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Abstract

Enhanced sensitivity in echocardiographic analyses may allow for early detection of changes in 

cardiac function beyond the detection limits of conventional echocardiographic analyses, 

particularly in a small animal model. The goal of this study was to compare conventional 

echocardiographic measurements and speckle-tracking based strain imaging analyses in a small 

animal model of type 1 diabetes mellitus. Conventional analyses revealed differences in ejection 

fraction, fractional shortening, cardiac output, and stroke volume in diabetic animals relative to 

controls at 6-weeks post-diabetic onset. In contrast, when assessing short- and long-axis speckle-

tracking based strain analyses, diabetic mice showed changes in average systolic radial strain, 

radial strain rate, radial displacement, and radial velocity, as well as decreased circumferential and 

longitudinal strain rate, as early as 1-week post-diabetic onset and persisting throughout the 

diabetic study. Further, we performed regional analyses for the LV and found that the free wall 

region was affected in both the short- and long-axis when assessing radial dimension parameters. 

These changes began 1-week post-diabetic onset and remained throughout the progression of the 
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disease. These findings demonstrate the use of speckle-tracking based strain as an approach to 

elucidate cardiac dysfunction from a global perspective, identifying left ventricular cardiac regions 

affected during the progression of type 1 diabetes mellitus earlier than contractile changes detected 

by conventional echocardiographic measurements.
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1.1 Introduction

Cardiac complications, such as diabetic cardiomyopathy, are the leading cause of mortality 

among diabetic patients [1, 2]. Diabetic cardiomyopathy is characterized by contractile 

abnormalities in the absence of coronary disease [1, 2]. The ability to assess cardiac 

performance within a clinical setting has been established in patients with coronary artery 

disease, myocardial infarction, and ischemic cardiomyopathy by numerous studies providing 

strain analyses [3–5]. Importantly, however, while this type of imaging and analysis has 

been utilized in the clinical setting, it is somewhat limited when considering small animal 

models of cardiovascular diseases [6–9]. Multiple methods for imaging cardiac performance 

noninvasively are available, but highly sensitive in vivo imaging is imperative for the 

assessment of cardiovascular dysfunction within small animal models. Evaluation of 

potential therapeutic treatments for diseases in small animal models is difficult without a 

way to critically assess cardiac function. Some treatments may elicit subtle beneficial or 

detrimental changes in cardiac function, undetectable with conventional echocardiographic 

assessment such as ejection fraction, emphasizing the importance of methods capable of 

detecting minute changes. Sensitive imaging analyses would afford the ability to detect 

cardiotoxic side effects of potential therapeutic treatments given for systemic pathological 

diseases. It would also allow investigators to assess the ability of pharmacological 

treatments for cardiovascular pathological disease states to subtly enhance contractile 

function. Until recently, the speckle-tracking based strain approach has been unavailable in 

small animal models because of the lack of highly sensitive imaging probes and software 

limitations preventing rapid assessment of cardiac performance. Bauer et al. suggested 

echocardiographic speckle-tracking based strain analyses as a way to quickly and accurately 

cardiac phenotype using an experimentally-induced myocardial infarction model [6]. 

Compared with conventional echocardiography, these authors found that speckle-tracking 

based strain analyses were capable of detecting subtle changes in myocardial deformation of 

the left ventricle (LV) [6]. Our current manuscript focuses on a type 1 diabetic mouse 

model, previously established to exhibit global cardiac dysfunction, which we hypothesize 

will be detected earlier using speckle-tracking based strain analyses compared to 

conventional analyses [10, 11]. Moreover, we aim to elucidate whether distinct regions of 

the LV develop dysfunction throughout the progression of type 1 diabetes mellitus, as well 

as decrements in global LV cardiac strain measurements, prior to the overt LV changes 

detected by conventional measurements. We describe the utility of using speckle-tracking 

based strain analyses to evaluate the progression of cardiac dysfunction in the type 1 
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diabetic heart. Comparing speckle-tracking based strain to conventional echocardiographic 

analyses, we found that analysis of strain allowed us to detect subtle changes much earlier 

during the progression of type 1 diabetes mellitus.

1.2 Research Design and Methods

1.2.1 Experimental Animals and Diabetes Induction

Animal experiments performed in this study conformed to the National Institutes of Health 

[12] Eighth Edition Guidelines for the Care and Use of Laboratory Animals and were 

approved by the West Virginia University Care and Use Committee. Male FVB mice were 

obtained from The Jackson Laboratory (Bar Harbor, Maine) at 4 weeks of age, placed on a 

standard diet, and received free access to water. Animals were housed in the West Virginia 

University Health Sciences Center animal facility on a 12-hour light/dark cycle in a 

temperature-controlled room. Type 1 diabetes mellitus was induced in 6-week-old mice 

using multiple low-dose streptozotocin (STZ) (Sigma, St. Louis, MO) injections. Briefly, 

mice were injected intraperitoneally after a 6-hour fasting period for 5 consecutive days with 

STZ at a dose of 50 mg/kg body weight dissolved in sodium citrate buffer (pH 4.5) [13, 14]. 

Hyperglycemia was confirmed one week post-injection by measuring blood glucose 

(Contour Blood Glucose test strips; Bayer, Mishawaka, IN), where >250 mg/dL was 

considered diabetic. One STZ injected animal was removed from the study. Animals were 

imaged at baseline prior to STZ injection, as well as at weeks 1, 3, and 6 after confirmation 

of type 1 diabetes mellitus.

1.2.2 Echocardiography

For echocardiographic assessment, each mouse was anesthetized in an induction chamber 

with inhalant isofluorane at 2.5% in 100% oxygen. When fully anesthetized, the mouse was 

transferred to dorsal recumbency, placed on a heated imaging platform, and maintained at 

1% isofluorane for the duration of the experiment [15]. Electrode gel was applied to the limb 

leads allowing for an electrocardiogram and the respiration rate to be recorded during 

ultrasound imaging. A rectal probe was used to monitor the temperature of the mouse. 

Ultrasound images were acquired using a 32–55 MHz linear array transducer on the 

Vevo2100 Imaging System (Visual Sonics, Toronto, Canada). Placing the transducer to the 

left of the sternum allowed us to obtain images of the aortic outflow tract, the apex of the 

heart, and LV along its longest axis (i.e., long-axis B-mode images). Once all long-axis B-

mode images were attained, the transducer was rotated 90 degrees to acquire short-axis B-

mode images at the mid-papillary muscle level. Additionally, M-mode images were taken by 

placing a gate through the center of the short-axis B-mode images to obtain M-mode 

recordings of internal parameters of the myocardium. All images were acquired using the 

highest possible frame rate (233–401 frames/second) depending on the imaging axis to get 

the best possible image resolution for speckle-tracking based strain analyses. One trained 

individual in the West Virginia University Animal Models and Imaging Facility acquired all 

images.
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1.2.3 Conventional Echocardiographic M-mode and Doppler Imaging

Conventional echocardiographic assessment was completed on grayscale M-mode 

parasternal short-axis images at the mid-papillary level of the LV (Figure 1A). 

Measurements obtained from LV M-mode images included end-diastolic and end-systolic 

diameters and volumes, anterior and posterior wall thickness at both systole and diastole, 

fractional shortening, ejection fraction, stroke volume, and cardiac output. LV volumes were 

automatically calculated by the Vevo2100 system when using M-mode imaging (Visual 

Sonics, Toronto, Canada). LV volume in systole (Volume;systole) was calculated by the 

program using the equation (7.0 / (2.4 + LVID;s)) × LVID;s3), while LV volume in diastole 

(Volume;diastole) was calculated using the equation (7.0 / (2.4 + LVID;d)) × LVID;d3) 

(Visual Sonics, Toronto, Canada). To calculate stroke volume for M-mode images, systolic 

volume was subtracted from diastolic volume (Visual Sonics, Toronto, Canada). All M-

mode image measurements were calculated over three consecutive cardiac cycles and then 

averaged. As a measure of diastolic function, LV filling was assessed using Doppler 

echocardiography and measuring the E/A ratio, deceleration time, and Isovolumetric 

Relaxation Time (IVRT) over three cardiac cycles. The E/A ratio is a ratio of ventricular 

filling velocities of the early (E) peak to the late (A) peak of transmitral blood flow. 

Deceleration time of the E peak refers to the deceleration of blood flow through the mitral 

valve, while IVRT is the time from the closure of the aortic valve to the onset of mitral flow.

To assess reliability of the conventional measurements, each observer scored the parameter 

three times, and the average of the three observations was used for analysis on a subset of 

our study population (n=4). To determine intraobserver variability, the average coefficient of 

variance ((standard deviation/mean) × 100) was calculated for the observer for each 

measurement. The average coefficient of variance values for ejection fraction and E/A ratio 

were 3.4% and 1.3%, respectively. To determine both interobserver and test-retest 

intraobserver reliability, intra-class correlation (ICC) coefficients were calculated using a 

two-way mixed model with absolute agreement and reported in Table S1. Intraobserver test-

retest reliability was calculated using values obtained at two separate time-points by a single 

rater. All ICC values for conventional measurements were greater than 0.8, indicating a high 

degree of both interobserver and intraobserver test-retest reliability [16]. When performing 

interobserver reproducibility measurements, the second observer selected and used the most 

appropriate image and frames to complete the strain measurements. All reported analyses in 

the manuscript used the Vevo2100 Imaging analysis software and included measurements 

from all animals for M-mode analyses (Visual Sonics, Toronto, Canada).

1.2.4 Speckle-tracking-based Strain Imaging Analyses

Based on concepts previously described, strain is defined as the change in the length of a 

segment divided by the original length of the segment and the strain rate as the rate at which 

this deformation occurs during a cardiac cycle [12, 17, 18]. Using the B-mode videos 

acquired from the parasternal short- and long-axes (Figure 1A), strain and strain rate were 

calculated for the radial, longitudinal, and circumferential dimensions with the Visual Sonics 

VevoStrain software (Toronto, Canada) using a speckle-tracking algorithm. Velocity and 

displacement were also calculated in both the long- and short-axes. Values generated by 

strain analyses were positive or negative depending on the assessed measurement. A positive 
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value for strain indicates fiber lengthening or thickening, such as in the radial dimension, 

while a negative value illustrates fiber shortening, in the circumferential or longitudinal 

dimensions [17, 19]. Briefly, B-mode video loops were chosen based upon image quality 

and the ability to visualize both the endocardial and epicardial wall borders, with limited 

interference by artifacts such as the sternum or lungs. Borders of the endocardium and 

epicardium were traced and checked throughout three cardiac cycles to ensure tracking was 

sufficient. Both the endocardial and epicardial borders were tracked through the image in a 

frame-by-frame manner by the software for measurements of strain, strain rate, velocity, and 

displacement. Strain analyses were performed, giving curvilinear data as output for both 

global and segmental values. Average peak global strain values were obtained from six 

independent anatomical segments of the LV. Global dyssynchrony for radial velocity, strain 

and strain rate were measured by using the standard deviation of time to peak strain, 

corrected for the RR interval [20, 21]. Further, segmental analyses were performed on short-

axis images with the LV being split into the following regions: anterior free (AF), lateral 

(L), posterior (P), inferior free (IF), posterior septum (PS), and anterior septum (AS) (Figure 

1B). Regional analyses were also performed on long-axis images with the LV divided into 

the following segments: anterior base (AB), anterior mid (AM), anterior apex (AA), 

posterior apex (PA), posterior mid (PM), and posterior base (PB) (Figure 1C). Because type 

1 diabetes mellitus presents as a global dysfunction of LV parameters, segments were 

grouped into septal (AS and PS for short-axis; AA, AM, and AB for long-axis) and free wall 

(AF, L, P, and IF for short-axis; PA, PM, and PB for long-axis) regions for short- and long-

axis in order to assess whether a particular section of the LV is affected during the 

progression of the disease. All individual regions were utilized during analyses and grouped 

as previously stated.

High intraobserver reproducibility was demonstrated on a subset of animals (n = 4) using 

speckle-tracking based strain measurements with a coefficient of variance equal to 6.1%, 

respectively. To determine both interobserver and test-retest intraobserver reliability, ICC 

coefficients were calculated using a two-way mixed model with absolute agreement and 

reported in Table S1. Interobserver and test-retest ICC values for strain were greater than 

0.8, indicating a high degree of both interobserver and test-retest intraobserver reliability 

[16]. When performing interobserver reproducibility measurements, the second observer 

selected and used the most appropriate image and frames to complete the strain 

measurements. All reported analyses in the manuscript used the Vevo2100 Imaging analysis 

software (Visual Sonics, Toronto, Canada). One control and diabetic short-axis, along with 

one control long-axis image were excluded from strain measurements. In the short-axis, only 

still image pictures were collected and no movie loops; therefore, strain analyses could not 

be performed. For the excluded long-axis image, landmarks, such as the left atria and 

outflow track were not present; therefore, the movie loop was not used for strain analysis.

1.2.5 Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Comparisons between 

control and diabetic animals were made within each given week to see whether changes 

were noted between the two groups using different types of echocardiographic analyses. 

Data were analyzed using a two-tailed Student’s t test to directly compare the type 1 diabetic 
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animals to the controls at a given time. P < 0.05 was considered statistically significant. 

Statistical analyses were performed using GraphPad Prism version 5.00 (GraphPad 

Software, San Diego, California).

1.3 Results

1.3.1 Conventional Echocardiographic Imaging and Analysis

To assess LV functional changes over time during type 1 diabetes, mice were imaged prior 

to diabetes induction (baseline) and at weeks 1, 3 and 6 after onset. Table 1 represents data 

collected from M-mode images at baseline and weeks 1, 3, and 6. M-mode images showed 

decreases in anterior and posterior wall thickness at diastole in diabetic animals as compared 

to controls 1-week post-diabetic onset (Table 1). At 3-weeks post-diabetic onset, decreased 

anterior and posterior wall thickness at diastole, as well as a decreased heart rate were noted 

in type 1 diabetic animals (Table 1). Six weeks after diabetes induction, overt LV 

dysfunction was present in the type 1 diabetic animals. Global function, assessed by 

conventional measures of echocardiography using M-mode images, showed decreased LV 

function in the type 1 diabetic animals at 6-weeks as compared to controls. Type 1 diabetes 

induced decreases in stroke volume, cardiac output, ejection fraction, and fractional 

shortening (Table 1). Further, type 1 diabetes caused decreases in diastolic diameter and 

volume, along with decreases in anterior and posterior wall thickness, indicative of 

myocardial remodeling (Table 1).

Representative Doppler images from control and type 1 diabetic animals illustrate a 

decreased E/A ratio in type 1 diabetic animals as compared to their controls at 6-weeks post-

diabetic onset, with no changes occurring before this time point (Figure 2A–B). The 

decreased E/A ratio is due to the significantly decreased E wave at 6-weeks post-diabetic 

onset in the type 1 diabetic animals (Figure 2C). A decrease in the E wave, or early diastolic 

filling, could be a reflection of hemodynamic load, heart rate and/or cardiac output given the 

known dependence of the E/A ratio on these factors [22, 23]. The decreased E wave during 

type 1 diabetes is potentially due to a decreased ability for LV relaxation, while no changes 

were seen in the A wave (Figure 2D). E wave deceleration, a measure of how blood flow 

velocity declines during early diastole, was unchanged between control and type 1 diabetic 

animals throughout the course of our study (Figure 2E). IVRT, a measure of the time from 

the closure of the aortic valve to the onset of mitral flow, is increased in the type 1 diabetic 

animals 6-weeks post-diabetic onset (Figure 2F). Together, the echocardiography data 

indicate deficient systolic and diastolic LV function during type 1 diabetes mellitus 

predominantly being observed through conventional measures at 6-weeks post-diabetic 

onset.

1.3.2 Measures of Global Myocardial Performance During a Type I Diabetic Insult

Using the VevoStrain software to complete functional analyses for the LV, the complex 

pattern of deformation can be examined in the longitudinal, radial, and circumferential 

dimensions in both systole and diastole. Speckle-tracking based strain analyses trace the 

endocardium and epicardium frame-to-frame during the cine loop, providing assessment of 

the deformation of the tissue by using measurements of strain and strain rate in each of these 
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dimensions. Strain refers to the assessment of myocardial deformation, while strain rate 

measures the tissue velocity of deformation [17]. Global LV functional analyses, as well as 

the evaluation of six anatomic segments of the LV providing information on regional 

function, produce curvilinear data for strain analysis (Figure S1). Interestingly, speckle-

tracking based strain analyses revealed differences as early as 1-week post-diabetic onset 

and persisting throughout the remainder of the study. Decreases in short-axis average 

systolic radial strain, strain rate, velocity, and displacement were noted in the type 1 diabetic 

animals at week 1 when compared to control animals, along with significantly decreased 

circumferential strain (Table 2). Three weeks post-diabetic onset, average systolic 

circumferential strain rate, radial strain, strain rate, velocity, and displacement were all 

significantly decreased in the diabetic animals as compared to controls (Table 2). Finally, at 

6-weeks post-diabetic onset, decrements in average systolic circumferential strain rate, 

radial strain, strain rate, and velocity were noted in the type 1 diabetic animals when 

compared to controls (Table 2). No changes were noted in circumferential rate or 

displacement (Table 2). When assessing global diastolic strain measurements in the short-

axis, radial strain was significantly decreased in diabetic animals when compared to controls 

starting at week 1 and persisting throughout the study (Table 2). Further, radial strain rate 

was decreased at weeks 3 and 6 post-diabetic onset (Table 2).

In the long-axis images, diabetic animals had decreased average systolic radial strain, strain 

rate, and velocity at weeks 1, 3 and 6 as compared to control within a given week (Table 3). 

Radial displacement was decreased at 1-week post-diabetic onset; however, this change was 

not observed throughout the rest of the study (Table 3). Further, longitudinal strain rate was 

decreased at weeks 3 and 6 post-diabetic onset; however, other longitudinal parameters such 

as strain, velocity, and displacement were unaltered during the progression of type 1 

diabetes (Table 3). Average diastolic strain parameters were unchanged between control and 

diabetic animals in the long-axis (Table 3).

Systolic radial velocity, strain, and strain rate parameters, which were globally changing due 

to type 1 diabetes mellitus, were also analyzed for dyssynchrony in both the short- and long-

axes. Type 1 diabetes mellitus was not associated with significant increases in global 

dyssynchrony for radial velocity, strain, and strain rate at any time point throughout the 

course of the study (Table S2).

Notably, it was discerned that changes in the short-axis, as seen by average myocardial 

systolic radial strain, strain rate, velocity, and displacement, as well as changes in 

circumferential strain rate occurred earlier than changes in LV function for conventional 

echocardiographic measurements. Further, radial strain and strain rate were also 

significantly decreased during diastole as early as 1-week post-diabetic onset. Similarly, 

decrements in average myocardial systolic radial measurements in the long-axis, along with 

longitudinal strain rate, were noted earlier during the progression of type 1 diabetes mellitus 

than measurements obtained by conventional echocardiography. This data provides evidence 

that global speckle-tracking-based strain analyses are capable of detecting early, subtle 

changes in LV function in the type 1 diabetic STZ mouse model in both systole and diastole.
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1.3.3 Measures of Segmental Myocardial Performance During Type I Diabetes

Speckle-tracking based strain allows for the assessment of regional cardiac function by 

separating the LV into six distinct segments in both the short- and long-axes (Figure S1). 

Regional analyses were performed on short-axis images with the LV divided into the free 

wall (anterior free, lateral, posterior, and inferior free) and septal wall (posterior septum and 

anterior septum) regions (Figure 1B). Global strain analyses showed decreases in both short- 

and long-axis radial dimensions by deficient radial velocity, radial strain, and radial strain 

rate in the type 1 diabetic animals (Tables 2 and 3). When assessing these parameters using a 

regional approach in the short-axis, we found that radial velocity in the free wall and septal 

wall regions was decreased in the type 1 diabetic animals at weeks 1 and 3 (Figure 3A–B). 

Interestingly, only the free wall region of the LV was affected in the type 1 diabetic animals 

when looking at radial strain beginning at week 1 and remaining throughout the progression 

of type 1 diabetes, with no changes in the septal wall (Figure 3C–D). Finally, radial strain 

rate was also affected in both the free wall and septal wall regions of the LV (Figure 3E–F). 

Decreases in radial strain rate in the free wall occurred at week 1 and persisted throughout 

the study, while the septal wall was affected at weeks 3 and 6 post-diabetic onset (Figure 

3E–F).

We also performed regional assessment on radial velocity, radial strain, and radial strain rate 

in the long-axis by separating the LV into free wall (posterior apex, posterior mid, and 

posterior base) and septal wall (anterior apex, anterior mid, and anterior base) regions 

(Figure 1C). Type 1 diabetic animals showed a decreased radial velocity in the free wall 

region of LV beginning at week 1 and persisting throughout the study, with only week 3 

being affected in the septal wall region (Figure 4A–B). Radial strain was decreased in the 

free wall region of the type 1 diabetic animals at weeks 1, 3, and 6 post-diabetic onset, with 

no decrements in the septal wall region (Figure 4C–D). Finally, radial strain rate was 

decreased in the type 1 diabetic animals in the free wall region of the LV beginning 1-week 

post-diabetic onset and continuing throughout the progression of diabetes, while the septal 

wall region was only affected at week 3 (Figure 4E–F). Overall, regional assessment of the 

LV in the radial dimension showed that the free wall region in the short- and long-axis was 

predominantly affected during the progression of type 1 diabetes mellitus.

1.4 Discussion

This is the first application of echocardiographic speckle-tracking based strain analyses for 

cardiac phenotyping during the progression of type 1 diabetes in a mouse model. Here we 

describe the utility of using noninvasive echocardiographic analyses, such as speckle-

tracking based strain, for early detection of LV dysfunction during the progression of type 1 

diabetes mellitus.

The goal of this study was to provide a comparison between conventional echocardiographic 

measurements and speckle-tracking based strain analyses to see if changes in cardiac 

function would be detected earlier by means of more advanced methods. Further, we aimed 

to see if a particular region of the LV was predominantly affected during the progression of 

type 1 diabetes mellitus. The principal finding of this study was that speckle-tracking based 

strain analyses provided a sensitive approach to detect early global changes in LV function, 
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as compared to changes identified using conventional echocardiography during the 

development of diabetes mellitus in a type 1 diabetic mouse model. As early as 1-week post-

diabetic onset, decreases in average systolic radial strain, radial strain rate, radial velocity, 

and radial displacement, along with circumferential and longitudinal strain rate at week 3 

post-diabetic onset, were observed in short- and long-axis speckle-tracking based strain 

analyses and persisted throughout the study. Strain and strain rate were both found to be 

decreased in the radial axis at 1-week post-diabetic onset, indicating that myocardial 

deformation and the velocity at which that tissue deforms is impaired in this axis during the 

early stages of type 1 diabetes mellitus. Decreases in these systolic radial measurements are 

indicative of LV dysfunction allowing for subtle detection of early dysfunction occurring 

during type 1 diabetes mellitus [24]. Further, we found that the free wall region was 

predominantly affected in the radial dimension in both the short- and long-axis during type 1 

diabetes mellitus. These findings highlight that the LV free wall could potentially be more 

affected than the septal wall during the progression of type 1 diabetes mellitus. These 

outcomes confirm other findings indicating that early changes are detected by speckle-

tracking-based strain analysis prior to changes in conventional measurements giving 

investigators an approach to evaluate cardiac function in a small animal model with a 

cardiac pathology [6–9]. Additionally, speckle-tracking based strain analyses allow the 

ability to detect particular regions of the LV that may not be functioning properly. Finally, it 

provides investigators with the opportunity to assess the therapeutic benefit or detriment of 

treatment strategies on cardiac contractile function.

It is imperative in a clinical setting to be able to detect subtle changes in LV function and 

global heart function in order to intervene before the onset of a cardiac insult. Currently, 

clinical studies have shown that early detection of subtle changes in strain measurements 

were associated with the future development of cardiovascular disease, while conventional 

measures of cardiac structure and function were unaltered [25–32]. Though ejection fraction 

is typically the most prominent clinical measure for systolic dysfunction in the diabetic 

patient, strain and strain rate imaging have been shown to increase subclinical diabetic 

cardiomyopathy detection in patients [31, 33, 34]. Consequently, it is imperative that 

researchers using small animal models are able to detect these subtle and early changes in 

cardiac function in order to assess different cardiac therapies used to prevent cardiac 

dysfunction in the disease state. While strain measures have been utilized in clinical studies, 

experimental studies on small animal models were more complicated to perform due to fast 

heart rates, imaging equipment, and analysis software. However, advances such as high 

frame rates allowing for angle-independent measurements have permitted the adoption of 

strain analyses into an experimental setting, advancing the assessment of cardiac 

abnormalities and therapeutic approaches in small animal models of cardiovascular disease 

[27, 35, 36].

Because previous studies indicate that myocardial ischemia is associated with a 

dyssynchronous profile that undermines appropriate contractile function [9, 20, 21, 37], we 

assessed global dyssynchrony in a temporal fashion following type 1 diabetes mellitus 

induction. Our data indicated that the progression of the type 1 diabetic pathology through 

the initial six weeks was not associated with an increase in dyssynchrony. Our data are in 

contrast to others who have shown in models of myocardial infarction, impairments in 

Shepherd et al. Page 9

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



longitudinal and radial strain and strain rate parameters along with a concomitant increase in 

dyssynchrony [9, 20, 21, 37]. It is not entirely clear why the differences in findings 

occurred, though it may be a function of the different pathological models being studied. 

Specifically, these previous studies examined a focal cardiac region of tissue damage 

resulting from infarct, whereas our study in the diabetic heart reflect global dysfunction at an 

earlier pathological time point which may not be sufficient to induce an increase in 

dyssynchrony. Regardless, our current data suggests that dyssynchrony does not play a 

prominent role in cardiac pump function deficits during the initial progression of type 1 

diabetes mellitus.

Speckle-tracking based strain allows for the separation of the LV into six distinct segments, 

permitting us to investigate regional cardiac dysfunction during the progression of type 1 

diabetes mellitus. In this study, we found that the region predominantly affected in the radial 

dimension was the free wall in the short- and long-axis during the progression of type 1 

diabetes mellitus. These findings highlight that the free wall of the LV could potentially be 

more affected than the septal wall during type 1 diabetes mellitus. This finding corroborates 

the potential use for regional assessment of the LV in myocardial function during type 1 

diabetes, particularly via changes in the average systolic and diastolic radial measurements.

Our findings support the current literature stating that speckle-tracking based strain analysis 

possesses the potential for the sensitive evaluation of global and regional cardiac function 

[6, 17, 38, 39]. Studies of patients with acute heart failure and LV dysfunction concluded 

that strain powerfully predicted adverse cardiac events better than other conventional 

parameters, such as ejection fraction [40, 41]. In a swine model of heart failure with 

preserved ejection fraction, Hiemstra et al. showed decreases in systolic apical rotation rate, 

changes in strain measurements from longitudinal, radial, and circumferential axes, as well 

as strain rate changes all prior to the onset of increases in LV end diastolic pressure [39]. 

These results are in agreement with our findings, as this group found that speckle-tracking 

was capable of detecting early changes prior to the onset of overt LV impairment [39]. 

Bauer et al. found similar results in their assessment of a small animal model of myocardial 

infarction with the addition of ACE inhibitors [6]. Their principal findings concluded that 

speckle-tracking based strain was more sensitive than conventional echocardiographic 

measurements when assessing both the infarct region and the remote region, while subtle 

improvements were found in LV function in response to treatment with ACE inhibitors [6]. 

Additionally, in a recent study by the same group, they determined whether speckle-tracking 

based strain would provide insight regarding early changes in cardiac performance, prior to 

LV dysfunction seen by conventional echocardiography, during early stages of 

compensatory hypertrophic cardiac remodeling due to pressure overload [7]. These authors 

found regional myocardial dysfunction in a mouse model of pressure overload further 

illustrating the utility of using speckle-tracking based strain analyses, as well as regional 

assessment, in the characterization of early cardiac dysfunction that is not detectable by 

conventional echocardiographic measurements [7].

While standard echocardiographic techniques are useful in the evaluation of cardiac 

structure and function, they are often insensitive to subtle changes that occur early during 

the progression of cardiovascular disease preceding overt dysfunction. Previously, our 
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laboratory has reported changes in stroke volume, ejection fraction, fractional shortening 

and cardiac output due to type 1 diabetes mellitus; however, this current study offers a 

unique approach into pointing out a particular locale of dysfunction within the LV of the 

type 1 diabetic heart by implementing speckle-tracking based strain analysis [10, 11]. This 

study expounds upon current echocardiographic research providing evidence for using 

speckle-tracking based strain as an echocardiographic analysis software in small animal 

models of cardiovascular diseases [6, 7, 42–44]. It has been shown that speckle-tracking 

based strain analyses are highly sensitive compared to conventional measurements in small 

animal models, suggesting that these analyses could be used for the assessment of different 

therapeutic treatments for cardiovascular diseases or predisposing risk factors, including 

diabetes mellitus.

It is widely accepted that conventional measures of echocardiography are used to assess both 

cardiac structure, as well as function. However, the limitation for these types of 

measurements lies in the lack of sensitivity, which is overcome by the use of speckle-

tracking based strain analyses. Although, limitations to this study exist even when using 

speckle-tracking based strain analyses and should be taken into consideration. The use of 

isofluorane, or any other anesthetic, is common in performing echocardiography on animals; 

however, it should be noted that anesthetics have the potential to alter the measurements 

recorded, though multiple studies have shown that even under anesthesia, echocardiographic 

measurements are reliable, particularly using speckle-tracking based strain analyses [45–47]. 

Although this is a concern because of the risk of causing a decrease in heart rate during 

image acquisition, heart rates recorded for the duration of this study remained near a 

physiological level. Literature notes that speckle tracking is heavily dependent upon 2D 

image quality, high frame rates, and angle dependency [18, 48]. To prevent variation, a 

single trained imaging technician acquired all images at the highest possible frame rate and 

avoided artifacts including the lungs and sternum. Other limitations such as out of plane 

motion and unknown software algorithms, known as filtering algorithms which calculate 

strain and strain rate values, are also important to keep in mind [17]. During a cardiac cycle 

the heart will move, sometimes causing speckles to move out of frame, making it difficult to 

surmise how the accuracy of speckle-tracking based strain analyses are affected [17]. 

Further, it is difficult to compare filtering algorithms between different software vendors and 

between the analyses, inherently posing another limitation [17]. Variability in the 

assessment of strain has also been addressed within the literature [49, 50]. As in the study 

performed by Hiemstra et al., we observed variation between our time points, which could 

potentially be due to the methodology used, but also because of animal maturation and 

normal physiological growth over the duration of the study [39]. Indeed, we previously 

reported differences in heart weights, 6 weeks following STZ induction, which may be a 

function of animal growth and pathology development that may have occurred similarly in 

the current study [10, 51]. With that being said, it is important to note that the goal of the 

present study was to determine whether speckle-tracking based strain analyses could identify 

cardiac dysfunction at a given time point, earlier than conventional measures, as opposed to 

across time points, limiting concern for serial assessment. Further, it is crucial to do a longer 

period of study to see if parameters of stress/strain are transient and/or worsen during type 1 

diabetes at a longer duration. As others have previously shown, strain is dependent on a 
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number of factors, such as complexity of myocardial fiber orientation, which could 

potentially include the evaluation of different fiber layers at a diverse number of levels 

leading to variation in results [6, 39, 52]. Because of this, we decided that the question of 

interest was to find out if certain echocardiographic parameters were capable of detecting 

changes in LV function earlier during the progression of type 1 diabetes mellitus. Therefore, 

we chose to not include the serial change, but instead evaluate different echocardiographic 

parameters at each time point individually.

One question raised by the current study regards what mechanisms contribute to the 

observed changes in cardiac strain parameters? Of note are our findings of decreased radial 

strain during diastole which in combination with reduced early diastolic filling (decreased 

E), decreased end diastolic volume, and increased IVRT, suggest that impaired filling may 

be involved in the decreased stroke volume observed and ultimately, reduced cardiac output 

following diabetic insult. Since reduced E and IVRT typically reflect early filling, impaired 

energetics leading to increased time to reuptake calcium or trouble breaking cross-bridges 

during early diastole may be mechanistic contributors to changes in strain parameters. 

Because these processes are ATP-dependent, any bioenergetic compromise in the 

mitochondrion’s ability to provide an adequate supply of ATP could have an effect on strain 

dynamics. Indeed, we have previously reported compromised mitochondrial function and 

ATP-generating capacity during type 1 diabetes mellitus [10, 51, 53]. Taken together, 

mitochondrial dysfunction in the face of type 1 diabetes mellitus may provide a mechanistic 

link between altered bioenergetic function and changes cardiac strain dynamics.

During normal LV function the heart deforms to show myocardial thickening and thinning 

via the radial axis, as well as shortening and lengthening in the longitudinal and 

circumferential axes, depending on whether the heart is in systole or diastole [17]. 

Alterations in the deformation of the myocardium, revealed by strain measurements, are the 

earliest noninvasive indicators for the development of cardiac dysfunction [54, 55]. We 

demonstrate the advantage of using speckle-tracking based strain analyses to detect changes 

in LV function earlier than conventional echocardiographic measurements. While the 

correlation between contractile complications and diabetic cardiomyopathy have been well 

established, the results presented in this study reveal how early detection via strain 

measurements has the potential to play a critical role in evaluating therapeutic treatments for 

contractile dysfunction in the diabetic heart.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Conventional measurements were decreased at 6-weeks post-diabetic onset.

• Diastolic dysfunction was seen at 6-weeks post-diabetic onset.

• Myocardial strain dysfunction was noted as early as 1-week post-diabetic onset.

• Posterior and free wall regions of LV show dysfunction throughout diabetes.

• Strain analyses allow for early detection of myocardial dysfunction during 

diabetes.
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Figure 1. Echocardiography and speckle-tracking-based strain
Representative M-mode and B-mode control mouse echocardiographic images from which 

conventional analyses and speckle-tracking-based strain analyses were performed (A). A 

schematic of myocardial regions identified form the parasternal short-axis view (B) and 

long-axis view (C). SAX indicates short-axis; AF, anterior free; L, lateral; P, posterior; IF, 

inferior free (AF, L, P, and IF considered the free wall region); PS, posterior septum; AS, 

anterior septum (PS and AS considered the septal wall region). LAX indicates long-axis; 

AB, anterior base; AM, anterior mid; AA, anterior apex (AB, AM, and AA considered the 

septal wall region); PA, posterior apex; PM, posterior mid; PB, posterior base (PA, PM, and 

PB considered the free wall region).
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Figure 2. Color Doppler Imaging for Diastolic Function
Comparative color Doppler images between control (left) and diabetic (right) mice 6-weeks 

post-diabetic onset (A). E/A ratio data during type 1 diabetes mellitus progression (B). E 

wave velocity over time during type 1 diabetes mellitus (C). A wave velocity over time 

during type 1 diabetes mellitus (D). Deceleration time (E) and Isovolumetric Relaxation 

Time (IVRT) during the progression of type 1 diabetes mellitus (F). Values are means ± 

SEM. *P < 0.05 as compared to control at a given time. Open bars = Control animals, n = 8; 

Closed bars = Diabetic animals, n = 8.
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Figure 3. Regional assessment of systolic radial velocity, radial strain, and radial strain rate via 
speckle-tracking based strain analysis in the short-axis
Comparison of control and type 1 diabetic animals assessing systolic radial velocity, radial 

strain, and radial strain rate between free wall and septal wall segments of the LV within a 

given week (A–F). Values are means ± SEM; *P < 0.05 as compared to control within a 

given week. Open bars = Control animals, n = 8; Closed bars = Diabetic animals, n = 8. Free 

wall segments include the anterior free wall, lateral, posterior, and inferior free wall. Septal 

wall segments include the anterior septum and posterior septum.
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Figure 4. Regional assessment of systolic radial velocity, radial strain, and radial strain rate via 
speckle-tracking-based strain analysis in the long-axis
Comparison of control and type 1 diabetic animals assessing systolic radial velocity, radial 

strain, and radial strain rate between free wall and septal wall segments of the LV within a 

given week (A–F). Values are means ± SEM; *P < 0.05 as compared to control within a 

given week. Open bars = Control animals, n = 8; Closed bars = Diabetic animals, n = 8. 

Septal wall segments include the anterior base, anterior mid, and anterior apex. Free wall 

segments include the posterior base, posterior mid, and posterior apex.
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