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Abstract 

Modalities of fluid management in patients sustaining the acute respiratory distress syndrome (ARDS) are challenging 
and controversial. Optimal fluid management should provide adequate oxygen delivery to the body, while avoiding 
inadvertent increase in lung edema which further impairs gas exchange. In ARDS patients, positive fluid balance has 
been associated with prolonged mechanical ventilation, longer ICU and hospital stay, and higher mortality. Accord-
ingly, a restrictive strategy has been compared to a more liberal approach in randomized controlled trials conducted 
in various clinical settings. Restrictive strategies included fluid restriction guided by the monitoring of extravascu-
lar lung water, pulmonary capillary wedge or central venous pressure, and furosemide targeted to diuresis and/or 
albumin replacement in hypoproteinemic patients. Overall, restrictive strategies improved oxygenation significantly 
and reduced duration of mechanical ventilation, but had no significant effect on mortality. Fluid management may 
require different approaches depending on the time course of ARDS (i.e., early vs. late period). The effects of fluid 
strategy management according to ARDS phenotypes remain to be evaluated. Since ARDS is frequently associated 
with sepsis-induced acute circulatory failure, the prediction of fluid responsiveness is crucial in these patients to 
avoid hemodynamically inefficient—hence respiratory detrimental—fluid administration. Specific hemodynamic 
indices of fluid responsiveness or mini-fluid challenges should be preferably used. Since the positive airway pressure 
contributes to positive fluid balance in ventilated ARDS patients, it should be kept as low as possible. As soon as the 
hemodynamic status is stabilized, correction of cumulated fluid retention may rely on diuretics administration or renal 
replacement therapy.
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Introduction

Patients with the acute respiratory distress syndrome 
(ARDS) are characterized, to different degrees, by an 
alteration in pulmonary endothelial and epithelial per-
meability with associated lung edema. Acute circulatory 
failure is highly prevalent and potentially prognostic in 
ARDS patients [1]. Optimal fluid management in these 
patients remains challenging and controversial because it 
should provide an adequate oxygen delivery while avoid-
ing inadvertent increase in lung edema, thus balancing a 
liberal versus a restrictive fluid strategy approach. Posi-
tive fluid balance and low serum albumin concentration 
have been found to be independent risk factors for ARDS 
development [2]. Moreover, an increased body weight 
related to cumulative fluid balance has been associated 
with a worse outcome [3].

The present manuscript will describe the management 
of fluid balance according to both the cause and the tim-
ing of ARDS while summarizing the randomized con-
trolled trials (RCT) assessing a restrictive versus liberal 
strategy of fluid administration in this clinical setting.

Pathophysiology of ARDS and fluid therapy
The fundamental pathophysiologic hallmark of ARDS is 
increased permeability of the alveolar-capillary barrier, 
leading to non-cardiogenic pulmonary edema. When the 
normally well-regulated endothelial barrier is disrupted 
(e.g., direct damage from pathogens, indirect effects 
of pro-inflammatory signaling molecules, endothelial 
cell activation), plasma and inflammatory cells leak into 
the interstitial space and result in interstitial edema [4]. 
Hydrostatic and osmotic forces predict fluid movement 
from the vascular space to the interstitium, particularly 
with contemporary understanding of the extracellular 
matrix and the endothelial glycocalyx layer [4]. Once 
the normally tight alveolar epithelial barrier is breached, 
alveolar edema ensues and is then further worsened by 
a decrease in alveolar fluid clearance, leading to alveolar 
flooding and worsening of gas exchange.

As the airspaces are becoming flooded with fluid, 
the systemic inflammation and ensuing endothe-
lial permeability present in many ARDS patients lead 
to third spacing and relative intravascular volume 
depletion, manifesting as hypotension in a large pro-
portion of ARDS patients [5, 6]. The requirement 
for positive-pressure ventilation in many patients 
makes adequate cardiac preload vitally important, 
and patients frequently sustain concomitant vasodi-
latory shock and/or decreased cardiac output related 
to sepsis. Accordingly, fluid resuscitation is key in the 
early management of ARDS patients. However, even 
modest increases in pulmonary hydrostatic pressures 

in the setting of an inordinately permeable alveolar-
capillary barrier can lead to significant increases in 
pulmonary edema formation [7]. Further complicating 
the problem, increases in pulmonary hydrostatic pres-
sure can directly exacerbate local inflammation and 
increased permeability, likely via mechanical stretch 
of pulmonary vascular endothelial cells [8]. Thus, one 
of the fundamental challenges in the care of the ARDS 
patient is how to walk the tightrope between reducing 
fluid accumulation in the alveolar space and providing 
adequate intravascular volume to support cardiac out-
put and vital tissue perfusion (Fig. 1).

Fluid balance and outcome
Clinical data from patients with ARDS confirm that fluid 
overload is deleterious for patient outcomes. Early in 
the course of critical illness, positive fluid balance prior 
to the development of ARDS portends its development 
and a higher risk of dying [9]. Net positive fluid balance 
occurs in the majority of patients at the onset of ARDS 
even when closely monitored, and predicts prolonged 
mechanical ventilation, longer intensive care unit (ICU) 
and hospital stay, and higher mortality [10, 11]. Simi-
larly, increased hydrostatic pressure is common in ARDS 
patients, at least intermittently during the course of the 
disease, and associated with a higher risk of death [6, 12]. 
Intravenous fluid administration is necessary in many 
critically ill patients, and the ebb and flow phenomenon 
across time in these patients is evident in observing the 
lowest mortality for sepsis and ARDS patients receiving 
adequate early fluid administration followed by later con-
servative fluid management, compared to patients who 
received either inadequate early fluids or more liberal 
later fluid administration [13].

Restrictive vs. liberal fluid strategies
Compared to healthy subjects, ARDS patients present a 
higher amount of extravascular lung water (EVLW) for a 
given arterial pulmonary pressure and a linear increase 
in the fluid shift from capillaries to alveoli consequent 
to any increase in the pulmonary pressure [14]. Thus, a 
strategy aimed at reducing the level of pulmonary pres-
sure should reduce the pulmonary pressure gradient, 

Take‑home message 

Optimal fluid management in patients with the acute respiratory 
distress syndrome remains challenging and controversial because 
it should provide adequate oxygen delivery to the body while 
avoiding inadvertent increase in lung edema. We discuss the restric-
tive versus liberal strategy of fluid administration and describe the 
management of fluid balance in these patients with frequently 
associated acute circulatory failure.
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hence limit fluid accumulation into the lung and poten-
tially improve outcome. Humprey et al. [15] showed that 
ARDS patients, in whom pulmonary capillary wedge 
pressure (PCWP) was reduced of at least 25% within 48 h 
after ICU admission, had a better outcome compared to 
patients without such reduction. A retrospective study 
showed that EVLW was significantly higher in non-sur-
vivors than in survivors, and in ARDS patients compared 
to all other critically ill patients [16]. However, these data 
cannot determine if a larger fluid administration is only 
an indirect marker of ARDS severity or if it contributes 
to lung hypoxemia, and to heart and renal failure [1, 17].

To assess if a restrictive fluid management with or 
without diuretic therapy could improve patient outcome, 
several RCTs have been performed (Table 1). In a pioneer 
study, Mitchell et al. [18] randomized 101 ARDS patients 
to receive a fluid management strategy based on the 
monitoring of either PCWP (n = 49) or EVLW (n = 52). 
Patients managed with EVLW compared to PCWP moni-
toring had a significantly lower cumulative fluid balance 
and duration of mechanical ventilation, but similar vaso-
pressor requirements and mortality rate [18]. Subse-
quently, a large RCT evaluated a conservative compared 

to a liberal fluid strategy in ARDS patients according to 
therapeutic algorithms based on the value of PCWP 
or central venous pressure (CVP) [6]. More than one 
thousand patients were enrolled with a mean time from 
ARDS onset to ICU admission of 42  h. The conserva-
tive group received significantly less fluids compared to 
the liberal group from Day 1 to 4, resulting in a lower 
cumulative fluid balance on Day 7 (−  136 ± 491  mL vs 
6992 ± 502 mL: p < 0.001). When compared to the liberal 
strategy, the conservative group had a better oxygenation, 
lung compliance and higher number of ventilator-free 
days (14.6 ± 0.5 vs 12.1 ± 0.5 days: p < 0.001), but without 
statistically significant difference in the requirement of 
renal replacement therapy and mortality rate at 60 days 
(25.5% vs 28.4%: p = 0.30) [6]. Surgical ARDS patients 
who are often younger and with lower comorbidities 
compared to medical ARDS patients, develop ARDS in 
the context of multiple organ failure and thus might seem 
to require a different fluid management approach. In a 
subgroup analysis of the FACTT trial performed in surgi-
cal ARDS patients, the conservative group had a signifi-
cantly lower fluid balance during the first week following 
ICU admission and higher ventilator-free days compared 

Fig. 1  Schematic representation of summarized effects of positive-pressure ventilation on fluid balance and of the potential benefit–risk ratio of 
fluid administration in patients with the acute respiratory distress syndrome. H2O water, Na+ sodium, Paw airway pressure, Ppl pleural pressure
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to the liberal group [19]. These data suggest that conserv-
ative fluid management has potential beneficial effects, 
irrespective of ARDS etiology. A recent study applying 
a latent class sub-analysis on the patients enrolled in the 
FACTT trial, described two ARDS phenotypes with dis-
tinct responses to fluid management strategy [20]. When 
randomized to conservative fluid strategy, the hyperin-
flammatory phenotype characterized by higher levels 
of inflammatory cytokines had a higher mortality rate 
whereas the hypoinflammatory phenotype exhibited a 
lower mortality rate [20]. Accordingly, ARDS subtypes 
may require different approaches regarding fluid man-
agement, though these results have not been prospec-
tively validated.

ARDS patients are clinically characterized by low 
serum protein levels and hypoalbuminemia (i.e., 
decreased oncotic pressure) which can contribute to 
the development of pulmonary edema. Accordingly, 
the increase of intravascular oncotic pressure may 
reduce lung interstitial edema according to the degree 
of endothelial dysfunction [14]. A small-size RCT con-
ducted in ARDS patients mainly due to trauma evaluated 
a strategy of continuous infusion of furosemide together 
with 25  g of 25% human albumin to achieve a daily 
weight loss > 1 kg compared to standard of care [21]. The 
intervention group had a significantly higher diuresis, 
reduction in body weight and better oxygenation without 
deleterious effects on hemodynamics and renal function 
[21]. To evaluate the respective role of furosemide and 
albumin, the same authors randomized ARDS patients 
to receive either furosemide and albumin (n = 20), or 
solely furosemide (n = 20) for 3 days [22]. Patients treated 
with furosemide plus albumin had a significantly higher 
increase in oxygenation, serum albumin levels and lower 
cumulative fluid balance [22].

Incorporating the major RCTs on fluid management 
in ARDS in a systematic review, a recent meta-analy-
sis found that a conservative fluid strategy resulted in a 
decreased length of ICU stay and increased ventilator-
free days, but without significant benefit on mortality 
[23].

Assessment of fluid responsiveness
The ROSE (Resuscitation, Optimization, Stabilization, 
Evacuation) concept identifies four successive phases for 
fluid therapy, each of them having specific clinical and 
biological goals [24, 25]. In the initial resuscitation phase, 
according to the 1-h bundle, early and rapid administra-
tion of crystalloids is recommended in all patients with 
arterial hypotension or increased blood lactate level 
(> 4  mmol/L) to achieve adequate perfusion pressure 
[24–26]. Thereafter, during the optimization phase, flu-
ids should be administered according to individual needs 

[24, 25]. Thus, the assessment of fluid responsiveness 
(FR) is particularly relevant in ARDS patients with persis-
tent circulatory failure during the optimization phase, to 
avoid detrimental fluid overload without any associated 
beneficial hemodynamic effects. This potential threat 
increases over time since FR rapidly declines during the 
first hours of septic shock resuscitation [27]. As a general 
rule, the identification of FR in a given patient does not 
mean that he actually requires fluid loading since the pri-
mary goal of resuscitation is to optimize oxygen delivery 
and tissue perfusion to meet the metabolic demands of 
the organism, rather than normalizing any dynamic index 
of FR [28].

The pulmonary artery catheter (PAC), still suggested 
by some to be used in patients with severe shock and 
associated ARDS [29–31], is not accurate to predict 
FR. Transpulmonary thermodilution (TPTD) and criti-
cal care echocardiography (CCE) are currently the most 
frequently used techniques to hemodynamically assess 
critically-ill patients at the bedside, especially when ven-
tilated for ARDS. All parameters used to predict FR dur-
ing these hemodynamic assessments have limitations, 
including in ARDS patients (Fig. 2).

Hemodynamic benefit of fluid administration can 
be evaluated using the different FR indices provided by 
TPTD-derived real-time pulse wave analysis: increase 
in cardiac output (> 10%) induced by a 90° passive leg 
raising (PLR) or by an end-expiratory occlusion test 
(increase > 5%), and respiratory variations of continu-
ous pulse-pressure (PPV) and stroke volume (SVV) 
[32]. Importantly, low tidal volume used for protective 
ventilation in ARDS patients does not preclude the use 
of PPV and SVV as indicators of FR [32]. Indeed, it has 
been shown that an increase in the absolute value of 
PPV > 3.5% and SVV > 2.5% during a tidal volume chal-
lenge (i.e., an increase in tidal volume from 6 to 8  mL/
kg of predicted body weight for 1 min) could reliably 
predict FR [33]. The deleterious effects of excessive fluid 
administration can also be evaluated using two quanti-
tative parameters provided by TPTD: the EVLW which 
correlates with the severity of pulmonary edema and the 
pulmonary vascular permeability index, a marker of lung 
capillary leak. Both are independent predictors of mor-
tality and may indicate the risk of fluid accumulation in 
the lungs of ARDS patients [34]. Thus, when the risks of 
fluid administration are deemed to overcome potential 
benefits (i.e., high values of EVLW and pulmonary vas-
cular permeability index in severely hypoxemic ARDS 
patients), vasopressor support may be considered even in 
the presence of preload reserve.

CCE provides unparalleled information in ARDS 
patients since it identifies potential limitations of 
TPTD for accurate hemodynamic evaluation, including 
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potential source of errors for FR assessment such as 
right ventricular (RV) failure [35]. Since RV failure may 
alter the response to fluids despite significant PPV [36] 
and elevated intra-abdominal pressure may result in 
false-negative PLR [37], both conditions should be ruled 
out before inferring therapeutic changes (Fig.  3). The 
decreased performance of PPV in predicting FR has 
been well described by Mahjoub et  al. [38] who have 
reported that a PPV > 12% was associated with a 34% 
false-positive rate to predict FR in a population of criti-
cally ill patients. Interestingly, these patients could be 
adequately reclassified as non-responders based on the 
presence of decreased Doppler peak velocity of tricuspid 
annular motion, a surrogate marker of RV dysfunction 
[38]. These findings may suggest that “significant” PPV 
was related to RV afterload variations in non-responders 
while it reflected RV preload variations in fluid-respond-
ers. Indeed, the failing RV becomes more sensitive to an 
increase of its afterload and is less affected by preload 
variation [39]. In this case, PPV is predominantly 

mediated by inspiratory changes in transpulmonary pres-
sure, and fluid loading is unable to increase left ventric-
ular stroke volume and to reduce PPV. This situation is 
commonly encountered in ARDS patients with low pul-
monary compliance, elevated transpulmonary pressure, 
and frequently associated RV dysfunction [40]. Accord-
ingly, PPV should not be interpreted per se as a marker 
of FR in ventilated ARDS patients, but rather as a warn-
ing sign that should trigger a comprehensive hemody-
namic assessment using CCE to seek for underlying RV 
failure [41]. Respiratory variation of the superior vena 
cava is the most specific dynamic parameters of FR but 
requires to perform a transesophageal echocardiography 
[42]. Accordingly, it accurately indicates the absence of 
FR in patients with RV failure [41]. In contrast, respira-
tory variation of aortic Doppler velocity shares the same 
limitations than PPV [41, 42]. Respiratory variation of 
the inferior vena cava is mainly assessed using surface 
echocardiography and appears as the least accurate CCE 
indicator of FR since it may be altered by the level of 

Fig. 2  Summary of hemodynamic parameters available to predict fluid responsiveness in ventilated patients with the acute respiratory distress 
syndrome. The color code reflects the advantages (green) and drawbacks (red) of each test, with the orange color for neutrality. ARDS acute respira-
tory distress syndrome, CCE critical care echocardiography, CO cardiac output, IVC inferior vena cava, RV right ventricle, SVC superior vena cava, TEE 
transesophageal echocardiography, TPTD transpulmonary thermodilution. *End-expiratory occlusion with TPTD or combined end-expiratory and 
end-inspiratory occlusions with CCE
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Fig. 3  Proposed diagnostic algorithm in ventilated ARDS patients presenting with shock based on a hemodynamic assessment using critical care 
echocardiography during the resuscitation and optimization periods [24]. Fluid responsiveness should be assessed to avoid hemodynamically 
inefficient and potentially respiratory detrimental fluids administration. In patients with sinus rhythm, pulse pressure variation can be used as a 
warning sign for identifying the mechanism of left ventricular load dependency revealed by heart–lung interactions (i.e., right ventricular failure 
vs hypovolemia responsible for Δ-down; rarely severe left ventricular failure responsible for Δ-up). In patients with other cardiac rhythms, respira-
tory variations of the superior vena cava diameter are the most specific parameter to predict fluid responsiveness which requires transesophageal 
echocardiography. Alternatively, a passive leg raising may be used to assess fluid responsiveness. When values of hemodynamic indices are within 
the “grey zone” or in the presence of increased intra-abdominal pressure (risk of false-negative result), mini-fluid challenges may be considered. 1The 
diagnostic workup must include the precise clinical setting, ongoing therapy, clinical hemodynamic assessment and biological markers of tissue 
hypoperfusion. In ARDS patients, specific parameters of fluid responsiveness should be preferred.2When pulse pressure variation is in the “grey 
zone”, a passive leg raising may be performed to seek for fluid responsiveness. 3Right ventricular failure typically associates an acute dilatation of 
the right ventricular cavity and increased central venous pressure secondary to systemic venous congestion [36]. 4In ARDS patients, a ΔSVC cut-off 
of 31% predicts fluid responsiveness with a 90% specificity, at the expense of a low sensitivity of 43% [42]. Associated echocardiography findings 
consistent with decreased cardiac preload are frequently associated (e.g., hyperkinetic right ventricle with small cavity size, decreased diameter of 
the inferior vena cava with marked respiratory variation, significant respiratory variation of maximal left ventricular outflow tract Doppler velocity 
[41]. 5Repeated small aliquots (e.g., 250 mL) are preferable; both efficacy (percentage of increase of left ventricular stroke volume when compared 
to baseline) and tolerance (absence of significant increase in left ventricular filling pressure) of fluid challenge should be assessed using serial hemo-
dynamic assessment. 6To increase the sensitivity of superior vena cava respiratory variation, lower threshold value can be used (e.g. a 4% cut-off has 
a sensitivity of 89%) [42], or a mini-fluid challenge can be considered. 7: mini-fluid challenges consist in administrating intravenously a small volume 
of fluids over a very short period of time (e.g., 50–100 mL within 1 min) [46–48]. 8Intra-abdominal pressure should best be measured in patients at 
high risk of intra- abdominal hypertension [44] since elevated values may result in falsely negative passive leg raising [37]. ARDS acute respiratory 
distress syndrome, ΔSVC respiratory variation of the superior vena cava diameter, IAP intra-abdominal pressure, PPV pulse pressure variation, RV right 
ventricle
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intra-abdominal pressure [43]. Although not specifically 
validated in ARDS patients, the response of left ventricu-
lar stroke volume reflected by aortic Doppler velocity–
time integral changes to PLR is valuable to assess FR in 
ventilated patients [41]. Nevertheless, intra-abdominal 
pressure should be measured in ARDS patients at risk 
of intra-abdominal hypertension to interpret with cau-
tion hemodynamic effects of PLR [44]. Finally, the added 
effects of consecutive end-expiratory and end-inspiratory 
occlusions on aortic Doppler velocity–time integral can 
also reliably assess FR in ARDS patients [45].

Fluid challenge is still widely used in critically ill 
patients, but with marked heterogeneous practices. 
Importantly, fluid challenge allows the assessment of FR 
but not its prediction. Unnecessary fluid challenge must 
be avoided, especially in hypoxemic ARDS patients, since 
it contributes to positive hydric balance without expected 
beneficial hemodynamic effects. To optimize the speci-
ficity of CCE indices indicating FR, higher threshold 
values can be used (Fig. 3), at the expense of sensitivity 
[42]. Alternatively, mini-fluid challenges (a 50–100  mL 
fluid infusion within 1 min) can be performed. Changes 
in PPV or SVV [46], in cardiac output derived from pulse 
wave analysis [47], or in aortic velocity–time integral 
measured by CCE [48] induced by the rapid administra-
tion of 100 mL of fluids reliably predict FR. Nevertheless, 
the precision of the technique used to assess the response 
of cardiac output during the mini-fluid challenge must 
be taken into account since induced variations are small 
[49]. Finally, the tolerance of the fluid challenge must 
also be repeatedly assessed, either using TPTD-derived 
EVLW or left ventricular filling pressure assessed with 
CCE [41].

Origin of positive fluid balance and modality 
of correction
Cumulated fluid balance in ARDS patients is multifacto-
rial, especially in the presence of associated circulatory 
failure with low systemic vascular resistance requiring 
fluid resuscitation. In mechanically ventilated ARDS 
patients, positive airway pressure substantially contrib-
utes to positive fluid balance (Fig. 1). The increase in air-
way pressure raises intrathoracic pressure which in turn 
leads to a decrease in central arterial blood volume [50]. 
The resulting activation of baroreceptors increases the 
vasomotor tone, and the reabsorption of both sodium 
and water aimed at increasing blood volume [51].

However, in ARDS patients, the determinant of hemo-
dynamic changes is the pleural pressure rather than the 
airway pressure. Indeed, the change in pleural pres-
sure equals the product of airway pressure and the ratio 
between chest wall and respiratory system elastance [52]. 
This ratio in ARDS patients averages 0.3, ranging from 

0.2 to 0.9 [53]. Accordingly, for the same change in air-
way pressure, a tremendous difference of pleural pres-
sure change may be observed. Importantly, greater is 
the increase in pleural pressure, greater is its effect on 
fluid retention. What primarily accounts for fluid reten-
tion is the mean pleural pressure, of which the positive 
end-expiratory pressure (PEEP) is a major determinant. 
Indeed, for the same fluid input, the water retention in 
a 46-h experiment was twice as much important in ani-
mals treated with PEEP than without PEEP [54]. Simi-
larly, for the same mechanical power, we found that the 
positive fluid balance was dramatically higher in animals 
treated with high levels of PEEP [55]. Nevertheless, fluid 
retention ceases when a new equilibrium is reached after 
2–3 days [54].

Theoretically, used type of fluid could result in differ-
ences of water retention, as to reach the same intravas-
cular volume (the goal of fluid administration). Lower 
amount of fluids is required if colloids as albumin are 
associated with the crystalloid administration, when com-
pared to crystalloids alone [56]. However, particularly in 
full-blown ARDS, the increased vessel permeability may 
reduce the expected oncotic effect of the colloids used for 
blood volume expansion. What is rarely considered is how 
the infused fluids are distributed through the body com-
partments. In a 70-kg man, 1  l of intravenously infused 
crystalloids would increase the intravascular volume (the 
real aim of fluid therapy) by only 250  ml at equilibrium 
(which is likely reached in minutes), while the remaining 
750 ml would be distributed in the interstitial space [57]. 
Accordingly, large fluid retentions may be associated with 
concomitantly reduced intravascular volume.

Fluid retention is the unavoidable “price” to pay to 
allow the use of positive-pressure mechanical ventilation. 
Importantly, the consequences of positive fluid balance 
are not limited to the lung (partly protected by the high 
intra-alveolar pressure) but also involve other organs 
which interstitial edema may deeply affect the function 
[55]. Consequently, excessive fluid retention must be 
ideally prevented, or corrected. Prevention is based on 
keeping the positive airway pressure, especially PEEP, at 
a minimal level compatible with adequate oxygen trans-
port and organs function. Correction of fluid retention 
may rely on diuretics administration or renal replace-
ment therapy. The combined treatment with furosemide 
and albumin may accelerate by 1–2  days the correction 
of body fluid excess [21, 58] (if ARDS is not in full-blown 
phase). Otherwise, particularly if the kidney function is 
impaired or the airway pressure used are such that the 
hormonal response is fully shifted towards sodium and 
water reabsorption, renal replacement therapy should be 
considered. Indications and limits of this approach have 
been recently reviewed [59].
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Practical management of fluid balance according 
to the cause and timing of ARDS
To ensure that the management of fluid balance in ARDS 
patients is optimal, the clinician must carefully weigh 
the benefit–risk ratio of therapeutic interventions. With 
the exception of severe viral pneumonitis without car-
diac involvement, ARDS is most frequently not isolated 
in ICU patients, but rather associated with circulatory 
failure [1]. In these patients, hypovolemia may further 
jeopardize organ perfusion whereas fluid overload may 
worsen lung function. Greater volume of fluid adminis-
tered is associated with higher mortality after adjustment 
on severity [60].

According to the four-hit model of shock with ebb and 
flow phases [24], fluid resuscitation should be given ini-
tially to restore or maintain systemic hemodynamics 

when required, with constant concerns regarding its 
potential deleterious effects on gas exchange. To do so, 
prediction of FR together with close hemodynamic and 
tissue perfusion monitoring is key (Fig. 4). Once stabili-
zation of hemodynamics is obtained, fluid balance should 
then be normalized in evacuating excess fluids adminis-
tered during the resuscitation and optimization phases 
[24]. In practice, fluid management at the early phase of 
isolated ARDS aims at counteracting potential deleteri-
ous hemodynamic effects of positive-pressure ventilation 
(Fig. 1). During the resuscitation and optimization phases 
of shocked ARDS patients [24], hemodynamic assess-
ment combining CCE and CVP used as a safety marker 
to detect potential fluid overload or RV failure [36], asso-
ciated with indices of tissue dysoxia (e.g., lactate, ScvO2, 
P[a-v]CO2) should be favored [28, 61]. Nevertheless, the 

Fig. 4  Proposed practical management of fluid balance according to the cause and timing of ARDS according to the four-hit theory/ROSE concept 
[24]. CVP central venous pressure, PAC pulmonary artery catheter, CCE critical care echocardiography, ScVO2 central venous oxygen saturation, P[v-a]
CO2 veno-arterial carbon dioxide tension difference, TPTD transpulmonary thermodilution
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type of hemodynamic monitoring to guide fluid manage-
ment in this specific population remains controversial. 
Although CCE is widely used as a first-line hemodynamic 
assessment tool at the bedside due to its unparalleled 
advantage of accurately identifying FR and potential RV 
failure [35], some experts still suggest the use of invasive 
monitoring using either TPTD or PAC during the early 
phase of resuscitation in this specific clinical setting [30, 
32]. During the stabilization and evacuation phases, the 
main goal of fluid management is to restore an equili-
brated (i.e., nil) fluid balance to facilitate ventilator 
weaning (Fig. 4). The precise timing for considering con-
servative fluid management and de-resuscitative meas-
ures remains to determine [23]. In the FACTT trial, the 
conservative strategy was initiated when shock had been 
resolved for > 12  h (i.e., off vasopressor support) [6]. In 
addition, the best therapeutic strategy to achieve this goal 
in RCTs has not yet been established (e.g., furosemide, 
furosemide combined with albumin) [22, 23]. Of note, 
the administration of albumin in the presence of altered 
lung permeability could result in a higher albumin and 
fluid loss in the extravascular space with a possible wors-
ening of the ARDS [62]. Finally, alternative therapeutic 
strategies based on other hemodynamic or pathophysi-
ological targets remain to be evaluated (e.g., EVLW).

To limit fluid administration, several approaches have 
been proposed in patients with septic shock. The first 
approach is to restrict the volume of fluids administered 
during ICU stay, after the resuscitation phase (i.e., after 
the initial management of septic shock). This restric-
tive strategy was tested in RCTs [63, 64]. It succeeded in 
significantly reducing administered resuscitation fluid 
volume, without increasing the rate of new organ fail-
ures. Importantly, these trials were not adequately pow-
ered to assess patient-centered outcomes [63, 64]. The 
second approach is the early administration of norepi-
nephrine as a strategy to reduce fluid administration in 
increasing venous return secondary to splanchnic veno-
constriction. Hamzaoui et  al. [65] showed that early 
norepinephrine administration in septic shock patients 
to reach and maintain a mean arterial pressure around 
65–70  mm Hg, increases venous return and cardiac 
output. Recently, Pemprikul et  al. [66] have tested the 
strategy of an early administration of fixed low doses of 
norepinephrine (0.05  µg/kg/min) compared to standard 
of care in a RCT enrolling patients with septic shock. 
In the intervention arm, the control of shock at 6 h was 
more frequent, with a lower incidence of cardiogenic pul-
monary edema and new-onset arrhythmias. Neverthe-
less, the median fluid volume administered exceeded 5 L 
on Day 1 and was similar in both groups [66]. These two 
therapeutic approaches were combined in the REFRESH 
pilot trial [67]. Ninety-nine patients with suspected 

sepsis and hypotension were randomized in the Emer-
gency Department to receive either a restricted fluid 
regimen (norepinephrine if the mean arterial pressure 
remained < 65 mmHg after 1 L of fluid loading), or stand-
ard of care. Not surprisingly, the median fluid volume 
administered during the first 6 h was significantly lower 
in the intervention arm than in controls, with a 30% 
relative reduction in total fluids administered up to 24 h 
and no safety signal. Nevertheless, both the low illness 
severity and mortality rate limit the external validity of 
this pilot trial [67]. Finally, one should keep in mind that 
fluids administered for hemodynamic resuscitation only 
account for approximately 10–30% of daily fluid intakes 
during the ICU stay [68, 69].

Fluid therapy in COVID-19 patients with ARDS should 
also be based on the timing of the disease. In the early 
phase, patients are characterized by a low amount of lung 
edema, near-normal elastance and low amount of atelec-
tasis (phenotype L), whereas in the later phase, patients 
present with a higher amount of lung edema, atelectasis 
and elastance (phenotype H) [70]. Accordingly, the phe-
notype L should require a lower amount of fluid com-
pared to phenotype H due to lower alteration in lung 
permeability and mean airway pressure (i.e., lower PEEP 
and transpulmonary pressure).

Future directions
As critical care medicine moves towards a personalized 
medicine approach, it will be important to consider how 
fluid therapy can be similarly individualized. Prior studies 
have focused on the use of physiologic data, particularly 
dynamic indices of FR, as tools to help bedside provid-
ers individualize fluid management. There is considerable 
complexity to personalizing fluid therapy as recent stud-
ies have suggested that clinical–biological phenotypes 
of ARDS may respond differently to fluid management 
[20] and that race/ethnicity may be associated with dif-
ferences in FR [71, 72]. Integrating the full breadth of 
clinical and physiological data to accurately identify the 
diverse phenotypes is an important first step prior to 
testing them prospectively for intended widespread clini-
cal implementation.

Conclusion
ARDS is characterized by an increased endothelial and 
epithelial permeability which promotes the passage of 
fluid into lung interstitial and alveolar space. Since ARDS 
is frequently associated with shock, fluid management 
is key to restore adequate organ perfusion while avoid-
ing diffuse tissue edema and positive fluid balance. Initial 
resuscitation should be guided by close hemodynamic 
monitoring aimed at predicting FR and avoiding undue 
venous congestion. Positive airway pressure should be 
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kept as low as possible since it contributes to positive 
fluid balance. Once the patient is hemodynamically sta-
ble, subsequent management should be based on the 
evacuation of excess fluids to normalize cumulated fluid 
balance and facilitate ventilator weaning. Although vari-
ous restrictive strategies aimed at reducing fluid admin-
istration have not yet been shown to improve mortality, 
tailored therapeutic management based on ARDS sub-
phenotypes remains to be tested to improve patient-cen-
tered outcome.
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