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Abstract: Objective: To investigate the value of multimodal ultrasound imaging in assessing ischemic heart failure,
and to analyze the relationship between ultrasound parameters and histopathology. Methods: Thirty male healthy
SD rats were randomly divided into a control (n = 10) and a model group (n = 20). The rat model of ischemic heart
failure (IHF) was established by the ligation of left anterior descending artery for 4 weeks. Left ventricular ejection
fraction (LVEF) and left ventricular cardiac output (LVCO) were determined with routine echocardiography. Global
longitudinal strain (GLS) and global circumferential strain (GCS) were determined with Speckle Tracking. Myocardial
oxygen saturation (sO,) was measured with photoacoustic (PA) imaging. Hematoxylin and eosin (H&E) staining,
transmission electron microscopy, and Masson staining were performed to determine mitochondrial damage and
myocardial fibrosis. Enzyme-linked immunosorbent assay (ELISA) was performed to detect the serum levels of car-
diac troponin | (cTNT) and N-terminal B-type natriuretic peptide (NT-pro BNP). Pearson correlation analysis was
employed to analyze the correlation among LVEF, LVCO, GLS, GCS, sO,, mitochondrial impairment, fibrosis, cTNT
and NT-pro BNP. Results: Echocardiography revealed significant systolic function changes in the model group as
compared to the control group, characterized by decreased LVEF and CO. The serum levels of cTn-T and NT-proBNP
were increased, suggesting myocardial injury and functional impairment. GLS and GCS in the model group was re-
duced as compared to the control group. Concurrently, a marked reduction in sO, was observed in the anterior wall
of the model rats, whereas that in the posterior wall showed no significant change. Histopathologic examinations
unveiled pronounced cellular and subcellular damage, such as disorganization of myocardial fibers and mitochon-
drial impairment, with the model group presenting a higher Flameng score. Masson’s trichrome staining revealed
increased myocardial fibrosis. Correlation analyses pinpointed significant associations between echocardiographic
parameters, degree of mitochondrial damage, fibrosis, and the levels of cTn-T and NT-proBNP in the model group.
This indicated the interrelated nature of structural changes and functional impairment in IHF. Notably, GLS showed
the strongest correlations with indicators of myocardial injury. However, anterior wall sO, did not demonstrate a sig-
nificant correlation with either histopathologic damage or serum biomarker levels. Conclusions: Myocardial GLS is a
sensitive indicator of pathological myocardial remodeling in heart failure. The multimodal ultrasound can be applied
to assess pathologic remodeling in IHF rats.
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Introduction

Ischemic heart failure (IHF), a significant conse-
quence of myocardial infarction, contributes
substantially to mortality, with a notable five-
year all-cause death rate of 55.40% [1]. IHF is
characterized by high morbidity and rehospital-
ization rate and has become a pressing public

health challenge worldwide [2]. Extensive pre-
clinical investigations have been conducted to
elucidate the pathophysiologic mechanisms
underlying IHF, predominantly employing post-
MI animal models induced by the ligation of the
left anterior coronary artery [3]. However, the
use of this model is constrained by its limited
controllability, resulting in high mortality rates
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and variability in cardiac function impairment
[4]. Therefore, accurate evaluation of cardiac
function in IHF models is essential for experi-
mental reproducibility and stability.

Ultrasonography, which is radiation-free, cost-
effective, and portable, is extensively used in
the diagnosis and management of cardiac
diseases [5]. Routine ultrasound effectively
assesses cardiac structures and functions but
has relatively low sensitivity to subtle altera-
tions in cardiac function. To overcome this limi-
tation, strain imaging has emerged as a valu-
able tool for quantitatively analyzing myocardial
motion [6]. By automatically tracking the
positions of myocardial tissues along the ven-
tricular wall and computing myocardial defor-
mation, strain imaging provides an objective
and accurate reflection of myocardial move-
ment. Myocardial global longitudinal strain
(GLS) has been identified as an early indicator
of cardiac interstitial fibrosis in hypertensive
rodent models. Fu et al. demonstrated a corre-
lation between GLS and collagen volume frac-
tion (CVF) in spontaneously hypertensive rats,
highlighting the potential of GLS to assess myo-
cardial fibrosis [7]. Additionally, photoacoustic
(PA) ultrasound offers a novel approach to eval-
uate local oxygenation status, providing valu-
able insight into tissue oxygenation levels [8,
9]. Despite the utility of these techniques, there
remains a paucity of studies utilizing multimod-
al ultrasonic approaches, which combine strain
imaging and PA ultrasound, for the assessment
of IHF models [10]. Furthermore, limited
research directly compares myocardial strain
parameters and tissue oxygen saturation (sO,)
with mitochondrial damage, fibrosis, cardiac
troponin T (cTnT), and pro-B-type natriuretic
peptide (pro-BNP) levels in IHF models.

Echocardiography is a first-line imaging exami-
nation technique for the diagnosis and monitor-
ing of heart failure. It allows for evaluation of
myocardial malformations, thereby assessing
global and regional cardiac function. The analy-
sis of myocardial deformation has transitioned
from tissue Doppler imaging technology to mul-
timodal ultrasound imaging technology. Despite
significant improvements in the treatment
options for heart failure, the all-cause mortality
rate remains high, with 12-month rates of 17%
for hospitalized patients and 7% for stable or
non-bedridden patients. Ischemic heart dis-
ease is the most common cause of heart fail-
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ure and has a poorer prognosis compared to
non-ischemic heart failure. Given the likely
need for specialized treatment strategies for
IHF, distinguishing it from non-ischemic heart
failure is crucial. Multimodal ultrasound imag-
ing, with the ability to analyze myocardial
mechanics, presents a cost- effective imaging
method. However, there is a lack of sufficient
data on its applicability and clinical relevance
in the differential diagnosis of ischemic cardio-
myopathy and non-ischemic cardiomyopathy.

In this investigation, we developed an IHF
model induced by left anterior descending
(LAD) artery ligation. The multimodal ultrasonic
approach and histopathologic analysis were
employed to evaluate this model. By integrating
strain imaging and PA ultrasound techniques,
we seek to elucidate the relationship between
ultrasound indices and key pathologic markers
of IHF progression, thereby offering a precise
imaging evaluation methodology for cardiac
function.

Materials and methods
Experimental animals

All of the procedures and protocols were
approved by Institutional Animal Care and Use
Committee, Fujian University of Traditional
Chinese Medicine (FJPSPH-IAEC2019061). 8-
week-old male Sprague-Dawley rats (Shanghai
PooleBikai Laboratory Animal Co., Ltd. License
N0.SCXK2018-0006), weighing 180-220 g,
were used. Animals were kept on a 12/12 h
light/dark cycle and received water and food ad
libitum.

Preparation of IHF rat model

After one week of acclimatization, rats were
randomly allocated to either a control group (n
=10) or an IHF group (n = 20). Rats were placed
in an induction chamber and anesthetized with
3% isoflurane until the disappearance of the
toe pinch reflex. Subsequently, the rats were
restrained and maintained under anesthesia
with a 3% isoflurane mask.

Following fur removal and skin disinfection, a
2.5 cm transverse incision was made between
the third and fourth intercostal spaces on the
left side of the sternum. Muscles were dissect-
ed to expose the heart apex, and a permanent
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ligation was performed on LAD artery 2.0-2.5
mm below the junction between the conus arte-
riosus and the left atrial appendage using a 6/0
nylon suture with a curved needle [11]. The suc-
cess of the ligation was confirmed by observing
a pale infarct area, weakened ventricular wall
motion, and sustained ST-segment elevation
with a monophasic pattern in limb leads on a
real-time electrocardiogram (ECG). In contrast,
the control rats received only a puncture below
the LAD without ligation. After removal of the
retractors, air was expelled from the thoracic
cavity, and the muscle and skin layers were
sutured sequentially. Postoperatively, the rats
were placed on a heating pad at 37°C for recov-
ery. Four weeks post-ligation, echocardiogra-
phy was performed to evaluate cardiac function
in the rats. Then, left ventricular (LV) tissue and
serum samples were collected for pathologic
and serological analysis.

Routine echocardiographic assessment of left
ventricular function

Transthoracic echocardiography was conduct-
ed on rats under 1.5% isoflurane anesthe-
sia with an ultrasound system (Vevo 3100,
VisualSonics) as previously reported [12]. The
rats were placed on a heating platform to main-
tain the temperature at 37°C. The mean value
of three consecutive cardiac cycles was mea-
sured. M-mode images of short-axis sections of
papillary muscles were used to measure the
following indices: interventricular septal thick-
ness at diastole (IVSd), left ventricular end-sys-
tolic internal diameters (LVIDs), left ventricular
end-diastolic internal diameters (LVIDd), left
ventricular posterior wall end-diastolic thick-
ness (LVPWd), left ventricular ejection fraction
(LVEF), and left ventricular cardiac output
(LVCO). All parameters were measured for 3
consecutive cardiac cycles unaffected by respi-
ration, and the mean values were calculated.
Four weeks after the intervention, echocar-
diography was repeated. After completing the
experiment, the experimental rats were eutha-
nized using carbon dioxide suffocation method
to minimize suffering.

Strain analysis assessed by echocardiographic
speckle tracking

Strain analysis was performed with VINNO

M86E (Vinno, Suzhou, China) by tracing left
ventricular wall motion over three consecutive
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cardiac cycles. The endocardial and epicardial
boundaries were traced manually. The software
automatically analyzed the strain in the longitu-
dinal and circumferential direction of each seg-
ment [13]. The average strain value of the left
ventricular myocardium was calculated from
the mean of the three cardiac cycles.

The evaluation of oxygen saturation via photo-
acoustic imaging

PA images were obtained using excitation wave-
lengths at 750- and 850-nm, which correspond
to the maximal absorption of oxyhemoglobin
and deoxyhemoglobin, respectively. The imag-
ing was performed using an array transducer
with a central frequency of 20 MHz (MX250) in
oxy-hemo mode to determine oxygen satura-
tion (sO,) [14]. The gain for the PA signal acqui-
sition was set to 40 dB, with a 2D gain of 22 dB.
A B-mode was also performed for colocaliza-
tion of photoacoustic signals.

Morphologic alterations detected by H&E stain-
ing and electron microscopy

For light microscopic investigations, border tis-
sues of infarct samples were initially fixed in
10% formaldehyde. Subsequently, these tis-
sues were dehydrated using ascending concen-
trations of alcohol, followed by clarification in
toluene and finally, embedded in paraffin. 5 ym
paraffin-embedded tissue sections were pre-
pared, followed by dewaxing, rehydration, and
hematoxylin and eosin (H&E) staining. Sub-
sequently, the stained sections were examin-
ed with an Olympus BH-2 microscope (Tokyo,
Japan). All sections were evaluated by an expe-
rienced histologist, who was blinded to the
sample identities, to characterize the histo-
pathologic alterations.

LV border tissues of the infarcted area were
fixed in a 2.5% glutaraldehyde solution at 4°C
overnight and then postfixed in cacodylate buf-
fer with 1% osmium tetroxide for 1 h for subse-
quent assay. Then samples were dehydrated
through a graded ethanol series, embedded in
Epon medium and dissected into 60-70 nm
sections. These sections were stained with
uranyl acetate and lead citrate. Tissues were
imaged using an electron microscope (JEM-
1200EX; JEOL Company, Japan). Ultra-struc-
tural changes of the diaphragm tissue were
observed and documented. Mitochondrial da-
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Table 1. Left ventricular structural parameters assessed by echocardiography and biochemical indices

IVSd (mm) LVDd (mm) LVDs (mm) LVPWd (mm) cTn-T (ng/ml) NT-proBNP (pg/ml)
Control 1.88+0.11 4.36%0.75 2.35+0.61 2.02+0.26 1.43+0.29 59.23+17.03
Model 1.33+0.20*  7.11+1.43*  5.68+1.43* 2.19+0.33 3.92+1.15* 615.37+213.24*

Data are expressed as mean + SD. n = 10 in the control group and 12 in the model group. *P<0.05 vs. control group. IVSd,
interventricular septal thickness at diastole; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic di-
ameter; LVPWd, left ventricular posterior wall thickness at diastole; cTn-T, cardiac troponin T; NT-pro BNP, N-terminal pro-B-type

natriuretic peptide.

mage was quantified using the Flameng scor-
ing system to assess the severity of injury [15].
Each sample was observed for five distinct
fields of view, with twenty mitochondria chosen
from each for numerical assessment. The scor-
ing criteria were as follows: Grade O (O points)
indicated preserved mitochondrial structure
and particle integrity. Grade | (1 point) indicat-
ed intact structures with particle loss, along-
side mild swelling, diminished density of the
matrix, and slight separation of cristae. Grade Il
(2 points) was marked by a moderate mitochon-
drial swelling with translucent matrices. Grade
Il (3 points) involved disruptions within the
mitochondrial cristae and densification of the
matrix. Grade IV (4 points) denoted significant
mitochondrial damage with extensive cristae
destruction and breaches in both internal and
external membranes.

Infarct size and fibrosis detected by Masson’s
trichrome staining

Collagen deposition in the border zone of
infarcted myocardium was analyzed. 5 ym LV
sections were stained using Masson’s tri-
chrome staining kit. The infarct size and colla-
gen deposition were quantified using Image J.

Quantification of cardiac troponin T and
N-terminal pro-B-type natriuretic peptide in
serum

The concentrations of cardiac troponin T (cTh-T)
and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) in serum were determined using
commercial enzyme-linked immunosorbent as-
say (ELISA) kits. All assays were executed in
accordance with the manufacturer’s protocols.
Serial dilutions of standards were included to
ensure the accuracy and reliability of the assay.
The levels in the test samples were subse-
quently calculated with reference to these stan-
dard curves.
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Statistical analysis

Data were tested for normal distribution using
the Shapiro-Wilk test, and expressed as mean
+ standard deviation (SD) when adhering to a
normal distribution. The variance homogeneity
was determined using F test or Welch t test.
The two independent samples t-test or Welch
t-test was used for comparison of each mea-
surement between two groups. Pearson corre-
lation analysis was used to evaluate the corre-
lations between echocardiographic multimodal
parameters, histopathologic assessments, and
serum biomarkers in model group. A p-value
of <0.05 was considered a significant differ-
ence. Both experts, proficient in echocardio-
graphic or histopathologic analysis, collaborat-
ed to ensure the accuracy and reliability of this
study.

Results

Routine echocardiography and serum biomark-
er analyses revealed significant structural and
functional changes in the model group

Throughout the study period, eight rats died in
the model group, whereas no rats died in the
control group. Ultrasound-derived cardiac di-
mensions and circulating cardiac biomarker
levels are presented in Table 1. In the control
group, IVSd, LvDd, LVDs, and LVPWd were
1.88+0.11 mm, 4.36+0.75 mm, 2.35+0.61
mm, and 2.02+0.26 mm respectively. In con-
trast, the model group demonstrated a sig-
nificant reduction in IVSd to 1.33+0.20 mm
and marked increases in both LVDd and LVDs
to 7.1141.43 mm and 5.68+1.43 mm, respec-
tively (all P<0.05). LVPWd experienced a mar-
ginal increase, which did not reach statistical
significance.

Additionally, the serum concentration of cTn-T
and NT-proBNP in the control group was
1.43+£0.29 ng/mL and 59.23+17.03 pg/mL,
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Figure 1. Echocardiographic analysis of left ventricular systolic function. A. Representative M-mode echocardio-
graphic image of a control rat. B. Representative M-mode echocardiographic image of a model rat. C. Left ven-
tricular ejection fraction (LVEF). D. Left ventricular cardiac output (LVCO). Data are presented as mean + standard
deviation. The control group includes 10 rats, while the model group includes 12 rats. *P<0.05 compared to the
control group. LVEF: left ventricular ejection fraction; LVCO: left ventricular cardiac output.

respectively. In contrast, the model group dem-
onstrated significantly higher levels of these
biomarkers, with ¢Tn-T rising to 3.92+1.15 ng/
mL and NT-proBNP to 615.37+213.24 pg/mL
(all P<0.05), indicative of cardiac injury and
functional impairment.

The alterations in left ventricular function, as
determined by echocardiography, are illustrat-
ed in Figure 1. In comparison to the control
group, the model group showed significant
decreases in LVEF and LVCO by 50.56% and
54.44%, respectively.

Speckle tracking echocardiography revealed
reduced myocardial strain, while PA imaging
indicated diminished myocardial oxygen satu-
ration

Myocardial strain was assessed using
echocardiographic speckle tracking (Figure
2A-F). The comparative analysis of GLS and
GCS between the two groups uncovered
marked discrepancies. The strain patterns in
the model group were notably scattered, dis-
crete, and lacked synchronicity compared to
the control group. GLS in the model cohort was
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significantly diminished compared to the con-
trol group (-13.08%+2.39%vs.-18.54%+1.48%,
P<0.05). Furthermore, the model group demon-
strated a significantly reduced GCS when com-
pared to the control group (-17.26%+1.57% vs.
-22.63%+1.17%, P<0.05).

sO, levels in rats were evaluated using an inte-
grated photoacoustic imaging/ultrasound (PAIl/
US) system (Figure 2G-I). In the control group,
the anterior wall exhibited an sO, of 68.13%%+
3.11%. In contrast, sO2 in the anterior wall of
model rats decreased significantly, which was
recorded at 58.48%+5.99%. For the model
group, the sO, readings of the posterior wall
were slightly reduced when compared to the
control group, yet this difference was not statis-
tically significant.

Histopathologic analyses revealed necrosis of
cardiomyocytes and mitochondrial damage

Under light microscope, the myocardial tissue
of the control group was intact, the transverse
stripe was clear, neatly arranged, of uniform
size, and the nuclei of the cells were centered,
with no obvious abnormality observed (Figure
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Figure 2. Myocardial strain analysis using speckle tracking and oxygen saturation evaluation by photoacoustic imaging. A. Characteristic speckle tracking strain im-
age of the left ventricular long-axis view in a control rat. B. Characteristic speckle tracking strain image of the left ventricular long-axis view in a model rat. C. Global
longitudinal strain (GLS) comparison between the control and model groups. D. Representative speckle tracking strain echocardiography of the left ventricular short-
axis view in a control rat. E. Representative speckle tracking strain echocardiography of the left ventricular short-axis view in the model group. F. GCS comparison
between the control and model groups. G. Photoacoustic imaging of a control rat, showing a color scale that highlights regions of high (red) and low (blue) myocardial
oxygen saturation. H. Photoacoustic imaging of a model rat. . Oxygen saturation (sO,) comparison between the control and model groups. Data are presented as
mean + standard deviation. The control group consisted of 10 rats, and the model group consisted of 12 rats. "P<0.05 compared to the control group.
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Figure 3. Histologic alterations in the left ventricular myocardium assessed by hematoxylin and eosin (H&E) stain-
ing, and mitochondrial damage evaluated using electron microscopy. A. H&E staining of the left ventricular myocar-
dium in the control group. B. H&E staining of the left ventricular myocardium in the model group. C. Mitochondrial
integrity assessed by electron microscopy in the control group. D. Mitochondrial integrity assessed by electron mi-
croscopy in the model group. Scale bars: H&E stain = 100 uym (x100), electron microscopy = 500 nm (x20,000).

3A). In the model group, myocardial fibers
across all layers of the rat myocardium were
loosely arranged and disorganized, with blurred
transverse striations, obvious swelling, and
necrosis of myocardial cells (Figure 3B).
Additionally, there were interstitial congestion
and edema, local myocardial inflammatory cell
infiltration, interstitial fibrosis, and the most
severe damage was observed in subendocar-
dial myocardium.

Electron microscopy of the sham-operated rats
demonstrated well-organized myocardial fibers
with prominent sarcomeres and abundant
mitochondria. The mitochondria presented a
classic elongated structure, featuring continu-
ous cristae along with well-preserved mem-
branes and granules, as illustrated in Figure
3C. In model group, a disarray of the myofibrillar
architecture with irregular myofilaments and
disrupted Z-lines was observed (Figure 3D).
Mitochondrial abnormalities were prominent,
including vacuolation, swelling, and, in some
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cases, the absence of cristae. The Flameng
score was significantly lower in the control
group (0.70+0.67) compared to the model
group (2.83+1.34), suggesting more extensive
mitochondrial damage in the model group.

Masson’s trichrome staining revealed in-
creased myocardial fibrosis in the model group

Morphologic analysis of heart tissue in the
model group revealed significant changes, in-
cluding reduced left ventricular wall thickness
and extensive fibrous scarring (Figure 4). In
the model group, the estimated infarct size
accounted for 40.07+7.41% of the myocardium.
Importantly, cardiac fibrosis increased substan-
tially in the model group, where the collagen
volume fraction (CVF) reached 12.56+1.94%,
markedly higher than the 2.59+0.29% record-
ed in the control group (P<0.05). These results
from Masson’s trichrome staining corroborated
those obtained from H&E staining, further con-
firming the successful establishment of the IHF
model.
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Figure 4. Myocardial fibrosis in the left ventricular myocardium depicted by Masson’s trichrome staining. A, D. Myo-
cardial fibrosis identified in the control group. B, E. Myocardial fibrosis identified in the model group. C. Quantifica-
tion of fibrosis area in the left ventricular myocardium between the two groups. F. Collagen volume fraction (CVF)
in the left ventricular myocardium compared between the two groups. Data are presented as mean + standard
deviation, with n = 10 in the control group and n = 12 in the model group. *P<0.05 compared to the control group.

Correlation analysis revealed significant as-
sociations between echocardiographic param-
eters, histopathologic alterations, and serum
biomarkers in the model group

Figure 5 shows the correlations between echo-
cardiographic multimodal parameters, histo-
pathological assessments, and serum bio-
markers in the model group. LVCO demonstrat-
ed significant negative associations with mito-
chondrial damage grades, CVF, and pro BNP (r
= -0.73, P<0.01; r = -0.58, P<0.05; r = -0.59,
P<0.05, respectively).

GLS demonstrated the strongest correlations
with myocardial injury indicators. It exhibited
negative correlations not only with mitochon-
drial injury grading and CVF (r =-0.72, P<0.01; r
= -0.64, P<0.05) but also with CTNT and pro
BNP (r = -0.6, P<0.05; r =-0.81, P<0.01). GCS
showed negative relationships with ¢cTNT and
pro BNP (r =-0.70, P<0.05; r = -0.73, P<0.01).
However, anterior wall SO2 did not exhibit nota-
ble correlations with histopathologic damage
or serum biomarkers.

Discussion

According to the World Health Organization’s
2020 rankings, ischemic heart disease was
identified as the leading cause of death world-
wide, accounting for 16% of all mortalities [16].
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Hence, comprehensive research into the etiol-
ogy, pathophysiology, treatment, outcome, and
prevention of ischemic heart disease holds sig-
nificant importance. The establishment of ani-
mal models, particularly rat models of IHF,
plays a crucial role in cardiac disease resear-
ch. After seeking medical attention in the early
stages of acute myocardial infarction, doctors
can promptly provide symptomatic treatment,
such as pain relief and vasodilation, to alleviate
the patient’s pain. Delaying medical care, how-
ever, can result in greater suffering. This study
found that ligation of the left anterior descend-
ing coronary artery in rats induced a reduction
in LVEF and cardiac output after four weeks,
accompanied by myocardial cell necrosis, mi-
tochondrial damage, and interstitial fibrosis.
Furthermore, we employed speckle tracking
echocardiography and photoacoustic imaging
techniques to investigate changes in global
myocardial strain and blood oxygen saturation
in the ischemic heart disease IHF model rats.
Our results demonstrated a reduction in GLS
and GCS in IHF rats, with decreased oxygen-
ation in ischemic regions. Relationships were
also noted between LVCO, GLS, GCS, and
pathologic features such as interstitial fibrosis
and mitochondrial injury, with GLS showing the
most pronounced correlation with pathology.
However, sO, levels in anterior wall showed no
significant correlation with pathological chang-
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Figure 5. Correlations between ultrasonic multimodal parameters, pathologic features, and serum biomarkers.
Pearson’s correlation tests were employed to statistically assess the relationships between echocardiographic pa-
rameters, pathologic characteristics, and serum biomarkers. The correlation coefficients (lower left) and signifi-

cance levels (upper right) for each paired comparison, with *P indicating <0.05, and *"P<0.01.

es. The novelty of this study lies in the compre-
hensive assessment of cardiac function using
multiple echocardiographic indices and their
correlation with pathologic changes. By inte-
grating conventional echocardiography, strain
imaging, and photoacoustic imaging techni-
ques, we were able to more comprehensively
monitor left ventricular function and accurately
reflect pathologic alterations, thereby providing
precise monitoring of disease progression and
treatment efficacy.

LVCO was negatively related to mitochondrial
damage grade and CVF

Routine echocardiography, which evaluates
LVEF and LVCO, is the primary imaging tech-
nique for assessing left ventricular systolic
function and plays a pivotal role in the diagnos-
ing heart failure. However, LVEF and LVCO are
indirect indicators, inferred from changes in the
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LV cavity internal diameter. They are signifi-
cantly influenced by left ventricular volume and
heart rate variations, and do not offer a pre-
cise, comprehensive analysis of left ventricular
function [17]. Moreover, LVEF can appear nor-
mal or even elevated in the initial stages of cer-
tain cardiovascular diseases due to myocardial
compensation [18]. The current study found
that LVEF and LVCO were markedly reduced in
the model group compared to control rats,
albeit with high standard deviations within the
model group, indicating substantial intra-group
variability. This result agrees with the variability
observed in previous research and suggests a
potential correlation with the diverse degrees
of ischemia stemming from varying coronary
anatomy of rats [19]. Notably, our study re-
vealed that in contrast to LVEF, there was a
more substantial correlation between LVCO
and the severity of mitochondrial damage, CVF,
and pro-BNP levels. This finding aligns with
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prior studies highlighting the detrimental im-
pact of mitochondrial dysfunction and fibrosis
on cardiac performance [20]. The reason may
be that LVCO reflects the actual volume of
blood pumped by the heart per unit time, pro-
viding a direct quantification of cardiac efficien-
cy, while LVEF merely calculates the proportion
of blood pumped out during systole [21].

Myocardial strain exhibits a strong correlation
with pathologic alterations

Speckle tracking strain analysis assesses myo-
cardial motion in radial, circumferential, and
longitudinal directions, presenting a novel,
high-throughput, and sensitive method for
detecting myocardial dynamics [22]. Impaired
myocardial contractility, increased stiffness,
and structural changes of the myocardium
result in diminished myocardial deformation.
Our study illustrated that both GLS and GCS
were reduced in IHF model rats, indicating
impaired myocardial deformation longitudinally
and circumferentially. Notably, GLS presented a
stronger negative correlation with pathologic
changes, such as mitochondrial damage and
fibrosis, as well as cardiac biomarkers like cTn-T
and proBNP, compared to cardiac output. This
implies that GLS may detect subtle myocar-
dial functional and mechanical alterations with
higher sensitivity. Our findings highlight the abi-
lity of myocardial strain analysis to provide a
superior assessment of pathologic remodeling
in heart failure, outperforming traditional met-
rics like cardiac output.

This study, similar to the research conducted by
Bauer et al., suggests that strain analysis is
more sensitive than traditional echocardio-
graphic methods in detecting overall changes
in myocardial function and pathologic altera-
tion [23]. It enables precise regional analysis
of both infarcted and unaffected myocardial
areas [24]. Furthermore, myocardial strain fa-
cilitates earlier identification of the treatment
effectiveness [25]. Longitudinal strain is pri-
marily associated with deformation of myocar-
dial fibers in the endocardium; circumferential
strain is mainly related to deformation of myo-
cardial fibers in the mid-layer and the epicardi-
um; and radial strain reflects the overall coordi-
nated movement of myocardial fibers through-
out all layers [26]. Thus, strain changes in the
three dimensions are valuable in assessing
which myocardial layer is affected. Our study
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demonstrates that LAD ligation impairs all
three myocardial layers, as confirmed by Mas-
son’s trichrome staining, leading to reduced
longitudinal and circumferential strain. In con-
trast, radial strain was excluded from analysis
due to significant inter-observer and intra-ob-
server variability and limited reproducibility. In
addition, GLS in the model group decreased by
26.95% while GCS by 23.73%, as compared to
the control group. GLS showed a greater reduc-
tion than GCS, suggesting higher vulnerability
or sensitivity of endocardium than the mid-lay-
er and the epicardium to the modeled patholo-

gy [27].

s0, in the anterior wall showed no significant
correlation with LV histopathologic damage

Photoacoustic imaging (PAl) is an emerging
noninvasive modality that exploits near-infra-
red light for elucidating the functional status of
tissues through detection of oxygenated and
deoxygenated hemoglobin. It synergistically le-
verages the superior contrast of optical imag-
ing and the deep tissue penetration of ultra-
sound. This duality allows for real-time struc-
tural and functional insights, particularly advan-
tageous for exploring myocardial ischemia and
hypoxia.

Significant for its clinical relevance, Al Mu-
kaddim et al. demonstrated the sensitivity of
PAl in detecting acute myocardial ischemic
events [28], while David et al. extended its
application to the evaluation of hypoxia across
multiple organs including brain, kidneys, and
liver post-infarction [29]. In concordance with
the existing literature, our study reveals a pro-
nounced drop in sO, of the anterior wall myo-
cardium of model rats.

Surprisingly, there are no significant correla-
tions between sO, and histopathologic damage
or serum biomarkers, which contradicts the
anticipated negative correlation. This discrep-
ancy may be due to the timing of sO, measure-
ments relative to the onset of myocardial isch-
emia. It has reported that sO, in the anterior
wall decreased from 74.7% before Ml to 19.9%
one day after MI, and begins to recover 7 days
after Ml as adaptive responses such as neoan-
giogenesis occur [30]. Our findings thus high-
light the multifarious nature of myocardial oxy-
genation in the context of cardiac pathology,
and underscore the need to interpret PAI data
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within the broader context of physiologic and
temporal factors.

Conclusions

Our study revealed abnormalities in left ven-
tricular myocardial strain and local tissue oxy-
gen saturation (sO,) in an IHF model induced by
left anterior descending branch ligation. GLS
originates from myocardial strain analysis and
is a sensitive indicator of pathologic myocardial
remodeling in heart failure. However, an unex-
pected finding of our study was the lack of sig-
nificant correlation between local myocardial
s0, and potential pathologic changes, suggest-
ing limitations in the current application of sO,
as a diagnostic marker.

The limitation of our research was the lack of
cross-validation using advanced imaging tech-
niques, such as labeled magnetic resonance
imaging (t-MRI) and cardiac magnetic reso-
nance tissue tracking (CMR-TT). It is worth not-
ing that good consistency has been demon-
strated between the myocardial strain param-
eters obtained through CMR-TT, STE, and t-MRI
measurements. In addition, our study did not
fully explore the potential of multimodal ultra-
sound analysis, including technologies such
as contrast-enhanced ultrasound, three-dimen-
sional imaging, coronary artery blood flow re-
serve measurement, and artificial intelligence
analysis. These technologies represent the
future direction of our research.

Overall, our findings confirm that left ventricular
strain is associated with cardiac function and
pathologic remodeling. It is expected that myo-
cardial staining analysis may ultimately supple-
ment or even replace LVEF as a diagnostic indi-
cator for heart failure, positioning it as an
important tool for evaluating IHF.
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