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Introduction

Myocardial hypertrophy (MH) is a common pathological 
process [1] in several cardiovascular diseases, representing 
a compensatory response of myocardial tissues to increased 
cardiac load. MH can be classified as either physiological 
or pathological. Physiological MH often occurs in athletes, 
normal-growing children, and pregnant women and is usu-
ally considered a harmless, reversible process of cardiac 
self-regulation [2]. In contrast, pathological MH is caused 
by hypertension, myocardial infarction, or diabetes melli-
tus. Initially, MH is a compensatory response that provides a 
normal cardiac output; however, this compensatory response 
leads to an increase in myocardial oxygen consumption. 
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Abstract
Purpose  Although layer-specific strains are effective for assessing cardiac function, their application in rat models at dif-
ferent stages of myocardial hypertrophy (MH) is immature, and their relationship with MH and myocardial fibrosis (MF) 
is unclear. This study aimed to investigate changes in layer-specific strains across different disease stages and analyze their 
association with pathological changes.
Methods  A progressive MH rat model was established using isoproterenol injection and categorized into baseline, 1-week, 
2-week, 3-week, and 4-week groups. Echocardiographic indices and pathological differences between the five groups were 
assessed. The correlation between layer-specific strain parameters and cardiomyocyte hypertrophy and MF was analyzed.
Results  As the disease progressed, the left ventricular (LV) dilated, with the LV wall thickening and then thinning. The 
left ventricular ejection fraction declined significantly in the fourth week. The endo-myocardial, mid-myocardium and epi-
myocardial global longitudinal strain, along with endo-myocardial global circumferential strain (GCS) and the transmural 
gradient, significantly decreased in the first week, the mid-myocardium GCS in the second week, and continued to decrease 
as the disease progressed. The epi-myocardial GCS increased in the first week, but then decreased, becoming significantly 
lower than the baseline group in the third week. The degrees of MH and MF were correlated with the layer-specific strain 
parameters.
Conclusion  Layer-specific strains maybe are valuable for early and effective monitoring of LV systolic function and patho-
logical changes in rats with MH. Longitudinal strain is more sensitive to functional changes; endomyocardial strain reflects 
early LV remodeling and circumferential strain perhaps indicates disease progression and severity.

Keywords  Layer-specific strain · 2D-speckle tracking echocardiography · Myocardial hypertrophy · Myocardial 
fibrosis · Left ventricular dysfunction · Rat model
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The blood supply of the coronary arteries cannot satisfy this 
increase in oxygen consumption, which results in myocar-
dial cell death, inflammation, oxidative stress, and myocar-
dial fibrosis (MF) [3], which progressively leads to cardiac 
systolic and diastolic dysfunction [4], and ultimately heart 
failure and even sudden cardiac death. Early and effective 
assessment of left ventricular (LV) dysfunction can pro-
vide patients with a more accurate diagnosis and a timely 
assessment of treatment efficacy, which plays a key role in 
enhancing their prognosis and quality of life.

Identifying indicators that can reflect changes in LV 
morphology and function and deeply reflect cardiac pathol-
ogy (MH and MF) is the key to early and effective assess-
ment. Two-dimensional speckle-tracking echocardiography 
(2D STE) is a more sensitive measure of cardiac function 
than left ventricular ejection fraction (LVEF) [5–8] and can 
detect early subclinical LV dysfunction, aiding in diagnos-
ing and assessing cardiac insufficiency [9]. Niu et al. dem-
onstrated [10] that strain analysis based on STE could detect 
differences in myocardial remodeling induced by pressure 
overload in young and adult rats. Global longitudinal strain 
(GLS) can assess fibrosis in a rat model of essential hyper-
tension [11]. Significant correlation [12] between LV tor-
sion (a parameter of STE) and prognosis in patients with 
nonischemic dilated cardiomyopathy. Recent studies [13] 
have focused on assessing the overall function of the heart, 
with relatively little attention given to the function of the 
three-layered myocardium of the LV. The 2D-STE-based 
layer-specific strain echocardiography is a more accurate 
and targeted ultrasound technique that divides the entire LV 
wall myocardium into three layers [14]: the subendocardial 
myocardium, middle myocardium, and subepicardial myo-
cardium, and assesses the myocardial function of the three 
layers of the LV wall in detail. Layered strains can sensi-
tively detect early myocardial injury in Constrictive Peri-
carditis rats [15] and more accurately assess changes in LV 
systolic function in patients with type 1 diabetes mellitus 
[16].

MH and MF reduce the compliance of the ventricular 
wall, yet provide effective mechanical support to the dam-
aged myocardium [17, 18], and play an important role in 
the changes in LV morphology and function. Finding their 
balance during ventricular remodeling and functional com-
pensation-discontinuation helps identify the time points 
and causes of changes in LV dysfunction. Most of the cur-
rent studies assessed myocardial strain in the context of 
specific pathological states of MH, and very few patients 
were examined with regular long-term follow-ups, which 
lacks dynamic observation. Difficulties in clinical myocar-
dial tissue collection have led to the inability to compare 
myocardial strain data with pathological findings in patients 
with MH at various stages of the disease. Therefore, we 

attempted to apply layer-specific strain to assess the char-
acteristics and extent of myocardial injury in rats with MH 
at various phases of the disease, compare the results with 
cardiac pathology and histological evidence, search for 
effective ultrasound indices for assessing localized myocar-
dial dysfunction of the LV in the early stage, and explore 
whether the layer-specific strain can reflect the pathological 
changes of MH and its value for monitoring the course of 
the disease.

Materials and methods

Animals

All animal experiments were conducted following the 
“Guidelines for the Care and Use of Laboratory Animals” 
[19] and were approved by the Animal Ethics and Welfare 
Committee(AEWC) of Yan’an Hospital Affiliated to Kun-
ming Medical University (approval number 2022098).

Thirty male Sprague Dawley rats aged 7 weeks were 
obtained from SPF Biotechnology Co., Ltd. (Beijing, 
China). All rats were kept at the Animal Experiment Cen-
ter of Yan’an Hospital, Kunming Medical University, under 
controlled temperature of 20–23 °C, humidity of 60 ± 5%, 
and a 12-hour light/12-hour dark cycle. The rats were pro-
vided regular chow and free access to water. All animals 
were acclimatized and fed for 1 week. After the beginning 
of the experiment, isoproterenol (ISO) (1.5 mg/kg) (Med-
ChemExpress, New Jersey) was injected subcutaneously 
every day to establish a rat model of progressive MH. The 
rats were categorized into five groups according to the dura-
tion of the disease: baseline group (executed at the begin-
ning of the experiment), ISO 1-week group (executed after 
1 week of continuous injection of ISO), ISO 2-week group 
(executed after 2 weeks of continuous injection of ISO), 
ISO 3-week group (executed after 3 weeks of continuous 
injection of ISO), and ISO 4-week group (executed after 4 
weeks of continuous injection of ISO).

Conventional and speckle tracking 
echocardiography

Conventional echocardiography

Transthoracic echocardiography was performed in rats at 
baseline and 1–4 weeks after ISO injection. Rats were anes-
thetized by intraperitoneal injection of 35  mg/kg sodium 
pentobarbital, shaved from the chest and abdominal walls, 
placed on a controlled heating pad with the core temperature 
maintained at 37 °C, left lateral recumbency, and connected 
to an electrocardiograph. Images were captured using a 
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Vivid E95 ultrasound system equipped with a 12S-D trans-
ducer (frequency 3–12  MHz) (GE Vingmed Ultrasound, 
Horten, Norway), and the frame rate was set to 233.5 frames 
per second. Two-dimensional and M-mode images of apical 
three-chamber cardiac views and short-axis views of the left 
ventricle at the level of the papillary muscles were acquired 
and analyzed using image analysis software (EchoPAC 
V204, GE Healthcare). Left ventricular end-diastolic inter-
ventricular septal thickness (IVSd), posterior wall thickness 
(LVPWd), left ventricular end-diastolic internal diameter 
(LVIDd), left ventricular end-diastolic volume (EDV), 
left ventricular end-systolic volume (ESV), stroke volume 
(SV), LVEF, and fractional shortening (FS) were measured 
from the M-mode images captured in the parasternal short-
axis view. And LVEF was calculated using the Teichholz 
formula. Body surface area (BSA) was used to adjust for 
variations due to individual differences in rat body size, 
minimizing potential errors, and was calculated according to 
the Meeh-Rubner formula: BSA = 0.00091 × (body weight 
[kg])2/3. The LVIDd index (LVIDdI), IVSd index (IVSdI), 
LVPWd index (LVPWdI), EDV Index (EDVI), ESV Index 
(ESVI), and SV Index (SVI) were corrected by BSA. Rela-
tive ventricular wall thickness (RWT) = (IVSd + LVPWd)/
LVIDd. All data were measured three times, and the average 
was calculated.

Speckle-tracking echocardiography

We collected 8–10 cardiac cycles of the LV short-axis view 
at the papillary muscle level and apical three-chamber 
views, which were analyzed on the EchoPAC workstation 
for myocardial strain. The images were adjusted until the 
endocardium was clearly visible, the endocardial edges 
were traced manually, the software automatically created 
the region of interest, its width was adjusted to match the 
epicardial myocardium, the myocardial strain at the end-
diastolic phase was set as the zero point of the strain( the 
myocardial length or thickness does not change at this point, 
and the strain value is zero), and the software automatically 
calculated the corresponding myocardial layered strains in 
the endocardial, midmyocardial, and epicardial layers.

Layer-specific strain indices include the following: (1) 
GLS of each myocardial layer: the endo-myocardial GLS 
(GLSendo), the mid-myocardium GLS (GLSmid), and the 
epi-myocardial GLS (GLSepi); (2) global circumferential 
strain (GCS) of each myocardial layer: the endo-myocardial 
GCS (GCSendo), the mid-myocardium GCS (GCSmid), 
and the epi-myocardial GCS (GCSepi); (3) the transmural 
gradient of GLS and GCS: ΔGLS = GLSendo - GLSepi, 
ΔGCS = GCSendo - GCSepi. All measurements were per-
formed three times, and the average values were used for 
subsequent analyses.

Histologic quantification of cardiomyocyte cross-
sectional area (CSA) and myocardial fibrosis

All rat heart specimens were collected, fixed in 4% para-
formaldehyde for 8h at room temperature, and embedded 
in paraffin. The heart samples were then sectioned into 
5  μm slices and stained with hemoglobin-eosin (HE) and 
Picro Sirius red (PSR), respectively. Images were acquired 
and viewed using a PANNORAMIC section scanner 
(3DHISTECH Ltd., Hungary) and CaseViewer2.4 scanning 
software (3DHISTECH Ltd., Hungary), respectively. HE-
stained sections were used to observe the cardiac pathologi-
cal changes in rats and three fields of view were randomly 
collected for each sample; with each field of view, 30 rep-
resentative cardiomyocytes were collected, and CSA was 
calculated by Image J 1.53 software (National Institutes of 
Health) and took the average value. PSR-stained sections 
were used to assess the degree of MF (percentage of col-
lagen area), which was calculated for each sample using 
Image-pro Plus software (version 6.0; Media Cybernetics, 
USA), with three measurements averaged.

Statistical analysis

Analyses and plotting were performed using IBM SPSS Sta-
tistics (version 22.0; IBM Corporation, Armonk, NY, USA) 
and GraphPad Prism (version 10.0; GraphPad Software 
Inc.). The Shapiro-Wilk test for the normal distribution of 
variables was used. Values are shown as mean ± standard 
deviation. Multiple comparisons were conducted using 
one-way analysis of variance, followed by either Tukey’s 
post-hoc test or Tamhane’s T2 test to assess the differ-
ences between the baseline group and each group, as well 
as between two adjacent course groups. Pearson’s method 
was used to test the correlation between the parameters. The 
inter-observer and intra-observer repeatability was evalu-
ated using the Intra-class Correlation Coefficient (ICC). 
P < 0.05 was considered statistically significant.

Results

General characteristics and conventional 
echocardiographic parameters

The general characteristics and conventional echocardio-
graphic parameters are summarized in Table 1. Body weight 
and BSA increased with age and disease duration in all 
groups (P < 0.05), and no notable difference was found in 
heart rate (HR) (P > 0.05). LVIDd gradually increased from 
the second week onward (P < 0.05). LVIDdI was signifi-
cantly lower than that of the baseline group in the first week 
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Left ventricle layer-specific strain

Table 2and Figs. 1 and 2 present the results for the layer-
specific strain. GLS and GCS in all groups showed a gradual 
decrease from endomyocardial to epimyocardial. The mean 
values of GLSendo, GLSmid, GLSepi, GCSendo, ΔGLS, 
and ΔGCS at baseline were − 26.38 ± 1.28%,-20.68 ± 1.29%, 
-15.98 ± 1.57%, -43.63 ± 2.28%,-10.40 ± 1.53%, and 
− 33.92 ± 2.31%, respectively, which showed a marked 
decrease at the first week compared to the baseline group 
(P < 0.05) and gradually decreased with the course of the 
disease. For GCSmid, the mean value at baseline was 
− 23.18 ± 1.20%, which was significantly decreased at week 
2 (P < 0.05) and gradually decreased with the course of the 
disease. The mean value of GCSepi was − 9.72 ± 0.81% 
at baseline, which was significantly higher (P < 0.05) in 
the first week, then decreased and was significantly lower 
(P < 0.05) than the baseline group in the third week.

Histopathological changes of LV myocardial tissue

The results of HE and PSR staining of myocardial tissue 
sections from rats in the different disease groups are shown 
in Figs. 3 and 4. The results showed that the LV cardiomyo-
cytes in the baseline group were regularly arranged, with 

(P < 0.05), and then gradually increased and became higher 
than that of the baseline group in the fourth week (P < 0.05). 
This indicates that the LV began to dilate significantly in 
the fourth week. The IVSd, IVSdI, LVPWd, and LVPWdI 
increased gradually from the first week (P < 0.05), peaking 
in the third week, and decreased in the fourth week, with 
IVSdI and LVPWdI being significantly lower than those in 
the baseline group (P < 0.05). The RWT was significantly 
higher than that of the baseline group in the first three weeks, 
and significantly lower than that of the baseline group in the 
fourth week (P < 0.05). LV wall hypertrophy was centripetal 
in the first three weeks and gradually changed to centrifugal 
hypertrophy in the fourth week. The EDV, ESV, SV, EDVI, 
ESVI, and SVI increased significantly (P < 0.05) from the 
second week and continued to increase, suggesting that 
LV volume loading gradually increased. The LVEF and FS 
were significantly lower in the baseline group in the fourth 
week (P < 0.05). The RWT was significantly higher than that 
of the baseline group in the first three weeks and lower than 
that of the baseline group in the fourth week (P < 0.05). This 
suggests that the LV systolic function began to decrease as 
the disease progressed to the fourth week.

Table 1  General characteristics and conventional echocardiographic results
Baseline(n = 6) 1-Week(n = 6) 2-Week(n = 6) 3-Week(n = 6) 4-Week(n = 6)

General characteristics
  Body weight (g) 268.00 ± 2.90e 295.00 ± 6.23d 325.50 ± 4.64c 345.17 ± 5.12b 372.17 ± 8.38a

  Heart rate (bpm) 370 ± 6a 373 ± 5a 372 ± 6a 378 ± 5a 377 ± 8a

  Body surface area (m2) 0.0378 ± 0.0003e 0.0403 ± 0.0006d 0.0431 ± 0.0004c 0.0448 ± 0.0005b 0.0471 ± 0.0007a

Structural parameters
  LVIDd (mm) 6.83 ± 0.13d 7.04 ± 0.11d 7.79 ± 0.23c 8.16 ± 0.17b 8.98 ± 0.05a

  LVIDd index (mm/m2) 180.56 ± 2.62b 174.56 ± 2.77c 180.95 ± 4.76b 182.19 ± 2.83b 190.76 ± 2.14a

  IVSd(mm) 1.64 ± 0.03d 1.81 ± 0.03c 2.00 ± 0.01b 2.15 ± 0.02a 1.65 ± 0.03d

  IVSd index (mm/m2) 43.32 ± 0.85d 44.89 ± 0.57c 46.49 ± 0.47b 47.90 ± 0.21a 35.01 ± 0.43e

  LVPWd(mm) 1.68 ± 0.03d 1.90 ± 0.03c 2.08 ± 0.04b 2.39 ± 0.05a 1.88 ± 0.05c

  LVPWd index (mm/m2) 44.37 ± 0.84c 47.00 ± 1.12b 48.23 ± 0.80b 53.27 ± 1.23a 39.98 ± 1.44d

  RWT 0.49 ± 0.01c 0.53 ± 0.01b 0.52 ± 0.02b 0.56 ± 0.01a 0.39 ± 0.01d

  EDV (mL) 0.72 ± 0.04d 0.79 ± 0.04d 1.04 ± 0.09c 1.18 ± 0.07b 1.54 ± 0.02a

  EDV index (mL/m2) 19.12 ± 0.99d 19.55 ± 0.81d 24.23 ± 1.88c 26.38 ± 1.35b 32.68 ± 0.28a

  ESV (mL) 0.12 ± 0.01d 0.12 ± 0.01d 0.18 ± 0.02c 0.23 ± 0.01b 0.38 ± 0.02a

  ESV index (mL/m2) 3.26 ± 0.36d 3.02 ± 0.38d 4.26 ± 0.45c 5.06 ± 0.27b 8.00 ± 0.47a

  SV (mL) 0.60 ± 0.03d 0.67 ± 0.03d 0.86 ± 0.06c 0.96 ± 0.06b 1.16 ± 0.03a

  SV index (mL/m2) 15.81 ± 0.79c 16.49 ± 0.57c 20.01 ± 1.41b 21.47 ± 1.15b 24.64 ± 0.58a

Systolic functional parameters
  LVEF (%) 82.83 ± 1.17ab 84.33 ± 1.51a 82.50 ± 1.05ab 81.00 ± 0.89b 75.50 ± 1.38c

  FS (%) 46.33 ± 1.63ab 48.50 ± 1.87a 46.50 ± 1.05ab 44.67 ± 0.82b 39.67 ± 1.21c

Note: Values are shown as mean ± standard deviations
Superscript lower-case letters in each group indicate significant differences(P<0.05)
LVIDd, left ventricular end-diastolic internal diameter; IVSd, end-diastolic interventricular septal thickness; LVPWd, left ventricular posterior 
wall thickness; RWT, relative ventricular wall thickness; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; LVEF, left 
ventricular ejection fraction; FS, fractional shortening
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Discussion

Pathological MH is an increase in the cardiac mass and 
volume that occurs in response to a variety of etiological 
factors, including cardiomyocyte hypertrophy and collagen 
fiber deposition. This results in decreased myocardial con-
tractility, reduced compliance, and increased oxygen con-
sumption, ultimately leading to heart failure and malignant 
arrhythmias, etc [20]. The incidences of MH and HF have 
increased significantly as living standards improve and the 
population ages. Deaths from heart failure due to pathologic 
MH account for 25% of all deaths in developing countries 
[21, 22]. However, most patients do not have obvious symp-
toms in the early stages; therefore, early identification of 
subclinical LV myocardial dysfunction allows early targeted 
clinical intervention to prevent or postpone the onset of 
HF, reduce the incidence of adverse cardiovascular events 
and mortality, and significantly improve patient prognosis. 
Since the chronic course of MH requires routine dynamic 
monitoring of cardiac function and conventional ultrasound 
does not detect early cardiac function abnormalities, we 
established a rat model to simulate the progressive course of 
HM and collected echocardiographic data at different stages 
of the disease. We applied the myocardial layered strain 
technique to determine the strain characteristics of differ-
ent layers of the LV in Sprague Dawley rats and analyzed 
the longitudinal and circumferential layered strains at dif-
ferent stages of the disease for the first time in rats with MH 
to explore the significance of myocardial layered strains in 
assessing early LV local dysfunction and its relationship 
with pathohistology. This is the primary innovation of this 
study.

Our conventional echocardiographic results showed cen-
tripetal hypertrophy of the LV wall during the first three 
weeks, which gradually changed to centrifugal hypertrophy 
from the fourth week onward. With the increase in LV vol-
ume loading, the LV was significantly dilated in the fourth 

no obvious inflammatory cell infiltration and no prominent 
fibrosis. After ISO injection, the LV tissue progressively 
showed cardiomyocyte hypertrophy, disarray, inflammatory 
cell infiltration, and obvious fibrosis, suggesting that ISO 
resulted in substantial cardiac remodeling. Compared to the 
baseline group, both the LV CSA and degree of MF began 
to increase in the first week (P < 0.05), followed by a further 
significant increase as the disease progressed (P < 0.05).

Correlation of histopathological changes with layer-
specific strain parameters

The correlation between myocardial fibrosis, CSA, and 
layer-specific strain parameters is shown in Table  3and 
Figs. 5 and 6. MF had strong correlations with GLSendo, 
GLSmid, GLSepi, GCSendo, GCSmid, ΔGLS and ΔGCS 
(r = 0.9579, 0.9385, 0.9016, 0.9178, 0.7933, 0.8244 and 
0.8752, P < 0.05), and moderate correlation with GCSepi 
(r = 0.4330, P < 0.05). The correlation coefficients of the MF 
with the GLS of each myocardial layer were higher than 
those of the GCS of the corresponding myocardial layer.

CSA had strong correlations with GLSendo, GLSmid, 
GLSepi and GCSendo, GCSmid, ΔGLS, and ΔGCS 
(r = 0.8510, 0.8250, 0.7943, 0.8975, 0.8320, 0.7425, 0.7829, 
P < 0.05), and moderate correlation with GCSepi (r = 0.5649, 
P < 0.05).

Repeatability

The results of reproducibility were summarized in Table 4. 
The intra-observer (ICC = 0.94, 0.93, 0.93, 0.93, 0.91, 0.87) 
and inter-observer (ICC = 0.92, 0.92, 0.91, 0.90, 0.89, 0.88) 
consistency for GLSendo, GLSmid, GLSepi, GCSendo, 
GCSmid, and GCSepi were excellent, indicating good repro-
ducibility and reliability of layer-specific strain parameters.

Table 2  Layer-specific strain parameters
Baseline(n = 6) 1-Week(n = 6) 2-Week(n = 6) 3-Week(n = 6) 4-Week(n = 6)

GLSendo (%) -26.38 ± 1.28a -17.97 ± 0.60b -16.18 ± 1.11c -15.08 ± 0.73c -13.30 ± 1.10d

GLSmid (%) -20.68 ± 1.29a -13.83 ± 0.64b -12.47 ± 1.37bc -11.62 ± 0.78cd -10.42 ± 1.43d

GLSepi (%) -15.98 ± 1.57a -10.68 ± 1.33b -9.73 ± 1.09bc -8.80 ± 0.80bc -8.10 ± 1.65c

ΔGLS (%) -10.40 ± 1.53a -7.28 ± 1.68b -6.45 ± 0.99bc -6.28 ± 0.54bc -5.20 ± 0.66c

GCSendo (%) -43.63 ± 2.28a -36.15 ± 1.98b -31.22 ± 2.17c -28.58 ± 2.00cd -26.33 ± 1.31d

GCSmid (%) -23.18 ± 1.20a -21.55 ± 1.74a -16.58 ± 2.74b -15.10 ± 1.52b -14.18 ± 0.79b

GCSepi (%) -9.72 ± 0.81b -12.55 ± 1.88a -7.82 ± 3.16bc -7.03 ± 0.72c -6.23 ± 0.88c

ΔGCS (%) -33.92 ± 2.31a -23.60 ± 3.29b -23.40 ± 2.76b -21.55 ± 1.79b -20.10 ± 1.77b

Note: Values are shown as mean ± standard deviations
Superscript lower-case letters in each group indicate significant differences(P<0.05)
GLSendo, GLSmid, GLSepi: endo-myocardial, mid-myocardium and epi-myocardial global longitudinal strain; GCSendo, GCSmid, GCSepi: 
endo-myocardial, mid-myocardium and epi-myocardial global circumferential strain; ΔGLS, ΔGCS: the transmural gradient of global longitu-
dinal strain and global circumferential strain
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Fig. 1  Longitudinal layered strain gradually 
decreased with the course of the disease and 
showed a gradual decrease from endomyocardial 
to epimyocardial. (a) Baseline group, (b) 1-week 
group, (c) 2-week group, (d) 3-week group, (e) 
4-week group
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Fig. 2  Circumferential layered strain gradually 
decreased with the course of the disease and 
showed a gradual decrease from endomyocar-
dial to epimyocardial. (a) Baseline group, (b) 
1-week group, (c) 2-week group, (d) 3-week 
group, (e) 4-week group
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cardiomyocyte hypertrophy and MF appeared in the first 
week, and gradually worsened with the development of the 
disease. By the fourth week, the degree of CSA and MF 
increased significantly compared with the previous weeks, 
while the thickness of the LV wall decreased significantly, 
which was inconsistent with the development trend of the 
pathological results. We hypothesized that the prolonged 

week, and the LVEF was significantly reduced, marking 
the progression of MH from the compensated stage to the 
dystrophic stage by the fourth week. Conventional echo-
cardiographic indices can respond to changes in LV struc-
ture in the early phase of the disease progression, but are 
not sensitive to early subtle changes in LV dysfunction. 
In addition, our pathological section results showed that 

Fig. 3  Hypertrophy of cardiomyocytes in left ventricular increased 
markedly as the disease progressed. (a-e) Typical histology of heart 
cross-sections stained with hemoglobin-eosin; (f-j) left ventricular 
myocardial tissue (40×); (k) Left ventricular cardiomyocyte cross-

sectional area of each group were analyzed by one-way ANOVA. 
Data are expressed as mean ± standard deviations. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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thicken with increasing cardiomyocyte volume. This indi-
cates that conventional ultrasound indexes also cannot accu-
rately respond to myocardial tissue pathology and change 
trends.

The three layers of the LV myocardium have different 
deformability and function and may have different responses 

period of ischemia and hypoxia might have led to more 
necrosis, apoptosis, and death of the cardiomyocytes in the 
fourth week. Consequently, the number of cardiomyocytes 
decreased dramatically, and the interstitial fibrosis of the 
myocardium increased, which exacerbated decompensa-
tion occurrence. As a result, the LV wall thickness did not 

Table 3  Correlation of histopathological changes with layer-specific strain parameters
GLSendo GLSmid GLSepi GCSendo GCSmid GCSepi ΔGLS ΔGCS

MF 0.9579* 0.9385* 0.9016* 0.9178* 0.7933* 0.4330* 0.8244* 0.8752*

CSA 0.8510* 0.8250* 0.7943* 0.8975* 0.8320* 0.5649* 0.7425* 0.7829*

Note: Values are correlation coefficients (r). *P < 0.05, statistically significant correlation
MF, myocardial fibrosis; CSA, cardiomyocyte cross-sectional area; GLSendo, GLSmid, GLSepi: endo-myocardial, mid-myocardium and epi-
myocardial global longitudinal strain; GCSendo, GCSmid, GCSepi: endo-myocardial, mid-myocardium and epi-myocardial global circumfer-
ential strain; ΔGLS, ΔGCS: the transmural gradient of global longitudinal strain and global circumferential strain

Fig. 4  The degree of myocardial fibrosis increased markedly as the 
disease progressed. (a-e) Typical histology of heart cross-sections 
stained with Picro Sirius red; (f) The degree of myocardial fibrosis of 

each group was analyzed by one-way ANOVA. Data are expressed as 
mean ± standard deviations. ***P < 0.001, ****P < 0.0001
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degree of damage is heavier than that of the epicardium, 
and the transmural gradient between the two diminishes, 
resulting in a decrease in ΔGLS and ΔGCS, which confirms 
and supplements Chen et al.‘s study on patients with HCM. 
In addition to ΔGLS, ΔGCS may also reflect early regional 
myocardial damage [31]. Compared to the baseline group, 
all three layers of GLS decreased in the first week, with only 
GCSendo decreasing in circumferential strain (P < 0.05), 
whereas a significant decrease in GCSmid occurred in the 
second week. GCSepi was elevated during the first week and 
was not significantly lower than that of the baseline group 
until the later stages of the disease. This may be because the 
endocardial and epicardial fibers are primarily aligned in the 
longitudinal direction, supporting the longitudinal function 
of the myocardium [32], whereas longitudinal myocardial 
fibers are mainly distributed under the endocardium in the 
free wall, which is in the most distal area of the blood sup-
ply of coronary arteries, lack of collateral circulation and a 
high myocardial metabolic rate. Therefore, they are more 
susceptible to ischemia and hypoxia. The heart’s movement 
predominantly occurs along the long-axis, as indicated by 
the GLS, and the longitudinal fibers have greater contrac-
tility and increased oxygen demand, making them more 
susceptible to microvascular ischemia [33]. Consequently, 
GLS decreases across all three layers. GCS reflects the cir-
cumferential motion of the myocardium, primarily influ-
enced by the middle layer of the myocardium. With the 
occurrence of ischemia and hypoxia affecting the middle 
layer of the myocardium, the GCS will change. The annular 
muscle fibers have a smaller radius of curvature and endure 
less pressure than the longitudinal muscle fibers, which 
delays the appearance of myocardial function abnormali-
ties [34]. Therefore, only GCSendo is reduced at the earli-
est stage, while GCSmid changes 2 week later. What we 
need to pay additional attention to is the change in GCSepi, 
whose early elevation may play a compensatory role. When 
the subendocardial myocardium is damaged, the subepi-
cardial myocardium enhances its work to maintain normal 
myocardial contraction and stabilize LVEF. This finding 
aligns with previous studies [35]. It suggests that elevated 
GCSepi maybe serve as an indicator of the compensatory 
stage of the disease. The significant decrease in GCSepi at 
week three also suggests the onset of left heart dysfunction. 
The three layers of myocardium interact with each other to 
some extent. The contraction of myocardial fibers of a par-
ticular layer includes not only their own active movements 
but also passive movements from neighboring myocardium. 
Thus, in the middle and late stages of the disease, not only is 
GCSendo markedly diminished, but GCSmid and GCSepi 
are also diminished by the effects of ischemic areas. These 
findings suggest that during the compensatory phase of MH 
with preserved LVEF, layer-specific strain may identify 

to the same injury [23, 24]; therefore, it is not accurate to 
study it as a whole. The myocardial layered strain technique 
breaks through the limitation of the LV as a whole, enabling 
the analysis of each layer of the myocardium, thus more 
sensitively identifying myocardial subclinical dysfunctions 
and subtle changes and more deeply investigating the patho-
genesis and progression of the disease. The rat myocardium 
[25], like humans, is categorized into three layers: a longitu-
dinally aligned inner layer, a circularly aligned middle layer, 
and an obliquely aligned outer layer. Therefore, we used a 
rat model of MH to simulate the disease in humans and 
assessed the GLS and GCS of the three myocardial layers. 
The GLS and GCS of rats in all groups gradually decreased 
from the endocardial layer to the epicardial layer, which is 
in agreement with the findings of previous studies [26–28]. 
This may be due to the structural and functional differences 
among the three layers of the LV myocardium, resulting in 
a transmural gradient in the LV myocardium during con-
traction. When the heart undergoes contraction, the sub-
epicardial myocardium remains relatively static, whereas 
the subendocardial myocardium deforms more as it moves 
toward the cardiac chambers. The endocardial layer contrib-
utes much more to cardiac contraction than the epicardial 
layer, creating a velocity and displacement gradient within 
the myocardium [29].

Our findings showed that 
GLSendo、GLSmid、GLSepi、GCSendo, ΔGLS, 
andΔGCS were significantly lower than those in the base-
line group at the earliest stage of the disease (1 week) 
(P < 0.05), and then continued to decrease with the course 
of the disease. Pathological findings showed significant car-
diomyocyte hypertrophy, inflammatory cell infiltration, and 
MF during the first week. We hypothesized that the injection 
of ISO exacerbated the discrepancy between myocardial 
oxygen demand and supply, leading to myocardial microcir-
culatory disorders and resulting in cardiomyocyte hypertro-
phy, inflammatory cell infiltration, and interstitial fibrosis, 
which ultimately caused impaired LV myocardial function 
[30]. However, conventional ultrasound showed no reduc-
tion in LVEF, indicating that layer-specific strain can accu-
rately respond to subtle subclinical changes in LV function 
and histopathological alterations at an early stage, which is 
not comparable with conventional ultrasound. Because the 
subendocardium is the most rich in microvessels and prone 
to microvascular dysfunction, it is damaged earlier when 
the myocardium experiences ischemia and hypoxia. The 

Fig. 5  The correlations between the degree of myocardial fibrosis and 
layer-specific strain parameters. GLSendo, GLSmid, GLSepi: endo-
myocardial, mid-myocardium and epi-myocardial global longitudinal 
strain; GCSendo, GCSmid, GCSepi: endo-myocardial, mid-myocar-
dium and epi-myocardial global circumferential strain; ΔGLS, ΔGCS: 
the transmural gradient of global longitudinal strain and global cir-
cumferential strain; r: linear regression coefficient
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with MH. It can help clinicians determine the timing of 
interventions and treatment strategies, assess the efficacy 
of therapies to avert or slow down the progression of LV 
dysfunction in patients, and improve the cardiovascular risk 
stratification of patients with preserved LVEF.

Conclusions

Our results suggest that layer-specific strain maybe serve 
as an early, accurate, and effective method for assessing 
changes in LV systolic function and related pathology in rats 
with MH and have important monitoring applications in the 
disease process. Longitudinal strain is more sensitive to the 
decline in LV systolic function than circumferential param-
eters, with inner myocardial strain showing LV remodeling 
and functional changes at an earlier stage, whereas circum-
ferential strains may, to some extent, indicate disease pro-
gression and severity.

Study limitations

The study has some limitations. (1) MH has a variety of 
etiologies, and in the study, we used only one disease model 
to observe it. (2) Layer-specific strain requires high image 
quality; however, because of the rats’ fast HR, some images 
did not meet the expected quality and were excluded, result-
ing in a small sample size. (3) Because the rat heart is very 
small, we could not accurately locate the apical and mitral 
valve levels; therefore, we chose the short-axis view at the 
papillary muscle level which is easily recognizable. (4) The 
torsional strain parameter requires the analysis of at least 
two short-axis planes at the mitral valve level, papillary 
muscle level, and apex level to be obtained; therefore, we 
did not include them in this study. (5) In this study, we used 
ultrasound machines from only one manufacturer and did 
not further explore whether the results would be consistent 
across different manufacturers.

subtle changes in LV systolic function, with longitudinal 
strain being more sensitive than circumferential strain, 
which perhaps reflects disease progression and severity of 
the disease course to some extent.

MH and MF exacerbate myocardial deformation, remodel 
the heart, increase myocardial stiffness, and are considered 
the main drivers of LV dysfunction. Previous studies sug-
gest that a reduction in GLS can assess altered LV systolic 
function and is closely related to MF [11]. However, there 
is insufficient evidence to confirm the relationship between 
layer-specific strain parameters and both MH and MF. 
To address this issue, we compared ultrasound data with 
pathological histologic findings and found that GLSendo, 
GLSmid, GLSepi, GCSendo, and ΔGCS had a strong corre-
lation with fibrosis, and that GLSendo, GLSmid, GCSendo, 
GCSmid showed a strong correlation with MH. This sug-
gests that the non-invasive layer-specific strain technique 
may provide a useful approach for assessing the occurrence 
and severity of MH and MF. In clinical practice, obtaining 
patient cardiac tissues for pathological examination is chal-
lenging, making it difficult to identify disease severity and 
progression accurately. Our study findings provide insights 
into addressing this issue. In addition, the results showed 
that the outer myocardial strain of the GLS and GCS cor-
related with both MH and MF less than that of the inner 
and middle myocardial layers; thus, layer-specific strain is 
more accurate than global myocardial strain. Notably, the 
correlation between the MF and GLS of each myocardial 
layer was stronger than that between the GCS of the corre-
sponding myocardial layer. Existing studies cannot explain 
this phenomenon. We hypothesize that because longitudinal 
myofibers contract more strongly than circumferential myo-
fibers during heart contraction [33], and collagen fibers are 
more rigid and have poor deformation ability, MF is more 
highly correlated with the GLS that does more work, and 
the specific reasons for this will be further explored in our 
future research.

Our findings have important implications for clinical 
applications. Layer-specific strains may help detect early 
subclinical changes in the local contractile function of the 
left heart and assist in identifying the early onset of MH and 
MF, and suggesting disease progression, lesion severity, and 
drastic changes in cardiac function. We recommend greater 
use of layer-specific strain in clinical practice to provide a 
more accurate diagnosis and dynamic follow-up for patients 

Fig. 6  The correlations between cardiomyocyte cross-sectional area 
and layer-specific strain parameters. CSA: cardiomyocyte cross-
sectional area; GLSendo, GLSmid, GLSepi: endo-myocardial, mid-
myocardium and epi-myocardial global longitudinal strain; GCSendo, 
GCSmid, GCSepi: endo-myocardial, mid-myocardium and epi-myo-
cardial global circumferential strain; ΔGLS, ΔGCS: the transmural 
gradient of global longitudinal strain and global circumferential strain; 
r: linear regression coefficient
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