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Abstract

Aims There is little information from experimental studies regarding the evolution of post-resuscitation cardiac arrest [post- 
return of spontaneous circulation (post-ROSC)] myocardial dysfunction during mid-term follow-up. For this purpose, 
we assessed left ventricular (LV) function and circulating cardiac biomarkers at different time points in a rat model of cardiac 
arrest (CA).

Methods 
and results

Rats were divided into two groups: control and post-ROSC rats. Eight minutes of untreated ventricular fibrillation were 
followed by 8 min of cardiopulmonary resuscitation. Conventional and speckle-tracking echocardiographic (STE) para-
meters and cardiac circulating biomarkers concentrations were assessed, at 3, 4, 72, and 96 h post-ROSC. At 3 and 4 h 
post-ROSC, LV systolic function was severely impaired, and high-sensitivity cardiac troponin T and N-terminal pro-atrial 
natriuretic peptide (NT-proANP) plasma concentrations were significantly increased, compared with control rats 
(P < 0.0001 for all). At 72 and 96 h post-ROSC, LV ejection fraction (LVEF) normalized. At 96 h, the following variables 
were significantly different from control rats: early trans-mitral peak velocity, 56.8 ± 3.1 vs. 87.8 ± 3.8 cm/s, P < 0.0001; late 
trans-mitral peak velocity, 50.6 ± 4.7 vs. 73.7 ± 4.2 cm/s, P < 0.0001; mean s′ wave velocity, 4.6 ± 0.3 vs. 5.9 ± 0.3 cm/s, 
P < 0.0001, global longitudinal strain (GLS) −7.5 ± 0.5 and vs. −11 ± 1.2%, P < 0.01; GLS rate (GLSR) −0.9 ± 0.4 and 
−2.3 ± 0.2 1/s, P < 0.01; and NT-proANP concentration, 2.5 (0.2; 6.0) vs. 0.4 (0.01; 1.0) nmol/L, P < 0.01.

Conclusion s′ velocity, GLS, and GLSR indicated that LV systolic function was still impaired 96 h post-ROSC. These findings agree with 
NT-proANP concentrations, which continue to be high. Normalization of LVEF supports the use of STE for its greater sen-
sitivity for monitoring post-CA cardiac function. Further investigations are needed to provide evidence of the post-ROSC LV 
diastolic function pattern.
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Introduction
Cardiac arrest (CA) is a dramatic event that accounts for millions of 
deaths worldwide every year.1 Even after successful cardiopulmonary 
resuscitation (CPR), ∼60–70% of patients still die before hospital dis-
charge mainly because of post-CA syndrome. This clinical condition is 
characterized principally by left ventricular (LV) and cerebral dysfunc-
tion as a consequence of a complex pathophysiological process follow-
ing whole-body ischaemia during CA and the subsequent reperfusion 
injury post-CPR.2

There are different determinants to assess the severity and course of 
LV dysfunction, for instance, (i) pre-CA ventricular function for evalu-
ating global ischaemia; (ii) resuscitation factors for indicating ischemia/ 
reperfusion (I/R) injury, and also (iii) post-CA treatments.2 Although 
LV dysfunction after CA has been described as mainly reversible, there 
is little information available on its grade of severity and evolution.3,4

Transthoracic echocardiography is one of the most common non- 
invasive diagnostic tools to assess cardiac function and myocardial injury 
in post-CA syndrome in humans.2 Accordingly, longitudinal experimen-
tal studies in animals using echocardiography to assess LV post-return 
of spontaneous circulation (post-ROSC) recovery may provide useful 
information to be translated into clinical practice. Previous work re-
ported that in a rat model of ventricular fibrillation (VF) and CPR, LV 
ejection fraction (LVEF) and cardiac output (CO) were significantly re-
duced shortly after ROSC, but only one group of researchers described 
LV recovery after more than 4 h post-ROSC in rats.5–8

The purposes of this study were to characterize the post-CA LV 
function by conventional transthoracic echocardiography and by a 
more advanced echocardiographic technique, STE, together with car-
diac circulating biomarkers concentrations at short-term and mid-term 
time points after CPR, in an experimental rat model.

Methods
Procedures involving animals were conducted at the Istituto di Ricerche 
Farmacologiche Mario Negri IRCCS, which adheres to the principles set out 
in the following laws, regulations, and policies governing the care and use of 
laboratory animals: Italian Governing Law (D.lgs 26/2014; Authorization 
n.19/2008-A issued 6 March 2008 by the Ministry of Health); Mario Negri 
Institutional Regulations and Policies providing internal authorization for per-
sons conducting animal experiments (Quality Management System 
Certificate—UNI EN ISO 9001:2015—Reg. No. 6121); the NIH Guide for 
the Care and Use of Laboratory Animals (2011 edition); and EU directives 
and guidelines (EEC Council Directive 2010/63/UE). Approval of the study 
was obtained by the Local Institutional Review Board Committee and govern-
mental institutions (210-2010-B). This study followed Animal Research: 
Reporting of In Vivo Experiments guidelines.

Experimental design and study animals
The flow chart of this study is summarized in Figure 1A. Male Sprague Dawley 
rats (Envigo, Italy) weighing 483.5 ± 8.2 g were included. The animals were ac-
climated to housing, food, and water conditions for 4 days before the start of 
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the experiments, in a specific pathogen-free environment. Rats were co- 
housed in polycarbonate, solid-bottom cages in a temperature-controlled en-
vironment (22 ± 2°C), with 45–65% humidity and 12 h light–dark cycles; they 
had free access to SDS VRF1 certified pellet diet (Special Diets Services, LBS 
Biotechnology, UK) and reverse osmosis–filtered water. Animals were fasted 
overnight except for free access to water before the experiment.

Sixty-nine rats were divided into naïve/control rats (n = 16) and animals 
that underwent 8 min of untreated VF and 8 min of CPR (n = 53). 
Fifty-three of these rats were successfully resuscitated and were studied: 
n = 27 up to 72 h and n = 26 up to 96 h.

To follow STE analysis, a subset of 31 rats was considered (n = 8, control 
rats; n = 23, post-ROSC rats).

Experimental procedures
The experimental procedures are displayed in Figure 1B. Animals were 
anaesthetized by intraperitoneal injection of pentobarbital (50 mg/kg); 

additional doses (10 mg/kg) were injected at 1-h intervals or when neces-
sary for the maintenance of general anaesthesia.

The LV function of control rats was assessed by echocardiography imme-
diately after anaesthesia. Afterwards, a blood sample (1.0 mL) was drawn 
from a cannula inserted into the femoral artery up to the descending aorta.

CA induction was followed as previously reported.6 Briefly, animals were 
subjected to 8 min of untreated VF and 8 min of mechanical precordial 
compression and ventilation before defibrillation; epinephrine (0.02 mg/ 
kg) was injected into the right atrium 2 min after the start of compressions. 
After resuscitation, rats were invasively monitored for up to 4 h. A blood 
sample was then drawn, catheters were removed, and an echocardiograph-
ic examination was done. Ampicillin (50 mg/kg) and buprenorphine 
(0.16 mg/kg) were injected before the induction of CA and before returning 
rats to their cages, to prevent infection and pain after extubation.

Animals were observed up to 72 or 96 h post-ROSC. At the end of the 
observation period, pentobarbital (45 mg/kg) was injected i.p. before echo-
cardiographic examination.

Figure 1 Flow chart of the experimental study (A) and experimental outline and procedures (B). BL, baseline; ECG, electrocardiogram; AP, arterial 
pressure; T, temperature.
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Echocardiography
Transthoracic echocardiography was done in control rats and in resusci-
tated rats at 3, 4, 72, and 96 h post-ROSC.

Conventional and speckle-tracking echocardiography (STE) was per-
formed with an Arietta V70 (Hitachi-ALOKA, Japan) machine equipped 
with a linear high-frame rate imaging transducer, 5–18 MHz, and a 
2–9 MHz phased array probe. Three electrocardiographic leads were 
used to obtain a simultaneous display during the examination. All mea-
surements and calculations were taken in three or five consecutive car-
diac cycles and were followed according to the recommendations of the 
latest American and European Societies Guidelines for echocardio-
graphic assessment,9–11 as previously reported.5,6

Analysing the motion of speckles in the 2D ultrasonic image by STE, we 
assessed myocardial deformation and quantified myocardial thickening, 
shortening, and the rotation dynamics of the LV,12 using a speckle-tracking 
algorithm provided by Hitachi-ALOKA.

Adequate B-mode cine loops were selected from the digitally acquired 
echocardiographic session. For circumferential, radial strain and strain 
rate analyses, mid-papillary, sub-papillary, and apical parasternal short-axis 
(SAX) views of the LV were acquired, and for longitudinal strain and longi-
tudinal strain rate, apical four-chamber (4APCH) view was obtained 
(Figure 2). LV myocardium in mid-papillary and sub-papillary SAX and 
4APCH views was divided into six standard anatomic segments; in the apical 
SAX view, it was divided into four segments. For all parameters, peak sys-
tolic strain was averaged across all segments (Figure 2).

LV rotations were determined at the mid-papillary and apical SAX views. 
In order to use the same views as in conventional echocardiography, the 
upper SAX view is at mid-papillary level and not at ‘the standard base level’ 

at the mitral valve, a reason why we did not measure the total twist. The 
positive peak of apical and the negative peak of mid-papillary level LV rota-
tions were measured automatically.

All strain measurements were averaged over five cardiac cycles. After se-
lecting an end-systolic frame from each studied view, the investigator manu-
ally traced the LV endocardial borders before processing the data with the 
machine software.

Blood sampling, troponin and natriuretic 
peptide assays, and euthanasia
After the echo exam in control rats and after 3 or 4 h and 72 or 96 h 
post-ROSC, blood samples of 0.5 mL were taken with heparinized syringes 
from the jugular and femoral arteries, respectively. Blood was immediately 
centrifuged, and plasma was stored at −70°C in 0.2-mL aliquots for subse-
quent biomarker assays. Plasma high-sensitivity cardiac troponin T (hs-cTnT) 
was measured with an electrochemiluminescence assay (Cobas, Roche 
Diagnostics, Rotkreuz, Switzerland). N-terminal pro-atrial natriuretic 
peptide (NT-proANP) was measured with an ELISA assay (Biomedica 
BI-20892).13

Soon after the last blood sampling, rats were euthanized with an intra-
venous injection of 150 mg/kg of pentobarbital.

Statistical analysis
All data are reported as mean ± standard error of the mean (SEM). 
Variables not normally distributed are reported as median and inter-quartile 
range. Non-parametric Mann–Whitney U test and Student’s t-test were 

Figure 2 Example of mid-papillary (A), sub-papillary (B), apical (C ) CS and longitudinal strain (D) in control rats. Curves indicate strain in different 
segments. BA, mid-papillary anterior; BAS, mid-papillary anteroseptal; BIS, mid-papillary inferoseptal; BI, mid-papillary inferior; BIL, mid-papillary infer-
olateral; BAL, mid-papillary anterolateral; MA, sub-papillary anterior; MAS, sub-papillary anteroseptal; MIS, sub-papillary infero septal; MI, sub-papillary 
inferior; MIL, sub-papillary inferolateral; MAL, sub-papillary anterolateral; AA, apical anterior; AS, apical anteroseptal; AI, apical inferior; AL, apical lateral; 
ApIS, apical inferoseptal; ApL, apicallateral; MIS, mid inferoseptal; MAL, mid anterolateral; BIS, basal inferoseptal; BAL, basal anterolateral.
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used, as appropriate; all time points were compared with control rats. 
Spearman or Pearson correlation coefficient and the corresponding two- 
sided 95% confidence intervals and P-values were calculated to assess the 
association among hs-cTnT, NT-proANP levels, and each structural and 
functional cardiac measurement; this analysis was repeated at each time 
point.

Inter-observer and intra-observer agreements were determined using 
Bland–Altman analysis to identify possible bias (mean difference between 
two readings) and the limits of agreement (±2 SD of the mean difference). 
Data were analysed using GraphPad Prism 9.2 software. A two-tailed 
P-value <0.05 was considered significant.

Results
A total of 68 rats were included, 15 control and 53 post-ROSC rats. 
Survival at 72 h post-ROSC was 22/27 (81.5%) and at 96 h, 17/26 
(64.4%). Body weight (BW) decreased by 10.1% at 72 h and by 
12.6% at 96 h post-ROSC (mean control rats BW: 477 ± 6.6 g).

Conventional echocardiographic 
parameters
Three and 4 h post-ROSC
Heart rate (HR) during echo in animals at 3 and 4 h post-ROSC was 
similar to that in control rats (see Supplementary data online, Table S1).

Compared with control rats, left ventricular end-diastolic and end- 
systolic volumes (LVEDV and LVESV) were +17.8% higher for 3 h 
post-ROSC (P = 0.04) and +70.0% for 3 and 4 h post-ROSC (P <  
0.0001), and shortening fraction (SF) and LVEF were significantly lower 
(SF: −109 and −110%; LVEF: −147 and −155%, P < 0.0001 for all). 
Again, compared with control rats, s′ velocity obtained by Tissue 
Doppler Imaging (TDI) was lower in both early post-ROSC time points 
(−43.9 and −73.5%, respectively, P < 0.001, for both). In addition, CO 
and stroke volume (SV) were lower shortly after ROSC than in control 
rats (P < 0.0001 for both; see Supplementary data online, Table S1).

Peak mitral E and A waves’ velocity by pulsed Doppler was signifi-
cantly lower at 3 and 4 h compared with control rats (P < 0.0001 for 
both) with a significantly longer duration of isovolumetric relaxation 
time (IVRT; P < 0.0001). At 3 h post-ROSC, the e′ mean velocity by 
TDI was 21.2% lower than control rats (P = 0.04), the difference that 
became larger at 4 h post-ROSC (−54%, P = 0.0003).

Seventy-two and 96 h post-ROSC
Compared with control rats, a 13.2 and 21.1% lower HR was found, 
respectively, at 72 and 96 h post-ROSC (see Supplementary data 
online, Table S1). At 72 h post-ROSC, SF and LVEF were almost nor-
malized (48.5 ± 2.2 and 74.8 ± 2.4%, respectively) and completely at 
96 h (54.7 ± 3.4 and 76.9 ± 3.0%%, respectively). Also, LVEDV and 
LVESV were normalized (335.2 ± 25.6 and 82.5 ± 9.1 µL at 72 h and 
353.4 ± 23.3 and 93.8.5 ± 16.9 µL at 96 h, respectively). Interestingly, 
while shortly after resuscitation diastolic intra-ventricular septum thick-
ness did not show any difference compared with control rats, it was 
thicker at 72 h after resuscitation (+18.3%, P = 0.01).

TDI showed that the mean s′ wave velocity increased up to 96 h, 
though mean values remained significantly lower than in control rats. 
A similar pattern was observed for CO and SV.

E vel and A vel, but not IVRT, improved at 72 and 96 h post-ROSC.

STE in control rats
The mean values of STE variables in control rats are reported in 
Supplementary data online, Table S2 and Figures 3 and 4.

Circumferential strain
LV global circumferential strain (CS) was −14.1 ± 0.7% and decreased 
from the mid-papillary level towards the sub-papillary and apical levels 
(−13.0 ± 1.3, −14.9 ± 1.0, and −14.3 ± 1.1, respectively).

CS rate
LV global CS rate (GCSR) in control rats was −5.0 ± 0.1 and was lowest 
at the apex.

Radial strain
The peak of radial systolic strain increased from the mid-papillary and 
sub-papillary levels towards the apex (4.7 ± 0.6, 4.1 ± 0.8, and 7.8 ±  
1.2, respectively).

Radial strain rate
Radial strain rate also increased from the mid-papillary level (1.0 ± 0.2/s) 
to the sub-papillary level (1.2 ± 0.2/s) and the apex (1.7 ± 0.1/s).

Longitudinal strain
The LV longitudinal strain was −11.0 ± 1.2%.

Longitudinal strain rate
The global longitudinal strain rate (GLSR) was −2.3 ± 0.2/s.

LV rotations at mid-papillary and apical levels
The mean LV rotation was −0.4 ± 0.4° at the mid-papillary level and 
2.4 ± 0.4° at the apex.

STE post-ROSC
Three and 4 h post-ROSC
At 3 and 4 h post-ROSC, global CS (GCS) and global longitudinal strain 
(GLS) were significantly higher than in control rats, and global radial strain 
was significantly lower (see Supplementary data online, Table S2; Figure 3).

At 3 and 4 h post-ROSC, all segments studied had higher peak sys-
tolic CS (P < 0.01 vs. control rats; see Supplementary data online, 
Table S2; Figure 3).

At 3 and 4 h post-ROSC, mainly the interventricular septum (IVS), the 
anterolateral and lateral walls presented segments with increased longitu-
dinal strain (LS) values (see Supplementary data online, Table S2; Figure 4).

GCSR and GLSR 3 and 4 h post-ROSC were significantly different 
from those in control rats (P < 0.0001 for both; see Supplementary 
data online, Table S2).

At 3 and 4 h post-ROSC, LV mid-papillary and apical rotations were 
35% and 50 higher than in control rats, but the differences were not 
significant due to a high inter-individual variability (see Supplementary 
data online, Table S2).

Seventy-two and 96 h post-ROSC
At 72 and 96 h post-ROSC, GCS and radial strail (RS) were similar to 
those in control rats (see Supplementary data online, Table S2; Figures 5).

GLS was still abnormal at 72 and 96 h post-ROSC (−5.9 ± 0.7%, 
P = 0.001 and −7.5 ± 0.5%, P = 0.04, respectively, vs. control rats). At 
72 h post-ROSC, four of six segments were still affected, and at 96 h, 
two of six segments were still affected (see Supplementary data 
online, Table S2; Figure 5). GLSR was also higher at 72 and 96 h 
post-ROSC compared with control rats (−1.3 ± 0.2/s−1, P = 0.001, 
and −0.9 ± 0.4/s, P = 0.02, respectively); segments from septal and lat-
eral walls were still impaired (see Supplementary data online, Table S2).

An inverse correlation was found at 96 h post-ROSC between GLS 
and two variables that assess LV filling velocity: E vel (ρ = −87, P = 0.05; 
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see Supplementary data online, Figure S1A) and A vel (ρ = −0.92, 
P = 0.03; see Supplementary data online, Figure S1B).

Inter-observer and intra-observer variability
The inter-observer and intra-observer reproducibility of GCS, GLS, and 
GLSR in control rats and 72 and 96 h post-ROSC rats (see 
Supplementary data online, Table S3) showed that in both conditions, 
measures were reproducible.

hs-cTnT and NT-proANP concentrations 
post-ROSC
In resuscitated rats 3 and 4 h post-ROSC, hs-cTnT plasma concentra-
tion was significantly elevated [median (Q1–Q3) 5102 (3903–5979) 
and 6808 (5494–10.000) ng/L, respectively, P < 0.0001 for both 

compared with control rats, 64 (42–98) ng/L]; those were normal at 
96 h post-ROSC [70 (48–115) ng/L]. hs-cTnT concentration was high-
est at 4 h post-ROSC.

NT-proANP also increased 3 and 4 h after ROSC [median (Q1–Q3) 
2.2 (1.7–3.2) and 3.3 (1.6–4.3) nmol/L, respectively, vs. 0.4 (0.2–0.8) 
nmol/L in control rats, P < 0.0001], and for NT-proANP, the concen-
tration was highest 4 h post-ROSC. At 72 and 96 h post-ROSC, the 
NT-proANP concentration was still high [2.5 (1.4–4.6) nmol/L at 
both time points].

A significant inverse correlation was found 96 h post-ROSC be-
tween NT-proANP and two variables that assess LV filling velocity: 
peak E vel (ρ=−0.70, P = 0.003; see Supplementary data online, 
Figure S2A) and A vel (ρ=−0.55, P = 0.03; see Supplementary data 
online, Figure S2B). No correlations were found between echocardio-
graphic variables and hs-cTnT.

Figure 3 GCS and segmental CS in control rats and at 3, 4, 72, and 96 h post-ROSC. Data are mean ± SEM, n = 8 for control rats and n = 6–11 for 
post-ROSC rats. pap A, mid-papillary anterior; pap AS, mid-papillary anteroseptal; pap IS, mid-papillary inferoseptal; pap I, midpapillary inferior; pap IL, 
mid-papillary inferolateral; pap AL, mid-papillary anterolateral; sub-pap A, sub-papillary anterior; sub-pap AS, sub-papillary antero-septal; sub-pap IS, 
sub-papillary inferoseptal; sub-pap I, sub-papillary inferior; sub-pap IL, sub-papillary inferolateral; sub-pap AL, sub-papillary anterolateral; ap A, apical 
anterior; ap AS, apical antero-septal; ap I, apical inferior; ap L, apical lateral; GpapCS, global papillary CS; Gsub-papCS, global sub-papillary CS; 
GACS, global apical CS.
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Discussion
To our knowledge, this study is the first to show that LV function in rats 
does not recover completely 96 h post-ROSC even if LVEF normalizes. 
This finding is supported by the persistence of abnormal s′ mean wave 
velocity by TDI and GLS and GLSR values by STE together with the 
persistently high NT-proANP concentration, indicating a lasting cardi-
omyocyte injury and increased intracardiac chamber pressure and 
stress 96 h post-ROSC.

Post-CA syndrome is characterized by myocardial dysfunction due 
to cardiac I/R injury. When a short period of ischaemia is relieved by 
reperfusion, the myocardium is viable but presents transient post- 
ischaemic contractile and biochemical dysfunction, called stunning.14

Post-ROSC reversible myocardial dysfunction was described for the 
first time in pigs in which LVEF decreased 30 min post-ROSC from nor-
mal value to ∼20% and then improved at 24 h and finally normalized 
within 48 h.

Various experimental studies describe early changes in LV function, by 
conventional echocardiography, in a rat model of CA (see Supplementary 
data online, Table S4). The echocardiographic variables reported in these 

studies depicted an impaired myocardial systolic function based on LVEF 
and CO at baseline and 4 h post-ROSC, in agreement with the results 
reported in this study and in our previous work.6

In the present study, we followed the time course of myocardial dys-
function until 96 h post-ROSC through extensive echocardiographic 
evaluation of LV systolic and diastolic functions, combining different 
echo methods including STE and assessing cardiac biomarkers plasma 
concentration.

At 72 and 96 h post-ROSC, although CO, SV, and s′ wave velocity in-
creased, they did not reach levels similar to those in control rats. 
Moreover, IVRT remained significantly longer, indicating the persistent 
enhancement of LV relaxation. All these results suggest either a longer 
recovery phase or that myocardial dysfunction in this established model 
of CA may not be fully reversible, as previously suggested.15 The explan-
ation may lie in the fact that residual alterations of myocardial function 
are subtle enough to require the high sensitivity of STE to be detected. 
The inverse relation between E and A trans-mitral flow velocities with 
NT pro-ANP plasma levels (see Supplementary data online, Figure S1A 
and B) and GLS (see Supplementary data online, Figure S2A and B) may 
indicate an increase in LV filling pressure 96 h post-ROSC.

Figure 4 Example of longitudinal strain in control rats (A) and at 3 (B), 4 (C), 72 (D) and 96 (E) h post-ROSC. Lines represent different segments. ApIS, 
apical inferoseptal; ApL, apical lateral; MIS, mid inferoseptal; MAL, mid anterolateral; BIS, basal inferoseptal; BAL, basal anterolateral.
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STE measures myocardial motion in any direction against a fixed exter-
nal point, so it can identify the deformation of myocardial tissue in three 
planes. Strain rate measures the time course of myocardial deformation 
and is closely correlated with the ratio of pressure change in the ventricu-
lar cavity during isovolaemic contraction, a readout of LV contractility.16

The sub-endocardial layer of the myocardium is characterized by a 
mixture of high energy expenditure and borderline level of perfusion 
since it is the farthest point from the coronary supply of blood; these 
proprieties make it more vulnerable to injury and compression17 GLS 
reflects the function of longitudinally oriented sub-endocardial muscle 
fibres18,19; as described for other cardiac diseases with sub-endocardial 

involvement,20,21 the probability to detect persistent myocardial injury 
post-ROSC lies mostly in GLS and not in CS and RS.

GLS and GLSR were still impaired 72 h post-ROSC and less so at 96 h; 
this can be at least partly attributed to later recovery of the IVS and lateral 
wall since regional abnormalities were identified (Figure 5; see 
Supplementary data online, Table S2). To our knowledge, only one pre-
vious study22 reported in a VF CA model in piglets studied with magnetic 
resonance imaging 4 h post-ROSC regional LV wall motion abnormalities 
in the territory of the left anterior descendent artery without a difference 
in myocardial perfusion parameters. As for these authors, we do not 
know the reasons and the mechanisms of this finding.

Figure 5 Compromised LV segments were assessed by CS and longitudinal strain and strain rate at 3, 4, 72, and 96 h post-ROSC. pap A, mid-papillary 
anterior; pap AS, mid-papillary anteroseptal; pap IS, mid-papillary inferoseptal; pap I, mid-papillary inferior; pap IL, mid-papillary inferolateral; pap AL, 
mid-papillary anterolateral; sub-pap A, sub-papillary anterior; sub-pap AS, sub-papillary antero-septal; sub-pap IS, sub-papillary inferoseptal; sub-pap I, 
sub-papillary inferior; sub-pap IL, sub-papillary inferolateral; sub-pap AL, sub-papillary anterolateral; ap A, apical anterior; ap AS, apical antero-septal; ap I, 
apical inferior; ap L, apical lateral; ApIS, apical inferoseptal; ApL, apical lateral; MIS, mid inferoseptal; MAL, mid anterolateral; BIS, basal inferoseptal; BAL, 
basal anterolateral. All segments highlighted in different colours represent compromised. The number of segments that represent compromised are 
shown beside each figure.
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LV function is influenced by complex interactions among tissue anat-
omy, myocardial contractility, and LV loading conditions, and the CA mod-
el in rats is an example of multi-faceted changes in cardiac structure and 
function. In our study, at 72 h post-ROSC, the posterior wall and, particu-
larly, the IVS were significantly thicker in some animals, probably due to the 
persistence of the stunned myocardium. At the same time, the decreased 
LV dimensions and LV filling (low E and A velocities CO and SV; see 
Supplementary data online, Table S1) may also probably have been due 
to the animal’s lower capacity for self-hydration after CA.23,24 Some vari-
ables indicated compromised LV diastolic function as a significantly longer 
deceleration time and IVRT and a mean E/e′ ratio of 18.6 ± 1.0; at 96 h, 
some of these parameters normalized and others improved with the ex-
ception of IVRT. The discrepancy between the normalization of LVEF after 
72 and 96 h post-ROSC and other systolic and diastolic variables still al-
tered, suggested the assessment of myocardial global and regional con-
tractility with a more sensible echocardiographic methodology.

Strengths and limitations
Our results are based on a validated and reliable animal model of CA, 
which is in line with previous studies3,4,8,15 (see Supplementary data 
online, Table S4). Moreover, the present results greatly represent the 
transient phenomenon of LV dysfunction in the post-CA syndrome ob-
served also in patients,25 and our data were in line with previous studies 
using the same rat model of CA. Echocardiography, a non-invasive, con-
sistent, and clinically accepted tool was used to describe cardiac func-
tion and myocardial deformation before and after CA in a pre-clinical 
setting at short-term and mid-term time points. However, to select 
the fittest CA model to test therapeutic drugs, a full echocardiographic 
examination of the LV is necessary to evaluate LV systolic and diastolic 
dysfunctions after CA.

It is widely accepted that conventional and STE echocardiographies 
have several advantages over other imaging techniques such as cardiac 
magnetic resonance imaging. The advantages are as follows: the lower 
cost, greater accessibility, less time consuming, and a large number of 
animals can be studied at different times in order to better assess the 
progression of a disease.

However, there are certain limitations. Our rat model, previously va-
lidated by von Planta et al.,26 requires 30-min interval between the last 
injection of pentobarbital and the induction of VF in order to minimize 
any cardio-depressant effect that may interfere with successful resusci-
tation. Since 30 min is not always sufficient to perform a complete 
transthoracic echocardiographic examination like the ones followed 
in our study, we chose to include a control group of naïve animals in-
stead of performing an echo exam at baseline before CA induction.

In humans and rats, myocardial dysfunction was associated with the 
number of defibrillations, cumulative doses of epinephrine during resus-
citation, and total resuscitation time.27,28 In the present study, 50% of 
rats with severe LV systolic dysfunction (LVEF ≤30%) at 3 or 4 h 
post-ROSC received ≥2 shocks (range 2–8) and ≥4 J (range 4–13 J) 
of energy for defibrillation.

It is noted that intact rats present STE values similar to those in 
humans, and even the orientation of the contractile fibres is compar-
able, with segmental heterogeneity, observed by Bachner-Hinenzon 
et al.29 and confirmed in our study (see Supplementary data online, 
Table S2). Moreover, LS was measured from the 4APCH view and 
not from the parasternal long-axis as in other studies29 aiming to avoid 
the LV foreshortening in the apical view in rats. We could not obtain 
the parasternal long-axis view since the phase array probe, useful for 
strain imaging, does not allow the inclusion of the apex.

Conclusion
More sensitive echocardiographic parameters other than LVEF, TDI s′ 
velocity, and GLS and GLSR showed that LV systolic function is still 

impaired 96 h after resuscitation. This is in accordance with the 
NT-proANP concentration that was still high. Further investiga-
tions are needed to provide more evidence in the progression of 
post-ROSC LV diastolic function.

Supplementary data
Supplementary data are available at European Heart Journal - Imaging 
Methods and Practice online.
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