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Introduction

Septic cardiomyopathy is a well-described complication of 
severe sepsis and septic shock. Sepsis-induced myocardial 
dysfunction is one of the major predictors of morbidity 

and mortality of sepsis. It is present in more than 40% 

of patients with sepsis and its appearance can raise the 

mortality rate up to 70% (1,2). Nearly 30 years of research 

on septic cardiomyopathy have not been sufficient for 
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improving its prognosis. There are controversies about the 
pathophysiology of sepsis-induced myocardial depression 
and its treatment strategies, many of which are still in the 
experimental period. The Clowes group in 1966, after 
examination of a cohort of patients with diffuse visceral 
fulminating peritonitis, suggested that cardiovascular 
involvement associated with sepsis was based on two 
patterns (3). Initially, patients had a hyperdynamic phase 
(“warm shock”), which exhibited hot extremities with a 
bounding pulse (elevated cardiac output and decreased 
systemic vascular resistance). Later, the hypodynamic 
stage occurred (“cold shock”), in which patients had a 
thready pulse, signs of peripheral hypoperfusion, organ 
failure and ultimately leaded to death (systemic vascular 
resistance increased to compensate for reduction of 
cardiac output) (4). Experimentally, the administration of 
lipopolysaccharide (LPS) to laboratory animals, especially 
mice, has been widely used to study the mechanisms of 
septic cardiomyopathy (5). Endotoxin-induced septic 
mouse models provide insights about specific components 
of the septic process but cannot truly mimic the full 
clinical complexity and intrinsic heterogeneity of patients 
in sepsis (6). Despite these limitations, mouse models will 
remain essential in the development of novel therapies for 
sepsis and septic shock because they provide fundamental 
information about the pharmacokinetics, toxicity, and 
mechanism of drug action that cannot be duplicated by 
other methods (7).

Echocardiography is non-invasive, widely available, 
cost-effective, and involves relatively short image 
acquisition and post-processing time. Despite these 
advantages, conventional echocardiographic measures 
often underestimate the severity of septic cardiomyopathy 
because all reference values are based on normal systemic 
vascular resistance—a prerequisite which is not present in 
patients with severe sepsis and vasodilation. Furthermore, 
conventional echocardiography may even mask cardiac 
impairment due to severe reduction of afterload in septic 
shock (8-10). Recently, speckle tracking echocardiography 
(STE), a novel echocardiographic imaging technique 
based on myocardial strain analysis, has been found to 
dramatically improve the assessment of left ventricular 
(LV) performance in humans (11). By capturing segmental 
tissue motion in multiple planes and axes serially over 
the cardiac cycle, strain analysis provides integrated and 
detailed information regarding both regional and global LV 
function with much greater sensitivity and specificity than 
conventional echocardiographic measurements, including 

fractional shortening (FS) or ejection fraction (EF) (12). 
Recent studies showed that LV strain and torsion by STE 
were impaired in septic patients (13,14). 

For the reasons given above, we hypothesize that STE is 
a reliable method to assess LPS-induced cardiac dysfunction 
in mouse models, which may be beneficial for the diagnosis 
and prognosis of septic cardiomyopathy. 

Methods

Animals

Male C57BL/6J mice (8–10 weeks old) weighing 23–26 g 
were obtained from the Nanjing University Model Animal 
Research Center. The newly arrived animals were kept at 
least 10 days in a 12 h/12 h light/dark cycle at 21–23 ℃ and 
fed a standard chow diet ad libitum before experiments. 
Before and during experiments, body temperature was 
determined by measuring the rectal temperature at 1.5 cm  
depth with a temperature probe THM 150 (Indus 
Instruments, Houston, USA). Mice were sacrificed and 
blood was immediately collected from the retro-orbital 
sinus. The blood was allowed to clot at room temperature 
for 10 min, serum was obtained by centrifugation 
(approximately 1,200 ×g for 10 min at 4 ℃), and stored at 
−80 ℃ until use. All procedures described in this study were 
approved by the Nanjing Medical Unversity Committee 
on Animal Care. All experiments were performed with the 
guidelines for the “Principles of Laboratory Animal Care” 
and the “Guide for the care and use of laboratory animals” 
published by the National Institutes of Health. 

Lipopolysaccharide (LPS) injection

E. coli LPS (serotype O111:B4, Sigma-Aldrich, St Louis, 
MO, USA), was dissolved in sterile physiological saline 
(0.9% NaCl) at a concentration of 1 mg/mL. Mice were 
injected intraperitoneally with 10 mg of LPS per kg body 
weight. 

Experimental protocol

2-D echocardiographic LV short-axis images were assessed 
in this study. FS and EF were measured from standard 
M-mode tracings, whereas Scirc and Srad were derived 
offline by STE using Echopac PC software (Version 12.0.0, 
GE Vingmed).

To detect circumferential changes in cardiac function, we 
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assessed twenty C57BL/6J mice at different time points after 
injection with LPS (10 mg/kg). Firstly, echocardiography 
was performed on all mice before injection. Secondly, all 
mice were divided into two groups for echocardiography at 
6-h (n=10) and 20-h (n=10) after injection. After that, strain 
measurements with STE were performed. 

Conventional echocardiography

Echocardiography was performed using a Vivid 7 ultrasound 
machine (Vivid7, GE Medical Systems, Milwaukee, 
Wisconsin) equipped an il3L linear probe operated 
at 14 MHz. Mice were imaged under light sedation  
(1% isoflurane in oxygen) at a room temperature of 22 ℃ 
and with decreased ambient lighting while maintained in a 
supine left decubitus position by an experienced handler. All 
mice underwent at least one echocardiography measurement 
to acclimate to the procedure. Echocardiographic 
measurements were obtained from grayscale M-mode 
images at the mid-papillary level in the parasternal short-axis  
view and 2-D mode images acquired in the parasternal 
long- and short-axis views. Conventional measurements 
of the LV included: left ventricular internal diameter at 
diastole (LVIDd), left ventricular internal diameter at 
systole (LVIDs), left ventricular volume at diastole (LVVd), 
left ventricular volume at systole (LVVs), EF, FS. 

Speckle tracking echocardiography (STE)

Based on Lagrangian and Eulerian strain tensors of finite 
deformation theory, extensional strain of soft tissue in a  
pre-specified direction can be defined as the change in length 
of a segment divided by its original length [(L1−L0)/L0] (15).  
During each cardiac cycle, the LV undergoes a complex 
functional pattern of tissue deformation in multiple 
planes. Myocardial shortening in the circumferential axis 
during systole followed by reverse changes during diastole 
can be observed in myocardial deformation. Speckle-
tracking-based strain analysis of myocardial motion  
(in the short-axis images) integrates frame-to-frame data 
from cine loops, allowing for measurements of segmental 
and global myocardial strain in the circumferential axes. 
These measures are plotted as curvilinear data for each 
region tracked. Similar to conventional echocardiographic 
measures, speckle-tracking analyses were performed offline. 
The data were analyzed using the following parameters: 
circumferential and radial strain. The first step of 2D 
STE image processing was to identify the ROI—the 

myocardium—by manual contouring of the area between 
endocardial and epicardial borders. Subsequently, grayscale 
images were analyzed using speckle tracking software 
following frame-to-frame movement of stable patterns of 
natural acoustic markers, or speckles, present in ultrasound 
tissue images over the cardiac cycle. Finally, the values of 
strain were derived from 2D STE.

Biochemical analysis 

Serum cardiac Troponin-T (cTnT) was determined using 
Roche CARDIAC Troponin T Quantitative test from 
Roche Diagnostics GmbH (Mannheim, Germany), and 
serum CK-MB, ALT and AST were determined on a 
VITROS 5600 automated biochemical analyzer (Ortho-
Clinical Diagnostics, New York, USA). The sample was 
analyzed at the central laboratory of Nanjing Medical 
University first affiliated hospital. 

Histopathological examination

At the end of experiment, the whole heart was removed. 
All harvested hearts were cut into transverse blocks (2 mm 
thick) at the level of the papillary muscles. The tissues 
were immersion-fixed in 4% buffered paraformaldehyde 
and embedded in paraffin. Serial sections of 4 μm were cut 
and subjected to Haematoxylin and Eosin staining (H&E). 
Histological changes in erythrocyte leakage and leucocyte 
infiltration into cardiac interstitium were examined under 
a light-microscope. Myocardial leucocytes were counted 
according to the methods described previously (16). Briefly, 
myocardial leucocytes were counted on five random fields 
on each slide with a magnification of 200×. The individual 
who analyzed the histologic samples was blinded to the 
treatment. The infiltration of myocardial leucocytes was 
expressed as the average number of leucocytes per field 
(n=8-10/group).

Statistical analysis 

Continuous variables are expressed as means ± standard 
deviation. Comparisons between the groups were 
performed using the one-way ANOVA test. Simple linear 
regression analyses and correlation analyses were performed 
to examine the relationships between strain parameters and 
body temperature of mice after LPS administration. Survival 
curves were compared by the log-rank test. All statistical 
tests were two-sided, and P<0.05 was considered statistically 
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significant. All statistical analyses were performed using the 
SPSS software (Version 16.0, SPSS Inc., Chicago, Illinois).

Results

Conventional echocardiography 

At 6 h following injection, the myocardial volumes at 
systole (LVIDs, LVVs) increased while global LV function 
decreased significantly compared with the pre-treatment 
baseline values in EF (77.25%±2.96% to 58.45%±7.94%, 
P<0.01) and FS (40.05%±2.83% to 26.55%±4.78%, P<0.01). 
Decreased LVIDs (2.35±0.34 to 1.73±0.43 mm, P<0.05) 
and LVVs (37.20±13.37 to 16.70±12.25 μL, P<0.05) were 
observed in the 20-h post-LPS group along with growing 
global LV function evaluated by EF (71.44%±12.03%) and 
FS (36.08%±9.18%) compared with 6-h post-LPS group 
(Table 1, Figure 1A). 

Detection of impaired circumferential changes of intrinsic 
myocardial function following LPS-injection

To determine the relative sensitivity of speckle-tracking 
based strain measures vs. conventional echocardiographic 
measures in the assessment of impaired cardiac function, 
adult mice were serially imaged following LPS injection 
at different time points. Advanced measures of cardiac 
performance (Table 1) ,  represented by myocardial 
circumferential strain (−14.65%±3.00% to −8.48%±1.72%, 
P=0 .006 )  and  rad ia l  s t r a in  (27 .55%±10 .67% to 
13.28%±8.49%, P=0.22), were reduced at 6 h following 
LPS-injection and these changes persisted over the 20-h 
observation period assessed by circumferential strain 

(−7.16%±1.79%) and radial strain (11.47%±5.82%). Both 
conventional and speckle-tracking based strain measures of 
myocardial performance exhibited similar impaired cardiac 
function of mice at 6 h following LPS injection, while the 
different results between conventional and novel measures 
were observed at 20-h group (Figure 1B). These differing 
results between conventional echocardiography and strain 
echocardiography warranted validation with serum and 
pathological evidences.

Cardiac Tropinin-T and CK-MB are released from damaged 
cardiac myocytes and indicate myocardial damage (17).  
Assessment of cTnT and CK-MB levels in serum was shown 
in Figure 1C, the present data revealed that the levels of cTnT 
and CK-MB in serum were significantly increased in the 20-h 
post-LPS group compared with 6-h post-LPS group (P<0.01). 
We also found that the 20 h-post-LPS group exhibited 
increased AST level (212.12±25.28 to 280.72±20.02 U/L,  
P<0.05), while there was no difference in ALT levels of 
two groups (61.44±21.88 to 61.24±20.94 U/L, P>0.05). In 
addition, the reduced body temperature and heart rate over 
time in septic mice, which indicated a decline in LV afterload, 
may explain why conventional echocardiography hide heart 
failure in severe sepsis (Figure 1D) (18,19). Finally, with 
deteriorated cardiac function (Figure 2). The 20-h-post-LPS 
group had significantly increasing leukocyte infiltration into 
the cardiac interstitium (Figure 3). 

Discussion 

In the present study, we investigate the role of strain 
imaging in the evaluation of sepsis-induced myocardial 
dysfunction in a mouse model. Our study demonstrates that 

Table 1 Cardiac function measured by conventional and strain echocardiography

Variables Baseline (n=20) 6-hour (n=10) 20-hour (n=10)

LVIDd (mm) 3.11±0.23 3.23±0.32 2.69±0.45 

LVIDs (mm) 1.87±0.19 2.38±0.37* 1.73±0.43#

LVVd (μL) 77.50±17.53 88.20±25.23 55.60±22.42

LVVs (μL) 17.50±4.63 38.20±15.37* 22.50±8.86#

EF (%) 77.25±2.96 58.45±7.94* 71.44±12.03#

FS (%) 40.00±2.83 26.55±4.78* 36.08±9.18#

Srad (%) 27.55±10.67 13.28±8.49 11.47±5.82*

Scirc (%) −14.65±3.00 −8.48±1.72* −7.16±1.79*#

Data are given as mean ± standard deviation. *, P<0.05, vs. baseline group; #, P<0.05, vs. 6-h group. LVIDd, left ventricular internal 

diameter at diastole; LVIDs, left ventricular internal diameter at systole; LVVd, left ventricular volume at diastole; LVVs, left ventricular 

volume at systole; EF, ejection fraction; FS, fractional shortening; Scirc, circumferential strain; Srad, radial strain.
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circumferential strain from STE was able to detect impaired 
circumferential changes of intrinsic myocardial function 
after LPS-injection. 

Myocardial dysfunction is common in severe sepsis 
but its underlying pathophysiology is not completely 
understood. Numerous experimental models have 

demonstrated that septic shock associated with reduced 
cardiac output and elevated systemic vascular resistance 
caused lethality (5,20). In recent studies, predominantly 
using echocardiography, myocardial dysfunction during 
sepsis and septic shock has been confirmed (21-23). 
However, most in vivo studies evaluating the effects of 
LPS on the heart have relied on load-dependent indexes 
of cardiac function, including the determination of LV 
EF or FS by conventional echocardiography (5,9). Since 
LPS may alter not only myocardial contractility, but 
also cardiac loading conditions, the use of such indexes 
may be insufficient to assess the direct effects of LPS 
on the intrinsic performance of the myocardium (24). 
Furthermore, load-dependent indexes from conventional 
echocardiography may even hide impaired cardiac 
dysfunction, because of unstable hemodynamic conditions 
(8,9,25,26). In our study, we observed that two load-
dependent indexes (EF and FS) decreased in mice 6 h after 
LPS administration compared with baseline condition. 
Interestingly, both EF and FS resolved 20 h following LPS 
administration. This result was a contradiction between 
seemly restored normal global LV function and theoretically 
endotoxin-induced permanent myocardial damage. In 
addition, there was no gold standard for evaluating cardiac 
function in severe sepsis. Therefore, the measurements of 
serum marker and leukocyte infiltration were performed to 
determine cardiac inotropism. There were several evidences 
that exhibited impaired cardiac inotropism in LPS-induced 
cardiac dysfunction. First, cTnT and CK-MB served as 
indicators of damaged cardiac myocytes. Recent research 
demonstrated that high concentrations of cTnT correlated 
with LV dysfunction in severe sepsis and septic shock (27). 
Therefore, persistent elevated levels of cTnT and CK-MB 
showed augment myocardial injury with prolongation of 
LPS processing time. Second, serum AST could be released 
from cardiac myocytes or liver cells and increased ALT 
levels would mainly indicate liver injury. However, cardiac 
dysfunction and liver injury usually coexisted in severe 
sepsis. Therefore, significant elevation of plasma AST 
levels and no significantly changed concentration of ALT 
20 h compared with 6 h following LPS treatment indicated 
significant myocardial injury in sepsis. Third, it was 
generally accepted that inflammatory mediators activated 
numerous molecular signals to produce cardiosupressive 
cytokines, resulting in septic cardiomyopathy (28). As a 
result, increased leukocyte infiltration leaded to the release 
of more inflammatory mediators 20 h than 6 h after LPS 
administration. Taken together, serum and histological 

Figure 1 Instant response to sepsis from lipopolysaccharide (LPS) 
injection (10 mg/kg) at 0 h to the end of experimentation at 20 h. 
(A) Ejection fraction (EF) and fractional shortening (FS) is initially 
reduced at 6 h and thereafter grew at 20 h after LPS treatment; (B) 
left ventricular circumferential (Scirc) and radial (Srad) strain both 
decreased after LPS administration; (C) serum cardiac Tropinin-T 
(cTnT) and CK-MB both increased after LPS administration; (D) 
body temperature and heart rate declined over time.
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A
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C

Figure 2 Examples of left ventricular myocardial function assessments by strain echocardiography at baseline (A), 6 h following LPS 
challenge (B) and 20 h after LPS administration (C), respectively. 

results confirmed that myocardial injury persisted within 
20 h after LPS administration in the mouse model. 
Consequently, load-dependent indexes (EF and FS) from 
conventional echocardiography masked cardiac dysfunction 
from LPS-induced myocardial injury. 

Early pioneering research sought to distinguish between 

two distinct clinical profiles of septic shock (“warm shock” 
and “cold shock”). Based on these studies, it was concluded 
that patients with septic shock initially encountered an early 
hyper-dynamic phase from which they either recovered or 
fell into a hypo-dynamic phase associated with myocardial 
depression, heart failure, and death (4). However, there was 
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no hyper-dynamic phase in mouse models with severe sepsis 
because mice were relatively endotoxin resistant, whereas 
humans typically showed an enhanced response (29).  
In our study, we observed decreased EF and FS at 6 h 
after LPS treatment and seemingly restored EF and FS 
at 20 h after LPS treatment. It has long been denied that 
a cardiac involvement can be a part of the septic multiple 
organ dysfunction syndrome since cardiac output in septic 
patients are usually seemingly normal or may even be 
elevated in comparison to the physiological range. Jianhui’s 
group revealed that there were significantly altered loading 
conditions in LPS-induced cardiac dysfunction with mouse 
models (24). Our study revealed that LPS administration 
resulted in hypothermia and decreased heart rate, which 
indicated significant reduction of afterload condition. 
Panayiotou et al. found that LPS challenged mice exhibited a 
marked fall in mean arterial blood pressure after 16 h which 
also indicated reduced afterload in mice with sepsis (30).  
Consequently, unstable hemodynamic conditions, including 
dramatic changes of body temperature, heart rate and 
blood pressure, are common in severe sepsis. Others have 
demonstrated a decline in EF of mice with increased 
afterload (31). Altogether, significant hemodynamic changes 
reduced the accuracy of conventional echocardiography in 
cases of severe sepsis. It was consistent with our experiment 
data that persistent reduced afterload enhanced EF and FS 
20 h following LPS-induced septic shock.

During each cardiac cycle, the LV undergoes a complex 
functional pattern of tissue deformation in multiple planes. 
The complex interplay between these heart muscle sections 
produces longitudinal and circumferential shortening plus 

radial thickening in cardiac systole. In accordance with 
myocardial fiber orientation at varying levels of the LV wall, 
longitudinal strain is most representative of myocardial 
shortening at the level of the endocardium, while radial and 
circumferential strain values are more reflective of shortening 
at the level of the mid-myocardium (32). Recently, Hestenes 
et al. have found that LV longitudinal strain was significantly 
declined due to reduced afterload while LV EF remained 
unaltered in Escherichia coli-induced severe sepsis with pig 
models (33). Similarly, we have found that circumferential 
and radial strain declined 20 h after LPS-induced septic 
shock. Reduced strain was consistent with myocardial 
damage as indicated by serum and histological analyses, 
contrary to EF analysis by conventional echocardiography. 
Bloechlinger et al. reported that LV torsion assessed by strain 
echocardiography was impaired in septic shock patients (13). 
Therefore, strain echocardiography has significant diagnostic 
value under unstable hemodynamic conditions resulting from 
severe sepsis. 

Limitation

This study utilizes a mouse model that has been treated 
intraperitoneally with LPS. Mouse models are most 
frequently used at the beginning of preclinical studies. 
However, they are quite resistant to endotoxin, have 
high heart rates, distinct hemodynamic changes, and 
limited blood volume in comparison with humans (34). 
Additionally, LPS-induced endotoxemia represents models 
without an infectious origin (35). However, they reflect the 
sepsis-induced immune response that characterizes human 

Figure 3 LPS-induced leukocyte infiltration into interstitial myocardium was elevated from 6-h (left) to 20-h (middle) following LPS 
administration. Cardiac tissues at the papillary muscles level were harvested at 6 and 20 h post-treatment, respectively. Paraffin sections 
were prepared and stained with H&E. The histological changes of leukocyte infiltration were detected under a light-microscope. Original 
magnification: 200×. *, P<0.05, vs. 6-h after LPS (10 mg/kg) injection group, n=10 per group.
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sepsis. Therefore, the results from experiment models with 
an infectious origin or clinical studies will be critical for 
improving clinical diagnosis and treatment.

It should be stated that inhaled isoflurane have been 
shown to reduce LV function and afterload (36). However, 
it is likely that observed data were related to LPS-induced 
sepsis because the inhaled concentration of isoflurane was 
consistent for every animal used in this study.

STE is a novel technology with numerous analysis 
indexes and includes multiple motion indicators. Many 
indicators from strain echocardiography were not considered 
in the present study due to small size heart of mice. Recent 
studies demonstrated longitudinal strain and torsion were 
most sensitive in detecting septic cardiac dysfunction 
compared with conventional echocardiographic parameters 
(13,14). Furthermore, we showed that circumferential strain 
could reliably detect cardiac dysfunction in mice with severe 
sepsis. Therefore, we will establish a establishing a standard 
evaluation system based on speckle tracking imaging for 
evaluating septic cardiac dysfunction in our later clinical 
trials. 

Conclusions

This study suggests circumferential strain from STE to 
be a more reliable and accurate parameter in evaluating 
sepsis-induced cardiac dysfunction in animal model with 
septic cardiomyopathy, compared with conventional 
echocardiographic parameters. More studies are being 
carried out to show whether other indexes by STE exhibit 
improving diagnostic role of sepsis-induced myocardial 
depression. Therefore, our study highlights the specific 
and reliable role of STE for detecting cardiac contractile 
dysfunction during severe sepsis and septic shock.
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