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Abstract: This study emphasizes the importance of using tailored echocardiographic parameters for
evaluating non-ischemic cardiomyopathies (NICs) in small animal (rodent) models. NICs can arise
from conditions that cause pressure overload, such as aortic constriction and hypertension, or from
volume overload due to impaired renal function and cardiometabolic disorders. In these cases,
myocardial injury is typically secondary to extracardiac changes. Conversely, some models involve
direct myocardial damage, such as those induced by cardiotoxic drugs or infectious agents, which
are marked by acute myocardial edema and subsequent cardiomyocyte apoptosis.
Echocardiographic assessment in these models often lacks standardization, leading to variability in
data interpretation. To address this, the study proposes a comprehensive framework of
echocardiographic parameters, including anatomical, geometric, and functional indices. Special
attention is given to detecting reduced ventricular compliance and diastolic dysfunction, which are
common features in these models. While ejection fraction is a traditional measure of systolic function,
advanced techniques like speckle tracking echocardiography can reveal subclinical systolic
dysfunction. The inclusion of parameters related to atrial overload and pulmonary congestion is also
recommended. Overall, the study advocates for a standardized echocardiographic approach to
enhance the accuracy and translational relevance of NIC research in preclinical animal models.

Keywords: cardiomyopathies;  echocardiography; animal models; speckle tracking
echocardiography; myocardial remodeling; ventricular function; atrial function; heart failure ECHO:
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1. Introduction

Echocardiography (ECHO) has become an essential technology, widely utilized by cardiologists
and sonographers. It is an indispensable tool in diagnosing and following changes in several heart
disease conditions in clinical and research settings. The effective use of echocardiography requires
mastering a complex set of skills, which consists of two primary components: performing image
acquisitions and interpreting image measures and function. Despite significant advances,
echocardiography remains technique-dependent and demands significant training for physicians
and sonographers. ECHO provides critical information on cardiac morphology, function, and
hemodynamics in a noninvasive manner, making it the most frequently performed cardiovascular
examination after electrocardiography and chest radiography [1]. In less than half a century, this
technique has evolved into a cornerstone of cardiovascular medicine [2]. The historical evolution of
echocardiography includes key developments such as M-mode, two-dimensional (2D) images,
Doppler, Tissue Doppler, stress modalities, transesophageal, intraoperative, contrast, three-
dimensional, and intracardiac echocardiography [3,4].
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Despite its substantial contributions to both clinical practice and biomedical research,
echocardiography remains the only major medical imaging modality that has not been recognized
with a Nobel Prize. While pioneers such as Edler and Hertz are acknowledged for their foundational
work in cardiac imaging [5], the advancement of echocardiography has relied heavily on
fundamental physics principles. Currently, ultrasound technology continues to evolve, not only
through the integration of novel scientific discoveries but also via its expanding applications across
a wide range of pathological conditions and in both invasive and surgical procedures.

Historically, the 1960s and 1970s marked the establishment of the first academic course in cardiac
ultrasound, the publication of the first textbook on echocardiography, and the introduction of the
term "echocardiography" [4,6-8]. With expanding applications and increasing portability of ECHO
machines, this technology is expected to become even more widespread in clinical medicine, already
evolving to pocket equipment with an intention to even substitute the stethoscope [9]. In animal
models, still so useful in basic and translational science, the use of ECHO is relatively new [10],
lacking significant historical milestones. However, its application in the evaluation of rodent models
of cardiovascular diseases has grown, particularly due to the increasing availability of genetic models
of several kinds of conditions [11], and it is continually evolving [12].

In this context, ECHO instrumentation for rodent models has improved, offering enhanced
spatial and temporal resolution, leading to more accurate assessments of systolic and diastolic
function parameters, as well as tissue characteristics of myocardium, extrapolating intracardiac
pressures, as well as giving insights into microvascular [13]. The initial applications of ECHO in
rodents involved the use of pediatric probes designed for human clinical equipment to study infant
hearts adapted to small animals. Presently, there are only a limited number of manufacturers
producing ultrasound equipment with cardiac probes specifically designed for small animals. The
technique also faces another limitation, which is the lack of standardized protocols and minimum
requirements to ensure a reliable and accurate assessment of cardiac function. A detailed description
and standardization of methods for data acquisition and analysis would significantly enhance the
value of studies performed in to study cardiac morphology and function in several conditions
simulated in rodents [14-17]. Although recent literature has proposed suggestions and
recommendations [18-21], it is crucial for researches to follow standardized protocols for the
geometric and functional assessment of rodent ECHOI22]. Establishing well-defined and
standardized echocardiographic conditions will facilitate the accurate evaluation of cardiac function
data derived from small rodents, benefiting both researchers and reviewers.

This article will focus on compiling ECHO techniques dedicated to small animal models of non-
ischemic cardiomyopathies, specifically for research in rodents. Emphasis will be placed on
monitoring left ventricular (LV) geometry and function, as these are key elements in experimental
studies aimed at understanding the pathophysiology of cardiac diseases and evaluating the potential
therapeutic effects of innovative treatments.

2. Non-Ischemic Cardiomyopathy

Non-ischemic cardiomyopathy (NIC) refers to myocardial injury that leads to myocardial
dysfunction (systolic or diastolic) and secondary consequences and ar not related to ischemic
myocardial disease nor to systemic hypertension or valvopathies [23,24]. The etiologies of NIC are
complex and multifactorial, encompassing drug toxicity, genetic diseases or predisposition,
infectious diseases or inflammatory and immunological conditions, as well as deposit diseases [25].
In experimental animal models, NIC is commonly simulated using techniques such as transverse
aortic constriction, a surgical procedure that induces heart failure (HF) due to pressure overload [26].
Additionally, cardiac hypertrophy and heart failure can be induced by infusion of angiotensin II [27]
or isoproterenol [28]. In both scenarios, the disease induced is a kind of overload cardiomyopathy,
similar to systemic arterial hypertension but not exactly secondary to direct myocardial aggression.
In experimental animal models, toxic and infectious cardiomyopathies are characterized by
myocardial edema in the acute phase, progressively accompanied by apoptosis. In models associated
with metabolic comorbidities and pressure overload, myocardial remodeling involves cellular
spacing and changes in collagen deposition, among other infiltrative alterations.
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In the group of these conditions of NIC, is also classified a not well-known disease still referred
to as heart failure with preserved ejection fraction (HFpEF). Patients with HFpEF are usually female,
with a group of comorbidities such as obesity, systemic hypertension, sedentarism, and glycemic
metabolic disease. In rodents, hypertensive cardiomyopathy is studied through the use of genetically
modified hypertension rats such as the spontaneously hypertensive rat [29]. Obesity is present in the
Zucker rat strains [30] and is also recognized as a cardiac risk factor. Furthermore, models induced
HF with reduced ejection fraction (HFrEF) by drug toxicity [31,32] such as those involving
streptozotocin [33], dexamethasone [34], doxorrubicin [35], isoproterenol [36] as well as models
induced by venom, including scorpion venom [37] are described. Another neglected disease endemic
in all of Latin America, such as chronic cardiac Chagas disease, a parasitic-induced disease which
still represents a challenge to cardiology, is now well-reproduced in a special rodent animal, the
Syrian hamster [38]. In these models, echocardiography plays a critical role in evaluating both cardiac
anatomical and functional changes, thereby validating and confirming the induction of heart disease
[39] and intervention effects.. It is essential in distinguishing between adaptive and maladaptive
remodeling processes [40]. However, sometimes, cardiac structural and functional changes observed
in these models are nonspecific and overlap with common findings of various pathological conditions
[41]. Also, some physiologic adaptations to overload such as the “athlete's heart” condition may
present with geometrical and functional alterations able to be evaluated by ECHO and the technology
may offer tools to differentiate cardiac remodeling typical of adaptations to overload conditions from
pathological hypertrophy which adversely affects myocardial function [42,43].

3. The Role of Echocardiography in Assessing Cardiac Geometry

Myocardial remodeling is primarily influenced by the etiological factors underlying heart
disease. In NIC conditions, pathological aggression can occur directly at the level of the
cardiomyocyte, as observed in infectious etiologies, toxic, or inflammatory conditions, and even in
genetic etiologies. Myocardial lesion is characterized by edema in early phases and progressive
deterioration of the cardiomyocytes in the chronic phase [44], evolving to apoptosis and fibrosis. In
heart disease models associated with pressure overload (systemic arterial hypertension, aorta
constriction), a trigger to hypertrophy is predominant, secondary to increased afterload [45-48].
Early studies suggested that concentric left ventricular (LV) hypertrophy is indeed the main finding
in experimental pressure overload models [49]. However, more recent research indicates that many
pressure overload models exhibit geometric characteristics within the normal range, albeit with
reduced ventricular compliance [50]. The probable explanation for this is the early myocardial
collagen deposition and microstructural changes, such as those in the sarcoplasmic reticulum, which
lead to increased ventricular tension and compromised LV distensibility [51]. Similarly, in
metabolic heart diseases, but also associated with pressure overload secondary to arterial
hypertension, cardiomyocytes tend to be thicker and less elongated compared to those in heart
diseases that affect preload [52,53]. These findings may differ from the pathophysiology of reactive
hypertrophy in isolated afterload increases, such as in hypertensive heart disease.

Indeed, reactive hypertrophy is also present in other kinds of myocardial direct aggression
without afterload increment. In metabolic and inflammatory processes, such as obesity and
dysglycemia, hypertrophy remodelling also occurs, probably related to other signalizations such as
those involving cyclic GMP and oxidative stress mechanisms. Hypertrophy is frequently
accompanied by microvascular dysfunction and also endothelial hypertrophy (citar a ultima
referencia que discutimos e outras sobre HVE). Microvascular dysfunction may be documented by
several methods in non-invasive methods, and with Echo, the study of coronary flow reserve may
demonstrate not only macrovascular obstruction in ischemic models of cardiomyopathy, but also
microvascular dysfunction in NIC.

In both conditions, whether those that increase myocardial fiber stretching or those that result
in thicker, less elongated cardiomyocytes, ECHO can quantify chamber dimensions, extrapolate left
ventricle mass and geometric pattern of remodeling, measuring relative thickness of LV walls [54].

Technically, bidimensional ECHO images are feasible in rodent models such as rats, mice,
hamsters, and others, although parasternal (PE) views are preferred over apical views. Dedicated
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rodent machines offer high-resolution transducers (20-30 MHz), and if well acquired, the images have
a very good resolution (Figure 1). Parasternal long axis view (PEL) allow quantification of left atrium
(LA), left ventricle (LV) and wall thickness of interventricular septum and posterior wall (IVS and
PW). The same structures of LV may be evaluated through parasternal short views (PES).
Measurements of LV end diastolic and end systolic diameter may be performed from both views and
also using M-Mode, which presents a better time resolution (Figure 1). LV mass is determined using
the Devereux formula [54] and normalized to body weight. This widely accepted formula has been
extensively utilized in rodents.

Although less used in basic and translational science, LA diameter and volumes may be
measured from PEL and PES views, and the last one allows comparison with aortic diameter [55].
The Rishniw method, though less widely known, has been described in some experimental studies
involving rodents. As demonstrated in the image, it is crucial to draw a line from the commissure
between the non-coronary cusp and the right coronary cusp to the midpoint of the sinuses of
Valsalva. The LA diameter is determined by tracing a line from the commissure between the non-
coronary cusp and the left coronary cusp to the posterior wall of the LA. These two measurements
are related through the LA/Ao ratio [56].

Some animal models of disease represent LV segmentation compromise not in a diffuse pattern,
which is common in NIC, but in a segmental pattern, such as in Chagas’ disease or Takotsubo,
simulated by isoproterenol. Bidimensional (2D) ECHO images may also be used to evaluate LV
segmental motion, using the wall motion segmental score similarly to human ischemic myocardial
disease, with the difference to split LV in 13 segments, instead of the 17 we have in human ECHO
(Figure 1). Segmentation allows analysis of wall motion abnormalities in a semiquantitative way [57]
but also will allow regional deformation analysis as we will discuss later.

Although the segmental mobility index is commonly used in the context of impaired myocardial
perfusion due to ischemic heart disease, it has also proven effective in analyzing myocardial
segmental motion in certain experimental animal models [58]. Each LV segment will be classified
based on wall motion in a scale typically ranging from 1-4, based on a qualitative assessment of
regional function and systolic thickening, as described in Table 1. system, which also includes the
identification of aneurysmal segments [59].

Table 1. Segmental mobility scale.

Score Wall movement Definition
Normal/hyperkines . . .
1 2 Normal systolic movement and thickening
2 Hypokinesia Reduced systolic motion or thickening
3 Acinese Absence of systolic inward movement or thickening
Dvskinesi
4 ysiinesia ot Paradoxical (“bulging”) or outward movement
Aneurysm

It is important to recognize that, in conditions of low compliance and myocardial hypertrophy,
the internal ventricular diameter tends to decrease, and reduced compliance can lead to atrial
overload. Consequently, the left atrium (LA) plays a critical role in facilitating the connection between
the LV and the pulmonary circulation. This role allows the LV to function effectively as a conduit
with controlled capacity, while protecting the pulmonary vasculature from fluctuations in LV
pressure [60]. Therefore, the LA should be included in the hemodynamic measurements in rodent
models, using both linear and volumetric assessments, as illustrated in Figure 1. The elliptical
method, available in ultrasound equipment, and the linear Rishniw method are commonly used to
measure the LA diameter in veterinary echocardiography (Table 2).
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Figure 1. The parasternal long-axis (PEL) and short-axis (PES) views at the level of the papillary muscles are
utilized for imaging. Both views allow visualization of the left ventricle (LV), right ventricle (RV), left atrium
(LA), right atrium (RA), and the papillary muscles, enabling assessment of the anterior, posterior, inferior, and
lateral segments. To acquire these images, position the transducer vertically in rodents, with the display facing
the animal's head, which corresponds to the parasternal long-axis view. Then, rotate the transducer
approximately 35° counterclockwise to obtain the parasternal short-axis view at the level of the papillary
muscles.

Table 2. Variables ECHO of model.

Left
Left atrium € . Right ventricle Overload and congestion
ventricle
LA volume VS RV basal dimension Pericardial effusion
LA-area LVDD (Apical 4-chamber) B-lines (Lulmonary congestion)
Proximal dimension of
LA-di LVSD ICV collapsibility indi
diameter S the RV outflow tract CV collapsibility indices
(Parasternal short axis, . .
A
Aort-Dimension PPw anterior to the aortic (Animal breathing
valoe) spontaneously)

Relative  Fractional area change

Relation LA/Ao thickness RV

IVC distensibility indices

(Animal on mechanical

LV mass (Apical 4-chamber) ventilation)

LA, left atrium; IVS, interventricular septal thickness; LVDD, left ventricular end-diastolic diameter; LVPP, left
ventricular posterior wall thickness; RV, right.

4. Role of Echocardiography in the Assessment of Left Ventricular Systolic
Function

HF is commonly characterized by a reduction in left ventricular ejection fraction (LVEF),
particularly in heart failure with reduced ejection fraction (HFrEF), which is often associated with
ischemic heart disease and cardiomyocyte loss [61]. However, in non-ischemic cardiomyopathies, the

clinical definition of HF accommodates the presence of preserved systemic function despite elevated
filling pressures, as seen in HFpEF [62].

5. Evaluation of Pulmonary Congestion Using Lung Ultrasound in Rats

Cardiac disease will compromise LV function, and the diastolic dysfunction will be reproduced
through increased LA pressures. Pressure overload can trigger pulmonary adaptations to increased
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postcapillary pressure. These adaptations include basement membrane thickening, enhanced
alveolar fluid clearance, and increased lymphatic drainage [63,64]. This mechanism may result in
congestion due to low compliance, often referred to as type 2 congestion or venocapillary congestion.
This, in turn, activates the hypothalamic-pituitary-adrenal axis, stimulating reduced urinary output
and promoting sodium retention [64-66]. Another factor contributing to fluid retention is the
stimulation of natriuretic peptide (BNP) production into the LA with elevated pressures [67].
Elevated natriuresis may lead to disruptions in signaling at afferent sensory sites within the
cardiopulmonary system [68]. These sites include impaired baroreceptors located in the carotid sinus
and aortic arch, as well as malfunctioning mechanosensitive endings in cardiac chambers and the
cardiopulmonary system, which may result in failure to detect elevations in circulating volume. This
failure can contribute to congestion due to even more pressure overload and its associated
cardiovascular outcomes [47,62,69].

In experimental animal models, the assessment of pulmonary congestion (PC) is primarily
determined by the wet-to-dry weight ratio of the lung (W/D ratio). Lung tissue samples are typically
weighed immediately after dissection (wet weight, W) and after being dried in an oven at 75°C for
48 hours (dry weight, D). The W/D ratio serves as a surrogate measure of water accumulation in the
lung. This technique is usually performed as a terminal procedure, as it requires animal euthanasia
to remove the lungs. To add to this scenario, lung ultrasound (LU) has gained increasing prominence
in animal experimental settings, particularly for detecting the presence of multiple B-lines, commonly
referred to as "comets,” which move synchronously with the penetration of the ultrasound beam (if
present). These B-lines are typically well-defined and appear as long, laser-like structures extending
to the bottom of the screen without fading, reflecting fluid extravasation at the interstitial level [70]
(Figure 2).

Normal
lung

Figure 2. Lung ultrasound representation. The image illustrates a normal lung without congestion, indicated by
A-lines, and a lung with pulmonary congestion, characterized by B-lines. Additionally, the figure includes
ultrasound images of pericardial effusion and associated pathological findings in cases where the effusion is
sufficiently severe to cause cardiac tamponade.

To assess the severity of pulmonary congestion, a LU scoring system has been developed to
quantify the presence of A and B lines. Lines are defined as repetitive horizontal echogenic bands
that are parallel to and originate from the pleural line, resulting from the predominance of air over
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fluid in the lung parenchyma. The presence of A lines is assigned a score of zero, indicating a normal
LU pattern. B lines are described as discrete vertical hyperechoic reverberation artifacts. The B-line
score is determined as follows: for each intercostal space, the number of B lines is counted (ranging
from zero to ten, depending on the degree of signal confluence), and the percentage of the intercostal
space occupied by B lines is calculated. This value is then divided by ten. A B-line count of 3-5 is
classified as mild, 6-8 as moderate, and >8 as severe PC. This method has been shown to be
increasingly effective compared to traditional assessments based solely on the W/D ratio.
Additionally, this technique enables the monitoring of disease progression and therapeutic
interventions without the need for euthanasia of animals to obtain lung samples.

6. Evaluation of RV Geometry and Function and its Association with Pulmonary
Hypertension

Because of geometric difficulties in non-invasive methods, cardiac evaluation has traditionally
focused almost exclusively on the LV, with the right ventricle (RV) often referred to in the literature
as the "forgotten ventricle."” However, the importance of RV function and physiology is well known
as an essential determinant of prognosis in several scenarios. In recent years, the prognostic
importance of the RV across various cardiovascular conditions has gained broader recognition [71-
73]. Consequently, greater efforts have been directed toward incorporating RV assessment into
routine clinical practice. Echocardiography is able to evaluate RV structure and function; however,
conventional M-mode, two-dimensional, and Doppler-based assessments have recognized
limitations [74]. Advanced techniques, such as three-dimensional (3D) echocardiography, Doppler
tissue imaging (DTI), and speckle-tracking-based deformation imaging, have shown considerable
promise and are increasingly applied in clinical settings [75]. Nonetheless, limited normative data
and persistent technical challenges in RV imaging remain significant barriers.

A paradigm shift has occurred from purely visual assessment to the routine quantification of RV
size and function. Unlike the LV, the RV possesses a complex geometry [76] and exhibits distinct
pathophysiological responses to disease [77], complicating accurate quantification. As a result, some
echocardiographers still rely on subjective visual estimates. Despite these difficulties, current best
practices advocate for the inclusion of at least two quantitative RV metrics during transthoracic
echocardiographic evaluation [78], as they provide valuable diagnostic and prognostic insights.

In experimental animal models, RV assessment should be integrated into standard imaging
protocols and performed from multiple acoustic windows, including the PEL and right ventricular
inflow and outflow views. Based on our team’s experience, certain echocardiographic windows-
particularly the apical four-chamber, apical RV-focused, and subcostal views-are challenging to
obtain in rats but are more readily achievable in mice [79]. It is essential to ensure proper transducer
alignment during image acquisition, especially in the apical four-chamber view, to avoid
misestimation of RV size. In the context of HFpEF, the RV evaluation is not only important as a
repercussion of elevated pulmonary pressures [80]. Emerging evidence suggests that coronary
microvascular inflammation plays a central role in HFpEF pathophysiology [81], leading to more
global myocardial remodeling, including in the RV [82]. Cardiomyocyte hypertrophy, characterized
by increased cell diameter, is more pronounced in the presence of metabolic disorders and obesity
[83], not solely in hypertensive conditions. Studies suggest that reduced activity of protein kinase G
(PKG) is a key contributor to cardiac hypertrophy, promoting myocardial dysfunction through the
hypophosphorylation of titin. PKG functions as a physiological brake on myocardial hypertrophy
[84], a role supported by various experimental and clinical models. For example, in cultured neonatal
rat cardiomyocytes, nitric oxide (NO) or cyclic guanosine monophosphate (cGMP) analogues
attenuated norepinephrine-induced hypertrophy [85]. Similarly, in mice subjected to transverse
aortic constriction, sildenafil, which enhances myocardial PKG signaling by inhibiting
phosphodiesterase-5, prevented or reversed hypertrophy [86].

Recognition that myocardial remodeling in HFpEF is not confined to the LV necessitates
consideration of pulmonary arterial hypertension (PAH) and its association with secondary tricuspid
regurgitation (STR). The co-occurrence of PAH and STR is associated with adverse outcomes, though
the mechanisms governing STR development remain incompletely understood. In human clinical
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science, a study by the Cleveland Clinic [87] suggests that RV geometry and function, rather than
tricuspid valve anatomy, determine susceptibility to STR. Patients with STR exhibited greater RV
dysfunction and more spherical RV morphology, as reflected by a higher sphericity index and
reduced tricuspid annular plane systolic excursion (TAPSE), despite similar tricuspid annular and
leaflet dimensions between groups.

In experimental rat models, echocardiographic visualization of the RV remains technically
challenging. Nevertheless, when feasible, assessing tricuspid annular excursion through M-Mode
(TAPSE) and tricuspid mitral annulus velocities good marker of function.

7. Conventional Assessment of LVEF in Rodent Models

In rodent models, LVEF is conventionally assessed via Echo, extrapolating LV volumes using
either M-mode or two-dimensional (B-mode) imaging. M-mode echocardiography provides
dimensional data to calculate both LVEF and fractional shortening (FS) [88,89], while the area-length
method in B-mode imaging is employed to estimate end-diastolic and end-systolic volumes from area
tracings (Figure 3).

Ejection fraction in 2D Ejection fraction in M-Mode

Diastole

Figure 3. Assessment of left ventricular ejection fraction using two-dimensional (2D) echocardiography and M-
mode imaging. Measurements include LV end-diastolic diameter (LVDD) and LV end-systolic diameter (LVSD),
which are used to calculate ejection fraction as an index of global systolic function.

In addition to conventional assessment of ejection fraction, it is important to recognize that
ejection fraction can also be estimated using myocardial deformation imaging. Longitudinal strain
reflects the deformation of longitudinal myocardial fibers, which are predominantly located in the
endocardial layer. Circumferential strain, on the other hand, measures the contraction of fibers
oriented around the short axis of the ventricle. Radial strain, which reflects myocardial wall
thickening, can be estimated through the combined analysis of longitudinal and circumferential
deformation. Notably, circumferential and radial strain are more directly associated with left
ventricular systolic performance, while longitudinal strain is more sensitive to early changes in
isovolumetric contraction and subendocardial dysfunction (Figure 4).

Speckle-tracking

Ay b iriiail

Gls
GCs
GRS
LVEF_(%)_GLS

Figure 4. Analysis of myocardial deformation using speckle tracking echocardiography. This method enables
the quantification of global longitudinal strain (GLS), global circumferential strain (GCS), and global radial strain

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1456.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2025 d0i:10.20944/preprints202505.1456.v1

9 of 19

(GRS), providing detailed assessment of myocardial mechanics. Additionally, left ventricular ejection fraction
(LVEF) can be derived, offering a comprehensive evaluation of both global and regional systolic function.

Several studies have utilized mechanical models and in vivo animal experiments to better
understand myocardial dysfunction in the presence of preserved LVEF, offering hypotheses to
explain some paradoxical findings [90-92]. Evidence suggests that LVEF can be preserved or even
overestimated (e.g., >60% in clinical settings) due to factors such as reduced ventricular compliance
and increased myocardial density, particularly in hypertrophic conditions. While LVEF may remain
within normal limits in many non-ischemic heart diseases, a diminished myocardial functional
reserve has been observed under stress conditions, a phenomenon routinely assessed in human
clinical cardiology using stress echocardiography [92-94].

Thus, considering preserved LVEF as preserved systolic function may be misleading.
Importantly, LVEF reflects only the volumetric output during the systolic ejection phase and does
not account for the isovolumetric contraction periods. Furthermore, LVEF estimation via
bidimensional ECHO is based on geometric assumptions inherent to imaging techniques, which
extrapolate volume from area measurements [95,96]. These limitations become particularly
problematic in conditions with altered ventricular geometry or low-volume states, such as HFpEF,
severe systemic arterial hypertension, aortic coarctation, or hypertrophic cardiomyopathies [92,97-
99].

8. Advanced Assessment: Myocardial Deformation (Strain Imaging)

To more accurately characterize LV systolic functionmyocardial strain analysis using advanced
ECHO techniques has become essential. Two-dimensional speckle tracking echocardiography (2D-
STE) enables assessment of global and segmental myocardial deformation, independent of probe
alignment withthe axis of deformation. In rodent models, strain measurements are commonly
obtained from the PEL and PES views at the papillary muscle level (Figure 2).

The LV functions as both a pressure and volume pump during systole, and as a suction pump
during diastole. LV systolic ejection involves complex deformation patterns, including longitudinal
and circumferential shortening, radial thickening, and myocardial twisting. These are captured
across different strain axis of deformation -longitudinal (GLS), circumferential (GCS), and radial
(GRS) [100]. Still, when compounding basal and apical rotation of the LV torsion and twist can be
measured [101].

Longitudinal mechanics are driven mainly by subendocardial fibers, while mid-myocardial
fibers contribute primarily to circumferential and radial deformation [102]. During isovolumetric
contraction, electrical activation begins at the endocardium, inducing a counterclockwise rotation of
the LV base (from apical view) and clockwise rotation of the apex [103], culminating in torsion [104].
As activation spreads to the epicardial fibers located at a larger radius, the rotational direction
reverses: the base rotates clockwise and the apex counterclockwise, optimizing ejection efficiency and
enabling a greater myocyte shortening (15-20%) to generate a >55% reduction in LV volume [105].
Moreover, torsion couples systolic and diastolic function. During systole, stored mechanical energy
is rapidly released as recoil during early diastole, facilitating efficient ventricular filling through
active suction [106]. At the microscopic level, this corresponds to the rapid dissociation of actin-
myosin cross-bridges and the reconfiguration of titin molecules to their resting state [100].

Using 2D-STE, it is possible the non-invasive measure these deformation parameters. The most
clinically applied strain metrics, including GLS, GRS, and GCS, are still yet experimental. GLS and
GCS are expressed as negative values (due to shortening), while GRS is positive (reflecting wall
thickening). Torsion is expressed in degrees [102,107]. Although strain measurements are influenced
by loading conditions, their sensitivity to preload and afterload is significantly less than that of LVEEF,
making them more reliable indicators of intrinsic myocardial contractility [108].

Strain imaging has demonstrated superior sensitivity to early myocardial dysfunction compared
to LVEF, particularly in non-inflammatory cardiomyopathies affecting the mesocardium, such as
Chagas disease, amyloidosis, and HFpEF [109,110]. In rodent models, GLS is measured from PEL,
while circumferential and radial strain are measured from PES views, which is suitable for some
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artifacts of lateral resolution in the lateral image lobes. This issue does not affect GRS to the same
extent, as it evaluates myocardial motion directed toward the cavity center and is less dependent on
lateral resolution.

9. Role of Echocardiography in the Assessment of Left Ventricular Diastolic
Function

Diastolic dysfunction, primarily resulting from impaired LV relaxation and reduced compliance,
often precedes systolic dysfunction and is a hallmark of myocardial remodeling and hypertrophy. It
frequently represents the earliest detectable manifestation of myocardial dysfunction in many cardiac
heart diseases. The gold standard for the assessment of diastolic dysfunction remains the invasive
measurement of increased LV filling pressures (EDP of LV) and time constant of relaxation (Tau).
However, non-invasive estimation, especially in rodent models, remains technically challenging,
even in clinical human practice [111].

ECHO evaluation of diastolic function in rats includes assessment of early (E wave) and late (A
wave) mitral inflow velocities via pulsed-wave Doppler, and annular velocities (Em and Am) using
DTI. The Doppler sample volume must be precisely aligned with blood flow direction, either at the
mitral leaflet tips or lateral and septal annulus to avoid underestimation due to angle misalignment.
Special attention to this detail is essential, as Doppler angle misalignment is a common source of
measurement error in rodents [13].

e The E wave represents early diastolic filling driven by the pressure gradient between the left atrium
and ventricle.

e The A wave corresponds to atrial contraction and the elastic recoil of the atrium and ventricle during
late diastole.

The E/A ratio was one of the earliest indices used to characterize diastolic function [112,113].

Additional Doppler indices include:

e Deceleration time (DT) of the E wave, which correlates with mean left atrial pressure [114,115].
e  Mitral Annular Tissue Doppler Imaging (TDI)

TDI is widely applicable in rodents due to the ease of tracking annular motion. The TDI

waveform includes:
e A positive systolic wave (Sm), and
e  Two negative diastolic waves: early (Em) and late (Am).

Unlike transmitral flow, annular TDI velocities are less sensitive to preload variations. The E/Em
ratio serves as a non-invasive surrogate for LV filling pressure with a very good correlation to
invasive measurements of elevated LA filling pressures [116,117] (Figure 5).

Transmitral flow Tissue Doppler

Figure 5. Assessment of transmitral flow using pulsed-wave Doppler, enabling evaluation of left ventricular
(LV) diastolic filling. The E wave represents early passive filling, while the A wave reflects atrial contraction.
Mitral annular motion is simultaneously assessed using tissue Doppler imaging (TDI), providing additional
insight into diastolic function.

10. Coronary Flow Reserve Assessment in Non-Ischemic Models
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The capacity of the coronary circulation to autoregulate in response to variations in afterload
and myocardial metabolic demands is a critical determinant of cardiac performance. One of the most
accessible non-invasive methods for evaluating this physiological response is the assessment of
coronary flow reserve (CFR) using Doppler echocardiography under pharmacological stimulation,
typically with adenosine [118,119], as illustrated in Figure 6.

CFR represents the ratio of hyperemic to basal coronary blood flow and provides a functional
measure of coronary microvascular integrity. Numerous NIC, particularly those characterized by
myocardial hypertrophy, such as hypertensive cardiomyopathy and hypertrophic cardiomyopathy,
are associated with a reduction in CFR [120,121]. This phenomenon reflects impaired vasodilatory
capacity of the coronary microcirculation, which can precede overt myocardial dysfunction.

Emerging evidence suggests that myocardial remodeling leading to hypertrophy may originate
at the vascular level, with subsequent parenchymal involvement. Vascular dysfunction is often
mediated by oxidative stress, which disrupts endothelial function and alters vascular compliance,
ultimately impairing myocardial perfusion, especially during periods of elevated metabolic demand
[122,123].

Coronary Flow Reserve

Figure 6. Assessment of coronary flow reserve (CFR) by Doppler echocardiography. Coronary flow velocity is
measured at baseline and after pharmacological stress (e.g., adenosine or dobutamine), allowing evaluation of
coronary microvascular function. CFR is calculated as the ratio of hyperemic to baseline diastolic flow velocity.

11. Challenges in Clinical and Experimental CFR Assessment

In human clinical practice, ECHO assessment of CFR remains limited by the technical challenge
of imaging coronary arteries through standard transthoracic echocardiographic windows. As a result,
CFR evaluation is not routinely included in conventional echocardiographic protocols. Instead, more
advanced, expensive, and technically complex modalities such as myocardial perfusion scintigraphy,
positron emission tomography, and cardiac magnetic resonance imaging are commonly employed
when coronary microvascular function must be assessed. Notably, microvascular dysfunction has
been increasingly recognized as a hallmark of some NIC, particularly in advanced disease stages and
in patients with comorbidities such as systemic hypertension, obesity, and type 2 diabetes mellitus
[124,125], as it is in HFpEF. These conditions are frequently associated with impaired CFR, even in
the absence of significant epicardial coronary artery stenosis, underscoring the importance of
microvascular health in the pathophysiology of NIC.

Abbreviations
NIC Non-ischemic cardiomyopathy
HF Heart failure
HFpEF Heart failure preserved ejection fraction
LV Left ventricular
VS Interventricular septal thickness
LVDD Left ventricular end-diastolic diameter
LVPP Left ventricular posterior wall thickness
LA Left atrium
PC Pulmonary congestion
BNP Natriuretic peptide
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W/D ratio wet-to-dry weight ratio of the lung
LU Lung ultrasound
RV Right Ventricle
3D Three-dimensional
DTI Doppler tissue imaging
ARVC Arrhythmogenic right ventricular cardiomyopathy
PKG Protein kinase G
NO Nitric Oxide
cGMP Cyclic guanosine monophosphate
PAH pulmonary arterial hypertension
STR Secondary tricuspid regurgitation
TAPSE Tricuspid annular plane systolic excursion
LVEF Left ventricular ejection fraction
HFrEF Heart failure reduced ejection fraction
FS Fractional shortening
2D-STE Two-dimensional speckle tracking echocardiography
PEL Parasternal long-axis
PES Parasternal short-axis
GLS Global longitudinal strain
GRS Global radial strain
GCS Global circumferential strain
Tau time constant of relaxation
DT Deceleration time
IVRT Isovolumetric relaxation
TDI Mitral annular tissue doppler imaging
CFR Coronary flow reserve
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