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Abstract 

Purpose:  The clinical significance of septic myocardial dysfunction is controversial, a fact that may be explained by 
the influence of loading conditions. Many indices may be useful to characterize cardiac function during septic shock, 
but their feasibility and physiological coherence in the clinical setting are unknown.

Methods:  Hemodynamic and echocardiographic data with tissue Doppler and speckle tracking were prospectively 
recorded on the first 3 days of human septic shock. Hypokinesia, normokinesia, and hyperkinesia were defined as a 
left ventricular ejection fraction (LVEF) of <45, 45–60, and >60%, respectively. Twelve hemodynamic indices exploring 
contractility and loading conditions were assessed and analyzed.

Results:  Two hundred and ninety-seven echocardiographies were performed in 132 patients. During the first 24 h 
(H1–24), 48 (36.4%) patients were hyperkinetic, 55 (41.7%) were normokinetic, and 29 (22.0%) patients were hypoki‑
netic. Thirteen patients had a secondary hypokinesia absent at H1–24 but present at H25–48 or H49–72, for an overall 
incidence of 42 (31.8%) during the first 3 days. Despite a limited feasibility (<50%), global LV longitudinal peak systolic 
strain was impaired in a majority (>70%) of the patients assessed, including all those with depressed LVEF, and 
declined early in patients whose LVEF secondarily deteriorated. Most contractility indices were inversely correlated 
with afterload indices. Hyperkinetic patients exhibited the worst reduction in afterload indices. Hospital mortality was 
significantly higher in patients with LV hyperkinesia than in their counterparts: 30 (62.5%) vs. 35 (41.7%), p = 0.02.

Conclusions:  Speckle tracking-derived strain was reduced in the majority of patients with septic shock, revealing 
covert septic myocardial dysfunction, but had poor feasibility. We found an inverse correlation between most of the 
contractility and afterload indices. Precise evaluation of afterload is crucial for adequate interpretation of LV systolic 
function in this setting.
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Introduction
Septic myocardial dysfunction (SMD) was described dur-
ing septic shock by Parker et al. in 1984 [1], but its preva-
lence, clinical significance, and prognosis are still being 
debated [2]. The prevalence of left ventricle (LV) systolic 
dysfunction varies widely (18–65%) during human sep-
tic shock, depending on studies [2]. This variability may 
be explained by timing of evaluation, the accuracy of the 
routine indices used to assess LV systolic function, and 
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Take‑home message  Our study supports the hypothesis of a 
widespread alteration of LV contractility during human septic shock and 
suggests that knowledge of afterload, a major prognostic factor, is crucial 
for adequate interpretation of LV systolic function in this setting.
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most importantly their dependency on loading condi-
tions [3]. Some authors have hypothesized that in the 
more severe patients, vasoplegia and reduced afterload 
may favor preserved or high LV ejection fraction (LVEF) 
[4], whereas the preservation or restoration of afterload 
could unmask poor intrinsic LV contractility [2]. How-
ever, a comprehensive demonstration of these assump-
tions in the clinical setting is lacking.

In recent years, new echocardiographic tools have been 
developed to assess LV function, such as speckle track-
ing, which evaluates LV deformation over time. Because 
this technique is angle-independent and less pressure-
dependent and more sensitive than LVEF [5, 6], it might 
allow a more in-depth analysis of the prevalence of LV 
systolic dysfunction during septic shock and its early 
detection. Other parameters that can help to evaluate 
cardiac contractility include tissue Doppler imaging, LV 
end-systolic maximal elastance, and ventricular–arterial 
coupling. However, the feasibility, clinical significance, 
and physiological coherence of these different indices 
have not been assessed during human septic shock.

The aims of the present study were twofold: (i) to assess 
the feasibility and physiological coherence of the various 
indices of cardiac function proposed to assess hemody-
namic during septic shock; (ii) to test the role of loading 
conditions on evaluation of cardiac contractility in septic 
shock.

Patients and methods
Patients
Patients who met septic shock criteria (as defined 
according to the American College of Chest Physicians 
(ACCP)/Society of Critical Care Medicine (SCCM) Con-
sensus Conference [7]) were prospectively included at 
the medical ICU of Henri Mondor University Hospital 
(Creteil, France) between November 2010 and March 
2013. Patients were included at the onset of septic shock, 
as defined by start of vasopressor infusion. Non-inclusion 
criteria were chronic heart failure, defined as a baseline 
(before ICU admission) LVEF below 45% or a severe 
valve heart disease. The study was approved by the insti-
tutional ethics committee of the French Intensive Care 
Society as a component of standard care and patient 
consent was waived. Written and oral information about 
the study was given to the families. Patient severity was 
evaluated by the McCabe and Jackson score for under-
lying diseases, the SAPS II score for acute illness at ICU 
admission, and the SOFA score for organ dysfunction 
during septic shock. Norepinephrine was the first-choice 
vasopressor therapy (used to target a mean arterial pres-
sure of 65 mmHg or more); dobutamine was added in the 
presence of decreased LVEF (<45%) with ongoing signs of 

hypoperfusion despite adequate mean arterial pressure 
(epinephrine could be considered if the latter condition 
was not met). Follow-up for the study was until hospital 
discharge.

Echocardiography
To evaluate cardiac function, we performed transthoracic 
(TTE) or multiplane transesophageal echocardiographies 
(TEE, when TTE did not allow accurate measurements 
because of poor acoustic windows) each day during the 
first 72  h of septic shock (or until vasopressor weaning 
or death, if they occurred before the 72nd hour). These 
echocardiographies were performed by trained opera-
tors (competence in advanced critical care echocardiog-
raphy) using an iE33 system (Philips Ultrasound, Bothell, 
WA, USA) with a standard procedure, to assess LV and 
right ventricle (RV) size, filling, function, and output, 
as detailed in the Electronic Supplementary Material 
(ESM). All measures performed during each examination 
were averaged over a minimum of three cardiac cycles 
(five to ten in case of non-sinus rhythm). Because cal-
endar day 1 only represented a few hours in some cases, 
we separated echocardiographic data based on time 
elapsed since inclusion, dividing them into three periods: 
from the first to the 24th hour (H1–24), from the 25th to 
the 48th hour (H25–48), and from the 49th to the 72nd 
hour (H49–72). On each of these assessments, LVEF was 
defined as depressed (<45% or when an inotrope infusion 
was needed to achieve a value ≥45%), normal (between 
45 and 60%), or increased (>60%) [8]. Hypokinesia was 
defined as the occurrence of depressed LVEF at H1–24 
(primary hypokinesia) or after (secondary hypokinesia); 
the remaining patients were classified as hyperkinetic 
(LVEF was never depressed and increased at least once) 
or normokinetic (LVEF was never depressed and never 
increased).

Speckle tracking imaging
Apical long-axis (four- and two-chamber) clips obtained 
with a frame rate  ≥50  Hz underwent off-line speckle 
tracking analyses using the semi-automated Philips’ Qlab 
8.1 CMQ package (Philips Ultrasound, Bothell, WA, 
USA) by two trained operators (see ESM). In the Lagran-
gian strain calculation of strain =  displacement/relaxed 
length, displacement was measured as a weighted average 
of the myocardial deformation across the myocardium 
with the weighting greatest at the endocardium. The 
relaxed length was measured at the endocardial bound-
ary. The cutoff used to assess depressed contractility by 
speckle tracking was an absolute value of global LV longi-
tudinal peak systolic strain below 16.5% [9].
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Assessment of contractility and loading conditions
Preload was assessed using estimates of LV filling pres-
sures (E/A and E/e′ ratios from pulsed-wave Doppler 
early (E) and late (A) and tissue Doppler early (e′) dias-
tolic wave velocity at the lateral mitral valve annulus) and 
respiratory variations of vena cava (as surrogates of fluid 
responsiveness). Afterload was assessed using diastolic 
arterial pressure (invasive measurement), systemic vascu-
lar resistance, end-systolic arterial elastance, and LV end-
systolic wall stress (see ESM). LV systolic function was 
assessed using indices obtained by two-dimensional echo-
cardiography (LVEF), tissue Doppler imaging (tissue Dop-
pler peak systolic wave at the lateral mitral valve annulus) 
[10], speckle tracking imaging (global longitudinal peak 
systolic strain and strain rate of the LV), LV end-systolic 
maximal elastance, and ventricular–arterial coupling, 
which is the ratio of LV end-systolic maximal elastance 
and end-systolic arterial elastance (see ESM for formulas).

Statistical analysis
The data were analyzed using the IBM SPSS Statistics for 
Windows (Version 24.0, IBM Corp Armonk, NY, USA) 
and R 3.1.2 (The R Foundation for Statistical Comput-
ing, Vienna, Austria). Continuous data were expressed 
as medians [25–75th centiles] unless otherwise speci-
fied, and were compared using the Kruskal–Wallis test 
followed by pairwise Mann–Whitney test with Benja-
mini–Hochberg correction to control the false discovery 
rate at the 0.05 level. Categorical variables, expressed as 
percentages, were evaluated using the Chi-square test or 
Fisher exact test. The two aims of our study were achieved 
as follows. First, we tested the feasibility of various indi-
ces of cardiac function, and assessed their physiologi-
cal coherence using hierarchical clustering; this method 
builds homogeneous clusters based on dissimilarities or 
distances between cases and proceeds iteratively to join 
the most similar cases (see ESM). Because longitudi-
nal strain has been suggested as a particularly sensitive 
method to assess contractility, we tested its usefulness 
to predict secondary hypokinesia. Second, we assessed 
the role of loading conditions on cardiac contractility 
by using bivariate correlations that were further sum-
marized in a correlation matrix (corrplot package within 
the R environment). Correlations were tested using the 
Spearman method with Benjamini–Hochberg correction 
to control the false discovery rate at the 0.05 level. Two-
tailed p values less than 0.05 were considered significant.

Results
Patient characteristics and feasibility of echocardiographic 
parameters
The study flow chart is provided in Fig.  S1. The study 
comprises 132 patients (89 men and 43 women), with 

a median age of 63.8 [50.6–74.7]  years, including 106 
(80%) under mechanical ventilation. All patients required 
a vasopressor infusion to maintain blood pressure and 
92 (70%) had an arterial lactate concentration above 
2 mmol L−1 [11]; 56 (42%) patients died in ICU. A total 
of 279 echocardiographies (132 at H1–24, 74 at H25–48, and 
73 at H49–72) were performed in these patients during the 
first 3 days of septic shock. The feasibility of echocardio-
graphic parameters varied widely (Fig. 1). Global LV lon-
gitudinal strain rate had the worst feasibility (42%).

LV kinetics
At H1–24, 29 (22.0%) patients were hypokinetic 
(LVEF  <  45%), 55 (41.7%) were normokinetic (LVEF 
between 45 and 60%), and 48 (36.4%) were hyperkinetic 
(LVEF  >  60%). Overall, during the first 3 days of sep-
tic shock, LV hypokinesia was diagnosed in a total of 
42 (31.8%) patients [including 29 (22.0%) with primary 
hypokinesia (present at H1–24) and 13 (9.8%) with sec-
ondary hypokinesia (absent at H1–24 but present at H25–48 
or H49–72)] (Fig.  2). All patients’ clinical characteristics 
and comorbidities were similar between groups at initial 
assessment (H1–24), except for a higher prevalence of cir-
rhosis in patients with primary hyperkinesia as compared 
to their counterparts (Table  1). As expected, patients 
with primary hypokinesia had reduced LV contractility 
indices and received more inotropes (Table 1). Global LV 
longitudinal peak systolic strain was impaired in a major-
ity of the patients that could be assessed for this param-
eter: at H1–24, 57/78 (73.1%) and 63/78 (80.3%) patients 
had an absolute value below 16.5 and 18.5%, respectively, 
including all those with an LVEF  <  45%. As expected, 
LVEF and absolute values of global LV longitudinal peak 
systolic strain were lower at H1–24 in patients with pri-
mary hypokinesia as compared to their counterparts; in 
addition, the latter parameter was already lower at H1–24 
in patients with normal LVEF but who exhibited a sec-
ondary hypokinesia (Fig. 3).

Role of loading conditions
LV end-diastolic volumes and preload indices were 
similar between LV kinetics groups at H1–24; in con-
trast, patients with primary hyperkinesia exhibited the 
most severe reduction in afterload indices (Table  1). 
An unsupervised computer-generated hierarchical 
clustering of echocardiographic parameters at H1–24 
identified three coherent clusters involving the follow-
ing physiological pathways: contractility, afterload, and 
preload (Fig.  4a). In the correlation matrix (Fig.  4b), 
most contractility indices were not associated with 
preload indices, but were inversely correlated with 
afterload indices. The correlations of LVEF with LV 
longitudinal peak systolic strain and LV end-systolic 



636

wall stress at H1–24 are shown in Fig.  5a and b as an 
illustration. In-ICU and in-hospital mortality were 
significantly higher in patients with LV hyperkinesia 

as compared to their counterparts: 26 (54.2%) vs. 
30 (35.7%), p  =  0.04 and 30 (62.5%) vs. 35 (41.7%), 
p = 0.02, respectively. 

Fig. 1  Feasibility of echocardiographic parameters assessed during a total of 279 echocardiographies during the first three 3 days of septic shock. 
*Superior vena cava feasibility was computed considering the 76 transesophageal echocardiographies

Fig. 2  Left ventricle ejection fraction (LVEF) during the first 3 days of septic shock. Y-axis represents the number of patients
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Table 1  Clinical and  echocardiographic characteristics of  patients according to  left ventricular ejection fraction dur‑
ing the first 24 h of septic shock

N LVEF p value

Hyperkinesia  
(n = 48/132)

Normokinesia  
(n = 55/132)

Hypokinesia  
(n = 29/132)

Clinical characteristics and comorbidities

 Age, years 132 63 [50–75] 65 [54–75] 64 [50–71] 0.99

 Male gender, n (%) 132 35 (73%) 31 (56%) 23 (79%) 0.06

 McCabe and Jackson class 132 0.14

 0 17 (35%) 28 (51%) 17 (59%)

 1 20 (42%) 22 (40%) 8 (27%)

 2 11 (23%) 5 (9%) 4 (14%)

 SAPS II at ICU admission 131 52 [44–66] 58 [36–71] 54 [44–75] 0.61

 Chronic renal replacement therapy, n (%) 132 2 (4%) 1 (2%) 1 (3%) 0.77

 Chronic respiratory failure, n (%) 132 2 (4%) 0 (0%) 0 (0%) 0.13

 Cancer or hematological malignancy, n (%) 132 7 (15%) 10 (18%) 5 (17%) 0.88

Cirrhosis, n (%) 132 12 (25%) 5 (9%) 2 (7%) 0.04

Organ failures and hemodynamics during the first 24 h
of septic shock

 SOFA score 131 12 [8–15] 10 [8–13] 13 [10–15] 0.04

 Norepinephrine treatment, n (%) 132 48 (100%) 55 (100%) 24 (83%) 0.003

 Maximal daily dose of norepinephrine 
(µg kg−1 min−1)

132 0.7 [0.4–1.4] 0.8 [0.4–1.3] 0.8 [0.5–1.8] 0.69

 Epinephrine treatment, n (%) 132 0 (0%) 0 (0%) 6 (21%) <0.001

 Dobutamine treatment, n (%) 132 0 (0%) 4 (7%) 10 (35%) <0.001

 Mean daily cumulative fluid balance (L/
day)

126 2.1 [0.8–3.8] 2.1 [1.5–3.8] 2.4 [0.8–4.3] 0.85

 Mean arterial blood pressure (mmHg) 119 72 [66–79] 74 [69–85] 77 [70–83] 0.29

 Diastolic arterial pressure (mmHg) 119 52 [47–60] 57 [50–64] 63 [50–68] 0.053

 Heart rate (bpm) 122 99 [84–120] 105 [89–119] 107 [91–121] 0.58

 Arterial blood lactates (mmol/L) 131 2.6 [1.2–5.9] 2.5 [1.6–3.7] 4.1 [2.5–5.6] 0.07

Echocardiography-derived indices during the first 24 h
of septic shock

 Preload

  Respiratory variation of inferior vena 
cava (%)

83 15 [0–60] 11 [0–50] 6 [5–11] 0.41

  Respiratory variation of superior vena 
cava (%)

53 8 [5–18] 12 [4–21] 6 [2–8] 0.35

  E/A ratio at mitral valve 107 0.9 [0.8–1.2] 0.9 [0.7–1.2] 0.8 [0.7–1.1] 0.24

  E/e′ ratio at lateral mitral annulus 115 7 [6–9] 8 [6–9] 6 [6–7] 0.24

  LV end-diastolic volume (mL) 47 73 [47–83] 59 [54–82] 81 [57–111] 0.28

  LV end-systolic volume (mL) 47 24 [15–30] 27 [20–43] 48 [37–79] a,b 0.001

 Contractility

  Global LV longitudinal peak systolic 
strain (%)

67 −18 [−20 to −14] −14 [−17 to −11] −9 [−13 to −8]a,b <0.001

  Global LV longitudinal peak systolic 
strain rate (s−1)

64 1.4 [1.1–1.5] 1.1 [0.9–1.6] 0.7 [0.5–1.3]a,b 0.006

  Tissue Doppler peak systolic wave at 
mitral lateral annulus (cm s−1)

86 11 [9–15] 10 [8–13] 7 [6–12] 0.04

  Ventricular–arterial coupling 89 3.1 [2.3-4.3] 1.5 [1.2–2.0]a 1.1 [0.6–1.4]a,b <0.001

  LV end-systolic maximal elastance 
(mmHg mL−1)

86 5.6 [4.0–6.8] 3.6 [2.8–4.7]a 2.7 [1.6–3.2]a,b <0.001

 Afterload



638

SAPS simplified acute physiologic score, ICU intensive care unit, SOFA sequential organ failure assessment, LV left ventricle, RV right ventricle
a  p < 0.05 (corrected Mann–Whitney test after Kruskal–Wallis test) as compared to hyperkinesia
b  p < 0.05 (corrected Mann–Whitney test after Kruskal–Wallis test) as compared to normokinesia

Table 1  continued

N LVEF p value

Hyperkinesia  
(n = 48/132)

Normokinesia  
(n = 55/132)

Hypokinesia  
(n = 29/132)

  End-systolic arterial elastance 
(mmHg mL−1)

114 1.9 [1.5–2.3] 1.9 [1.7–2.6] 2.5 [2.2–2.8]a,b <0.001

  Systemic vascular resistance 
(mmHg L−1 min)

114 1.0 [0.7–1.2] 1.1 [0.9–1.4] 1.2 [1.0–1.9]a 0.009

  LV end-systolic wall stress (mmHg L) 86 2.7 [1.5–3.4] 3.6 [2.3–5.0]a 5.4 [4.3–8.9]a,b <0.001

 RV function

  RV dilatation, n/N (%) 98 23/37 (62%) 20/40 (50%) 12/21 (57%) 0.56

  Cor pulmonale, n/N (%) 108 3/39 (8%) 5/46 (11%) 2/23 (9%) 0.88

 Global function

  Stroke volume assessed via LV outflow 
tract (mL)

122 62 [55–80] 54 [43–67]a 45 [38–53]a,b <0.001

  Stroke index (mL m−2) 122 35 [27–45] 31 [24–35]a 24 [20–31]a,b 0.004

  Cardiac index (mL min−1 m−2) 97 3.5 [2.5–4.4] 3.1 [2.4–3.8] 2.2 [1.6–3.2]a,b 0.006

Fig. 3  Left ventricle ejection fraction (EF) and absolute values of global left ventricle longitudinal peak systolic strain (AS) during the first 24 h of 
septic shock (H1–24), according to the occurrence and timing of hypokinesia: no hypokinesia (green boxes), primary hypokinesia (present at H1–24, 
red boxes), or secondary hypokinesia (absent at H1–24 but present at H25–48 or H49-72, blue boxes). The box-and-whisker plots represent median (thick 
horizontal bar), 25th and 75th percentiles (bottom/top of the boxes), 5th and 95th percentiles (thin horizontal bars). *p < 0.05 (corrected Mann–Whit‑
ney test after Kruskal–Wallis test) as compared to no hypokinesia; #p < 0.05 (corrected Mann–Whitney test after Kruskal–Wallis test) as compared to 
primary hypokinesia
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Fig. 4  Hierarchical clustering (a) and matrix correlation (b) of contractility and loading conditions indices recorded during the first 24 h of septic 
shock. In a, the parameters were reordered using computerized hierarchical clustering with the corrplot package of R statistical environment. 
Hierarchical clustering is a statistical method for finding comparatively homogeneous clusters of cases based on measured characteristics. The 
analysis starts with each case as a separate cluster (i.e., there are as many clusters as cases), and then combines the clusters sequentially, reducing 
the number of clusters at each step. The clustering method uses the dissimilarities between objects. The algorithm uses a set of dissimilarities or 
distances between cases when constructing the clusters and proceeds iteratively to join the most similar cases. Distances between clusters were 
recomputed by the Lance–Williams dissimilarity update formula according to the complete linkage method. In b, the three big squares drawn in the 
chart are based on the results of hierarchical clustering and contain each cluster’s members (contractility cluster in the upper left, afterload cluster 
in the middle, and preload cluster in the lower right). Numbers and the blue-white-red color spectrum denote Spearman correlation coefficients (with 
Benjamini–Hochberg correction to control the false discovery rate at the 0.05 level); positive correlations are blue, negative correlations are red; the 
areas of color pixels and their intensity show the absolute value of corresponding correlation coefficients; non-significant coefficients are left blank. 
There was a strong correlation between most indices within the contractility cluster (blue pixels in the upper-left cluster) and within the afterload 
cluster (blue pixels in the middle cluster). In addition, most contractility indices were inversely correlated with afterload indices (red pixels above and 
on the left of the middle cluster), but not with preload indices. All available echocardiographic parameters were recorded during first 24 h of septic 
shock (H1–24). List of abbreviations: respiratory variation of inferior vena cava in % (IVC); respiratory variation of superior vena cava in % (SVC); ratio 
of early to late diastolic wave velocities at the mitral valve (EA); ratio of early pulsed-wave Doppler to early tissue Doppler diastolic wave velocity at 
the lateral mitral valve annulus (Ee); LV ejection fraction in % (EF); absolute values of global LV longitudinal peak systolic strain in % (AS); global LV 
longitudinal peak systolic strain rate in s−1 (SR); tissue Doppler peak systolic wave at mitral lateral annulus in cm s−1 (s); ventricular-arterial coupling 
(VAC); LV end-systolic maximal elastance in mmHg mL−1 (ME); end-systolic arterial elastance in mmHg mL−1 (AE); systemic vascular resistance in 
mmHg L−1 min (SVR); LV end-systolic wall stress in mmHg mL (WS); diastolic arterial pressure in mmHg (DAP)

A B

Fig. 5  Correlation of left ventricle (LV) ejection fraction with a contractility index (global LV longitudinal peak systolic strain, a) and and an afterload 
index (end-systolic wall stress, b) during the first 24 h of septic shock
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Discussion
We herein report a reduction of LV contractility in one-
third (as assessed by LVEF) and more than two-thirds 
(as assessed by speckle tracking-derived LV longitudinal 
peak systolic strain) of patients during septic shock. The 
latter index was reduced early in patients whose LVEF 
secondarily deteriorated. There was an inverse correla-
tion between contractility and afterload indices, with 
hyperkinetic patients exhibiting the most severe reduc-
tion in afterload indices.

Prevalence of hypokinesia and feasibility 
of echocardiographic indices
The 32% prevalence of hypokinesia evaluated by LVEF in 
our study is consistent with previous large-size studies 
[12, 13]. This prevalence varied widely in smaller cohorts 
and these discrepancies could be explained in part by dif-
ferences in selection criteria (e.g., septic shock vs. severe 
sepsis), times of assessment and/or thresholds used to 
define reduced LVEF (e.g., 45 vs. 50%) [14–16]. When 
assessed by speckle tracking, the prevalence of SMD in 
our patients was much higher (>70%) and all patients 
with reduced LVEF had impaired LV longitudinal peak 
systolic strain. In addition, LV longitudinal peak sys-
tolic strain at H1–24 was lower in patients with secondary 
hypokinesia as compared to those with preserved LVEF 
on successive examinations. These findings suggest that 
speckle tracking may prove useful in predicting second-
ary overt SMD and may help reveal mild SMD not appar-
ent with conventional echocardiography [6, 17]. Our data 
also corroborate animal studies suggesting an almost 
ubiquitous depression of intrinsic LV contractility during 
sepsis when assessed using speckle tracking or the gold 
standard technique of pressure–volume loops, which is 
independent from loading conditions [18, 19]. Unfortu-
nately, this technique is not routinely applicable at the 
bedside. We found the feasibility of echocardiographic 
indices to be highly variable in our study. Although strain 
measurement is angle-independent, less subjective than 
other measurements (computer-generated), and very 
sensitive to detect altered contractility, its feasibility dur-
ing septic shock (less than 50% in our study) seems lim-
ited by the need for high frame rate and adequate image 
quality [20].

Role of loading conditions
Variability in LVEF (and the resulting prevalence of 
human SMD) may mainly reflect the influence of load-
ing conditions. LVEF and other systolic indices reflect the 
coupling between LV contractility and LV afterload [21], 
the latter being particularly reduced during septic shock. 
In other words, normal LVEF may be observed when 
afterload is severely impaired, despite seriously decreased 

intrinsic LV contractility; conversely, arterial tone pres-
ervation or restoration may unmask depressed LVEF [4]. 
Afterload was scrutinized using various parameters in 
our study, all of which were significantly reduced in the 
group of patients with hyperkinesia as compared with 
other patients. Among contractility parameters, only tis-
sue Doppler peak systolic wave at the lateral mitral valve 
annulus did not significantly correlate with afterload. 
These findings are in accordance with previous studies 
suggesting its relative independence from loading condi-
tions [10].

A recent study [22] documented that dynamic LV 
intraventricular obstruction triggered by hypovolemia in 
hyperdynamic patients at the early stage of septic shock 
(within the first 6 h following admission to the ICU) was 
associated with a worse prognosis. We did not specifically 
explore LV intraventricular obstruction in our study, but 
the absence of significant correlation between contrac-
tility parameters and preload indices is consistent with 
substantial fluid resuscitation at the time of our echocar-
diographic examinations. We found comparable diastolic 
LV volumes in patients with hypokinesia as compared 
to others, in keeping with previous studies suggesting 
the lack of preload adaptation during septic shock [23]. 
On the contrary, systolic LV volumes were significantly 
reduced in hyperkinetic patients, suggesting that hyperki-
nesia was due to a reduction in afterload (with increased 
stroke volume) rather than to hypovolemia. Cor pulmo-
nale may theoretically alter LV filling and promote LV 
hyperkinesia [2]; although RV dilatation was common in 
this series of patients with septic shock, cor pulmonale, 
which is usually associated with severe ARDS [24], was 
rare (<10%) and evenly distributed in groups with hyper-
kinesia, normokinesia, and hypokinesia.

Outcome of SMD
In our study, the reduction of LV contractility was not 
associated with increased mortality, regardless of the 
parameter used. On the contrary, there was an asso-
ciation between hyperkinesia, reduced afterload, and 
increased mortality. These results are in accordance with 
previous reports suggesting reduced survival in sep-
tic and non-septic patients with increased contractil-
ity indices using conventional [23, 25] or tissue Doppler 
echocardiography [26]. Whether vasoplegia drives the 
excess mortality in septic hyperkinetic patients is a ques-
tion warranting future research. The role of baseline car-
diovascular alterations in cirrhotic patients with septic 
shock should also be scrutinized.

Implications, strengths and limitations
The strengths of our study include its prospective 
design and size, the severity of the patients selected, the 
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comprehensive evaluation of myocardial contractility 
and loading conditions with control for false discovery 
rate, and the use of tissue Doppler and strain imaging. 
Our study has the following implications in the clini-
cal and research settings: (i) systolic strain is a sensitive 
tool to depict covert SMD; (ii) knowledge of afterload is 
crucial to adequately interpret LV systolic function dur-
ing human septic shock; and (iii) LV hypokinesia is not 
associated with excess mortality during septic shock. 
This point has significant clinical implications, as the 
use of inotropes during septic shock is generally driven 
by the assessment of systolic function in general, and of 
LVEF in particular. As pointed out in a recent review on 
the topic [3], most of the recent clinical literature has 
focused on cardiac performance to characterize septic 
cardiomyopathy, without considering the impact of sys-
temic arterial circulation and heart–vessel interaction, 
so that readers may underestimate the crucial role of the 
latter. Very few clinical studies, of limited power (<30 
patients), have attempted to investigate this interaction 
[4, 27], doing so by exploring a single parameter of LV 
afterload and using conventional echocardiographic 
indices. Our study is the first to comprehensively assess 
this interaction, using multiple parameters including 
new echocardiographic tools such as speckle track-
ing, in a large population of severe patients with septic 
shock.

Our study also has limitations. First, the design was 
monocentric and the number of patients with evolu-
tion over time was too low to scrutinize this point. 
Second, the study was not fully blinded and results of 
conventional echocardiographic measurements influ-
enced patient treatment. Patients with decreased LVEF 
received more inotropes, a strategy which might have 
altered their hemodynamics and outcome. Dobutamine 
was shown to improve macrocirculation [28] and micro-
circulation [29] during septic shock, and future trials are 
needed to assess whether it alters the outcome of septic 
shock patients with LV hypokinesia at echocardiogra-
phy. Third, we did not perform a reproducibility study, 
did not assess all potentially interesting parameters (e.g., 
mitral annular plane systolic excursion), and the incon-
sistent feasibility of the assessed parameters generated 
missing data.

Conclusion
LV longitudinal strain was more than twice as often 
depressed than LVEF during septic shock, revealing cov-
ert SMD; early strain reduction was found in patients 
with secondary hypokinesia, but this technique had poor 
feasibility. LV hypokinesia did not alter the prognosis of 
septic shock, given the common use of inotropes in this 
subgroup. Contractility indices were inversely correlated 

with afterload, with the exception of tissue Doppler peak 
systolic wave at the lateral mitral valve annulus. Our data 
suggest a widespread reduction of LV contractility during 
human septic shock and highlight the fact that precise 
evaluation of afterload is crucial to adequately interpret 
LV systolic function in this setting.
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