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Introduction

Septic cardiomyopathy (SC), a complication of severe 
sepsis and septic shock, remains a clinical challenge (1). As 
a major outcome predictor, SC occurs to more than 40% of 
septic patients and leads to 70% of sepsis-related deaths (2).  
Decades of research on SC have not yet uncovered the 
mechanism behind SC.

Lipopolysaccharide (LPS) is a major component in the 

outer membrane of gram-negative bacteria and serves as 
a key stimulator of sepsis (3). It can evoke inflammatory 
responses in both innate immune cells and non-immune 
cells (e.g., cardiomyocytes) (4). Balija et al. found 6 hours  
of LPS administration not only strengthened negative 
inotropic effects,  but also altered volume loading 
conditions in septic cardiac abnormalities (5). Cardiac 
dysfunction frequently occurs in patients with sepsis and 
animals injected with LPS (6,7). At present, LPS-induced 
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myocardial dysfunction models are widely used to study SC.
Echocardiography, a real-time, non-invasive and cost-

effective technology, is being widely replicated worldwide (8).  
However, its reference values, including fractional 
shortening (FS) or ejection fraction (EF), are calculated 
based on normal systemic vascular resistance (9). These 
values may underestimate the severity of SC patients 
with severe sepsis and vasodilation. Furthermore, it may 
even mask cardiac impairment due to severe reduction of 
afterload in septic shock (10). 

Speckle tracking echocardiography (STE), a novel 
echocardiographic technique, has shown its power to 
provide information of higher sensitivity and specificity by 
capturing segmental tissue motion in multiple planes and 
axes (11,12). Strain analysis focuses on regional and global 
left ventricular (LV) function over the cardiac cycle and can 
precisely evaluate myocardial performance (13). Although 
STE can detect the abnormal LV strain and torsion in  
SC (14), strain rate imaging (SRI), especially circumferential 
strain rate (SRcirc), is rarely used (15).

In the present study, we investigated the efficiency 
of SRcirc in detecting LPS-induced cardiac dysfunction  
in mice. 

Methods

Animals and ethics 

All procedures were approved by the Live Animals in  
Teaching and Research Committee (Approval ID: 
IACUC-1703039) and relevant regulations set by Nanjing 
Medical University. All experiments were performed 
according to the “principles and guide for the care and use 
of laboratory animals” published by the National Institutes 
of Health (No. 85-23, revised 1996). 

C57BL/6J mice (aged 8–10 weeks, weighing 23–26 g) 
were obtained from the Model Animal Research Center 
of Nanjing University. The mice were kept in a 12 h/ 
12 h-light/dark cycle at 21–23 ℃ for at least 10 days and 
fed with a standard chow diet before experiments. Baseline 
indexes (body weight, temperature and heart rate) were 
recorded.

Study protocol 

A total of 30 mice were randomly assigned to saline 
(n=10), LPS 10 mg/kg (n=10) and LPS 20 mg/kg (n=10) 
groups. Additionally, to detect circumferential changes, 

we assessed cardiac function at baseline, 6 h and 20 h after 
injection. After that, strain analysis was performed by STE. 
Standard M-mode tracing parameters were tested and STE 
conducted to obtain SRcirc values at 6 h after injection. 

LPS injection

First, E. coli LPS (O111:B4, Sigma, USA) was dissolved in 
sterile physiological saline (1 mg/mL) (16). Then, the mice 
were injected intraperitoneally with 10 or 20 mg/kg LPS or 
the same volume of saline, respectively.

M-mode echocardiography

The mice were anesthetized (1% isoflurane) and imaged 
under light sedation at room temperature by an experienced 
operator. Echocardiography was performed with a Vivid 7 
ultrasound (GE, Wisconsin, USA) equipped with an il3L 
intraoperative linear probe at 10.0–14.0 MHz. M-mode 
images were obtained at the mid-papillary level in parasternal 
short-axis views. Parameters included LV internal diameter 
at diastole (LVIDd), LV internal diameter at systole (LVIDs), 
LV volume at diastole (LVVd), LV volume at systole (LVVs), 
EF, and FS. 

STE

Using Echopac PC software (version 113.1, GE, Horten, 
Norway), we performed STE offline to process SRcirc. 
The first STI procedure was manually contouring the area 
of interest 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). 
Finally, global SRcirc at peak systole (SRs), global SRcirc 
at peak early diastole (SRe) and global SRcirc at peak late 
diastole (SRa) were calculated (17). The data were analyzed 
by two independent investigators.

Biochemical analysis 

Serum cardiac troponin-T (cTnT) was determined using 
a cardiac troponin T quantitative assay from Roche 
Diagnostics GmbH (Mannheim, Germany). Creatine 
kinase-MB (CK-MB) was determined on a VITROS-5600 
automated biochemical analyzer from Ortho-clinical 
Diagnostics (New York, USA). 
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Statistical analysis 

All experiments were repeated to obtain with repetitions 
qualitatively similar data. All data was analyzed by SPSS 
17.0 (Chicago, USA) and GraphPad Prism 6.0 (CA, USA) 
software. The between-group difference was analyzed with 
unpaired Student t-test or one-way ANOVA test. Values 
were expressed as mean ± standard deviation, and P<0.05 
was considered statistically significant.

Results

Basic information of study animals

The mice were randomly assigned according to study 
protocols. Only males were used to exclude possible 
confounders caused by hormonal fluctuation. There was no 
statistically significant difference in baseline body weight, 
temperature and heart rate between saline, 10 mg/kg and  
20 mg/kg groups (P>0.05) (Table 1). 

Effects of different doses of LPS in altering cardiac 
function

To distinguish the effect of LPS on cardiac dysfunction, 
mice were treated with low or high dose of LPS. At 6 h after 
injection, the systolic volume (LVIDs, LVVs) increased and 
the overall LV function decreased significantly in two groups: 
EF (saline vs. 10 mg/kg, 74.57%±5.12% to 55.36%±7.42%; 
saline vs. 20 mg/kg, 74.57%±5.12% to 58.31%±11.68%; 

P<0.05) and FS (saline vs. 10 mg/kg, 42.56%±3.17% to 
25.43%±4.32%; saline vs. 20 mg/kg, 42.56%±3.17% to 
29.67%±8.79%; P<0.05). Additionally, no differences of 
myocardial volume (LVIDs, 2.39±0.33 to 2.11±0.42 mm; 
LVVs, 37.67±15.67 to 33.41±8.37 mm; P>0.05) and load-
dependent indexes (EF, 55.36%±7.42% to 58.31%±11.68%; 
FS, 25.43%±4.32% to 29.67%±8.79%; P>0.05) were found 
between the low and high dose groups (Table 2).

Compared with M-mode echo, STI detected the 
remarkable decline of SRcirc after LPS injection. The  
20 mg/kg group showed a larger decrease in SRcirc  
(Figures 1,2), including SRs (saline vs. 10 mg/kg, −5.05±0.82 
to −2.30±0.94 unit/s; saline vs. 20 mg/kg, −5.05±0.82 to 
−1.82±0.85 unit/s; P<0.05), SRe (baseline vs. 10 mg/kg,  
5.23±2.30 to 3.18±0.83 unit/s; baseline vs. 20 mg/kg, 
5.23±2.30 to 1.76±1.05 unit/s; P<0.05) and SRa (baseline 
vs. 10 mg/kg, 2.23±1.01 to 1.65±0.80 unit/s; baseline vs. 
20 mg/kg, 2.23±1.01 to 1.46±0.77 unit/s; P<0.05) (Table 2). 
Additionally, SRe elevated between 10 and 20 mg/kg dose 
group (3.18±0.83 vs. 1.76±1.05 unit/s; P<0.05). The results 
demonstrated that STI rather than M-mode could detect 
the LPS-dose-dependent change.

Changes of cardiac function at different time points 
following LPS challenge 

To investigate LPS-induced circumferential change, 
M-mode echo and STI were used after the injection 
of 10 mg/kg LPS. After the mice took 10 mg/kg LPS, 

Table 1 Baseline characteristics

Parameters Saline (n=10) 10 mg/kg (n=10) 20 mg/kg (n=10) P value

Body weight (g) 22.3±2.67 23.6±3.13 22.9±2.73 0.5998

HR (beats/min) 557.8±13.23 544.6±13.34 551.8±13.62 0.1067

Body temperature (℃) 37.19±2.23 37.83±2.18 38.19±1.52 0.5354

IVSd (mm) 0.81±0.12 0.78±0.14 0.79±0.13 0.8721

LVPWd (mm) 0.66±0.07 0.67±0.06 0.69±0.07 0.5990

LVIDs (mm) 1.78±0.15 1.89±0.17 1.84±0.15 0.3078

LVIDd (mm) 2.95±0.37 3.11±0.34 3.08±0.38 0.5851

EF (%) 77.33±3.68 76.87±3.24 77.83±3.54 0.8288

FS (%) 40.87±3.48 41.23±3.11 41.33±3.43 0.9491

Data are given as mean ± standard deviation. IVSd, inter ventricular septal diameter; LVPWd, left ventricular posterior wall thickness at 
diastole; LVIDs, left ventricular internal diameter at systole; LVIDd, left ventricular internal diameter at diastole; EF, ejection fraction; FS, 
fractional shortening.
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Table 2 Cardiac dysfunction degrees detected by echocardiography at 6 hours

Variables Saline (n=10) 10 mg/kg (n=10) 20 mg/kg (n=10)

LVIDd (mm) 2.97±0.41 3.27±0.34 3.06±0.46

LVIDs (mm) 1.97±0.28 2.39±0.33* 2.11±0.42*

LVVd (μL) 76.13±20.21 89.23±26.73 86.67±23.14

LVVs (μL) 18.21±6.17 37.67±15.67* 33.41±8.37*

EF (%) 74.57±5.12 55.36±7.42* 58.31±11.68*

FS (%) 42.56±3.17 25.43±4.32* 29.67±8.79*

SRs (unit/s) −5.05±0.82 −2.30±0.94* −1.82±0.85*

SRe (unit/s) 5.23±2.30 3.18±0.83* 1.76±1.05*#

SRa (unit/s) 2.23±1.01 1.65±0.80* 1.46±0.77*

Data are given as mean ± standard deviation. *, P<0.05, vs. saline group; #, P<0.05, vs. 10 mg/kg 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.

Figure 1 Dose dependent effect of LPS in left ventricular (LV) 
myocardial assessments by strain rate imaging. (A) Example of LV 
myocardial tracing at saline; (B) example of LV myocardial tracing 
after 10 mg/kg LPS challenge; (C) example of LV myocardial 
tracing at 20 mg/kg LPS administration. LPS, lipopolysaccharide.

their systolic volumes (LVIDs, LVVs) were elevated and 
their overall LV function declined significantly at both 
time points: EF (baseline vs. 6-hour, 76.87%±5.24% to 
55.36%±7.42%; baseline vs. 20-hour, 76.87%±5.24% to 
71.31%±11.68%; P<0.05) and FS (baseline vs. 6-hour, 
41.23%±3.11% to 25.43%±4.32%; baseline vs. 20-hour, 
41.23%±3.11% to 35.67%±8.79%; P<0.05). Moreover, 
compared with those at 6 h, the systolic myocardial volume 
declined while the EF and FS elevated at 20 h. LVID 
(1.97±0.43 vs. 2.39±0.33 mm, P<0.05), LVV (23.41±8.37 
vs. 37.67±15.67 μL, P<0.05), EF (71.31%±11.68% vs. 
55.36%±7.42%, P<0.05) and FS (35.67%±8.79% vs. 
25.43%±4.32%, P<0.05) were observed (Table 3).

In contrast, strain rate analysis also detected the declining 
LV myocardial function after 10 mg/kg LPS administration 
(Figures 2,3). SRcirc significantly declined from baseline 
to 6 or 20 h after the treatment, including SRs (baseline 
vs. 6-hour, −5.05±0.82 to −2.30±0.94 unit/s; baseline vs. 
20-hour, −5.05±0.82 to −2.19±0.56 unit/s; P<0.05), SRe 
(baseline vs. 6-hour, 5.23±2.30 to 3.18±0.83 unit/s; baseline 
vs. 20-hour, 5.23±2.30 to 1.57±0.75 unit/s; P<0.05) and 
SRa (baseline vs. 6-hour, 2.23±1.01 to 1.65±0.80 unit/s; 
baseline vs. 20-hour, 2.23±1.01 to 1.84±0.85 unit/s; P<0.05) 
(Table 3). In addition, SRcirc significantly decreased from  
6 to 20 h (SRe, 3.18±0.83 to 1.57±0.75 unit/s; P<0.05). The 
results showed SRcirc was more sensitive than conventional 
M-mode echo to identify time-dependent circumferential 
change after LPS injection.

Saline

10 mg/kg

20 mg/kg

A

B

C
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Serum evidences indicated LPS administration worsened SC 

In the serum, the expressions of CK-MB and cTnT indicate 
myocardial damage (17). With biochemical analysis, the 
serum CK-MB (519.60±7.23 vs. 314.00±10.05 U/L) and 

cTnT (0.19±0.01 vs. 0.12±0.01 ng/mL) levels elevated in 

the high-dose LPS group (Figure 4). The result revealed 

the severer myocardial damage and inflammation associated 

with LPS administration.

Figure 2 The graphic figure of EF and SRe values effected by changes in LPS dose and time. (A) EF values in the saline, 10 mg/kg, and  
20 mg/kg groups; (B) SRe values in the saline, 10 mg/kg, and 20 mg/kg groups; (C) EF values in the baseline, 6-hour, and 20-hour groups; (D) 
SRe values in the baseline, 6-hour, and 20-hour groups. LPS, lipopolysaccharide.

Table 3 Circumferential changes distinguished by echocardiography following 10 mg/kg LPS challenge

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

LVIDd (mm) 3.01±0.24 3.27±0.34 2.73±0.47

LVIDs (mm) 1.89±0.17 2.39±0.33* 1.97±0.43*#

LVVd (μL) 77.42±18.32 89.23±26.73 56.67±23.14

LVVs (μL) 17.56±4.02 37.67±15.67* 23.41±8.37*#

EF (%) 76.87±5.24 55.36±7.42* 71.31±11.68*#

FS (%) 41.23±3.11 25.43±4.32* 35.67±8.79*#

SRs (unit/s) −5.05±0.82 −2.30±0.94* −2.19±0.56*

SRe (unit/s) 5.23±2.30 3.18±0.83* 1.57±0.75*#

SRa (unit/s) 2.23±1.01 1.65±0.80* 1.84±0.85*

Data are given as mean ± standard deviation. *, P<0.05, vs. baseline group; #, P<0.05, vs. 6-hour 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.
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Discussion

In this study, SRI showed favorable efficiency in evaluating 
LPS-induced myocardial dysfunction in mice. At 6 h after 
injection, M-mode failed to detect the cardiac impairment 
while SRcirc found myocardial function degraded in the 
high dose group. In 10 mg/kg group, compared with those 
at 6 h, M-mode echo parameters increased but SRcirc 
values decreased at 20 h after LPS injection. Figures 1 and 3  
showed the dose- and time-dependent effect of LPS 
detected by SRcirc values (especially SRe) in SC. Finally, we 
found that SRcirc values increased with CK-MB and cTnT 
levels, indicating the ability of LPS to worsen SC.

Myocardial dysfunction often raises in SC but its 
underlying physiopathology remains unclear. Studies have 
revealed that mortality is caused by septic shock, reduced 
cardiac output, and elevated systemic vascular resistance in 
SC (18,19). Echocardiography is most preferred to detect 
the myocardial dysfunction during SC (20). However, our 
data showed the systolic myocardial volumes declined and 
the load-dependent indexes elevated by M-mode echo 
at 20 h, compared with those at 6 h. It suggested that 
M-mode tracing failed to detect cardiac dysfunction (10) 
due to unstable hemodynamic conditions in SC. Moreover, 
M-mode echo may be not powerful enough to assess 
myocardial performance in SC (21), because of decreased 
myocardial contractility and changed cardiac loading 
conditions (22-25). Conversely, significant decline in SRe 

Figure 3 Time-dependent LPS effect in left ventricular (LV) 
myocardial detection by strain analysis. (A) Example of LV 
myocardial tracing at baseline; (B) example of LV myocardial 
tracing after 6-h challenge; (C) example of LV myocardial tracing 
at the 20th h. LPS, lipopolysaccharide.
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C

Figure 4 Serum levels of CK-MB and cardiac troponin-T (cTnT) after LPS administration. (A) Serum CK-MB increased in the LPS  
20 mg/kg group after LPS administration; (B) serum cTnT elevated in the high dose group after LPS-injection. LPS, lipopolysaccharide; 
CK-MB, creatine kinase-MB.
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was detected by STE, suggesting that STE is effective to 
detect the impaired LV strain and torsion changes in septic 
patients (11,14,26). But using comprehensive SRI to assess 
SC has not been experimented.

In this study, we identified LPS-induced cardiac 
dysfunction with conventional echocardiography and SRI 
(SRs, SRe and SRa). As a result, no differences in LVID, 
LVV at systole, EF and FS were observed in the high-
dose group by M-mode tracing. Conversely, STI detected 
the remarkable decline in SRcirc, suggesting its higher 
sensitivity and reliability in evaluating cardiac inotropism 
in unstable hemodynamic conditions than conventional 
echocardiography. More work is needed to determine the 
cutoff values of SRcirc to diagnose SC. The efficiency of 
SRcirc combined with conventional echocardiography 
should also be evaluated.

Interestingly, a significant difference was observed in 
SRe, which was time-dependent and dose-dependent. 
Circumferential strain was used to detect LPS-induced 
cardiac dysfunction and showed favorable accuracy and 
reproducibility in our previous study (24,25). Animal 
experiments have demonstrated the peak systolic strain 
rate is weakly influenced by afterload and may be a 
better surrogate parameter than strain to test intrinsic  
contractility (27). However, few studies have reported the 
usefulness of diastolic strain rate in evaluating intrinsic 
contractility. James et al. explored the role of strain rate, 
including diastolic strain rate, in the assessment of left 
myocardial function in preterm infants using tissue Doppler 
imaging (28). Here we found that the strain rate could 
be used to assess LV function in unstable hemodynamic 
conditions. Among various SRI parameters, SRe is more 
sensitive and reliable in evaluating cardiac contractility in 
unstable afterload.

Additionally, serum markers (CK-MB and cTnT) were 
used to quantify the myocardial injury and the myocardial 
damage by sepsis in a noninvasive and available way. We 
found the high levels of CK-MB and cTnT caused by 
augmented myocardial injury. Serum analysis confirmed the 
ongoing myocardial injury within 20 h after LPS injection. 
Consequently, conventional echocardiography only found 
the increased load-dependent indexes (EF and FS) after 
the 20th h, failing to detect the cardiac dysfunction from 
LPS-induced myocardial injury. The serum analysis results 
confirmed the dose-dependent LPS effect illustrated by 
SRcirc, advocating that SRcirc has a high diagnostic value 

for cardiac dysfunction in severe sepsis.
Our previous study demonstrated LPS administration 

caused myocardial injury and inflammation, indicating 
significant reduction of afterload condition. This study 
verified SRcirc had significant diagnostic value under 
unstable hemodynamic conditions in SC. Future clinical 
trials are needed to establish a standard evaluation system 
based on STI for evaluating SC.

Limitations

Limitations are as follows: (I) more parameters obtained by 
SRI are needed to support the accuracy and reproducibility 
of SRI in severe sepsis, such as radial strain rate; (II) strain 
rate may show species-associated difference between the 
murine and the human; large animal models using pig or 
canine are needed to enhance our finding. Therefore, the 
combination of conventional echo and SRI may be more 
feasible in assessing cardiac function in patients with severe 
sepsis.

Conclusions

SRcirc is sensitive to detect LPS-induced cardiac dysfunction. 
More work should be done to test the efficiency of combined 
STE and conventional echocardiography for diagnosing 
human SC. 
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