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Abstract

To explore the application of left ventricular (LV) stratified strain in evaluating early systolic dysfunction in diabetes patients
with and without LV remodeling by using two-dimensional speckle tracking echocardiography (2DSTE), This study included 35
diabetes patients and 25 healthy individuals. All participants completed echography by GE Vivid E9 ultrasound system. The
diabetes patients were subdivided based on relative wall thickness into normal LV geometry group and LV remodeling group.
The EchoPAC offline workstation was used to analyze LV myocardial longitudinal layer-specific strain. Our results showed that
compared to the control group, the absolute values of longitudinal strain in the endocardial, mid-myocardial, and epicardial layers
of the 3-chamber view, the epicardial layer of the 4-chamber view, as well as the average longitudinal strain of the mid-
myocardial and epicardial layers across all three views, were significantly decreased in the diabetes group (P < 0.05). Compared
to the control group, both the normal LV geometry and LV remodeling subgroups showed significantly reduced absolute values
of longitudinal strain in the epicardial layer of the 3-chamber and 4-chamber views, and in the average epicardial strain across
all three views (P < 0.05), with the most pronounced changes observed in the LV remodeling group. Furthermore, compared to
the control group, the LV remodeling subgroup exhibited significantly reduced absolute values of longitudinal strain in the
endocardial and mid-myocardial layers of the 3-chamber view, the endocardial layer of the 4-chamber view, and the average
mid-myocardial strain across all three views (P < 0.05). A significant decrease in the absolute value of epicardial longitudinal
strain in the 3-chamber view was also found in the LV remodeling group compared to the normal LV geometry group (P < 0.05).
The study reveals that in diabetes patients with either normal LV geometry or LV remodeling, impairment of epicardial
longitudinal strain in the 3-chamber and 4-chamber views, as well as the average epicardial strain, occurs earlier. In diabetes
patients with LV remodeling, longitudinal strain in the endocardial and mid-myocardial layers of the 3-chamber view, the
endocardial layer of the 4-chamber view, and the average mid-myocardial strain were the most sensitively impaired parameters.
Additionally, the impairment of myocardial longitudinal strain was most pronounced in the apical 3-chamber view.
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1. Introduction

Diabetes Mellitus (DM) is a disease with significant global,
showing a pronounced increasing trend in prevalence world-
wide. It is projected that by 2035, the global number of people
living with diabetes will exceed 783.2 million [1]. As an in-
curable disease, DM begins with the high glucose toxicity that
leads to various complications, which not only cause serious
physical damage to patients but also impose a considerable
burden on existing healthcare resources and the economy.
Among the microvascular and macrovascular complications
of diabetes, the incidence of diabetic cardiomyopathy (DCM)
reaches 15%-20%. DCM is the primary and most prevalent
disease leading to decreased myocardial cell function, in-
creased cardiac morbidity, and elevated mortality [2]. As a
major complication of diabetes, DCM refers to the impairment
of myocardial contraction and/or diastolic function in the pres-
ence of diabetes, independent of coronary artery disease and
hypertension. This diabetes-related myocardial pathology can
lead to a significant increase in the risk of heart failure and
death. According to statistics, the risk of developing heart fail-
ure in individuals with DM is 4-5 times higher than in non-
diabetic populations. The five-year mortality rate for diag-
nosed DCM patients with heart failure is as high as 50%, a
prognosis comparable to that of malignant tumors [2, 3]. The
damage inflicted by DCM on the heart involves complex pro-
cesses affecting metabolism, structure, microvasculature, and
nerves. Through mechanisms such as metabolic disturbances
and energy deprivation, myocardial fibrosis and interstitial re-
modeling, microvascular dysfunction and endothelial dys-
function, and cardiac autonomic neuropathy, these factors col-
lectively ultimately lead to impaired left ventricular function
and structure [2]. Left ventricular functional damage initially
and primarily manifests as diastolic dysfunction, followed by
the emergence of impaired left ventricular systolic function.
This progression is primarily driven by myocardial fibrosis,
increased stiffness, and energy metabolism disorders. As the
condition advances, it ultimately evolves into heart failure [4].

Therefore, the early detection of impaired left ventricular
function in diabetes patients and timely intervention are cru-
cial for alleviating patient suffering and improving prognosis.
Echocardiography is recommended as the primary method for
cardiac function monitoring. While conventional left ventric-
ular ejection fraction (LVEF) is one of the most used indica-
tors for assessing cardiac function, changes in LVEF typically
manifest only in the advanced stages of the disease, making it
unsuitable for evaluating early stage left ventricular systolic
dysfunction.

Two-Dimensional Speckle Tracking Echocardiography
(2DSTE) is a technique based on two-dimensional ultrasound
imaging that utilizes acoustic speckle tracking to observe dis-
placement changes in myocardial segments within the region
of interest. Due to its advantages—being unaffected by the an-
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gle between the ultrasound beam and wall motion, lacking an-
gle dependency, and offering greater objectivity—2DSTE has
been applied in assessing early left ventricular systolic func-
tion, evaluating the effectiveness and rationale of patient treat-
ment plans, and is now widely used in diagnostic research for
various cardiac function impairment diseases [5, 6]. For in-
stance, left ventricular global longitudinal strain (GLS) is re-
garded as a sensitive indicator for evaluating cardiac systolic
function and can detect changes in cardiac systolic function
during the subclinical stage [7]. However, GLS reflects the av-
erage strain of the entire left ventricle and is not sufficiently
sensitive for detecting very early-stage pathologies involving
regional, heterogeneous myocardial damage, or for localizing
impairment in specific myocardial layers [5]. Consequently,
left ventricular longitudinal layer-specific strain has emerged
to overcome this limitation. It can identify the earliest and
most subtle myocardial damage, precisely localize the af-
fected myocardial layer, and reflect different layer-specific
strain impairment patterns that suggest distinct pathophysio-
logical mechanisms. This provides deeper insights for clinical
diagnosis with high sensitivity and specificity [8]. Recent
studies have found that left ventricular longitudinal layer-spe-
cific strain can more sensitively detect early myocardial dam-
age in various conditions, such as dilated cardiomyopathy, hy-
pertrophic cardiomyopathy, hypertension, and septic cardio-
myopathy [9-13]. However, research on early layer-specific
myocardial impairment in diabetes using this technique re-
mains relatively limited. Whether the impact on left ventricu-
lar layer-specific strain differs between diabetes patients with
and without left ventricular remodeling is currently unknown.

Therefore, this study utilized the GE Vivid E9 ultrasound
system with corresponding offline analysis workstations to
perform 2DSTE on both the case and control groups. The aim
was to investigate the value of LV layer-specific strain in as-
sessing early cardiac dysfunction in diabetes patients. This ap-
proach enhances the understanding of the pathogenic mecha-
nisms underlying DCM and provides a more sensitive and re-
liable clinical indicator for early detection, diagnosis, and
treatment monitoring of this condition.

2. Methods

2.1. Study Design

A total of 35 patients with DM from the Department of En-
docrinology at West China Hospital of Sichuan University
were collected and included as the case group between June
2022 and March 2023. During the same period, 25 healthy in-
dividuals were recruited as the control group. Among the 35
diabetes patients, subgroups were further divided based on the
presence or absence of left ventricular geometric pattern
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changes—specifically, relative wall thickness (RWT). The pa-
tients were categorized into two subgroups: the normal left
ventricular geometry subgroup (RWT < 0.42) and the left ven-
tricular remodeling subgroup (RWT > 0.42) [14]. Inclusion
Criteria: (1) Diagnostic criteria for diabetes mellitus: accord-
ing to the 2025 American Diabetes Association (ADA) diag-
nostic criteria [15]; (2) LVEF > 55%; (3) Sinus rhythm during
echocardiographic examination; (4) Agreement to participate
in this study and provision of signed informed consent. Exclu-
sion Criteria: (1) Presence of structural heart disease, valvular
heart disease, arrhythmia, or other conditions that may cause
cardiovascular disease; (2) LVEF < 55%; (3) Poor image qual-
ity affecting diagnosis. And the diagnosis of coronary heart
disease, valvular disease, or cardiomyopathy integrate history,
ECG, coronary CTA etc. A total of 6 participants were ex-
cluded due to poor ultrasound image quality. All the subjects
of the study provided written informed consent.

2.2. Basic Clinical Data and Routine
Echocardiography

Acquisition of Basic Clinical Data: basic clinical data, in-
cluding age, sex, blood pressure, duration of diabetes, and gly-
cated hemoglobin (HbAlc), were collected for all study sub-
jects. Acquisition of Conventional Cardiac Ultrasound Data:
Conventional echocardiographic images were acquired and
data were measured using a GE Vivid E9 ultrasound diagnos-
tic system with an M5Sc probe, with its frame rate adjusted to
1.5-4.6 MHz. The following parameters were collected for all
subjects: left ventricular end-diastolic diameter (LVEDD),
posterior wall end-diastolic diameter (PWDD)), left ventricular

Peak Systolic Strain (Epi)

Peak Systolic Strain (Endo)
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end-diastolic volume (LVEDYV), left ventricular ejection frac-
tion (LVEF), RWT, and E/Em. RWT was calculated using the
formula: RWT = (IVSd + LVPWd) / LVDd [14]. After image
acquisition from the apical four-chamber and two-chamber
views, the left ventricular ejection fraction was calculated us-
ing the biplane Simpson's method.

2.3.2. DSTE Analysis

Two-dimensional images were acquired for all study sub-
jects from the left ventricular apical four-chamber, three-
chamber, and two-chamber views using an M5Sc probe (Vivid
E9, with the probe frame rate adjusted to 1.5-4.6 MHz). All
participants were instructed to hold their breath during image
acquisition to ensure high-quality images. During image ac-
quisition, electrocardiogram (ECG) was simultaneously rec-
orded, and images covering 3-5 complete cardiac cycles were
obtained. The frame rate was adjusted to 40—80 fps. After im-
age collection, speckle tracking quantitative analysis was per-
formed using an EchoPAC workstation (version 201). The left
ventricular endocardium was tracked point-by-point sequen-
tially in the apical three-chamber, four-chamber, and two-
chamber view images. Simultaneously, based on the timing of
aortic and mitral valve opening and closure, manual adjust-
ments were made for segments with unsatisfactory tracking.
After successfully tracking the 17 segments of the left ventri-
cle, the subendocardial strain, mid-myocardial strain, and sub-
epicardial strain for the different views, as well as the average
subendocardial strain, mid-myocardial strain, and subepicar-
dial strain across the three views, were automatically obtained.
The analysis of LV layered longitudinal strain in the control
group and the case group is shown in Figure 1 and Figure 2,
respectively.

Peak Systolic Strain (Mid)
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Figure 1. Displays the left ventricular layered longitudinal strain analyzed by two-dimensional speckle tracking in healthy individuals from

the control group.

Peak Systolic Strain (Epi)

Peak Systolic Strain (Mid)

Figure 2. Displays the left ventricular layered longitudinal strain analyzed by two-dimensional speckle tracking in diabetes patients from the

case group.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS version
26.0. Continuous variables were compared between the case
group and normal control group using independent samples t-
tests or Mann-Whitney U tests, while one-way ANOVA or
Kruskal-Wallis tests were employed for multi-group compar-
isons. Categorical data were analyzed using the Chi-square

3. Results

test. A two-tailed P-value < 0.05 was considered statistically
significant. For intra-observer reproducibility assessment, 40%
of subjects were randomly selected for repeated analyses of
the same images were performed at different time points. In-
traclass correlation coefficient (ICC) was used to evaluate the
reproducibility of left ventricular mean mid-myocardial lon-
gitudinal strain measurements.

3.1. Comparison of General Clinical Data Between the DM Group and the Control Group

Table 1. Comparison of basic clinical data between the case group and the control group.

Control group

(n=25)
Age (years) 49.89+8.26 50.29+8.64
Male/female (case) 10/15 20/15
BSA (m?) 1.94+0.14 2.06+0.15
HbAlc (%) 5.6+0.5 6.41+1.00*
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Case group (n=35)  geometry subgroup

N 1 left tricul
ormat felt ventricuiar Left ventricular remod-

eling subgroup (n=17)

(n=18)

5148.64 48.71+6.26
10/8 10/7
2.05+0.04 2.07+0.05"
6.63+0.54%* 6.380.74
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systolic blood pressure (mmHg)
diastolic blood pressure (mmHg)

duration of diabetes (years)

Heart rate (beats/minute)

Control group
(n=25)
125.84+8.18
75.68+4.76

69.68+9.26

Case group (n=35)

132.54+9.42%*
88.39+4.43
3.66£1.75
74.17+9.64

Normal left ventricular

geometry subgroup
(n=18)
131.2845.61%*
87.33+4.42
2.44+1.10
72.33+4.94

Left ventricular remod-
eling subgroup (n=17)

133.88+4.44%
89.94+3.13#
4.88+1.41
76.12+6.07

Data is represented as the mean = SD or as numbers.

Body Surface Area (BSA); Glycated Hemoglobin (HbA1c); Diabetes Mellitus (DM).

* P < 0.05 for case group vs. control group; ** P < 0.05 for normal left ventricular geometry subgroup vs. control group; *P < 0.05 for left

ventricular remodeling subgroup vs. control group.

As shown in Table 1, compared to the control group, the
case group showed significantly higher levels of glycated he-
moglobin (HbAlc) and systolic blood pressure, with the dif-
ferences being statistically significant (P < 0.05). In contrast,
no statistically significant differences were observed between
the case group and the control group in terms of age, sex, body
surface area (BSA), diastolic blood pressure, or heart rate (P >
0.05). Based on the presence or absence of left ventricular re-
modeling, the DM group was further divided into a normal left
ventricular geometry subgroup and a left ventricular remodel-
ing subgroup. Compared to the control group, both the normal

left ventricular geometry subgroup and the left ventricular re-
modeling subgroup exhibited significantly elevated glycated
hemoglobin and systolic blood pressure, with these differ-
ences being statistically significant (P < 0.05). Additionally,
compared to the control group, the left ventricular remodeling
subgroup showed statistically significant differences in body
surface area and diastolic blood pressure (P < 0.05). However,
no statistically significant differences were observed among
the groups in terms of age, sex, body surface area, glycated
hemoglobin, systolic blood pressure, diastolic blood pressure,
duration of diabetes, or heart rate (P > 0.05).

3.2. Comparison of Conventional Echocardiographic Parameters Between the Case Group and the

Control Group

Table 2. Comparison of conventional ultra-sound parameters between the case group and the control group.

Control group (n =25)  Case group (n=35)

LVEDD (mm)  46.24+3.24 46.8448.34
LVEDV (mL)  100.32+15.06 102.36+15.02
IVST (mm) 9.16+1.14 9.98+1.22%
LVPWT (mm)  8.36£0.76 9.1140.77
LVEF (%) 67.24+4.92 66.60+0.32
RWT 0.38+0.05 0.420.14
E/Em 10.64+2.36 11.542.76

Data is represented as the mean + SD or as numbers.

Left ventricular remodel-
ing subgroup (n=17)

Normal left ventricular geometry
subgroup (n=18)

47.67+£3.20 46.08+3.34

104.44+£15.19 100.35+£19.31

9.781.22 %4 11.65+1.06%
8.83+0.79 9.41x1.00%
65.78+6.38 67.29+4.42
0.39+0.03% 0.46x0.04*
11.33+£2.27 11.8243.43

Left Ventricular End-Diastolic Diameter (LVEDD); Left Ventricular End-Diastolic Volume (LVEDV); Interventricular Septal Thickness (IVST);
Left Ventricular Posterior Wall Thickness (LVPWT); Left Ventricular Ejection Fraction (LVEF); Relative Wall Thickness (RWT); E: Mitral
Early Diastolic Inflow Velocity; Em: Early Diastolic Mitral Annular Tissue Velocity.

* P <0.05 for case group vs. control group; **P <0.05 for normal left ventricular geometry subgroup vs. control group; *P <0.05 for left
ventricular remodeling subgroup vs. control group; *P <0.05 for left ventricular remodeling subgroup vs. normal left ventricular geometry

subgroup.
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As shown in Table 2, compared with the control group,
IVST in the case group was thickened, and the difference was
statistically significant (P < 0.05). In contrast, no statistically
significant differences were observed in LVEDD, LVEDY,
LVPWT, LVEF, RWT between the two groups (P > 0.05). In
the subgroup analysis, we found that compared to the control
group, both the normal left ventricular geometry subgroup and
the left ventricular remodeling subgroup showed IVST with
the differences being statistically significant (P < 0.05). Fur-
thermore, the left ventricular remodeling subgroup demon-
strated a significant increase in LVPWT, RWT compared to
the control group, and these differences were statistically sig-
nificant (P < 0.05). More importantly, when compared to the
normal left ventricular geometry subgroup, the left ventricular
remodeling subgroup exhibited significantly greater IVST and
RWT and these differences were statistically significant (P <
0.05).

3.3. Comparison of Left Ventricular Layered
Longitudinal Strain Between the Case
Group and Control Group

As shown in Table 3, compared to the control group, the case

group demonstrated a statistically significant decrease (P <0.05) in
the absolute values of left ventricular longitudinal strain in the fol-
lowing layers and views: the subendocardial, mid-myocardial, and
subepicardial layers of the three-chamber view; the subepicardial
and mid-myocardial layers of the four-chamber view; and the av-
erage subepicardial strain. When compared to the control group,
both the normal left ventricular geometry subgroup and the left
ventricular remodeling subgroup showed a statistically signifi-
cant reduction (P < 0.05) in the absolute values of left ventric-
ular longitudinal strain in the subepicardial layer of the three-
chamber view, the subepicardial layer of the four-chamber
view, and the average subepicardial strain. Furthermore, the
left ventricular remodeling subgroup also exhibited a signifi-
cant decrease (P < 0.05) in the absolute values of strain in the
following parameters compared to the control group: the sub-
endocardial and mid-myocardial layers of the three-chamber
view; the subendocardial layer of the four-chamber view; and
the average mid-myocardial strain. Importantly, when com-
pared to the normal left ventricular geometry subgroup, the
left ventricular remodeling subgroup showed a statistically
significant reduction (P < 0.05) in the absolute value of longi-
tudinal strain specifically in the subepicardial layer of the
three-chamber view.

Table 3. Comparison of the difference of left ventricular longitudinal strain between the case group and the control group.

Control group

(n=25)
Three chamber view-endo 23.35+2.88 21.48+3.60*
Three chamber view-mid 21.62+3.45 18.82+3.30*
three-chamber view-epi 20.45+3.26 16.40+3.02*
Four chamber view-endo 21.98+4.31 19.00+3.86
Four chamber view-mid 21.08+4.06 20.59+2.91
Four chamber view-epi 21.13+£3.84 16.04+2.66*
two chamber view-endo 24.16£3.62 22.98+3.66
two chamber view-mid 21.98+4.04 20.53+£3.19
two chamber view-epi 21.86+3.73 20.09+2.88
Average endo-myocardium 23.29+3.48 22274278
Average mid-myocardium 21.4843.15 18.77+2.49%
Average epi-myocardium 21.23£2.91 17.8242.30

Case group (n=35)

Left ventricular remod-
eling subgroup (n=17)

Normal left ventricular geom-
etry subgroup (n=18)

21.90+2.88 19.41+3.56%
19.28+2.58 17.0143.43*
18.032.38**## 14.76+3.23%
20.43+3.24 18.80+2.02*
20.64+2.79 20.514£2.79
16.45+2.51%* 14.08+1.43*
23.70+3.82 22.58+3.60
20.78+3.39 20.17+3.08
20.82+3.08 19.1842.72
22.62+2.23 19.9543.20
19.98+1.97 17.72+1.48*
18.77+1.88** 17.50+1.31%

Data is represented as the mean + SD or as numbers. All strain data in the table are absolute values of actual measurements.
* P <0.05 for case group vs. control group, **P <0.05 for normal left ventricular geometry group vs. control group, *P <0.05 for left ventricular
remodeling group vs. control group; #P <0.05 for left ventricular remodeling group vs. normal left ventricular geometry group.
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3.4. Intra-observer Reproducibility Analysis strain obtained from each subject were used for the intra-observer
reproducibility analysis, and the intraclass correlation coefficient
Intra-observer agreement was assessed in a randomly selected  (1CC) was calculated.
subset comprising 40% of the study participants. The same physi- As shown in Table 4, the resulting ICC value was 0.929 (95%
cian performed identical ultrasound examinations and strain anal-  CI: 0.846 to 0.968). An ICC value greater than 0.9 indicates
yses for these subjects at different time points. The two sets of  excellent agreement between the two measurements taken by
measured values for the average mid-myocardial longitudinal  the same physician for the same subject in this study.

Table 4. Results of Intraclass Correlation Coefficient (ICC) for Intra-observer Agreement.

Two-way mixed-effects model, absolute agreement ICC 95% CI
Single-Measure ICC (A, 1) 0.929 0.846 ~ 0.968
Average-Measure ICC (A, k) 0.963 0.917 ~0.984

A denotes Absolute Agreement 1 denotes Single Measure K denotes Average Measure

chronic ischemia, particularly in areas with high oxygen de-
mand [18]. 6) Cardiac Autonomic Neuropathy: Diabetes can
also damage the autonomic nerves innervating the heart, lead-
ing to reduced heart rate variability, resting tachycardia, and
impaired cardiac adaptation to load changes. Therefore, the
early detection of cardiac functional changes in diabetes pa-
tients and proactive intervention are crucial for improving pa-
tient quality of life and survival rates [19].

Currently, the ejection fraction (EF) is the primary clinical
indicator used to assess cardiac function in diabetes patients.
However, it has limited sensitivity for the early detection of my-
ocardial impairment. Consequently, there is a need for more
sensitive and objective parameters to evaluate and enable early
intervention for incipient cardiac systolic dysfunction in diabe-
tes patients. Left ventricular GLS, derived from two-dimen-
sional speckle tracking echocardiography, has emerged as an
objective early indicator. It is already applied for subclinical
cardiac function assessment in various conditions with pre-
served EF, such as hypertension, nephrotic syndrome, valvular
heart disease, and diabetes [7, 20]. Despite its utility, GLS may
lack sufficient sensitivity and specificity for detecting the very
earliest, most subtle myocardial injury or for localizing damage
to specific myocardial layers [5]. This limitation led to the de-
velopment of layered strain analysis, which aligns with the an-
atomical arrangement of the myocardium. The highly ordered,
three-layered structure of the human left ventricle is the me-
chanical basis for its efficient pumping function: 1) subepicar-
dial Layer: The myocardial fibers in this layer have a right-
handed helical orientation (clockwise spiral from apex to base).
They are primarily responsible for the heart's twisting motion.
During systole, contraction of the subepicardium causes the
apex to rotate counterclockwise (viewed from the apex) relative
to the base, akin to "wringing a towel." This motion is crucial
for rapid ejection. 2) Mid-myocardial Layer: The fibers in this,
the thickest layer, are oriented circumferentially. They serve as
the "main force," responsible for ventricular narrowing and

4. Discussion

DM is an irreversible chronic disease characterized by com-
plex pathological mechanisms and numerous complications,
one of the most significant being DCM. DCM is a myocardial
structural and functional abnormality caused by diabetes itself,
independent of coronary artery disease and hypertension [2].
Its pathogenesis primarily includes 1) metabolic disorders due
to Insulin Resistance and Hyperglycemia: This leads to im-
paired glucose utilization by cardiomyocytes, accompanied by
an excess of toxic intermediates (such as ceramide and reac-
tive oxygen species), resulting in "lipotoxicity" those damages
heart muscle cells. Furthermore, mitochondrial dysfunction
reduces ATP production and generates large amounts of reac-
tive oxygen species (ROS), triggering oxidative stress [16]. 2)
Oxidative Stress: Excessive ROS attacks intracellular proteins,
lipids, and DNA, directly causing cardiomyocyte damage,
apoptosis, and necrosis [2]. 3) Accumulation of Advanced
Glycation End Products (AGEs): In a persistent hyperglyce-
mic environment, proteins and lipids undergo non-enzymatic
glycation, forming AGEs. The binding of AGEs to their recep-
tors activates pro-inflammatory and pro-fibrotic signaling
pathways and causes "cross-linking" of collagen in the myo-
cardial interstitium, increasing myocardial stiffness and im-
pairing diastolic function [17]. 4) Myocardial Fibrosis: Driven
by inflammatory factors and growth factors, cardiac fibro-
blasts become overactive, producing excessive extracellular
matrix (primarily collagen I and III), which replaces damaged
cardiomyocytes. This leads to myocardial hypertrophy, stiff-
ness, initial impairment of diastolic function, and subsequent
progression to systolic dysfunction [4, 18]. 5) Microvascular
Disease: Hyperglycemia damages the endothelial cells of cor-
onary microvessels, leading to impaired vasodilation, base-
ment membrane thickening, and reduced capillary density.
The consequence is decreased myocardial perfusion and
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thickening, generating significant radial force, and are the pri-
mary source of ventricular pressure and ejection. 3) Subendo-
cardial Layer: The fibers in this layer have a left-handed helical
orientation (counterclockwise spiral from apex to base). During
diastole, contraction of the subendocardium aids in ventricular
"untwisting," helping the heart return to its original shape to fa-
cilitate filling. It also contributes to longitudinal shortening.
This triple-layered helical structure enables a complex mechan-
ical process of twisting-narrowing-untwisting during left ven-
tricular contraction. This design achieves highly efficient blood
ejection with minimal energy expenditure. Among these layers,
the subepicardial helical fibers may contribute most to the twist-
ing function and are also the most sensitive to energy demands
and oxygen supply. Layered strain analysis was developed to
leverage this anatomical insight. It can more sensitively detect
injury patterns within different myocardial layers in the early
stages of disease, thereby hinting at distinct underlying patho-
physiological mechanisms and providing deeper diagnostic
clues [8]. For instance: In hypertrophic cardiomyopathy, while
the GLS might be only mildly abnormal, the subendocardial
longitudinal strain often shows a significant reduction, whereas
the mid-myocardial and subepicardial strains may be relatively
preserved or less impaired. In dilated cardiomyopathy, the lon-
gitudinal strain is typically significantly reduced across all three
layers (subendocardial, mid-myocardial, and subepicardial),
and the strain gradient (the difference between layers) is mark-
edly diminished or absent [13].

Our study found that compared to the control group, the case
group showed elevated levels of glycated hemoglobin and sys-
tolic blood pressure. The increase in systolic blood pressure
may be attributed to elevated extracellular glucose levels di-
rectly altering intracellular calcium concentration in cardiomy-
ocytes. This leads to changes in myocardial contractile function,
prolongs the time to peak contraction and repolarization, ulti-
mately resulting in abnormal cardiac systolic function in diabe-
tes patients. Furthermore, this study revealed that the case group
had thickened interventricular septum compared to the control
group. The potential mechanism is that activation of the renin-
angiotensin-aldosterone system (RAAS) in diabetes patients
causes local conversion of angiotensinogen to angiotensin 11
(Ang 1) in the myocardium, triggering segmental and global
cardiac remodeling. Concurrently, systemic metabolic disor-
ders lead to the formation and deposition of advanced glycation
end products and various lipid droplets, contributing to in-
creased septal thickness and reduced compliance [21, 22]. No-
tably, a significant increase in left ventricular posterior wall
thickness was observed only in the left ventricular remodeling
subgroup. This suggests that the impact of diabetes on the inter-
ventricular septum precedes its effect on the posterior wall. As
metabolic disturbances worsen in diabetes patients, increased
oxidative stress promotes the expression of pro-fibrotic and pro-
inflammatory factors, ultimately leading to aggravated cardiac
fibrosis [17, 21].

Results of left ventricular layered longitudinal strain in this
study revealed that, compared to the control group, the case
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group exhibited significantly reduced absolute values of lon-
gitudinal strain in the subendocardial, mid-myocardial, and
subepicardial layers of the three-chamber view; the subepicar-
dial layer of the four-chamber view; and the average mid-my-
ocardial and subepicardial strains. However, no statistically
significant impairment was observed in the layered strain of
the apical two-chamber view. This indicates that the impair-
ment of left ventricular strain varies across the three standard
apical views (three-chamber, two-chamber, and four-chamber)
in diabetes patients, a finding potentially related to coronary
blood supply. The three-chamber view is primarily supplied
by the left anterior descending and left circumflex arteries,
while the right coronary artery supplies several segments in
the four-chamber view. Given that coronary lesions most com-
monly affect the left coronary artery, this differential blood
supply may lead to varying degrees of myocardial damage in
different left ventricular segments in DM, subsequently man-
ifesting as view-specific differences in contractile function
impairment. The observed reduction in the absolute values of
subepicardial longitudinal strain (in the three-chamber and
four-chamber views) and the average subepicardial strain in
both the normal geometry and remodeling DM subgroups,
compared to controls, may be attributed to several factors: 1)
The subepicardial helical fibers are responsible for the high-
energy-demand "twisting" motion, consuming significantly
more oxygen per unit volume than the mid- or subendocardial
layers, which may make them most vulnerable to damage. 2)
Coronary blood flow progresses from the epicardium to the
endocardium. The subepicardium, despite being "upstream,"
is most affected by intraventricular pressure. In the context of
microvascular disease and diastolic dysfunction, the subepi-
cardial blood flow reserve may be compromised first. Diabe-
tes exacerbates this by reducing energy production efficiency
(increased demand due to lipotoxicity and insulin resistance)
while simultaneously decreasing oxygen supply (due to mi-
crovascular disease). This energy supply-demand mismatch is
critical in the high-demand subepicardium, making it the first
region to experience ischemia, hypoxia, and cellular injury. 3)
Subtle injury in the subepicardium primarily may impacts car-
diac twisting and untwisting, manifesting as reduced longitu-
dinal strain and impaired torsion—an early sign of diastolic
dysfunction, often evident in the heart failure with preserved
ejection fraction (HFpEF) stage. 4) As DM progresses, subep-
icardial damage worsens and extends to the mid-myocardial
layer, may affecting the circumferential fibers responsible for
generating the primary ejection force. This leads to a decline
in global systolic function and reduced ejection fraction,
marking the progression to systolic dysfunction. 5) Fibrosis
localization: Since the subepicardium may be the initial site of
injury, interstitial fibrosis in DCM often starts here, further in-
creasing stiffness in this region and impairing diastolic func-
tion. Furthermore, the reduction in the absolute values of
strain in the subendocardial and mid-myocardial layers of the
three-chamber view, and the subendocardial layer and average
myocardial strain of the four-chamber view, was exclusively
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detected in the left ventricular remodeling subgroup. This is
likely because patients in the DM with remodeling subgroup
have been exposed to the hyperglycemic environment for a
longer duration, exhibiting more pronounced myocardial hy-
pertrophy, fibrosis, and altered left ventricular geometry. Con-
currently, they likely have more extensive and severe concom-
itant coronary vascular disease, ultimately leading to more
profound myocardial damage.

5. Conclusion

In summary, our findings demonstrate that left ventricular
layered longitudinal strain can be utilized for the early assess-
ment of impaired cardiac systolic function in patients with di-
abetes mellitus. More importantly, we observed that the pres-
ence or absence of left ventricular remodeling in diabetes pa-
tients differentially influences layered strain. In both the nor-
mal geometry and remodeling subgroups, impairment of lon-
gitudinal strain in the subepicardial layer (specifically in the
three-chamber and four-chamber views) and in the average
subepicardial strain manifested early. However, in the left ven-
tricular remodeling subgroup, changes in the subendocardial
and mid-myocardial layers of the three-chamber view, the sub-
endocardial layer of the four-chamber view, and the average
GLS exhibited the greatest sensitivity, indicating more ad-
vanced myocardial dysfunction.

6. Study Limitations

This study has the following limitations: Firstly, data col-
lection was interrupted due to the COVID-19 pandemic, re-
sulting in an insufficient sample size. Secondly, the lipid pro-
file, renal function (eGFR/UACR), smoking status etc may be
associate with LV strain and remodeling, those factors should
be inclouded in future research. Thirdly, as a cross-sectional
study, multiple comparisons and endpoints were lacking for
explored the value of left ventricular layered longitudinal
strain in assessing diabetes patients with or without left ven-
tricular remodeling. Finally, given the complex and diverse
mechanisms of diabetic myocardial injury, follow-up studies
are necessary to further evaluate the significance of layered
longitudinal strain in cardiovascular risk stratification and per-
sonalized management for diabetes patients.
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