63.6%), as presented in Table 3. The mSRa was significantly more positive (less
negative) in the NYHA III-IV group compared to the NYHA I-II group (-1.90 £ 0.26 ™' vs 2.48 £0.23 s '; t = 12.151,
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Table 3 Comparison of Two-Dimensional Speckle Tracking Echocardiography
(2D-STE) Parameters in Elderly HHD Patients by New York Heart Association
(NYHA) Functional Class

Parameter | NYHA I-1l (n = 43) | NYHA llI-IV (n = 75) | t Value | P value

mSRa (s ') —2.48 £ 0.23 —-1.90 £ 0.26 12.151 <0.001
mSRe (s ") —2.11 £0.20 —2.60 = 0.21 12.431 <0.001
mSRs (s ') 1.53 £ 0.30 1.30 + 0.28 4.184 <0.001

Abbreviations: NYHA, New York Heart Association; SD, standard deviation; mSRa, mean peak atrial
strain rate in late diastole; mSRe, mean peak atrial strain rate in early diastole; mSRs, mean peak atrial
strain rate in systole.

Table 4 Diagnostic Value of Mean Peak Atrial Strain Rate in
Late Diastole (mSRa), Early Diastole (mSRe), and Systole
(mSRs) for Assessing Cardiac Function in Elderly HHD

Patients

Metric mSRa (s'') | mSRe (s™') | mSRs (s7')
AUC 0.916 0.876 0.881

95% Cl 0.805-0.987 | 0.788-0.952 | 0.791-0.961
P value <0.001 <0.001 <0.001
Cut-off -2.367 -2.302 1.361

Spec (Specificity) 0.767 0.650 0.687

Sens (Sensitivity) 0.968 0916 0.925

YI (Youden Index) | 0.735 0.566 0.612

Abbreviations: mSRa, mean peak atrial strain rate in late diastole; mSRe,
mean peak atrial strain rate in early diastole; mSRs, mean peak atrial strain
rate in systole; sf', per second; AUC, area under the curve; Cl, confidence
interval.

P < 0.001). Similarly, the mSRe was significantly more negative in the NYHA III-IV group (-2.60 = 0.21 s~ vs —2.11 +
0.20s ';t=12.431, P < 0.001), and the mSRs was lower in the NYHA III-IV group (1.30 £ 0.28 s ' vs 1.53 £ 0.30 s ;
t =4.184, P < 0.001).

ROC Analysis of Atrial Strain Parameters for Functional Assessment

In order to determine the utility of atrial strain metrics in distinguishing degrees of cardiac dysfunction among elderly
HHD patients, ROC analysis was performed. As shown in Table 4, all three 2D-STE—derived parameters demonstrated
excellent discriminative ability (all P < 0.001). Specifically, mSRa yielded the highest area under the curve (AUC =
0.916; 95% CI, 0.805-0.987) with an optimal cut-off of —2.367 s', achieving a sensitivity of 96.8% and specificity of
76.7%, corresponding to a Youden index of 0.735. mSRe also performed robustly (AUC = 0.876; 95% CI, 0.788—-0.952)
at a threshold of —2.302 s™', yielding 91.6% sensitivity and 65.0% specificity (Youden index = 0.566). mSRs showed
similarly high diagnostic accuracy (AUC = 0.881; 95% CI, 0.791-0.961), with a cut-off of 1.361 s ', sensitivity of
92.5%, specificity of 68.7%, and Youden index of 0.612 (Figure 1).

Discussion

This study evaluated the clinical utility of 2D-STE derived atrial strain parameters in elderly patients with HHD. Our
findings demonstrate that the strain rate metrics, specifically mSRa, mSRe, and mSRs, were significantly impaired in
patients with HHD compared to hypertensive controls without structural cardiac involvement. These alterations reflect
atrial dysfunction across reservoir, conduit, and booster pump phases, suggesting that 2D-STE can sensitively detect
atrial remodeling in the context of hypertensive myocardial damage. Furthermore, the strain parameters correlated
closely with clinical functional status as defined by the NYHA classification’™*' Among patients with HHD, those
classified as NYHA III-IV exhibited significantly reduced mSRa, mSRe, and mSRs values compared to those in NYHA
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Figure | Receiver operating characteristic (ROC) curves of two-dimensional speckle tracking echocardiography (2D-STE)—derived strain rate parameters: mSRa (mean
peak atrial strain rate in late diastole, s '), mSRe (mean peak atrial strain rate in early diastole, s '), and mSRs (mean peak atrial strain rate in systole, s ') for evaluating left
atrial function in elderly patients with hypertensive heart disease (HHD).

I-11I, indicating progressive impairment of atrial mechanics with increasing symptom burden. These results underscore
the incremental value of atrial strain analysis for functional assessment and stratification in elderly individuals with HHD,
beyond conventional echocardiographic measurements such as LVEDD and LVEE.** **

The current results align with and extend the findings of recent studies evaluating the role of 2D-STE in hypertensive
heart disease. In a prospective study of 90 hypertensive patients by Hennawy et al,>> left atrial longitudinal strain
parameters were shown to decline progressively with increasing degrees of diastolic dysfunction, even in the setting of
preserved LVEF, highlighting the sensitivity of atrial strain to subclinical myocardial changes. Similarly, Longobardo
et al*® reported that reduced mSRa was independently associated with impaired exercise tolerance and elevated NT-
proBNP in elderly hypertensive individuals with left ventricular hypertrophy. While prior work has primarily focused on
LV strain or global longitudinal strain (GLS), our study adds to the growing recognition of atrial strain as a clinically
meaningful metric in hypertensive remodeling.?’*® The utility of atrial strain has also been validated in other high-risk
elderly cohorts. For example, Oki et al*’ demonstrated that reduced LA strain parameters predicted heart failure
hospitalization in elderly hypertensive patients with preserved EF. Moreover, our ROC analysis yielded AUC values
exceeding 0.87 for all three atrial strain markers, with mSRa showing the highest discriminative power (AUC = 0.916),
sensitivity (96.8%), and Youden index (0.735). These diagnostic indices are comparable to or superior to those reported
in prior investigations. In a cross-sectional analysis by Monte et al,>* mSRa yielded an AUC of 0.89 for identifying early-
stage heart failure with preserved ejection fraction (HFpEF) in elderly hypertensives. Our study corroborates these

findings and extends their applicability specifically to the HHD population.
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Taken together, our results confirm that 2D-STE—derived atrial strain is a robust, reproducible, and clinically
relevant tool for functional assessment in elderly patients with hypertensive heart disease. It not only complements
traditional echocardiographic measurements but also provides additional value in risk stratification. From a clinical
standpoint, these findings highlight the potential of 2D-STE atrial strain analysis as a noninvasive method to detect
early cardiac dysfunction and monitor disease progression in elderly patients with HHD. Given the limitations of
conventional parameters such as LVEF in identifying subclinical myocardial impairment, especially in the elderly, the
incorporation of mSRa, mSRe, and mSRs into routine echocardiographic evaluation could enhance early detection
and guide therapeutic decision-making, particularly in those with borderline symptoms or preserved EF. These indices
may also be useful in evaluating treatment response and improving clinical decision-making in this high-risk
population.

Recent developments in echocardiographic image analysis, such as Zhang et al’s®' bidirectional reciprocal cycle
framework for text-guided segmentation, demonstrate the potential of Al to enhance image interpretation efficiency.
Additionally, Sandhu et al*”? highlights how focused echocardiographic protocols impact overall utilization. While
our study emphasizes diagnostic performance of atrial strain metrics in hypertensive heart disease, these advances in
image-guided automation and streamlined imaging approaches may facilitate broader clinical translation and
integration of strain-based assessments. Maseliene et al’>® demonstrated that LA strain and compliance are impaired
in hypertensive disorders of pregnancy despite preserved EF, highlighting atrial mechanics as early indicators of
cardiovascular dysfunction. Similarly, our findings in elderly HHD patients confirm that atrial strain parameters
detect subclinical impairment before overt systolic dysfunction, but our study extends this concept to a chronic
hypertension population with structural heart changes and stratifies by NYHA class, enabling severity discrimina-

tion. Seckin et al**

found reduced LA strain in non-dipper hypertension and its association with end-organ damage,
underscoring its diagnostic and prognostic relevance in systemic hypertension. Consistent with this, we observed
marked LA strain reduction in HHD, but we further quantified diagnostic accuracy via ROC analysis and provided
functional classification correlation, enhancing clinical applicability. Van’t Hof et al*® linked cumulative SBP from
midlife to late life with reduced LA strain even in normal LA size, suggesting hypertension-induced atrial
remodeling precedes LV dysfunction. Our results align, demonstrating that LA strain is impaired in advanced
HHD, but we extend the evidence by focusing on an elderly, clinically stratified cohort with echocardiographic
HHD diagnosis, showing superior discriminatory performance of strain parameters for functional severity. These
studies collectively reinforce the utility of atrial strain beyond GLS in hypertensive cohorts; our work builds on this
by integrating structural, functional, and diagnostic performance metrics in a well-characterized elderly HHD
population.

The present study possesses several strengths. First, it is among the few to focus specifically on an elderly
population with hypertensive heart disease, a group often underrepresented in echocardiographic validation
studies. Second, the study applied a well-matched comparison group of hypertensive patients without structural
cardiac changes, enhancing the interpretability of observed differences. Third, multiple atrial strain parameters
were evaluated in parallel with NYHA classification, and their diagnostic performance was rigorously assessed via
ROC analysis, providing robust evidence for clinical application. This study has several limitations. First, its
retrospective, single-center, cross-sectional design introduces inherent biases, including potential selection bias
and residual confounding, as patient inclusion relied on available medical records and echocardiographic data.
These factors limit both the generalizability of the results and the ability to establish causal relationships. Second,
although 2D-STE is a highly sensitive technique, its accuracy depends on image quality and operator expertise,
which may introduce measurement variability in routine practice. Third, we did not include biochemical markers
such as NT-proBNP or correlate atrial strain parameters with advanced imaging modalities like cardiac MRI,
which could have provided additional validation of myocardial fibrosis or diastolic dysfunction. Fourth, we
acknowledge the inherent subjectivity of NYHA functional classification, which may introduce inter-observer
variability in symptom assessment. Future studies should consider integrating objective functional measures such
as the 6-minute walk test (6 MWT) or cardiopulmonary exercise testing (CPET) to complement NYHA grading
and improve diagnostic precision. Finally, the absence of longitudinal follow-up precluded evaluation of the
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prognostic value of atrial strain parameters for adverse outcomes such as heart failure hospitalization, arrhythmia,
or mortality. Future prospective, multicenter studies incorporating multimodal imaging and biomarker assessment
are warranted to confirm these findings, establish temporal relationships, and determine the prognostic utility of
atrial strain in hypertensive heart disease.

Conclusions

In elderly patients with hypertensive heart disease, 2D speckle tracking echocardiography—derived atrial strain para-
meters (mSRa, mSRe, and mSRs) might be significantly impaired and could correlate with functional status. These
indices could demonstrate excellent diagnostic performance for differentiating mild from severe functional impairment
and might serve as valuable non-invasive markers for early detection and clinical stratification. Although these findings
indicate potential clinical relevance, this study was cross-sectional in design; thus, the prognostic utility of these
parameters should be validated in future prospective follow-up studies.
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