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Background: Due to the variability of symptoms and signs associated with heart failure, along with 
the lack of specific tests for definitive diagnosis, the noninvasive diagnosis of heart failure with preserved 
ejection fraction (HFpEF) continues to pose significant clinical challenges. This investigation was designed 
to elucidate the clinical manifestations of HFpEF and to analyze cardiac magnetic resonance (CMR)-
derived myocardial strain metrics and tissue characteristics in a cohort exhibiting HFpEF with hypertension 
(HFpEF-HTN). 
Methods: This retrospective analysis consisted of 128 patients diagnosed HFpEF-HTN, 78 individuals 
with hypertensive heart disease (HHD), 89 individuals with hypertension (HTN), and 60 normotensive 
healthy controls and was conducted from August 2021 to February 2024. All participants were recruited 
from The First Hospital of Lanzhou University and underwent laboratory examinations and 3.0 T CMR. 
The study compared clinical features and CMR-derived structural and functional parameters across 
different groups. Logistic regression was employed to determine the association between CMR parameters 
and HFpEF-HTN. Spearman correlation coefficient analysis was used to clarify the relationship between 
myocardial strain parameters and left ventricular (LV) ejection fraction and right ventricular (RV) ejection 
fraction. Additionally, the area under the curve (AUC) from receiver operating characteristic (ROC) analysis 
was used to compare the diagnostic performance of different CMR parameters for HFpEF-HTN.
Results: Patients diagnosed with (HFpEF-HTN) were characterized by an older demographic profile, 
a higher prevalence of smoking history, elevated systolic and diastolic blood pressure, increased levels of 
N-terminal pro-brain natriuretic peptide, and more advanced New York Heart Association functional class 
as compared to other studied groups. In terms of myocardial deformation, individuals with HFpEF-HTN 
exhibited pronounced impairments in both LV and RV function, as evidenced by significantly reduced 
longitudinal strain (LS), circumferential strain (CS), and radial strain (RS), relative to HTN, HHD, the 
control cohorts (all P values <0.001). Patients with HFpEF-HTN showed significantly elevated levels of 
late gadolinium enhancement, native T1, and extracellular volume fraction (ECV) indicative of myocardial 
interstitial fibrosis as compared to patients with HHD. Additionally, as compared to ECV, LV GCS emerged 
as a superior diagnostic indicator, demonstrating greater diagnostic accuracy in differentiating HFpEF-HTN 
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Introduction

Hypertension (HTN) poses a significant public health 
challenge worldwide, with its prevalence increasing in 
China due to urbanization, rising incomes, and an aging 
population (1-3). HTN survey of China conducted from 
2012 to 2015 revealed that approximately 23.2% of Chinese 
adults aged years 18 and above, equivalent to around 
244.5 million individuals, were affected by HTN (4). 
HTN is a major risk factor for incident heart failure (HF), 
particularly in heart failure with preserved ejection fraction 
(HFpEF), which is more prevalent compared to HF with 
reduced ejection fraction (HFrEF) (5). In patients with 
established HFpEF, HTN is present in 90% of cases (6). 
However, differentiating HFpEF-HTN from HTN and 
hypertensive heart disease (HHD) based on noninvasive 
imaging is challenging due to the subtle cardiac dysfunction 
and subclinical changes in myocardial structure that these 
patients share (7).

Cardiac magnetic resonance (CMR) imaging has 
emerged as the gold standard for the noninvasive assessment 
of cardiac morphology and function, especially through 
advanced techniques such as CMR feature tracking (CMR-
FT) and extracellular volume fraction (ECV) (8). These 
tools facilitate the detection of subtle cardiac dysfunction 
and subclinical changes using strain parameters and tissue 
characteristics (7,9). One study demonstrated the prognostic 
value of CMR-FT-derived strain parameters and ECV 
across the spectrum of HFpEF (10). However, there is a 
scarcity of studies that have investigated cardiac dysfunction 
based on CMR-FT, T1 mapping, and ECV in patients with 
both the HFpEF and HTN phenotype (HFpEF-HTN) as 
compared to their general HFpEF counterparts. Therefore, 
this study aimed to investigate the clinical features and 

CMR-derived LV and right ventricular (RV) remodeling, 
dysfunction, and tissue characteristics in patients with 
HFpEF-HTN. Additionally, it sought to quantify these 
phenotypically diverse patients in comparison to individuals 
with HHD, HTN, and healthy controls. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-803/rc).

Methods

Study population

In this retrospective cross-sectional study, 295 consecutive 
patients and 60 healthy individuals who underwent CMR 
between August 2021 and February 2024 were recruited 
from The First Hospital of Lanzhou University. Eligible 
participants were categorized into the HFpEF-HTN group 
if they met the following criteria: (I) clinical diagnosis of 
HTN; (II) presentation of typical HF symptoms, such 
as palpitations, anxiety, chest congestion, and exercise 
intolerance corresponding to New York Heart Association 
(NYHA) functional classes II–IV; (III) preserved LVEF 
>50% on echocardiography; and (IV) a score of ≥5 according 
to the heart failure association-pre-test assessment, 
echocardiography and natriuretic peptide score, functional 
testing in cases of uncertainty, final aetiology (HFA-
PEFF) algorithm, which incorporates echocardiographic 
data, brain natriuretic peptide (BNP) levels, functional 
testing in cases of uncertainty, and a final assessment of  
etiology (11). HHD was defined as increased LV wall 
thickness (≥12 mm) in the presence of arterial HTN without 
other cardiac or systemic diseases (12). Participants were 
classified as having HHD if their LV mass index (LVMI) 

patients from those with HHD (AUC =0.85; P<0.001). Moreover, LVEF showed a mild correlation with 
CMR-derived LV GLS (R=−0.43; P<0.001), LV GCS (R=−0.42; P<0.001), and LV GRS, (R=0.56; P<0.001) 
in all patients.
Conclusions: Myocardial strain, T1 mapping, and ECV can be used for the quantitative evaluation of LV 
and RV ventricular remodeling, dysfunction, and tissue characteristics in patients with HFpEF-HTN and 
thus hold significant potential for the diagnosis of these patients.
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exceeded 5 standard deviations (SDs) above the mean for 
the Chinese population on 3-T magnetic resonance imaging 
(MRI) (>81 g/m2 for men or >62 g/m2 for women) (13,14). 
HTN was defined as an office systolic blood pressure (SBP) 
of ≥140 mmHg and/or a diastolic blood pressure (DBP) of 
≥90 mmHg (15). Exclusion criteria for the study included 
secondary HTN, underlying cardiomyopathies (such as 
hypertrophic cardiomyopathy, dilated cardiomyopathy, 
restrictive cardiomyopathy and cardiac  amyloidosis), 
ischemic heart disease, severe arrhythmias, significant 
valvular heart disease, anemia, hyperthyroidism, and a 
history of myocardial infarction or heart surgery. Healthy 
individuals without apparent structural heart disease on 
CMR were included as the control group. This study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013) and was approved by the Ethics 
Committee of The First Hospital of Lanzhou University 
(No. LDYYLL-2024-470). The requirement for individual 
consent was waived due to the retrospective nature of the 
analysis. 

CMR scanning protocol 

MRI was performed in a 3-T scanner (Philips Healthcare, 
Amsterdam, the Netherlands). LV and RV function cine 
images were acquired using a breath-hold balanced steady-
state free precession (bSSFP) sequence with retrospective 
electrocardiogram (ECG) gating in long-axis planes 
(2-, 3-, and 4-chamber views) and contiguous short-axis 
slices covering both ventricles. The typical cine imaging 
parameters were as follows: repetition time (TR)/echo 
time (TE), 3.0 ms/1.1 ms; flip angle, 65–85°; matrix size, 
256×113; field of view (FOV), 340 mm × 280 mm; and slice 
thickness, 6–8 mm.

Native T1 mapping

A modified Look-Locker inversion recovery (MOLLI) 
sequence was used for T1 mapping (16). The MOLLI 
sequence was performed in the LV short axis for all patients, 
targeting the base, midchamber, and apex. The standard 
imaging parameters for the T1 map included a matrix size 
of 162×256, a slice thickness of 10 mm, and TR/TE values 
of 2.5/1.0 ms.

Late gadolinium enhancement (LGE) imaging

LGE imaging was performed in the same image planes 

approximately 10–15 minutes after administration of 
0.15 mmol/kg of body weight of gadobutrol (Bayer AG, 
Leverkusen, Germany). A middiastolic inversion-prepared 
two-dimensional (2D) gradient echo sequence was used 
with the following parameters: TE/TR, 1.7 ms/3.3 ms; flip 
angle, 25°; matrix size, 188×158, FOV, 300 mm × 300 mm; 
interpolated voxel size, 1.6×1.9×10 mm; segmented breath-
hold sequence; and an acquisition window positioned within 
the cardiac cycle at end-diastole.

Postprocessing

LV and RV morphology and function measurement
Cardiac structure and functional deformation were 
measured semiautomatically using specialized CMR 
software (CVI42 version 5.9.3, Circle Cardiovascular 
Imaging, Calgary, Canada), initiated by an automated 
contour algorithm. Two observers, each with two years of 
experience using the software, conducted the assessment. 
Standard parameters of cardiac structure, including indexed 
ventricular volumes and mass relative to body surface area, 
and ejection fraction were evaluated.

MR feature tracking
For strain analysis, the endocardial and epicardial contours 
were automatically identified with manual adjustments 
made at end-systole and end-diastole using CVI42 in 2D 
long-axis and short-axis stacks. The endocardial contour 
specifically excluded the papillary muscles (Figure 1).

Native T1 and ECV measurement 
The native T1 measurement was conducted using CVI42. 
The native T1 values were assessed in the myocardium 
across all three slices from the base to the apex with no 
exclusion of the LGE scar. The calculation of ECV values 
with red blood cell volume correction was performed 
via contour measurements on pre- and postcontrast T1 
mapping in the endocardium and epicardium (Figure 1).

LGE image interpretation
Quantification of LGE was performed using the full 
width at half maximum method according to the following 
formula: LGE volume fraction = LGE myocardial 
volumetotal myocardial volume.

Data reproducibility
The intra- and interobserver variability of each CMR strain 
parameter was evaluated in terms of intraclass correlation 
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Figure 1 Feature tracking, T1 mapping, and ECV analysis performed on routine cardiac cine images. (A-D) In both long-axis and short-axis 
views, the endocardial and epicardial contours were automatically detected, with manual corrections applied as needed. (E-G) Deeper shades 
of red and blue indicated poorer heart function of the LV. (H) Three-dimensional model of the LV myocardium. (I-K) Schematic diagram 
and value of T1 mapping and ECV. ECV, extracellular volume; LV, left ventricular.

coefficient (ICC) in a subset of 25 randomly selected 
patients. Two radiologists who were blinded to the clinical 
information of the patients performed the assessments.

Statistical analysis

We examined the normality of continuous data and 
present the continuous variables as the mean ± SD and 
the categorical variables as frequency (percentage). Group 
comparisons were performed using one-way analysis of 
variance (ANOVA) and two-sample t-tests or Mann-
Whitney tests with by Bonferroni post hoc correction. 
Continuous variables were examined using scatterplots and 
Pearson correlation coefficient (R). Logistic regression 
was employed to investigate the association between CMR 

parameters and HFpEF-HTN. Additionally, receiver 
operating characteristic (ROC) curve analysis was used to 
determine which parameters could effectively distinguished 
the HFpEF-HTN group from the HHD group and the 
HTN group from healthy controls. A two-sided P value 
<0.05 was regarded as indicating a statistically significant 
difference.

Results

Baseline data

Our study consecutively enrolled 128 patients with HFpEF-
HTN, 78 patients with HHD, 89 patients with only pure 
HTN, and 60 controls. The reasons for exclusion and 
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From August 2021 to February 2024:

Patients with hypertension who underwent MRI and echocardiography (n=427)

Enrolled patients (n=295)

HTN-HFpEF patients (n=128) HHD patients (n=78) HTN patients (n=89) Controls (n=60)

Excluded (n=132):

•	Secondary hypertension (n=46)
•	Primary moderate or severe 

valvular heart disease (n=16)
•	Hypertrophic cardiopathy (n=52)
•	Previous history of myocardial 

infarction or heart surgery (n=18)

Included:

•	 Hypertension (SBP ≥140 mmHg 

and/or DBP ≥90 mmHg)

•	 Symptoms of heart failure or 

NYHA II–IV class or LVEF ≥50%

•	 HFA-PEFF scores ≥5 points

Included:

LV wall thickness (≥12 mm) 

or LVMi >81 g/m² for men or >62 g/m² 

for women 

Hypertension history >6 months 

or under treatment

Figure 2 Patient flowchart. MRI, magnetic resonance imaging; SBP, systolic blood pressure; DBP, diastolic blood pressure; NYHA, New 
York Heart Association; LVEF, left ventricular ejection fraction; HFA-PEFF, heart failure association-pre-test assessment, echocardiography 
and natriuretic peptide score, functional testing in cases of uncertainty, final aetiology; LV, left ventricular; LVMi, LV mass index; HTN, 
hypertension; HFpEF, heart failure with preserved ejection fraction; HHD, hypertensive heart disease.

baseline data are shown in Figure 2 and Table 1, respectively. 
No significant differences were observed in terms of gender, 
creatinine levels, or drug usage between the four groups (all 
P values >0.05). Compared to patients in the other groups, 
those in the HFpEF-HTN group were more likely to be 
older; have a history of smoking; have elevated systolic BP, 
diastolic BP, NT-proBNP levels; and have a higher NYHA 
functional class. In comparison to patients with HTN, 
patients with HHD exhibited higher NT-proBNP levels 
but lower NYHA class I/II.

CMR baseline data

There were no statistically significant differences in heart 
rate, LVEF, RVEF, or cardiac index between the groups (all 
P values >0.05). The HFpEF-HTN group exhibited higher 
LV and RV end-diastolic volume index (EDVi), end-systolic 
volume index (ESVi), LV maximum wall thickness, and 
LVMi compared to the HTN and HHD groups (P<0.001), 
indicating more severe LV and RV remodeling (Table 2). 

IN comparison to the respective reference values, MRI and 
echocardiography examinations revealed no signs of cardiac 
dysfunction in healthy controls.

CMR strain imaging parameters and identification of 
HFpEF-HTN

Regarding myocardial strain, patients with HFpEF-HTN 
exhibited more severe LV and RV dysfunction, with LV and 
RV longitudinal strain (LS), circumferential strain (CS), and 
radial strain (RS) being significantly decreased as compared 
to those in the HTN, HHD, and control groups (all P 
values <0.001) (Figure 3, Table 2).

Myocardial tissue characteristics derived from CMR LGE, 
T1 mapping, and ECV

Compared to patients with HHD, patients with HFpEF-
HTN showed significantly elevated levels of LGE, native 
T1, and ECV, indicating myocardial interstitial fibrosis 
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(Figure 4, Table 2).

Correlation between myocardial strain parameters and 
LVEF and RVEF parameters

Among the four groups, moderate correlations were 
observed between several FT-derived strain parameters 
and RVEF (RV GLS: R=−0.42; RV GCS, R=−0.55; RV 
GRS: R=0.58, all P values <0.001). LVEF showed a 
mild correlation with CMR-derived LV GLS (R=−0.43; 
P<0.001), LV GCS (R=−0.42; P<0.001), and LV GRS, 
(R=0.56, P<0.001) in all patients (Figure 5).

Identification of HFpEF-HTN

Logistic regression analysis was conducted specifically 
for patients with HFpEF-HTN and HHD. LV GRS, LV 
GCS, LV GLS, RV GRS, RV GCS, RV GLS, native T1, 
and ECV were significantly correlated with the diagnosis 
of HFpEF-HTN. In the multivariable logistic regression 

analysis involving these variables, LV GCS, RV GRS, RV 
GCS, RV GLS, native T1, and ECV were independently 
associated with the diagnosis of HFpEF-HTN (Table 3). 
According to ROC curve analysis, LV GCS exhibited 
superior diagnostic ability in distinguishing patients with 
HFpEF-HTN from those with HHD, with an area under 
the curve (AUC) of 0.85 (95% CI: 0.79–0.91; P<0.001), 
which was greater than that of ECV (AUC =0.84; 95% CI: 
0.78–0.89; P<0.001). Additionally, RV GCS proved to be 
a better at discriminating between patients with HTN and 
controls (AUC =0.88; 95% CI: 0.82–0.94; P<0.001). The 
optimal cutoff value for distinguishing between HFpEF-
HTN and HHD using LV GCS was −14.49%, which yielded 
a sensitivity of 68% and a specificity of 89% (Figure 6).

Data reproducibility

All myocardial strain and tissue characteristic parameters 
demonstrated excellent intraobserver and interobserver 
consistency (ICC >0.85). Specifically, LV GRS showed 

Table 1 Baseline characteristics 

Variables HFpEF-HTN (n=128) HHD (n=78) HTN (n=89) Controls (n=60) P

Age (years) 60±12*#† 56±10#† 49±11† 42±12 <0.001

Male (%) 80 (62.5) 43 (55.0) 50 (56.1) 27 (45.0) 0.062

Smoking history (%) 42 (32.8)*#† 20 (25.6)#† 20 (22.5)† 10 (16.7) <0.001

Systolic BP (mmHg) 163±21*#† 159±18† 156±17† 111±13 <0.001

Diastolic BP (mmHg) 99±17*#† 98±16#† 93±12† 72±10 <0.001

NT-proBNP (pg/mL) 300 [232–812]*#† 106 [89–115]#† 87 [43–106]† 37 [26–45] <0.001

NYHA class I/II (%) 83 (64.8)*# 70 (89.7)#† 89 (100.0) – <0.001

NYHA class III/IV (%) 45 (35.2)*# 8 (10.3)#† 0 – <0.001

Creatinine (μmol/L) 95.6±16.3 92.3±18.9 90.3±11.6 75.8±13.7 0.241

Triglyceride (mmol/L) 1.9±1.0#† 1.7±1.2#† 1.4±0.6† 1.2±0.3 0.046

Hemoglobin (g/L) 146±18#† 143±14#† 140±17† 135±15 <0.001

ACEI/ARB (%) 100 (78.1) 58 (74.4) 49 (55.1) – 0.064

β-blocker (%) 104 (81.3) 62 (79.5) 63 (70.8) – 0.088

Statin (%) 85 (66.4) 47 (60.3) 46 (51.7) – 0.051

Aspirin (%) 90 (70.3) 55 (70.5) 49 (54.9) – 0.213

Diuretic (%) 82 (64.1) 45 (57.7) 45 (50.6) – 0.102

Values are given as the mean ± standard deviation, as medians [interquartile range], or as percentages. *, P<0.05 vs. HHD; #, P<0.05 vs. 
HTN; †, P<0.05 vs. controls. HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease; 
BP, blood pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; ACEI/ARB, angiotensin-
converting enzyme inhibitors/angiotensin receptor blockers.
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Table 2 CMR data 

Variable HFpEF-HTN (n=128) HHD (n=78) HTN (n=89) Controls (n=60) P

Heart rate (bpm) 72±15 69±14 73±18 71±13 0.06

Cardiac index (mL/m2) 2.9±0.64 3.1±0.77 3.3±0.53 3.5±0.81 0.12

LVEF (%) 61.2±4.6 62.3±6.4 61.8±4.9 63.0±3.4 0.12

LVMWT (mm) 14.2±1.9*#† 13.6±1.7#† 11.2±1.4† 9.2±1.3 <0.001

LV EDVi (mL/m2) 79.2±32.3*† 57.8±15.9#† 72.3±33.2† 69.0±15.7 <0.001

LV ESVi (mL/m2) 54.7±14.8*#† 48.6±15.6† 47.3±11.2† 24.9±9.8 <0.001

LVMi (g/m2) 60.0±20.4*#† 52.6±14.6#† 56.5±9.0† 43.1±11.5 <0.001

RVEF (%) 53.6±10.6 56.9±8.2 56.2±11.5 55.5±9.5 0.88

RV EDVi (mL/m2) 68.5±14.3*#† 49.9±16.1#† 62.5±21.4† 64.4±17.6 <0.001

RV ESVi (mL/m2) 42.6±12.6*#† 33.8±10.6#† 37.9±12.6† 35.6±13.9 <0.001

LV GRS (%) 24.4±4.1*#† 26.6±3.4#† 29.3±5.3† 33.2±3.6 <0.001

LV GCS (%) −13.4±2.6*#† −15.8±2.7#† −18.3±3.4† −19.1±1.8 <0.001

LV GLS (%) −12.7±3.3*#† −13.6±2.2#† −16.6±1.8† −18.2±2.2 <0.001

RV GRS (%) 22.3±3.6*#† 25.5±7.5#† 28.3±7.8† 31.6±5.0 <0.001

RV GCS (%) −14.2±4.7*#† −16.5±2.7#† −18.7±3.2† −21.3±3.6 <0.001

RV GLS (%) −12.0±1.8*#† −13.2±3.1#† −15.1±2.8† −18.7±2.5 <0.001

LGE percentage (%/LV) 1.75±0.39*#† 1.25±0.19#† 1.03±0.09 0 <0.001

Native T1 (ms) 1,365±116*#† 1,216±110#† 1,165±142† 1,087±98 0.016

ECV (%) 33.4±3.7*#† 29.5± 3.6† 27.4±3.8† 25.3±4.1 0.003

Values are given as the mean ± standard deviation. *, P<0.05 vs. HHD; #, P<0.05 vs. HTN; †, P<0.05 vs. controls. CMR, cardiovascular 
magnetic resonance; HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease; LVEF, 
left ventricular ejection fraction; LVMWT, left ventricular maximum wall thickness; EDVi/ESVi, end-diastole/systole volume index; LVMi, left 
ventricular mass index; RVEF, right ventricular ejection fraction; GRS, global radial strain; GCS, global circumferential strain; GLS, global 
longitudinal; LGE, late gadolinium enhancement; LV, left ventricular; ECV, extracellular volume fraction.

excellent ICC for both intra- and interobserver consistency, 
with values exceeding 0.980 (Table 4).

Discussion

This study provide novel insights by offering detailed 
clinical and laboratory phenotyping, along with CMR strain 
and tissue characteristics, for the often underrepresented 
population of patients with HFpEF-HTN, with comparison 
to parameters of those with HHD and HTN and healthy 
controls. Our study produced several key findings: (I) both 
the HFpEF-HTN and HHD groups showed significant 
deterioration in systolic and diastolic properties compared 
to the HTN and control groups but showed no reduction 
in LVEF. (II) Patients with HFpEF-HTN exhibited 

further deterioration in systolic and diastolic properties 
compared to those with HHD. (III) LV GLS and RV GLS 
demonstrated a moderate correlation with LVEF and RVEF. 
(IV) ECV and native T1 were effective in identifying early-
stage LV abnormalities in patients with HTN but not LGE, 
suggesting an increase in diffuse myocardial fibrosis to be 
associated with LV remodeling.

As a heterogeneous clinical syndrome characterized by 
complex pathophysiological features, HF represents the 
final stage of various cardiovascular diseases (17). This 
is especially notable in patients with HFpEF, in whom 
HTN emerges as the most prevalent and detrimental 
comorbidity (18,19). Even with recommended guidelines 
in place, diagnosing HFpEF continues to pose challenges 
(20,21). Recently, CMR-FT has shown promise in detecting 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 10 October 2024 7691

© AME Publishing Company.   Quant Imaging Med Surg 2024;14(10):7684-7696 | https://dx.doi.org/10.21037/qims-24-803

Figure 3 Comparison of the CMR parameters in the four groups. Data are presented as bar graphs showing the mean values. Strain 
parameters are expressed as absolute values, with lower values indicating worse cardiac function. *, P<0.05 vs. HHD; #, P<0.05 vs. HTN; 
†, P<0.05 vs. controls. HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease; LV, 
left ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal; RV, right ventricular; LVEF, left 
ventricular ejection fraction; LVMi, left ventricular mass index; LVMWT, left ventricular maximum wall thickness; CMR, cardiovascular 
magnetic resonance.

Figure 4 Half violin plots showing T1 mapping and ECV in the four groups. *, P<0.05 vs. HHD; #, P<0.05 vs. HTN; †, P<0.05 vs. controls. 
HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease; ECV, extracellular volume 
fraction.

subclinical myocardial damage earlier than EF, without 
requiring additional sequences or contrast medium. 
However, only a limited number of studies have examined 
the subtle LV functional differences between individuals 
with HFpEF-HTN, and HTN and healthy controls 
using CMR-FT strain analysis (7,22). The strengths of 
our present study are evident in our ability to showcase 
the detailed dynamic changes in LV and RV functional 
parameters as LV and RV diastolic dysfunction progressed. 
Furthermore, our findings indicate that CMR-derived 

LV and RV myocardial strain, in conjunction with tissue 
characteristics, may hold diagnostic value in individuals with 
HFpEF-HTN.

The study findings align with previous research 
supporting the value of BNP as a functional biomarker 
of HFpEF and its role as a prognostic indicator for 
hospitalization and mortality in patients with HFpEF 
(23,24). Moreover, our findings are consistent with those 
of a study by Mordi et al. (25), in which 62 patients with 
HFpEF were evaluated. It was found that these patients 
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Figure 5 Correlations between myocardial strain parameters and LVEF and RVEF parameters. The pink shaded regions in the graph 
represent the 95% confidence intervals. LV, left ventricular; GLS, global longitudinal; LVEF, left ventricular ejection fraction; GCS, global 
circumferential strain; GRS, global radial strain; RV, right ventricular; RVEF, right ventricular ejection fraction; HFpEF, heart failure with 
preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease.

Table 3 Logistic regression analysis with CMR parameters

Parameter
Univariate Multivariate

OR 95% CI P OR 95% CI P 

LV GRS 0.848 0.780–0.922 <0.001 0.931 0.777–1.115 0.435

LV GCS 2.343 1.818–3.021 <0.001 1.681 1.149–2.459 0.007

LV GLS 1.262 1.085–1.468 0.003 0.82 0.513–1.310 0.406

RV GRS 0.747 0.671–0.831 <0.001 0.65 0.480–0.879 0.005

RV GCS 2.548 1.916–3.388 <0.001 2.614 1.504–4.542 <0.001

RV GLS 1.845 1.455–2.340 <0.001 4.617 2.005–10.630 <0.001

Native T1 1.017 1.012–1.022 <0.001 1.024 1.010–1.039 <0.001

ECV 1.579 1.396–1.825 <0.001 1.621 1.206–2.180 <0.001

CMR, cardiac magnetic resonance; OR, odds ratio; CI, confidence interval; LV, left ventricular; GRS, global radial strain; GCS, global 
circumferential strain; GLS, global longitudinal; RV, right ventricular; ECV, extracellular volume fraction.

exhibited a significantly higher ECV compared to controls. 
Furthermore, the study indicated that ECV reflects 
underlying changes in fibrosis, collagen expansion, and 
increased collagen cross-linking, all of which contribute 
to alterations in myocardial function. Other studies have 
confirmed a significant correlation between GLS and LVMi 
(r=0.42; P<0.002) and LVEF (r=−0.49; P<0.002) in patients 
with HTN. Moreover, recent research has demonstrated a 
linear relationship between LV GLS and log-transformed 

N-terminal pro b-BNP (26,27). Consistent with these 
findings, our study found there to be a moderate correlation 
of LV GLS and RV GLS with LVEF and RVEF, supporting 
the hypothesis that LV and RV strain parameters can 
offer valuable clinical insights in the assessment of cardiac 
dysfunction.

Our study also revealed significant differences in ECV 
and native T1 values between individuals with HTN and 
healthy controls, suggesting the presence of subtle cardiac 
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dysfunction in patients with HTN. This observation 
further implies that individuals with HTN may represent an 
intermediate stage between those with HFpEF-HTN and 
healthy controls. Previous research has indicated impaired 
GLS in patients with HTN-related LV hypertrophy who 
do not exhibit LGE despite maintaining preserved LVEF 
(28,29). Uncomplicated HTN could potentially initiate 
extracellular changes and myocardial fibrosis and thus may 
serve as an early mechanism in the progression from HTN 
to HHD and subsequently HF (30). Furthermore, despite 
valuable research efforts focused on HFpEF, a noninvasive 

and accurate diagnostic approach for HFpEF remains a 
challenge in clinical settings (31). Our study may provide 
novel insights into the identification of subtle systolic and 
diastolic dysfunction in individuals with HFpEF-HTN and 
into distinguishing HFpEF-HTN from HTN and HHD 
through use of noninvasive imaging parameters such as 
GLS, native T1 mapping, and ECV.

Limitations

It is important to acknowledge several limitations of 

Figure 6 ROC curve analysis of feature tracking-derived LV and RV parameters for differentiating (A) HFpEF-HTN from HHD and (B) 
patients with HTN from healthy controls. LV, right ventricular; GLS, global longitudinal; AUC, area under the curve; GRS, global radial 
strain; GCS, global circumferential strain; RV, right ventricular; ECV, extracellular volume fraction; ROC, receiver operating characteristic; 
HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; HHD, hypertensive heart disease.

Table 4 Intraobserver and interobserver myocardial strain and tissue characteristic parameters

Variable
Intraobserver Interobserver

ICC 95% CI ICC 95% CI

LV GRS (%) 0.981 0.961–0.995 0.980 0.972–0.989

LV GCS (%) 0.967 0.954–0.970 0.961 0.938–0.973

LV GLS (%) 0.967 0.957–0.981 0.937 0.912–0.968

RV GRS (%) 0.936 0.916–0.968 0.962 0.934–0.975

RV GCS (%) 0.968 0.951–0.981 0.982 0.969–0.990

RV GLS (%) 0.952 0.930–0.965 0.955 0.932–0.972

LGE percentages (%/LV) 0.962 0.942–0.972 0.960 0.942–0.977

Native T1 (ms) 0.924 0.913–0.937 0.925 0.917–0.942

ECV (%) 0.936 0.921–0.955 0.945 0.935–0.965

ICC, intraclass correlation coefficient; CI, confidence interval; LV, left ventricular; GRS, global radial strain; GCS, global circumferential 
strain; GLS, global longitudinal; RV, right ventricular; LGE, late gadolinium enhancement; ECV, extracellular volume fraction.
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our study. To begin, the relatively small sample size 
from a single center might have restricted our ability to 
detect subtle associations. Additionally, since we used 
a retrospective design, our findings cannot be used for 
predictive purposes. Moreover, the body mass index (BMI) 
and gender distribution of individuals with HTN and 
healthy participants were not comparable; nonetheless, 
there were no significant differences observed between 
patients with HFpEF-HTN and those with HTN or HHD.

Conclusions

Myocardial strain, T1 mapping, and ECV may be 
feasibly used for the quantitative evaluation of LV and 
RV remodeling, dysfunction, and tissue characteristics in 
patients with HFpEF-HTN and thus have potential in the 
diagnosis of this condition.
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