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OBSERVATIONAL STUDY

Crystalloid Liberal or Vasopressors 
Early Resuscitation in Sepsis-Study of 
Treatment’s Echocardiographic Mechanisms 
(CLOVERS-STEM)
IMPORTANCE: Receipt of fluid and vasopressors, common treatments in septic 
shock, may affect cardiac function.

OBJECTIVES: We sought to determine whether a liberal or restrictive fluid resus-
citation strategy was associated with changes in cardiac function.

DESIGN: We prospectively studied a subset of patients enrolled in the 
Crystalloid Liberal or Vasopressors Early Resuscitation in Sepsis (CLOVERS) 
trial, performing echocardiography at baseline and at 24 hours after randomiza-
tion. Among patients who had an echocardiogram performed at 24 hours, we 
measured left ventricular global longitudinal strain (LV GLS) and right ventricular 
free-wall longitudinal strain (RVFWLS). We performed linear regressions with de-
pendent variables of LV GLS, change in LV GLS (ΔLV GLS), and RVFWLS using 
treatment assignment as an independent variable. We adjusted for ratio of early 
diastolic mitral inflow velocity to early diastolic mitral annulus velocity, mean ar-
terial pressure, and history of congestive heart failure and myocardial infarction.

SETTING: Emergency department and ICUs.

PATIENTS: Adults with sepsis enrolled in the CLOVERS trial.

MAIN OUTCOMES AND MEASURES: We enrolled 180 patients. Our ana-
lytic cohort comprised 131 patients with an echocardiogram performed at 24 
hours. We observed no differences between treatment arms with respect to dem-
ographic, clinical, or echocardiographic data at baseline. We observed no asso-
ciation between restrictive fluid assignment and LV GLS (coefficient, 1.22; p = 
0.23), ΔLV GLS (–1.97; p = 0.27), or RVFWLS (2.33; p = 0.19).

CONCLUSIONS AND RELEVANCE: In a subset of patients enrolled in 
CLOVERS, we observed no association between receipt of fluid and vasopres-
sors and short-term changes in cardiac function. Decreased enrollment may limit 
inferences.

KEYWORDS: echocardiography; fluid; septic cardiomyopathy; strain; vasopressor

Septic shock accounts for 10% of all ICU admissions and 30% of all ICU 
mortality in the United States (1). Despite recent improvements in mor-
tality for sepsis (2), hospital mortality for patients with septic shock 

remains 22–50% (3, 4). Patients with septic shock frequently have septic cardio-
myopathy, which is characterized by cardiac systolic and diastolic dysfunction, 
among other findings (5–7). Treatments for septic shock may include admin-
istration of IV fluids or vasoactive medications. While these therapies can fa-
vorably increase cardiac preload, mean arterial pressure (MAP), or cardiac 
contractility, excess catecholamines may exert direct and indirect cardiotoxic 
effects (8, 9). Excess fluid administration could result in worsened interstitial 
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edema and worsened right ventricular (RV) function 
(6, 10, 11).

The Crystalloid Liberal or Vasopressors Early 
Resuscitation in Sepsis (CLOVERS) trial randomized 
patients with sepsis-associated hypotension to one of two 
protocolized treatments: emphasis on fluid boluses (liberal 
fluids) or early vasopressor infusions (restrictive fluids) for 
the first 24 hours of their hospital stay (12). Patients were 
enrolled primarily in the emergency department after 
1–3 L of IV fluid was administered. The CLOVERS study 
thus provides a unique opportunity to investigate the car-
diac effects of these treatments. Specifically, we sought to 
determine whether a restrictive or liberal fluid strategy 
resulted in left or RV impairment at 24 hours and whether 
patients with ventricular dysfunction at enrollment exhib-
ited differential treatment effects or outcomes.

METHODS

Study Design and Study Oversight

The CLOVERS-Study of Treatment’s Echocardiographic 
Mechanisms (CLOVERS-STEM) is an observational 
ancillary study within the CLOVERS multicenter, ran-
domized, unblinded superiority trial that was funded 
by the National Institutes of Health/National Heart, 
Lung, and Blood Institute as part of the Prevention and 
Early Treatment of Acute Lung Injury Network. The 
study was approved by the Vanderbilt institutional re-
view board (Study of Treatment’s Echocardiographic 

Mechanisms, No. 017456, approved April 26, 2019). 
All study procedures were followed in accordance 
with the ethical standards of the Vanderbilt institu-
tional review board on human experimentation and 
with the Helsinki Declaration of 1975. All patients or 
their legal authorized representatives provided writ-
ten informed consent for participation in the trial and 
in the ancillary study.

Patients

Eligible patients met inclusion criteria for CLOVERS: 
Adult patients (≥ 18 yr old) with a suspected or con-
firmed infection (broadly defined as the administra-
tion or planned administration of antibiotic agents) 
and sepsis-induced hypotension (systolic blood 
pressure, < 100 mm Hg after the administration of 
≥ 1000 mL of IV fluid). Patients were excluded if 
it had been more than 4 hours since meeting inclu-
sion criteria, more than 24 hours since presentation 
at the hospital, or receipt of more than 3000 mL IV 
fluid before enrollment. Additionally, patients were 
excluded if there was presence of fluid overload or 
severe volume depletion from nonsepsis causes, as 
part of the CLOVERS criteria. There were no addi-
tional inclusion criteria for this ancillary study; the 
only additional exclusion criterion was an allergy to 
ultrasound-enhancing agents.

Study Procedures

Enrolled patients underwent a comprehensive trans-
thoracic echocardiogram at time of enrollment and 
a second echocardiogram 24 hours later. Serum tro-
ponin was also obtained at the time of each echocardi-
ogram. If a full clinical echocardiogram was performed 
that met the standards of the research echocardiogram 
within the study time window, that clinical echocardi-
ogram could be substituted for the research echocar-
diogram. The selected sites for this study (7/60 sites 
in CLOVERS) routinely perform echocardiography 
on critically ill patients using sonographers working 
within an echocardiography laboratory accredited by 
the Intersocietal Accreditation Commission. Before 
participating in the study, sites submitted a sample 
echocardiogram, which was reviewed and approved 
by the Intermountain Critical Care Echocardiography 
Core Imaging Laboratory.

 
KEY POINTS

Question: Does a liberal or restrictive fluid resus-
citation strategy affect short-term cardiac function 
in sepsis and septic shock?

Findings: Although septic myocardial dysfunction 
was common, we found no association between 
treatment group assignment and change in car-
diac function at 24 hours.

Meanings: As the main study was stopped early 
with no difference in clinical outcomes, it is pos-
sible that these resuscitation strategies may not 
elicit a difference in unselected septic patients or 
that these markers may be insensitive to these 
strategies.
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Echocardiographic Assessments

Left ventricular (LV) global longitudinal strain (LV 
GLS) and RV free-wall longitudinal strain (RVFWLS) 
were measured using EchoInsight (Epsilon Imaging, 
Ann Arbor, MI) software (Epsilon Imaging). Other 
standard echocardiographic parameters were meas-
ured using Digisonics Digiview software (Digisonics, 
Houston, TX). All measurements were performed 
by a dedicated research cardiac sonographer (T.D.O. 
or S.C.) and overread by a level II echocardiographer 
physician (M.J.L. or E.L.H.). In cases where limited 
image quality prevented accurate assessment of LV 
GLS, we substituted longitudinal strain from the apical 
four-chamber only, based on prior precedent (13, 
14). RVFWLS was calculated from the apical right- 
ventricular-focused view if available and standard 
apical four-chamber if not.

Additional Clinical Data

We recorded demographic data and medical comor-
bidities. Additionally, we recorded vital signs, receipt 
of fluid before randomization, receipt of vasopressors 
at the time of enrollment, and receipt of mechanical 
ventilation. Additionally, we calculated Sequential 
Organ Failure Assessment (SOFA) scores at days 1 and 
3 (i.e., the calendar day of CLOVERS enrollment) (15). 
If patients were discharged alive before day 3, they were 
assigned a day 3 SOFA value of 0, while those who died 
before day 3 were assigned the worst SOFA score of 24.

For our primary analyses, we compared 24-hour 
LV GLS, the difference between baseline LV GLS and 
24-hour LV GLS (ΔLV GLS), and the difference be-
tween day-1 SOFA and day-3 SOFA (ΔSOFA) between 
the two treatment groups using multivariable linear re-
gression. We used logistic regression to compare mor-
tality between the treatment groups. The regression 
models for LV GLS and ΔLV GLS included MAP and 
cardiac preload (ratio of early diastolic mitral inflow 
velocity to early diastolic mitral annulus velocity [E/
eʹ]) at the time of the 24-hour echo, as well as prior 
history of congestive heart failure and myocardial 
infarction as covariates. Covariates for ΔSOFA and 
mortality included baseline LV GLS and an interac-
tion term between treatment assignment and baseline 
LV GLS. In our secondary analysis, we compared the 
treatment groups with multivariable linear regression 
with respect to 24-hour RVFWLS. Covariates included 

cardiac E/eʹ at 24 hours and mechanical ventilation. 
In our tertiary analyses, we focused on heterogeneity 
of treatment on ΔSOFA by building two multivari-
able linear regression models with interaction terms. 
Covariates in both models included 24-hour E/eʹ and 
day-1 SOFA, while one model included an interaction 
term between treatment group and baseline LV GLS 
and the other modeled the interaction between treat-
ment group and baseline RVFWLS.

In a sensitivity analysis, we used multiple imputa-
tions with chained equations to populate missing data 
points: E/eʹ, LV GLS, ΔLV GLS, RVFWLS, and ΔSOFA 
(16). Additional data points used to inform the im-
putation included baseline MAP, day 1 SOFA, me-
chanical ventilation, age, sex, Charlson Comorbidity 
Index, body mass index, baseline vitals (e.g., heart 
rate, respiratory rate, temperature), history of ar-
rhythmia, ICU-level care, and in-hospital mortality. 
In post hoc analyses, we used multivariable linear re-
gression to assess: 1) the impact of including baseline 
LV GLS as an additional covariate in the primary anal-
ysis model for 24-hour LV GLS and 2) the relationship 
between ΔSOFA and ΔLV GLS, with ΔLV GLS as the 
independent variable and treatment assignment as a 
covariate.

The Mann-Whitney U test was used to identify 
differences in unadjusted echocardiogram readings 
between the treatment arms. We did not correct for 
multiple comparisons and consider all analyses to be 
hypothesis generating. A p value of less than 0.05 was 
considered significant. All analyses were performed 
with R, Version 4.0.3 (Vienna, Austria).

Power Calculation

We used Monte Carlo simulations (n = 1000 iterations 
each) to estimate power. We used the distribution of 
LV GLS among septic patients to estimate generat-
ing gamma distributions for the two treatment arms 
(17). The treatment arm gamma distributions were it-
eratively shifted away from each other in order to de-
termine the minimum difference sufficient to achieve 
80% power per the Wilcoxon rank-sum test (α = 0.05). 
We calculated that 170 patients (n = 85 patients per 
treatment arm on average) would provide 80% power 
to detect a difference of 2.6 absolute percentage points 
for LV GLS between the two treatment groups. To 
achieve this sample size, we planned to enroll 210 
patients, with six deaths within the first 24 hours, four 
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missed echocardiograms at 24 hours, and as many as 
30 echocardiograms in which measurements were not 
adequate for the primary analysis. We anticipated that 
in the event of higher missingness, we would still have 
80% power at 75 patients per group (total evaluable n = 
150) for a difference of 2.8 absolute percentage points.

RESULTS

We enrolled 180 patients before the CLOVERS trial 
was closed on the basis of low conditional power for 
the primary efficacy endpoint on January 31, 2022. 
Our analytic cohort was smaller than anticipated, as 
several patients enrolled in the study later refused ech-
ocardiography (n = 4) or the study site could not per-
form the echocardiogram within the study window 
due to sonographer unavailability. Among performed 
echoes, we measured LV GLS in 86% of patients. 
Our final analytic cohort was thus 131 patients (Fig. 
1). Additionally, several patients (n = 52) who were 
included in the analytic cohort did not have an 

interpretable echocardiogram at baseline for similar 
reasons of withdrawing consent, technical limita-
tions, or sonographer unavailability during the study 
window. Patient characteristics and receipt of fluid and 
vasopressors are presented in Supplemental Tables 1 
and 3 (http://links.lww.com/CCX/B437).

These patients were representative of the CLOVERS 
study, with a median age of 59 years, and 44% female. 
Most (63%) patients were admitted to an ICU, with 
20% receiving mechanical ventilation and 22% re-
ceiving vasopressors at time of enrollment. They had 
a median SOFA score of 3 at the time of enrollment. 
They had received approximately 2 L of fluid before 
randomization. Twenty-three percent of patients died 
within 90 days, and 14% were discharged alive before 
day 3. We observed no significant difference in base-
line echocardiographic parameters (Supplemental 
Table 2, http://links.lww.com/CCX/B437).

At 24 hours, we noted no significant difference be-
tween treatment arms in unadjusted LV GLS (–17.8 
vs. –17.6; p = 0.37), ΔLV GLS (0.4 vs. 1.4; p = 0.39), 
or RVFWLS (–19.8 vs. –19.6; p = 0.34). In the pri-
mary and secondary analyses, we found that treatment 
assignment was not associated with change in LV GLS, 
ΔLV GLS, or RVFWLS (Table 1). We observed similar 
non-significant results when we repeated the analyses 
with imputed missing values. As a post hoc analysis, 
we repeated the regression for LV GLS, adjusting for 
baseline LV GLS (Table 2), which also demonstrated a 
non-significant association.

We observed no significant association between 
the interaction of treatment assignment and LV GLS 
with respect to in-hospital mortality (Table 3). We 
observed no association between the interaction of 
treatment assignment and baseline LV GLS with re-
spect to ΔSOFA (–0.21; 95% CI, –0.13 to 0.55; p = 
0.23). We observed no significant associations in 
related sensitivity analyses with imputed missing 
data.

DISCUSSION

This study of patients enrolled in a randomized trial 
of hemodynamic management for sepsis-induced 
hypotension found no difference in LV GLS, ΔLV 
GLS, or RVFWLS with regard to fluid strategy. We 
did not observe worsened RV function in patients 
randomized to liberal fluids. Inferences remain lim-
ited in our study, as our study cohort was smaller 

Figure 1. Enrollment of study patients and exclusions leading to 
final analytic population.

http://links.lww.com/CCX/B437
http://links.lww.com/CCX/B437


Observational Study

Critical Care Explorations	 www.ccejournal.org          5

than expected due to early termination of the pri-
mary study due to lack of sufficient separation be-
tween treatment arms.

The study of septic cardiomyopathy has been chal-
lenging (5). Observational studies have been limited 
by confounding, survivorship bias, immortal time 
bias, or selection bias (17–19). In these prior stud-
ies, observed abnormalities may have been due to 
treatment differences or may have merely indicated 
more severe disease. Studying patients enrolled in the 
CLOVERS trial afforded a unique opportunity. These 
patients had similar baseline characteristics with pro-
tocolized treatment separation. The echocardiograms 
were performed at prespecified times, allowing for a 
better understanding of how fluid administration and 
vasopressors affect cardiac function.

Additionally, most traditional assessments of car-
diac function employ ejection fraction or fractional 
area change, both of which are relatively insensitive 
to changes in ventricular contractility. Strain directly 
measures myocardial deformation, outperforms ejec-
tion fraction in measuring cardiac contractility, and is 
more closely associated with mortality in many clinical 
syndromes (20–22). LV GLS has been demonstrated to 
be more sensitive than LV ejection fraction for diag-
nosing LV dysfunction in sepsis (13, 14). The use of 
strain in our study allows for more sensitive detection 
of myocardial injury that might be missed with more 
traditional echocardiographic markers like ejection 
fraction.

Catecholamine cardiotoxicity can occur when sym-
pathetic overstimulation drives a positive feedback 

TABLE 1.
Linear Regressions Evaluating Whether Restrictive Fluid Treatment Is Associated With 
24-Hour Left Ventricular Global Longitudinal Strain, Change in Left Ventricular Global 
Longitudinal Strain, or Right Ventricular Free-Wall Longitudinal Strain

Parameter Estimate (95% CI) p n (%)

LV GLS 96 (73.3)

 � Intercept –20.97

 � Restrictive fluid group 1.219 (–0.775 to 3.214) 0.228

 � 24-hr mean arterial pressure 0.019

 � 24-hr E/eʹ 0.139

 � Congestive heart failure 6.043

 � Myocardial infarction 0.775

Change in LV GLS 58 (44.3)

 � Intercept –1.97

 � Restrictive fluid group 1.416 (–1.146 to 3.978) 0.273

 � 24-hr mean arterial pressure 0.043

 � 24-hr E/eʹ –0.233

 � Congestive heart failure 5.002

 � Myocardial infarction 4.518

Right ventricular free-wall longitudinal strain 94 (71.8)

 � Intercept –24.69

 � Restrictive fluid group 2.332 (–1.196 to 5.860) 0.192

 � 24-hr E/eʹ 0.410

 � Mechanical ventilation 3.222

E/eʹ = ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity, LV GLS = left ventricular global longitudinal 
strain.
There was no statistical difference between the randomized groups, liberal fluid vs. restrictive fluid, on LV GLS, change in LV GLS, or 
right ventricular free-wall longitudinal strain. Similar nonsignificant results were found in a sensitivity analysis when missing values were 
imputed.
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loop of organ dysfunction. Myocardial necrosis has 
been shown to correlate with the dose and duration 
of catecholamine therapy (23), and catecholamine use 
is associated with increased 90-day mortality in septic 
shock after adjusting for disease severity and propen-
sity to receive catecholamines (9). Septic cardiomyop-
athy may parallel “stress” cardiomyopathy, in which 
catecholamines also cause cardiotoxicity and increased 
mortality (24–26). Under this model of cardiotoxic-
ity, we expected LV strain to be worse among patients 
assigned to a restrictive fluid/early vasopressor treat-
ment strategy in the CLOVERS study. It is also pos-
sible that the increased inotropy of vasopressors may 

augment strain in healthier hearts. The CLOVERS 
protocol was designed to fall within the spectrum of 
usual care for patients with septic shock, and both 
treatment arms received standard of care therapy for 
septic shock. It is thus unclear how alternative dosing 
regimens might affect cardiac function.

Our study did not identify any difference in un-
adjusted E/eʹ between treatment arms. The E/eʹ is 
strongly associated with LV end-diastolic pressure and 
LV filling pressures (27). In patients with septic shock, 
E/eʹ has been associated with receipt of IV fluid (28). 
It is possible that the amount of fluid administered was 
too small to incur a measurable difference in E/eʹ at 

TABLE 2.
Linear Regression Estimates for and Assignment to Restrictive Fluid Group, Change in 
Left Ventricular Global Longitudinal Strain, and Adjusting for Baseline Left Ventricular 
Global Longitudinal Strain

Parameter Estimate (95% CI) p n (%)

Change in LV GLS 58 (44.3)

 � Intercept 12.22

 � Restrictive fluid group –0.133 (–2.358 to 2.093) 0.905

 � 24-hr mean arterial pressure 0.017

 � 24-hr ratio of early diastolic mitral inflow velocity to 
early diastolic mitral annulus velocity

–0.375

 � Baseline LV GLS 0.555

LV GLS = left ventricular global longitudinal strain.

TABLE 3.
Logistic Regression for In-Hospital Mortality With Left Ventricular Global Longitudinal 
Strain and Assignment of Restrictive Fluid Group

Parameter OR (95% CI) p n (%)

Hospital mortality 79 (60.3)

 � Intercept 1.310

 � Restrictive fluid group 0.707 (0.013–41.532) 0.863

 � LV GLS 1.141 (0.952–1.403) 0.164

 � Restrictive fluid group × LV GLS 0.976 (0.753–1.258) 0.847

Sensitivity analysis (imputed missing values)

 � Hospital mortality 131 (100)

  �  Intercept 1.250

  �  Restrictive fluid group 0.596 (0.027–13.217) 0.741

  �  LV GLS 1.127 (0.991–1.297) 0.076

  �  Restrictive fluid group × LV GLS 0.991 (0.813–1.215) 0.930

LV GLS = left ventricular global longitudinal strain, OR = odds ratio.
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24 hours. Patients assigned to the liberal fluid arm re-
ceived 2 L of IV crystalloid as part of the protocol and, 
for the most part, received very little fluid after that. 
Isotonic fluid may only remain in the intravascular 
space for 30–90 minutes (29).

One challenge with interpreting ventricular func-
tion in sepsis is that measurements like strain are af-
fected by both disease severity and treatments such 
as IV fluid and vasopressors, all of which evolve over 
the course of the disease. Our data are unable to offer 
useful inferences to determine whether volume, cat-
echolamines, or critical illness might have the great-
est impact on ventricular function, specifically strain. 
Disentangling intrinsic cardiac function from inter-
ventions that affect loading conditions is not feasible 
at present. One should use caution in interpreting ab-
normal echocardiographic data without incorporating 
loading conditions. Additionally, our study is limited 
by the timeframe of the examination. It is possible that 
our examination at baseline and at 24 hours might miss 
some of the evolution or resolution of these changes.

We also did not identify changes in RVFWLS be-
tween treatment groups. Similar to E/eʹ, the effect of 
fluid administration on RV function might not have 
been measurable at this time point. Although excess 
fluid may result in interstitial and pulmonary edema, 
these patients may not have received enough fluid to 
detect a measurable difference in pulmonary vascular 
resistance or RV afterload. Although mechanical ven-
tilation may affect assessment of RVFWLS, it was non-
significant in our analysis.

These observations should be interpreted in the 
context of the overall findings of the CLOVERS trial, 
with no clear difference in the prespecified efficacy 
endpoints. Both therapies remain within standard of 
care. CLOVERS was a pragmatic trial where clinicians 
could administer additional fluids or vasopressors 
to patients in either arm based on clinical judgment. 
CLOVERS additionally excluded patients who were 
believed to be profoundly volume depleted or volume 
overloaded, which might limit generalizability of these 
findings. These practices could have biased the find-
ings toward the null hypothesis. Despite our findings, 
catecholamine toxicity does occur in some patients. 
Over half of our study cohort had abnormal LV GLS, 
and over half had abnormal RVFWS. Perhaps early 
echocardiographic assessments might be used to 
identify these abnormalities and inform treatment 

strategies. There may be other factors that play a role 
in cardiac function such as individual patient gene ex-
pression and inflammatory response during infection 
and critical illness. However, at present our study does 
not suggest a clear association between a liberal fluid 
or vasopressor predominant resuscitation strategy and 
short-term changes in cardiac function. Future stud-
ies involving sepsis and septic cardiomyopathy might 
benefit from more detailed assessments of fluid and 
vasopressor receipt as well as high-quality echocardi-
ography. Additionally, there may be value in identify-
ing the subset of patients with myocardial dysfunction 
and vasopressor receipt to enrich future studies that 
might target catecholamine toxicity.

Our study population was lower than planned, lim-
iting the interpretation of a negative result. However, the 
absolute difference noted in the change of unadjusted LV 
strain was around 1%, which is below the threshold for 
a clinically meaningful difference characterized by other 
studies (30). Additionally, we observed no difference in 
the average adjusted LV strain between groups at 24 hours. 
Although we cannot exclude the possibility of a significant 
association with more patients, we did not observe a trend 
toward significance.

This study has limitations. The study was stopped 
early due to the cessation of the parent study, which 
resulted in lower enrollment than planned. The lo-
gistics of performing high-quality, formal echocardi-
ography in critically ill patients proved a limitation at 
some centers. In addition, the enrollment of patients in 
the emergency department was associated with higher-
than expected rates of refusal of study procedures than 
was planned. We suspect that this missingness was not 
completely random, as patients who were able to ex-
press a preference to decline an echocardiogram were 
likely healthier than those who could not. Despite this, 
we were able to measure strain in 86% of study echo-
cardiograms, which is consistent with other published 
studies (13).

Although septic myocardial dysfunction was com-
mon in this ancillary study of CLOVERS, we found no 
association between treatment group assignment and 
change in LV contractility at 24 hours.
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