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Abstract
Background Left atrial strain (LAS) is a measure of atrial wall deformation during cardiac cycle and reflects atrial 
contribution to cardiovascular performance. Pathophysiological significance of LAS in critically ill patients with 
hemodynamic instability has never been explored. This study aimed at describing LAS and its variation during volume 
expansion and to assess the relationship between LAS components and fluid responsiveness.

Methods This prospective observational study was performed in a French ICU and included patients with acute 
circulatory failure, for whom the treating physician decided to proceed to volume expansion (rapid infusion of 500 
mL of crystalloid solution). Trans-thoracic echocardiography was performed before and after the fluid infusion. LAS 
analysis was performed offline. Fluid responsiveness was defined as an increase in velocity-time integral (VTI) of left 
ventricular outflow tract ≥ 10%.

Results Thirty-eight patients were included in the final analysis. Seventeen (45%) patients were fluid responders. 
LAS analysis had a good feasibility and reproducibility. Overall, LAS was markedly reduced in all its components, with 
values of 19 [15 – 32], -9 [-19 – -7] and − 9 [-13 – -5] % for LAS reservoir (LASr), conduit (LAScd) and contraction (LASct), 
respectively. LASr, LAScd and LASct significantly increased during volume expansion in the entire population. Baseline 
value of LAS did not predict fluid responsiveness and the changes in LAS and VTI during volume expansion were not 
significantly correlated.

Conclusions LAS is severely altered during acute circulatory failure. LAS components significantly increase during 
fluid administration, but cannot be used to predict or assess fluid responsiveness.
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Background
Circulatory shock is present in up to one-third of patients 
admitted to the ICU and volume expansion represents 
the first-line therapy [1]. Only 50% of critically ill patients 
increase their cardiac output after fluid infusion [2], a 
finding that prompts the accurate investigation of volume 
status in order to avoid useless fluid administration and 
deleterious consequences of fluid overload. Hemody-
namic assessment of fluid loading should encompass the 
evaluation of left atrium (LA) performance and its con-
tribution to cardiac function [3].

Left atrium is a complex and dynamic structure that 
significantly influences cardiovascular performance by 
actively coordinating with the left ventricle (LV) during 
the cardiac cycle [4]. LA assumes different roles, func-
tioning as a reservoir during ventricular systole, as a con-
duit during early ventricular diastole and as a pump that 
increases ventricular filling during late ventricular dias-
tole [5]. Structural and functional characteristics of LA 
reflect left ventricular diastolic function, as LA is exposed 
to LV filling pressure during diastole [6].

Recently, LA phasic function has been studied using 
speckle-tracking echocardiography [7]. This technique 
allows analysing and quantifying myocardial deformation 
by measuring LA strain (LAS) during the three phases of 
atrial function (reservoir, conduit and contraction). Most 
of the literature in this area involves cardiology patients. 
LAS has been shown to predict adverse outcomes in 
many cardiovascular conditions, namely heart failure [8–
12], atrial fibrillation [13–16] and severe valvular defects 
[17, 18].

Gaps of knowledge in application of LAS in critically ill 
patients remain significant. The literature on the topic is 
scarce [19–21] and to date, the pathophysiological mean-
ing of LAS in critically ill patients remains unknown. Few 
studies conducted in healthy subjects suggest that LAS is 
influenced by preload variations. LAS reservoir (LASr) 
is reduced in response to controlled reduction of cardiac 
loading; this includes tilting manoeuvre [22], Valsalva 
manoeuvre [23] and continuous positive airway pres-
sure (CPAP) application [24]. Conversely, load alteration 
during passive leg raising produces an increase in LASr 
[24]. In patients with renal failure, LASr and LAS conduit 
(LAScd) were reduced after a preload reduction gener-
ated by the haemodialysis session, while LAS contraction 
(LASct) was unaffected [25, 26]. The effect of a fluid bolus 
on atrial strain in critically ill patients with acute circula-
tory failure has never been explored. The primary goal of 
this study was to describe the change in LAS during vol-
ume expansion in patients with acute circulatory failure. 
As secondary goal, we aimed to test if LAS or LAS varia-
tions during volume expansion accurately detect preload 
responsiveness.

Methods
Patients
This prospective observational study was conducted 
between June 2022 and September 2023 in the medi-
cal ICU of Henri-Mondor university hospital, Creteil, 
France. The study was approved by the ethics committee 
of the French Society of Intensive Care Medicine (Société 
de Réanimation de Langue Française, SRLF, 23–050). 
Because we routinely use echocardiography to assess the 
circulatory status of critically ill patients in our ICU, this 
technique was considered as a component of standard 
care and patient’s consent was waived. Written and oral 
information about the study was given to the patients or 
families as per French law.

We included adult critically ill patients if the treating 
physician in charge decided to perform volume expan-
sion because of the presence of acute circulatory fail-
ure. Acute circulatory failure was defined by at least one 
of the following signs: (a) hypotension (systolic arte-
rial pressure ≤ 90 mmHg or decrease of more than 50 
mmHg or mean arterial pressure ≤ 65 mmHg); (b) heart 
rate ≥ 100  bpm; (c) oliguria (diuresis ≤ 0.5 mL/kg/h) for 
more than 2 h; (d) lactate levels ≥ 2 mmol/L; (e) skin mot-
tling. Exclusion criteria were supraventricular tachyar-
rhythmia or pacemaker rhythm at the time of inclusion, 
extracorporeal membrane oxygenation and poor image 
quality for LA strain analysis. Patients were included 
according to the availability of investigators and ultra-
sound systems.

Data collection
We prospectively collected demographic, clinical and 
biological information from electronic medical records.

Echocardiography
Transthoracic echocardiography (TTE) examination 
was performed by trained clinicians (competent in criti-
cal care echocardiography) in the supine position using 
the cardiac ultrasound probe (1.5–4.5  MHz, M5S-D) 
of a high-quality ultrasound system (GE Vivid S7 or E9 
ultrasound system; GEMS, Buc, France). A standard 
echocardiographic protocol was used, performing all 
measurements according to current guidelines [27, 28]. 
For each patient, a single operator performed all TTE 
measurements. Echocardiographs were recorded and 
stored as DICOM files for offline analysis. All measure-
ments were taken at end-expiration. A five-chamber api-
cal view was used to record the velocity-time integral 
of the flow in the left ventricular outflow tract (LVOT–
VTI), by averaging three measurements [29]. Left atrial 
volumes and left atrial ejection fraction were determined 
by the application of biplane method.
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Physiological significance of left atrial strain
Speckle-tracking echocardiography analysis of left atrial 
deformation allows measurement of LAS and provides 
information on all phases of atrial function: reservoir, 
conduit and contraction [28, 30, 31]. Left atrial reservoir 
phase corresponds to pulmonary venous return during 
ventricular systole, when LA fills and stretches, generat-
ing a positive strain deflection. During the conduit phase, 
which starts with mitral valve opening and spans early 
ventricular diastole, LA passive emptying occurs, pro-
ducing a decrease in LAS corresponding to the first nega-
tive deflection in LAS curve. Contraction phase occurs 
from the onset of atrial contraction and covers late ven-
tricular diastole; it is characterised by atrial wall shorten-
ing, generating a second negative deflection on left atrial 
strain curve [32, 33].

LAS analysis
LAS analysis was performed offline (EchoPAC, GE 
Healthcare) using an automated speckle tracking soft-
ware with a LAS dedicated mode. LAS included three 
measurements: LASr, LAScd and LASct, reflecting atrial 
deformation during different phases of cardiac cycle 
(Fig. 1). LASr is a positive value while LAScd and LASct 
are negative values. LAS was measured using optimized 
apical-four-chamber (A4C) and apical-two-chamber 
(A2C) views, in order to visualize left atrial endocardium 

during the entire cardiac cycle. The region of interest 
(ROI) of the LA was defined by the endocardial border 
(inner contour of the LA wall) and the epicardial border 
(outer contour of the LA wall). The regions of interests 
(ROI) were generated automatically and manual adjust-
ments were performed when necessary. Zero-baseline for 
obtaining LAS curves was set at end-ventricular diastole 
using R-R ECG gating. Atrial phases definition and LAS 
measurements were made in accordance with the Euro-
pean Association of CadioVascular Imaging / American 
Society of Echocardiography guidelines [30]. We calcu-
lated mean LASr, LAScd and LASct by averaging the val-
ues recorded in four- and two-chamber views.

The software we used for the analysis of left atrial strain 
offers and automated measure of tracking quality. More-
over, we visually checked tracking quality by comparing 
the underlying atrial wall image loop with the superim-
posed tracking results. Lastly, we analysed the curves 
derived from that tracking. Only images where the LA 
wall could be properly traced were included.

Other measurements
We recorded the following standard hemodynamic data: 
heart rate, systolic arterial pressure, diastolic arterial 
pressure, mean arterial pressure, pulse pressure varia-
tion, and perfusion index. Respiratory variables, such as 

Fig. 1 Left atrial strain measurement
 *A4C indicates apical-four-chamber view; A2C, apical-two-chamber view; LASr, left atrial strain reservoir; LAScd, left atrial strain conduit; LASct left atrial 
strain contraction, pre-A, pre-atrial contraction
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respiratory rate, tidal volume and positive end expiratory 
pressure were also collected.

Study protocol
At baseline, a first set of hemodynamic and TTE data was 
collected. Then, a fluid bolus of 500 mL of a crystalloid 
solution was performed in less than 15 min [34]. A sec-
ond set of measurements was obtained immediately after 
volume expansion. Throughout the study period, the 
ventilator settings and the dose of sedatives and vasoac-
tive drugs were left unchanged. Fluid responsiveness was 
defined as an increase of 10% or more in LVOT-VTI after 
volume expansion [35, 36].

Reproducibility
We assessed intra-observer and inter-observer variability 
for LAS analysis in a sample of 10 patients that were ran-
domly selected. Inter-observer variability was evaluated 
by asking two operators (M.C. and F.B.) to perform LAS 
analysis of the same exams blinded to each other results. 
Intra-observer variability was evaluated by asking one 
investigator (M.C.) to repeat LAS analysis with at least 
2-week interval, blinded to the results of the first analy-
sis. The repeated analyses were performed on the same 
pre-selected loops and cardiac cycles. Inter-and intra-
observer variability were assessed by intraclass correla-
tion coefficients.

Statistical analysis
Sample size calculation was based on LASr value. We 
calculated that a sample size of at least 29 patients would 
have a 90% power to detect a 5% improvement in LASr 
after fluid bolus, considering a baseline LASr of 20% 
with a standard deviation of 9%, based on previous stud-
ies evaluating LAS in critically ill patients [19, 21]. Con-
sidering the difficulty in obtaining good-quality images 
in critically ill patients, we planned to enrol at least 40 
patients. Data are expressed as mean ± standard deviation 
or median [interquartile range], as appropriate. Normal-
ity of continuous variables was assessed with the Shap-
iro–Wilk test. Comparisons between before and after 
fluid administration were assessed through a paired Stu-
dent’s t test or a Wilcoxon test, as appropriate. Compari-
sons between fluid responders and fluid non-responders 
were assessed through a two-sample Student’s t test or 
a Mann–Whitney U test, as appropriate. Because left 
atrial strain has been shown to reflect left ventricular 
filling pressure in patients with heart failure [8, 12], we 
tested its association with traditional Doppler indices of 
abnormal diastolic function [37] by using bivariate corre-
lation analysis and summarizing the results in a correla-
tion 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. Receiver-operating 
characteristic curves (with 95% confidence interval) were 
built for the prediction of fluid responsiveness using the 
baseline value of LAS. Correlations were quantified by 
the Spearman coefficient. A p-value of less than 0.05 was 
considered statistically significant.

Results
Patient characteristics
Fifty-three patients were assessed. Ten patients were 
excluded (including five patients with non-sinus rhythm 
at the time of inclusion, five patients for whom data were 
lost for when transferring echocardiographs from ultra-
sound machine to hard disk), and five patients had inade-
quate atrial wall visualisation for LAS assessment, leaving 
38 patients for analysis (feasibility of 88% [38/43], Fig. 2). 
All patients were included once.

The baseline characteristics of the studied popula-
tion are summarised in Table 1. Patients were included a 
median of 1 [0–2] days after ICU admission (Table 1). At 
time of inclusion, 21 (55%) patients were receiving nor-
adrenaline infusion, with a median dose of 0.4 [0.2–0.8] 
mcg/kg/min; 26 (68%) patients were mechanically venti-
lated with a median value of positive end expiratory pres-
sure of 6 [5–8] cmH2O (Table 1). The median ICU length 
of stay was 13 [5–21] days and the ICU mortality was 
21% (Table 1).

Hemodynamic variables
Overall, fluid loading induced an increase in arterial pres-
sure, cardiac output and pulse oximetry, and a decrease 
in pulse pressure variation (Table  2). Seventeen (45%) 
patients were fluid responders. There was no significant 
difference in hemodynamic characteristics at baseline 
between fluid responders and non-responders (Table 2).

Echocardiographic variables
Table  2 displays the echocardiographic parameters at 
baseline. Mean LAS was feasible in 36 patients. The 
intra- and inter-observer variability was good for all 
components of LAS, with intraclass correlation coeffi-
cients all above 0.8 (Table S1). All LAS components were 
markedly reduced (twice lower) at baseline as compared 
to reported reference values. All LAS components sig-
nificantly increased during volume expansion (Table  2). 
Within groups, LASr increased both in fluid respond-
ers and non-responders, while LAScd increased only in 
non-responders and LASct increased only in respond-
ers (as also did left ventricle global longitudinal strain) 
(Table 3, Figure S1-S3). None of the components of LAS 
at baseline predicted fluid responsiveness (Table  2, Fig-
ure S4), and the change in LAS was not associated with 
the change in LVOT-VTI during fluid loading (Figure 
S5). The correlations between LAS variation al LV global 
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longitudinal strain variation in responders and non-
responders are shown in Figure S6. There was no dif-
ference between fluid responders and non-responders 
concerning parameters of left ventricular and left atrial 
structure, except for lower values of left ventricle vol-
umes in the former group (Table 2). Indices of diastolic 
function were similar between groups, apart from higher 
values of E-wave deceleration time in responders. In the 
correlation matrix, most indices of increased left ventric-
ular filling pressure were not associated with LAS, nor in 
the entire cohort nor in non-responder patients. (Figure 
S7).

Discussion
We herein report the first study on LAS during fluid 
loading in the critically-ill with the following main find-
ings: (i) LAS was feasible with good reproducibility in 
critically ill patients with circulatory failure; (ii) all three 
components LAS were severely altered at baseline and 
markedly increased with fluid administration overall; (iii) 
the baseline values of LAS did not predict fluid respon-
siveness, and the change in LAS was not correlated to the 
change in cardiac ejection.

LAS in critically ill patients
Several studies have reported normal reference values 
of LAS derived from large populations of healthy adult 

subjects [38, 39] as follows: LASr 42 (36–48) %, LAScd 
− 26 (-20 to -32) %, and LASct − 16 (-13 to -19) %. There 
are few studies evaluating LAS in ICU patients [19–21], 
showing variable results. Franchi et al. [20] found nor-
mal values of LASr (40.2 ± 12.0) in a cohort of patients 
undergoing invasive mechanical ventilation, with sta-
ble hemodynamic status. On the contrary, Beyls et al. 
[19] reported that in COVID-19 patients developing 
atrial fibrillation during ICU stay, LAS parameters were 
severely reduced: LASr 20.2% [12.3–27.3], LAScd − 8.1% 
[-6.3 to -10.9], LASct − 9.7% [-5.2 to -16.1]. Cameli et al. 
[21] also found a profound reduction of LASr in criti-
cally ill mechanically ventilated adults with a pulse pres-
sure variation < 15%; however, the investigators did not 
provide a detailed description of hemodynamic status 
of the studied population. Our study shows that dur-
ing circulatory failure, all three components of LAS are 
severely altered: LASr 19% [15–32], LAScd − 9% [-19 to 
-7] and LASct − 9% [-13 to -5]. Further studies are needed 
to scrutinize whether the aetiology of circulatory failure 
(e.g., sepsis) has a role in this alteration.

LAS and volume expansion
Our study examined the effect of fluid-induced changes 
in cardiac preload on LAS. Some evidence exists that LAS 
may be preload dependent. Previous small studies [20, 
22–24] enrolling mainly healthy subjects, have shown an 

Fig. 2 Flow-chart of inclusions
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Age - years 59 [43–68]
Sex male – no. (%) 26 (68)
BMI (kg/m2) 24.5 [21.7–27.9]
Comorbidities
 Hypertension
 HFrEF
 HFpEF
 Paroxysmal atrial fibrillation
 COPD
 Diabetes
 CKD
 Chronic dialysis
 Cirrhosis
 Immunodepression

17 (45%)
5 (13%)
1 (3%)
4 (11%)
2 (5%)
8 (21%)
3 (8%)
2 (5%)
8 (21%)
11 (29%)

Chronic treatment
 Beta-blockers
 ACEIs / ARBs
 Loop-diuretics
 Aldactone
 Amiodarone

11 (29%)
13 (34%)
8 (21%)
3 (8%)
3 (8%)

Reason for ICU admission
 Acute respiratory failure
 Sepsis
 Shock
  Septic
  Cardiogenic
  Hypovolemic and hemorrhagic
 Cardiac arrest
 Neurologic
 Multidrug intoxication
 Other

6 (16%)
9 (24%)
3 (8%)
2 (5%)
3 (8%)
4 (11%)
7 (19%)
2 (5%)
2 (5%)

Severity, supports and outcomes
 SAPS 2 on admission 47 [35–66]
 Days of mechanical ventilation 10 [3–14]
 Days on vasopressors / inotropes 3 [2–7]
 ICU length of stay, days 13 [5–21]
 Hospital length of stay, days 23 [14–37]
 ICU mortality - no. (%) 8 (21%)
 Hospital mortality - no. (%) 11 (29%)
 Days from admission 1 [0–2]
 SOFA score 7 [4–12]
Hemodynamic condition
 SOFA cardio-vascular score
 Noradrenaline infusion – no. (%)
 Noradrenaline dosage – µg/kg/min
 Dobutamine infusion – no. (%)
 Dobutamine dosage – µg/kg/min
 Right ventricular failure – no. (%)
 Moderate/severe mitral or aortic valvular disease – no. (%)

3 [1–4]
21 (55)
0.4 [0.2–0.8]
2 (5)
2.5 [2.5–2.5]
1 (3%)
1 (3%)

Respiratory condition
 Conventional Oxygen Therapy – no. (%)
 High Flow Nasal Cannula – no. (%)
 Non Invasive Ventilation – no. (%)
 Invasive Mechanical Ventilation – no. (%)
 PEEP – cmH2O
 FiO2

5 (13%)
3 (8%)
1 (3%)
26 (68%)
6 [5–8]
0.4 [0.3–0.6]

Table 1 Patients characteristics at baseline
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association between preload alteration and LASr. LAS 
variation during an increase of cardiac preload has only 
been evaluated by Gottfridsson et al. [24], who docu-
mented an increase in LASr during a passive leg raising 
manoeuvre in healthy young individuals. Our study con-
firms these findings, as we described a major increase 
in LASr during rapid fluid administration. The conduit 
and contraction phases of left atrial function have been 
poorly studied during controlled load alterations.

There is some evidence [23–25] indicating that LASct 
is relatively unaffected by preload variations. However, 
the Valsalva manoeuvre and continuous positive airway 
pressure application used in studies by Gottfridsson et al. 
[23, 24] shall not produce significant changes in preload 

in all subjects. In our study, we found a statistically sig-
nificant increase in LASr and LASct with fluid loading in 
responders, along with an increase in LV systolic strain. 
These finding are consistent with cardiovascular physiol-
ogy. Mechanistically, LASr is coupled to LV longitudinal 
shortening since the two chambers are anatomically con-
nected, and in systole, the LV exerts a direct stretching 
effect on the atrium [5]. In fluid responsive patients, ven-
tricular contractile function improves and this could be 
an important contributing mechanism to the rise in LASr 
in this setting. The absence of significant correlation 
between LAS variation and LV longitudinal strain seems 
to contradict these assumptions and needs further explo-
rations. Similar to LV, LA pump function is theoretically 

Table 2 Hemodynamic and echocardiographic data at baseline
Entire population
(n = 38)

Fluid responders
(n = 17)

Non - responders
(n = 21)

p

Hemodynamic variables
   HR – bpm
   SAP – mmHg

98 [80–109]
110 [91–121]

95 [75–103]
110 [91–121]

102 [81–115]
110 [91–120]

0.38
0.62

   DAP – mmHg
   MAP – mmHg

55 [47–60]
73 [64–80]

54 [50–63]
73 [65–80]

55 [45–58]
72 [64–78]

0.66
0.52

   PPV – % [24 pts] 10 [7–14] 9 [8–12] 10 [6–17] 0.70
Echocardiographic variables
   LVEF – %
   LVEDV – mL
   LVESV - mL
   LVOT-VTI mean – cm
   CO – L/min [35 pts]
   GLS-LV – % [32 pts]

54 [44–60]
87 [70–111]
41 [33–54]
21 [15–26]
6.5 [5.7–7.7]
-11.3 [-14.5 – -8.1]

54 [51–59]
82 [64–95]
37 [32–47]
20 [16–26]
5.9 [5.3–6.9]
-12.6 [-14.1 – -10.6]

54 [43–60]
105 [80–129]
50 [33–62]
22 [15–26]
7.1 [6.1–9.5]
-9.5 [-14.6 – -6.6]

0.52
0.04
0.04
0.37
0.01
0.20

   E – cm/s [37 pts]
   DTE – ms
   A – cm/s [37 pts]
   E/A [37 pts]
   E’ lat – cm/s[37 pts]
   E/E’ lat [37 pts]
   LA area – cm2
   LA volume – mL
   LAVI – mL/m2
   LAEF - %
   LASr mean – % [36 pts]
   LAScd mean – % [36 pts]
   LASct mean – % [36 pts]

70 [61–85]
213 [130–255]
75 [59–90]
0.94 [0.75–1.12]
10 [8–12.9]
7.1 [5.5–9.2]
16 [13–21]
35 [27.25–51.5]
20 [17–26]
54 [41–60]
19 [15–30]
-9 [-18 – -7]
-9 [-13 – -6]

73 [60–86]
249 [223–267]
77 [58–89]
0.95 [0.78–1.09]
10 [9–12]
7.0 [5.3–9.6]
16 [13–16]
33 [18–42]
20 [10–26]
53 [41–62]
18 [16–32.5]
-9.5 [-19 - -7]
-8 [-13 – -6]

70 [61–85]
151 [125–235]
73 [60–93]
0.94 [0.74–1.28]
10 [6–13]
7.4 [6.3–9.3]
18 [15–23]
42 [29–53]
20 [16–27]
54 [44–58]
19 [14–31]
-9 [-18 – -7]
-9 [-14 – -4]

0.72
0.01
0.50
0.96
0.47
0.48
0.07
0.14
0.29
0.83
0.78
0.65
> 0.99

* Data are expressed as number (percentage) or median (interquartile range). HR indicates Heart Rate; bpm, beats per minute; SAP, Systolic Arterial Pressure; DAP, 
Diastolic Arterial Pressure; MAP, Mean Arterial Pressure; PPV, Pulse Pressure Variation; pts, patients; LVEF, Left ventricular ejection fraction; LVEDV, left ventricular 
end diastolic volume; LVESV, left ventricular end systolic volume; LVOT-VTI, Left ventricle outflow tract - velocity-time integral; CO, Cardiac Output; GLS-LV, global 
longitudinal strain – left ventricle; E-wave early diastole; A, A-wave, atrial contraction; DTE, deceleration time E-wave; E’ lat, lateral early diastolic annulus relaxation 
velocity; LA, left atrium; LAVI, left atrial volume index; LAEF, left atrial ejection fraction; LAS, left atrial strain; LASr, LAS reservoir; LAScd, LAS conduit; LASct, LAS 
contraction

Biology
 Lactate – mmol/L [37 pts]
 Creatinine - µmol/L
 Haemoglobin – g/dL

1.7 [1.1–4.3]
116 [81–180]
9.7 [8.6–11.1]

* Data are expressed as number (percentage) and median (interquartile range). BMI indicates Body Mass index; HFrEF, Heart Failure reduced Ejection Franction; 
HFpEF, Heart Failure preserved Ejection Fraction; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; ACEIs, Angiotensine Converting 
enzyme Inhibitors; ARBs, Angiotensin Receptor Blockers; SAPS2, Simplified Acute Physiology Score; pts, patients; ICU, Intensive Care Unit, SOFA, Sepsis-Related 
Organ Failure Assessment; PEEP, Positive End Expiratory Pressure; FiO2, Fraction of Inspired Oxygen; pts, patients

Table 1 (continued) 
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determined by preload (Frank–Starling mechanism), a 
fact that may explain our finding of increased LASct with 
fluid loading in responders. Supporting this hypothesis, 
we found a tendency for an increase in left atrial ejection 
fraction during volume expansion in fluid responders, 
although not statistically significant.

Ünlü et al. [25] found that in patients with end-stage 
renal disease, LASr and LAScd declined during the hae-
modialysis session. In our study, both LASr and LAScd 
increased in non-responders during fluid loading. These 
observations may suggest the role of LA pressure, but 
warrant further research, inasmuch as the absolute 
changes in LAScd values were small in our cohort.

Fluid intolerance
Left atrial strain has been used in cardiology patients 
for identifying elevated left ventricular filling pressure 
[8] and for providing a more accurate categorization of 
diastolic dysfunction than do conventional echocardio-
graphic variables [40]. Similarly, LA strain measure could 
be used to detect fluid intolerance in critically ill patients 
receiving a fluid bolus, outperforming traditional echo-
cardiographic indices of diastolic dysfunction.

The majority of studied patients did not show echo-
cardiographic criteria of diastolic dysfunction accord-
ing to EACVI criteria [37], neither before nor after fluid 
administration. More specifically, we found that only one 

patient could be classified as having elevated left ventric-
ular filling pressure and three patients indetermined LV 
filling pressure at baseline. The absence of significant cor-
relation between LA strain and conventional indices of 
diastolic dysfunction is consistent with the characteris-
tics of included patients and timing of echocardiographic 
examination: we enrolled patients early after the onset 
of acute circulatory failure and before substantial fluid 
resuscitation.

In our study we didn’t find any difference in the three 
components of LAS (LASr, LAScd and LASct) between 
fluid responders and non-responders patients, nor in 
conventional echocardiographic criteria of diastolic dys-
function (except for deceleration time of E-wave). More-
over, LASr increased during volume expansion by the 
same rate in fluid responders and non-responders.

In conclusion, according to our results, LAS doesn’t 
appear to add clues to the identification of patients that 
would not benefit from fluid administration, and further 
studies are warranted to assess its usefulness to detect 
fluid intolerance.

Fluid responsiveness
Over the last 20 years, traditional static markers of 
preload responsiveness, notably central venous pres-
sure [41], have been shown to be unreliable and several 
dynamic tests have been developed (e.g., pulse pressure 

Table 3 Hemodynamic and echocardiographic variables during fluid expansion in responders and non-responders
Fluid responders (n = 17) Non-responders (n = 21)
Before fluid bolus After fluid bolus p Before fluid bolus After fluid bolus p

HR – bpm
SAP – mmHg

95 [75–103]
110 [91–121]

95 [76–104]
120 [111–133]

0.91
< 0.001

102 [81–115]
110 [91–120]

98 [80–110]
115 [101–138]

0.05
0.004

DAP – mmHg 54 [50–63] 60 [54–70] 0.001 55 [45–58] 55 [51–66] 0.006
MAP – mmHg
LVEF – %
LVEDV – mL
LVESV - mL

73 [65–80]
54 [51–59]
82 [64–95]
37 [32–47]]

81 [77–88]
55 [50–60]
89 [76–96]
37 [32–48]

< 0.001
0.84
0.30
0.48

72 [64–78]
54 [43–60]
105 [80–129]
50 [33–62]

74 [68–83]
51 [41–58]
102 [80–120]
48 [40–68]

0.03
0.93
0.56
0.45

LVOT-VTI mean – cm 20 [16–26] 23 [20–29] < 0.001 22 [15–26] 20 [15–26] 0.69
GLS-LV – % [32 pts]
E – cm/s
DTE – ms
A – cm/s
E/A
E’ lat – cm/s
E/E’
LA area – cm2
LA volume – mL
LAVI – mL/m2
LAEF - %

-12.6 [-14.1 – -10.6]
73 [60–86]
249 [223–267]
77 [58–89]
0.95 [0.78–1.09]
10 [9–12]
7.0 [5.3–9.6]
16 [13–16]
33 [18–42]
20 [10–6]
53 [41–62]

-14.6 [-16.9 – -11.6]
80 [69–95]
220 [187–264]
74 [59–91]
1.04 [0.89–1.21]
10 [8–13]
7.4 [5.9–10.1]
18 [15–22]
34 [23–43]
23 [13–28]
60 [52–67]

0.04
< 0.001
0.51
0.08
0.27
0.55
0.07
0.01
0.63
0.64
0.08

-9.5 [-14.6 – -6.6]
70 [85–61]
151 [125–235]
73 [60–93]
0.94 [0.74–1.28]
10 [6–13]
7.4 [6.3–9.3]
18 [15–23]
42 [29–53]
20 [16–27]
54 [44–58]

-13.7 [-17.8 – -8.3]
74 [57–101]
191 [158–238]
78 [60–96]
0.94 [0.75–1.29]
10 [6–13]
8.3 [5.8–11.1]
18 [15–20]
43 [27–58]
19 [13–31]
57 [43–59]

0.13
0.25
0.30
0.97
0.53
0.29
0.37
0.28
0.67
0.62
0.98

LASr mean – % [36 pts] 18 [15–33] 25 [19–34] 0.005 19 [14–31] 25 [18–36] 0.007
LAScd mean – % [36 pts] -10 [-21 – -6] -12 [-20 – -9] 0.13 -9[-18 – -7] -13 [-21 – -8] 0.03
LASct mean – % [36 pts] -8 [-14 – -6] -11 [-16 – -8] 0.02 -9 [-14 – -4] -10 [-16 – -6] 0.40
* Data are expressed as number (percentage) or median (interquartile range). ). HR indicates Heart Rate; bpm, beats per minute; SAP, Systolic Arterial Pressure; DAP, 
Diastolic Arterial Pressure; MAP, Mean Arterial Pressure; LVEF, Left ventricular ejection fraction; LVEDV, left ventricular end diastolic volume; LVESV, left ventricular 
end systolic volume; LVOT-VTI, Left ventricle outflow tract - velocity-time integral; CO, Cardiac Output; GLS-LV, global longitudinal strain – left ventricle; E-wave early 
diastole; A, A-wave, atrial contraction; DTE, deceleration time E-wave; E’ lat, lateral early diastolic annulus relaxation velocity; LA, left atrium; LAVI, left atrial volume 
index; LAEF, left atrial ejection fraction; LAS, left atrial strain; LASr, LAS reservoir; LAScd, LAS conduit; LASct, LAS contraction
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variation, stroke volume variation, passive leg raising, 
end-expiratory occlusion test) [35]. . LAS is assumed to 
reflect at least in part left ventricular end-diastolic pres-
sure, with lower values of LAS being markers of elevated 
left ventricular filling pressure [8]. In our study, we 
showed that a static value of LAS could not detect fluid 
responsiveness. In this perspective, our finding that LAS 
components cannot predict fluid responsiveness is con-
sistent with previous literature on static indicators of car-
diac preload [36].

Limitations
Our study has several limitations. First, this is a single-
centre study with a cohort of small size; in addition, 
inclusion rate was slow. Therefore, the generalizability of 
our results is questionable. Second, we included a gen-
eral population of critically ill patients needing volume 
expansion as the clinician acumen and we might have 
missed the most severe patients; nevertheless, we wanted 
our study to be pragmatic and thus to describe left atrial 
strain change during volume expansion in patients that 
actually receive intravenous resuscitation fluid in clini-
cal practice [42–44]. Unfortunately, we didn’t record the 
specific trigger for fluid administration in our cohort 
of patients and we cannot exclude that LAS physiology 
could be different in specific subgroups. Third, the mea-
surement of LAS requires an experienced operator and 
the recording of adequate apical views. However, in our 
study we found a good feasibility (only 5/43 patients were 
excluded because of inadequate ultrasound imaging) and 
reproducibility of LAS parameters. Nevertheless, TTE 
image quality in critically ill patients is often suboptimal 
and we did not investigate to which extent echogenicity 
could impact the precision of LAS analysis. Finally, we 
used change in VTI as a surrogate of increase in stroke 
volume to define fluid responsiveness. However, echo-
cardiography is widely used nowadays in ICU to track 
changes in cardiac output and the relative changes in VTI 
have been validated in this setting [29].

Conclusion
All components of LAS were severely altered during 
acute circulatory failure and significantly increased dur-
ing fluid administration. However, neither their baseline 
value nor their variation can be used as markers of fluid 
responsiveness.
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