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a b s t r a c t 

Background: Fluid balance management is critical in moderate and severe traumatic brain injury (TBI) due 

to impaired cerebrovascular autoregulation. This study systematically reviews the association of fluid volume 

management with outcomes in moderate to severe TBI. 

Methods: We conducted a systematic literature search on MEDLINE, EMBASE, CINAHL, The Cochrane Database, 

and bibliographies of included articles. Studies assessing fluid volume management and outcomes in moder- 

ate/severe TBI patients were included. Risk of bias, publication bias, and heterogeneity were comprehensively 

assessed. Primary outcomes were short/long-term mortality and neurological outcomes. Secondary outcomes 

included the effect on intracranial pressure, development of acute kidney injury (AKI), refractory intracranial hy- 

pertension (RIH), pulmonary edema/acute respiratory distress syndrome, length of stay, and length of mechanical 

ventilation. Fluid balance groups were categorized into restrictive, euvolemic, and liberal. 

Results: Out of 2668 studies identified, 12 studies (seven observational and five randomized controlled trials 

[RCTs]) involving 9184 TBI patients were included. Euvolemic fluid balance was associated with lower odds of 

mortality compared to restrictive (odds ratio [OR] = 0.39, 95% confidence interval [CI]: 0.27 to 0.57, P < 0.00001) 

and liberal groups (OR = 0.47, 95% CI: 0.31 to 0.70, P = 0.0003), and improved odds of favorable neurological 

outcomes compared to restrictive (OR = 2.51, 95% CI: 1.72 to 3.66, P < 0.00001) and liberal groups (OR = 1.86, 

95% CI: 1.18 to 2.92, P = 0.007). Euvolemic balance also reduced the odds of AKI and RIH, and shortened the 

mean length of mechanical ventilation compared to liberal fluid balance groups but not the restrictive ones. 

Conclusions: Euvolemic fluid balance may improve key outcomes in TBI patients, including reduced mortality 

and better neurological outcomes. These findings underscore the need for RCTs to further assess euvolemic fluid 

management protocols in neurocritical care and their potential to inform clinical guidelines. 
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Traumatic brain injury (TBI) is a leading cause of death and

isability worldwide, particularly in individuals under 45. [1 , 2] 

lthough the majority of TBIs are mild, those with moderate

r severe injuries often require admission to the intensive care

nit (ICU). [3] Globally, the incidence of TBI continues to rise,

specially in low- and middle-income countries due to increased

otor vehicle use. [4] 

Survivors of moderate to severe TBI (Glasgow Coma

cale [GCS] < 14) frequently suffer long-term neurocogni-
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ive impairments, reduced quality of life, and higher rates

f rehospitalization, placing significant societal and economic

urdens. [5 , 6] 

A critical issue in severe TBI is the development of cerebral

dema, which can lead to increased intracranial pressure (ICP)

nd worsened neurological outcomes. [7 , 8] Impaired cerebral au-

oregulation further exacerbates the risk of cerebral ischemia

nd microvascular injury. [9 , 10] Despite ongoing research, no spe-

ific neuroprotective agents have proven effective, and current

anagement strategies focus on preventing secondary brain in-

ury. [11] 
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Fluid therapy in the ICU is critical for replenishing plasma

olume, optimizing circulation, and ensuring adequate oxygen

elivery. Traditionally, early resuscitation of TBI patients is

ased on the augmentation of blood pressure with patients often

eceiving a significant volume of intravenous fluid. [12] Monitor-

ng and maintenance of optimal parameters, namely of ICP and

erebral perfusion pressure is pivotal. This is achieved through

ppropriate administration of intravenous fluids, osmotherapy,

asopressors, inotropes, and through neurosurgical interven-

ional means. [13] 

The National Acute Brain Injury Study: Hypothermia II study

ound that enhanced fluid resuscitation in hypothermia-treated

atients was linked to intracranial hypertension. [14] Data from

he CENTER-TBI and OzENTER-TBI cohorts suggest that higher

uid input and balance correlate with higher ICU mortality and

orse functional outcomes. [15] Current evidence on fluid bal-

nce optimization is lacking, with increasing significance of its

onitoring being stressed in recent reviews and guidelines. [3 , 16] 

Despite the critical role of fluid management in TBI treat-

ent, there is a notable lack of collated evidence on its im-

act on patient outcomes. Fluid management in TBI patients

resents a unique challenge due to the delicate balance required

o avoid exacerbating cerebral edema or causing hypovolemia,

hich can further impair cerebral perfusion. 

To address the aforementioned gap in evidence, the primary

bjective of our systematic review is to assess the association

etween fluid balance and mortality/neurological outcomes in

oderate to severe TBI. Our secondary objectives include as-

essment for association between fluid balance and neurocritical

are-related outcomes such as ICP, pulmonary and renal com-

lications, and ICU length of stay. 

ethods 

tudy rationale 

The study protocol was published on PROSPERO, the inter-

ational prospective register of systematic reviews (reference:

RD42020204375; http://www.crd.york.ac.uk/PROSPERO/ ).

he systematic review followed the methodological format de-

cribed and recommended by the preferred reporting items for

ystematic reviews and meta-analyses (PRISMA) statement and

The Cochrane Handbook for Systematic Reviews of Interven-

ions ”. [17] A scoping review was performed to refine the research

uestion. The study outcomes were developed following con-

ideration of outcomes stated in international clinical practice

ecommendations in neurointensive care. [18] 

The Patient group, Intervention, Comparator and Outcome

ramework (PICO) was constructed to facilitate the design of

he search strategy as detailed in Supplementary Table S1. 

utcome measurements 

The primary outcome was all-cause mortality at the latest

ime point available up to 90 days, and short-term and long-

erm neurological outcomes (changes in GCS or Glasgow Out-

ome Scale-Extended [GOSE]). Secondary outcomes included

hanges in ICP, incidence of refractory intracranial hyperten-

ion (RIH), of pulmonary edema/acute respiratory distress syn-

rome (ARDS), and acute kidney injury(AKI)/requirement for
277
enal replacement therapy (RRT), length of mechanical ventila-

ion (MV) and ICU and hospital length of stay (LOS). Detailed

efinitions of these outcomes are included in Supplementary Ta-

le S2. 

earch strategy 

MEDLINE, EMBASE, and CINAHL databases were searched

hrough the previously established platform HDAS of NICE evi-

ence ( https://hdas.nice.org.uk , Supplementary Figure S1) and

itations of the included studies were screened. The same search

as conducted on Cochrane (CENTRAL). The search was under-

aken in January 2020, and an updated search was performed

n June 23, 2024 to allow more contemporary conclusions. TBI,

luid Balance, and Critical Care were chosen as the three main

omains of the systematic search, and the search strategy with

ligning terms to these domains outlined (Supplementary Table

3). 

To ensure no exclusion of relevant studies, reference lists of

igh-yield articles were added to the list of studies. [19] The lit-

rature search was designed by AK and AT, with the support of

 librarian literature search specialist. 

tudy selection 

Following the systematic literature search in the above

atabases, duplicates were removed. All collected articles were

hen entered into a Master Excel Document (Excel® 2007; Mi-

rosoft, Redmond, Washington, USA) and a standard form was

reated for study characteristics (Article’s title, Article’s author-

ublication date, Article’s journal, Abstract). Study selection

as based on the inclusion and exclusion criteria in Supplemen-

ary Table S4. 

The selection of the articles was based on the following steps:

1) Four independent authors (AK, AT, TF, and BL) screened,

eviewed, and excluded all extracted articles. Each title and ab-

tract were reviewed by two different authors. Arbitration of

iscrepancies was undertaken by a single researcher (AK). (2)

ull-text studies were independently screened and reviewed by

wo authors (TF and AT). (3) Disagreements at step 2 were re-

olved by senior authors (AK). 

isk of bias assessment 

Risk of bias was independently assessed by two authors (AK

nd AT). Non-randomized and observational studies were qual-

tatively assessed using the Newcastle-Ottawa Scale (NOS), [20] 

hile RCTs were qualitatively assessed using the Cochrane Risk

f Bias tool (RoB2 tool). [17] Any discrepancies in the risk of bias

ere independently reviewed by the senior authors. 

ata extraction and analysis 

Data were extracted and inserted in an Excel Document (Ex-

el® 2007; Microsoft, Redmond, Washington, USA) requesting

he following information: (1) Study title, Authors; (2) Study

esign, Methodology, Analysis, Patient demographics; (3) Out-

omes assessed and reported, with numerical values of patients;

4) Method of fluid balance measurement and fluid balance

ata; and (5) Qualitative assessment. 

AK and AT revisited any discrepancies or missing information

n the tables. If potential discrepancies in citations, the authors

http://www.crd.york.ac.uk/PROSPERO/
https://hdas.nice.org.uk
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Figure 1. PRISMA Flow diagram for reporting items for systematic reviews 

and meta-analysis. pRBCs: Packed red blood cells; PRISMA: Preferred report- 

ing items for systematic reviews and meta-analyses. 
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f those were contacted, and data was clarified. All data were

eviewed by all authors. 

All statistical analysis was undertaken in Review Manager

ersion 5.3 (The Cochrane Collaboration, The Nordic Cochrane

entre, Copenhagen, Denmark). [17] 

Observational studies and RCTs providing outcomes on mor-

ality, development of RIH, favorable neurological outcomes, re-

al and pulmonary outcomes were added as dichotomous data,

ooled odds ratio (ORs) calculated using the Mantel–Haenszel

ethodology, using random effect meta-analysis, owing to the

igh heterogeneity of the study. 

Observational studies and RCTs providing outcomes on LOS

nd length of MV were added as continuous data, expressed as

 mean difference for weighted average, using random effect

eta-analysis. 

Fluid balance and fluid volume administered were indepen-

ently assessed. Due to the lack of data in assessing outcomes in

verall fluid volume administered, meta-analysis was not per-

ormed for it, but it was qualitatively reviewed. 

Fluid balance was divided into three different groups (re-

trictive, euvolemic, and liberal), due to the categorization of

tudies in tertiles or quartiles in the literature. Table 1 summa-

izes how groups of patients were each categorized into these

roups. Because of the expected high heterogeneity in the means

f measurement of fluid balance, predefined criteria for inclu-

ion in statistical analysis groups have been set, also highlighted

n Table 1 . 

ssessment of study heterogeneity and publication bias 

To assess statistical heterogeneity, forest plots were con-

tructed for neurological outcomes alone, to examine whether

here was consistency of intervention effects on the study pop-

lation, and whether there was overlap between the confidence

ntervals of the studies. [21] A P -value of < 0.10 in 𝜒2 determined

he statistical significance of heterogeneity of intervention ef-

ects, while an I2 of > 50% was suggestive of significant hetero-

eneity. 

A funnel plot and the Egger’s test for publication bias were

nly constructed in mortality outcomes, due to the shortage of

tudies addressing other outcomes. Less than ten studies were

ncluded in each of the outcomes assessed, which limited sta-
able 1 

efinition of fluid balance and fluid volume administration groups for analysis. 

Fluid balance group Definition 

Restrictive - Lowest tertile or quartile group in cohort studies 

- Group receiving least fluid management in case–control 

or RCT, if fluid balance < 0 mL/day 

Euvolemic - Middle tertile or two middle quartile groups in cohort 

studies 

- Group receiving least fluid balance in case–control or 

RCT, if fluid balance > 0 mL 

- Group receiving most fluid balance in case–control or 

RCT, if fluid balance < 1000 mL/day 

Liberal - Highest tertile or quartile in cohort studies 

- Group receiving most fluid balance in case–control or 

RCT, if fluid balance > 1000 mL/day 

Fluid volume group Definition 

Restrictive - Group receiving statistically less fluid volume 

Liberal - Group receiving statistically more fluid volume 

CT: Randomized controlled trial. 
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278
istical power. Due to the fact that all assessed outcomes were

valuated in less than 10 studies, the publication bias tests had

imited power. Publication bias was assessed qualitatively in the

est of the outcomes. 

esults 

Following the search strategy explained, a total of 2668

tudies published since 1995 were retrieved (MEDLINE = 930,

MBASE = 1253, CINAHL = 485), while another 20 studies were

lso added following the listed references of high-yield stud-

es. Following the exclusion of duplicated articles, and the fur-

her exclusion of papers published before 2000, 2258 articles

emained, whose titles and abstracts were screened. The initial

creening excluded a further 2135 studies, leaving 123 studies

o be checked for eligibility through full-text reading and evalu-

tion. The flow diagram illustrates how the articles were identi-

ed, selected, and approved for inclusion during the systematic

iterature search ( Figure 1 ). 

Twelve studies were identified as eligible for inclusion in the

ystematic review. Five of them were RCTs, only one was spe-

ific to the association of fluid management on TBI outcomes, [22] 

hile the rest addressed other independent variables (hypother-

ia, transthoracic echo, and CPP-management). [14,23–25] Seven

ere observational studies, five were retrospective, and one was

 prospective cohort study, and a single control study. [15 , 26–31] 

verall, these studies assessed 9184 TBI patients. Seven of the

tudies assessed patients with severe TBI alone, [14 , 22 , 24 , 26 , 28–30] 

ne study assessed moderate to severe TBI, [27] three studies as-

essed all TBIs requiring ICU admission 

[15 , 25 , 31] and one study

ssessed all levels of severity of TBI [23] ( Table 2 ). 
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Table 2 

Summary of study characteristics for included studies. 

Study identifier Study 

type 

Patient population Sample 

size 

Age 

(years) 

Fluid measured Outcomes assessed Fluid volume/ balance Outcomes 

M NO IH R LOS AKI 

Fletcher et al. [26] RC Severe TBI 41 > 14 Cumulative fluid balance 

in first 5 days 

√ √
Lower: < 7 L 

Moderate: 7.1–14 L 

Upper: > 14.1 L 

No association between FB and RIH (HR = 1.05, 95% 

CI: 0.78 to 1.42, P = 0.73) 

Association upper FB and ARDS ( P < 0.0001) 

Zhao et al. [27] RC Moderate/severe TBI 351 > 14 Cumulative fluid balance 

in first 5 days 

√ √ √ √ √ √
Lower: < 673 mL 

Moderate: 673–3673 mL 

Upper: > 3673 mL 

Association of upper FB with worse NO ( P = 0.000), AKI 

( P = 0.023), RIH ( P = 0.009, NCCU LOS ( P = 0.004), 

mannitol usage ( P = 0.039). Association of lower FB 

with worse NO ( P = 0.000), increased mannitol usage 

( P = 0.033) 

Mauritz et al. [28] RC Severe TBI 415 Adult Mean daily fluid balance 

during first 10 ICU days 

√ √
Lower: <− 2000 mL/day 

Moderate: 

− 2000–2000 mL/day 

Upper: > 2000 mL/day 

Upper FB associated with poor ICU outcomes/death 

(OR = 0.39, 95% CI: 0.34 to 0.43, P < 0.05) 

Henzler et al. [29] RCC Severe TBI 74 Adult Fluid administered in 

first 24 hrs 

√
S: 218 mL 

NS: 246 mL 

No difference in fluid administration in survivors vs . 

non-survivors ( P = 0.49) 

Ferrada et al. [23] RCT All severity TBI 72 Adult Fluid volume 

administered in 

admission 

√
LTTE: 1.04 L 

Non-LTTE: 2.4 L 

Increased fluid administration volume in LTTE 

( P < 0.0001) and less mortality (14.7% vs. 39.5%, 

P = 0.03) 

Clifton et al. [14] RCT Severe TBI 97 16–45 Cumulative fluid balance 

during ICU 

√ √ √
Hypothermia: 5289 mL 

Normothermia: 3099 mL 

Increased cumulative FB in hypothermia ( P = 0.01), 

increased neurological complications in hypothermia 

possibly as a result ( P = 0.01) 

Clifton et al. [30] RC Severe TBI 372 16–45 Cumulative fluid balance 

during ICU 

√ √ √
Lower Q: <− 594 mL 

Euvolemic:- 

594–4859 mL 

Upper Q: > 4859 mL 

Lower Q associate with worse NO ( P = 0.0048) 

Contant et al. [24] RCT Severe TBI 189 > 15 Mean daily fluid balance 

and fluid intake 

√
ARDS fluid 

intake = 4059 mL/day 

Non-ARDS fluid intake = 2874 

Fluid intake higher in ARDS in comparison to 

non-ARDS ( P = 0.0001) 

Fluid balance higher in ARDS in comparison to 

non-ARDS but not significantly ( P = 0.0554) 

( continued on next page ) 

2
7
9
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Table 2 ( continued ) 

Study identifier Study 

type 

Patient population Sample 

size 

Age 

(years) 

Fluid measured Outcomes assessed Fluid volume/ balance Outcomes 

M NO IH R LOS AKI 

Lombardo et al. [25] RCT All severity TBI 

requiring ICU 

admission 

888 > 18 Cumulative 3-day 

isotonic crystalloid 

administration 

√
Upper: > 2000 mL in 72 h 

Moderate: 500–2000 mL in 

72 h 

367 of 477 patients survived 30 days in upper 

treatment (76.9%) 

370 of 411 patients survived 30 days in moderate 

treatment (90.0%) 

Robba et al. [31] PC All severity TBI 

> 72 hrs ICU 

admission 

4509 > 18 Overall median fluid 

balance per country 

√
Incidence AKI > 10% per 

country 

Incidence AKI < 10% per 

country 

Statistically significant increased 72 h FB in countries 

with AKI incidence > 10% (871 mL) vs . < 10% (433) 

( P < 0.001) 

Zhao et al. [22] RCT Severe TBI 51 > 18 Cumulative FB Days 1, 3 

and 7 

√ √ √ √
Restrictive fluid management 

(− 2520 mL D7) vs . control 

(− 923 mL D7) 

No statistically significant difference in 28-day 

mortality (16.0% restrictive vs. 23.0% control 

P = 0.525) 

Statistically significant improved D7 GCS (8.04/15 

restrictive vs. 7.09/15 control P = 0.028) 

Statistically significant reduced duration MV (98.12 h 

restrictive vs . 123.08 h control P = 0.001) 

Statistically significant reduced ICU LOS (9.27 days 

restrictive vs. 11.12 days control P = 0.019) 

Wiegers et al. [15] PC All severity TBI 

> 72 hrs admission 

2125 > 16 Overall daily fluid 

balance first 7 ICU days 

√ √ √ √ √
Fluid balance ≤ median 

0.37 L vs . fluid balance 

> median 0.37 L 

158/928 (17%) 6-months mortality in < median vs . 

249/916 (27%) in > median ( P < 0.0001) 

97/1057 (9%) ICU mortality in < median vs . 186/1055 

(18%) in > median ( P < 0.0001) 

Unfavorable GOSE 6-months 380/928 (41%) in 

< median vs . 473/916 (52%) ( P < 0.0001) 

Respiratory failure 224/1056 (21%) in < median vs . 

292/1053 (28%) ( P = 0.006) 

No statistically significant ICU stay (6.7 vs . 6.8) 

RRT 19/1062 (2%) < median vs . 37/1060 (4%) 

> median ( P = 0.021) 

AKI: Acute kidney injury; ARDS: Acute respiratory distress syndrome; CI: Confidence interval; FB: Fluid balance; GCS: Glasgow coma scale; GOSE: Glasgow outcome scale-extended; ICU: Intensive care unit; IH: 

Intracranial hypertension-related outcomes; HR: Hazard ratio; LOS: Length of stay; LTTE: Limited transthoracic echocardiogram; M: Mortality; MV: Mechanical ventilation; NCCU: Neurocritical care unit; NO: 

Neurological outcomes; NS: Nonsurvivors; OR: Odds ratio; PC: Prospective cohort; Q: Quartile; R: Respiratory complications; RC: Retrospective cohort; RCC: Retrospective case–control study; RCT: Randomized 

controlled trial; RIH: Refractory intracranial hypertension; RRT: Renal replacement therapy; S: Survivors; TBI: Traumatic brain injury. 
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Figure 2. Primary meta-analysis comparing mortality between: (A) euvolemic to restrictive fluid balance groups ( n = 2 studies, n = 509) and (B) euvolemic to liberal 

fluid balance groups ( n = 5 studies, n = 3559 patients). CI: Confidence interval; df: Degree of freedom; M-H: Mantel–haenszel test. 
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luid balance and volume assessment 

The methodology of recording fluid management varied

mong studies. Three different fluid metrics were used as means

f describing fluid balance. Seven of the studies used total cumu-

ative fluid balance during the study period, [14 , 22 , 24 , 26 , 27 , 30 , 31] 

hree studies used mean/median daily cumulative fluid bal-

nc [24 , 28 , 31] and the remaining two studies used total volume

f fluid administered. [23 , 29] None of the studies assessed fluid

alance in relation to body surface area or weight. 

The duration of fluid balance/volume assessment was also

ighly varied. The two studies assessing fluid volume adminis-

ered, [23 , 29] only included measurements on the day of ICU ad-

ission. Four of the remaining studies assessed fluid balance

hroughout the ICU stay, [14 , 24 , 30 , 31] one study during the first

en days of ICU, [28] two studies during the first seven days, [15 , 22] 

wo studies during the first five days of ICU, [26 , 27] and one study

n the first three days of ICU. [25] The lack of methodological ap-

roach introduces heterogeneity to the study results. 

rimary outcomes 

ortality 

Mortality association with fluid balance was studied in five

tudies for review. [15 , 22 , 25 , 27 , 30] Four of those studies were ob-

ervational, [15 , 25 , 27 , 30] while one of the studies was small RCTs

omparing fluid balance with mortality. [22] Patients with a euv-

lemic fluid balance were associated with lower odds of mortal-

ty when compared to restrictive fluid balance during ICU stay

n two studies (odds ratio [OR] = 0.39, 95% confidence interval

CI]: 0.27 to 0.57, P < 0.00001, Figure 2 A). There was low over-

ll heterogeneity ( I2 = 0%) and low significance of heterogene-

ty of intervention effects ( 𝜒2 = 0.80, P = 0.37). There was a low

isk of publication bias based on visual inspection of the funnel
281
lots (Supplementary Figure S2). Likewise, patients with a euv-

lemic fluid balance were associated with lower odds of mortal-

ty when compared to liberal fluid balance (OR = 0.47, 95% CI:

.31 to 0.70, P = 0.0003). There was high overall heterogeneity

 I2 = 73%) and high significance of heterogeneity of intervention

ffects ( 𝜒2 = 14.71, P = 0.005, Figure 2 B). 

Two other studies assessed the association between fluid vol-

me administration on the first day of ICU and mortality, one

eing an RCT 

[23] and the other a case–control study. [29] The

CT demonstrated that the group receiving lower fluid vol-

me (1.04 L vs. 2.4 L, P < 0.0001) was significantly associ-

ted with lower mortality than the higher fluid volume group

14.7% vs . 39.5%, P = 0.03). The case–control study did not find

 statistically significant difference in fluid volume administered

n survivors when compared to non-survivors (218 mL/h vs.

46 mL/h, P = 0.49). 

eurological outcomes 

The association of fluid balance with neurological outcomes

n terms of GOSE and GCS was assessed in four different stud-

es. [14 , 15 , 27 , 30] Three of the studies were cohort studies [15 , 27 , 30] 

nd one of those studies was RCTs. [14] Euvolemic fluid bal-

nce groups in comparison to restrictive fluid balance groups

 Figure 3 A) were also associated with increased odds of im-

roved neurological outcomes (OR = 2.51, 95% CI: 1.72 to 3.66,

 < 0.00001). There was low overall heterogeneity ( I2 = 0%)

nd low significance of heterogeneity of intervention effects

 𝜒2 = 0.93, P = 0.33). Likewise, euvolemic fluid balance groups

n comparison to liberal fluid balance groups ( Figure 3 B) were

ssociated with increased odds of favorable neurological out-

omes (OR = 1.86, 95% CI: 1.18 to 2.92, P = 0.007). There was

igh overall heterogeneity ( I2 = 73%) and high significance of

eterogeneity of intervention effects ( 𝜒2 = 11.17, P = 0.01). 
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Figure 3. Primary meta-analysis comparing favorable neurological outcomes between: (A) euvolemic to restrictive fluid balance groups ( n = 2 studies, n = 509) and 

(B) euvolemic to liberal fluid balance groups ( n = 4 studies, n = 2450 patients). CI: Confidence interval; df: Degree of freedom; MH: Mantel–haenszel test. 
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econdary outcomes 

ean ICP 

Only one study assessed the effect of fluid balance on mean

CP. [27] It did not identify any statistically significant change in

he mean ICP between euvolemic fluid balance ( n = 117, mean

CP = 18.475) and either of liberal ( n = 117, mean ICP = 22.11,

 = 0.304) or restrictive ( n = 117, mean ICP = 19.922, P = 0.717)

uid balance. 

smotherapy requirement 

Three of the studies included assessed the effect of fluid

alance on either the amount of osmotherapy required or

he amount of time on osmotherapy. [14 , 27 , 30] Due to the ex-

reme heterogeneity in the means of assessing osmotherapy

equirements, as well as the different means of pursuing

anagement with osmotherapy, a quantitative meta-analysis

as not performed. A retrospective cohort study demon-

trated a statistically increased mannitol usage in the upper

 n = 117, mannitol = 8559.848 mg) and lower tertile groups

 n = 117, mannitol = 4678.82 mg) in comparison to those in

he middle tertile ( n = 117, mannitol = 6433.43 mg) ( P = 0.039

nd P = 0.033, respectively). [27] A retrospective cohort study

dentified that patients in the lowest tertiles of fluid balance

n both hypothermia and normothermia groups received

arger total doses of mannitol ( n = 93; hypothermia = 319 g,

ormothermia = 338 g) than patients in the middle quartiles

 n = 182; hypothermia = 262 g, normothermia = 217 g) or upper

uartiles ( n = 93; hypothermia = 202 g, normothermia = 268 g)

nd the P -value was < 0.05. [30] Finally, in the aforemen-

ioned RCT on hypothermia vs . normothermia, there was no

tatistically significant difference between the mean daily

annitol dose in hypothermia or normothermia groups

hypothermia = 59 g/day, n = 52; normothermia = 51 mg/day,

 = 45) ( P = 0.27), or the percentage of patients receiv-

ng mannitol (hypothermia = 75%,normothermia = 60%)

 P = 0.11). [14] 
282
IH development 

Data were pooled from five studies that assessed the effect

f fluid balance on the development of RIH. [14 , 26–28 , 30] How-

ver, only three of these studies were included in the meta-

nalysis. [14 , 27 , 30] Two studies were excluded; one because it as-

essed fluid administration rather than fluid balance, [28] and the

ther because it did not report total number of events needed

or OR assessment. [26] 

Euvolemic fluid balance groups were associated with lower

dds of developing RIH when compared to liberal fluid balance

roups (OR = 0.60, 95% CI: 0.40 to 0.90, P = 0.01, Figure 4 A).

here was low overall heterogeneity ( I2 = 0%) and low sig-

ificance of heterogeneity of intervention effects ( 𝜒2 = 1.68,

 = 0.43). On the other hand, there was no statistically signifi-

ant odd of RIH development in euvolemic vs. restrictive fluid

alance groups (OR = 0.87, 95% CI: 0.36 to 2.08, P = 0.76,

igure 4 B). There was high overall heterogeneity ( I2 = 54%)

nd low significance of heterogeneity of intervention effects

 𝜒2 = 2.18, P = 0.14). 

Among the studies not included in the quantitative assess-

ent, Fletcher et al. [26] concluded that there was no relationship

etween fluid balance tertiles and the development of RIH fol-

owing a Cox proportional hazards model ( n = 41, HR = 1.05, 95%

I: 0.78to 1.42, P = 0.73). Mauritz et al. [28] did not find any sta-

istical variation in the duration of elevated ICP among different

uid balance levels. 

ulmonary edema/ARDS development 

ARDS association with fluid balance was assessed in two

tudies; [24 , 26] however, data could not be pooled due to the ex-

reme heterogeneity in the means of assessing fluid management

etween the two studies. Fletcher et al. [26] identified that pa-

ients in the highest fluid balance tertile were more likely to

evelop pulmonary edema or ARDS, following a Cox propor-

ional hazards model ( n = 41, HR = 1.69, 95% CI:1.40 to 2.04,

 < 0.0001). Contant et al. [24] identified that fluid intake was

igher in those developing ARDS ( n = 18) than those who did
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Figure 4. Meta-analysis comparing odds of refractory intracranial hypertension: (A) euvolemic to liberal fluid balance groups ( n = 3 studies, n = 606 patients) and (B) 

euvolemic to restrictive fluid balance groups ( n = 2 studies, n = 509). CI: Confidence interval; df: Degree of freedom; MH: Mantel–haenszel test. 

Figure 5. Meta-analysis comparing length of mechanical ventilation in hours between: (A) euvolemic to liberal fluid balance groups ( n = 2 studies, n = 285 patients) 

and (B) euvolemic to restrictive fluid balance groups ( n = 2 studies, n = 334). CI: Confidence interval; df: Degree of freedom; SD: Standard deviation; IV: Inverse variance 
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ot ( n = 171) (2874 mL) ( P = 0.0001). There was a difference in

he mean daily fluid balance of patients with (478 mL) and

ithout (278 mL) ARDS, which was not statistically significant

 P = 0.0554). [24] 

ength of MV 

The effect of fluid balance on the length of MV was only

ssessed in two studies conducted by Zhao et al. [22 , 27] . There

as a statistically significant lower length of MV in hours be-

ween euvolemic and liberal fluid balance groups (mean dif-

erence = − 65.77, 95% CI: − 97.92 to − 33.62, P < 0.0001,

igure 5 A). There was low overall heterogeneity ( I2 = 24%)

nd low significance of heterogeneity of intervention effects

 𝜒2 = 1.32, P = 0.25). This was not reproducible in assessing the

ean difference in length of MV between euvolemic and restric-

ive fluid balance groups based on predetermined fluid balance

roups (mean difference = 11.36, 95% CI: − 12.42 to 35.14,

 = 0.35, Figure 5 B). 
283
KI development/requirement for RRT 

AKI development in between fluid balance groups was as-

essed in two studies [15 , 27] . Patients in euvolemic, when com-

ared to liberal fluid balance groups, were associated with lower

dds of developing AKI/requiring RRT (OR = 0.48, 95% CI: 0.31

o0.74, P = 0.001, Figure 6 A). There was low overall heterogene-

ty ( I2 = 0%) and low significance of heterogeneity of interven-

ion effects ( 𝜒2 = 0.09, P = 0.76). There was no statistically signifi-

ant difference in the ORs when euvolemic fluid balance groups

ere compared to restrictive fluid balance groups (OR = 1.09,

5% CI: 0.48 to 2.51, P = 0.83, Figure 6 B). 

CU and hospital LOS 

The effect of fluid balance on the ICU LOS was addressed in

hree studies. [15 , 22 , 27] Hospital LOS was only assessed in a single

tudy between fluid balance groups. [27] 

Groups receiving a euvolemic fluid balance when compared

o liberal fluid balance groups were not associated with a mean

ifference in ICU LOS (mean difference = − 1.83, 95% CI: − 4.28
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Figure 6. Meta-analysis comparing odds of acute kidney injury development/need for renal replacement therapy between: (A) euvolemic to liberal fluid balance 

groups ( n = 2 studies, n = 2356 patients) and (B) euvolemic to restrictive fluid balance groups ( n = 2 studies, n = 334). CI: Confidence interval; df: Degree of freedom; 

MH: Mantel–haenszel test. 

Figure 7. Meta-analysis comparing length of stay in days between: (A) euvolemic to liberal fluid balance groups ( n = 3 studies, n = 2410 patients) and (B) euvolemic 

to restrictive fluid balance groups ( n = 1 study, n = 334). CI: Confidence interval; df: Degree of freedom; SD: Standard deviation; IV: Inverse variance. 
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o 0.63, P = 0.15, Figure 7 A). There was high overall heterogene-

ty ( I2 = 88%) and high significance of heterogeneity of interven-

ion effects ( 𝜒2 = 16.8, P = 0.0002). There was no statistically sig-

ificant difference in ICU LOS when comparing euvolemic to

estrictive fluid balance groups (mean difference = 0.37, 95%

I =− 4.19 to 4.93, P = 0.87, Figure 7 B). 

There was a statistically significant difference in the hospital

OS in the upper tertile group of fluid balance patients when

ompared to the middle tertile group (49.66 vs. 32.23 days,

 = 0.009), which was not reproducible in the middle vs . lower

ertile groups. 

isk of bias and heterogeneity 

The median NOS quality assessment score was 8 (interquar-

ile range 6–9) for the observational studies, six studies demon-

trating low risk of bias and one demonstrating moderate risk

f bias. The RoB2 tool for randomized trials raised a high risk

f bias for one of the studies, [24] some concerns for two and a
284
ow risk of bias for the other two (Supplementary Figure S3).

fter excluding the study with the high risk of bias, there was

o overall change in the effect, as the study’s methodology did

ot allow incorporation into any of our quantitative datasets.

hereby, a sensitivity analysis was not performed and deemed

ot necessary. 

Overall heterogeneity and significance of heterogeneity of in-

ervention effects was overall high. This was more evident in the

rimary outcomes, when comparing euvolemic and liberal fluid

alance groups. This can be attributed to the heterogeneity in

he study methodology, the different means/duration of assess-

ng the independent variable of fluid balance, and the means of

ssessing overall mortality and favorable neurological outcomes

etween the studies. 

iscussion 

In this systematic review, the primary aim was to determine

he association between fluid balance and clinical outcomes



A. Kalakoutas, A. Thomas, T. Fisher et al. Journal of Intensive Medicine 5 (2025) 276–287

o  

d  

t  

fi  

c  

T  

f  

t  

m  

d  

o  

i  

t  

b

 

g  

b  

c  

e  

e  

g  

I  

i  

f  

i  

a  

n

 

fl  

i  

p  

d  

a  

A  

m  

o

 

s  

a  

a  

b

L

 

p  

m  

w  

g  

v  

a  

o

 

p  

o  

e  

s  

t  

m  

b  

a  

r  

o  

l

 

a  

fl  

t  

c  

m  

f

 

a  

c  

a  

w

 

n  

c  

i  

f  

v  

p  

m  

e

 

s  

m  

n  

v  

t  

a  

o  

t  

i

 

l  

p  

T  

i  

c  

m  

c

S

 

o  

m  

s  

e  

p  

t  

b  

o

 

o  

l  

T

f patients with moderate to severe TBI. The studies reviewed

emonstrated high heterogeneity in the means of assessing to-

al fluid administration and balance assessments. They identi-

ed increased odds of mortality and less favorable neurologi-

al outcomes in the restrictive and liberal fluid balance groups.

hese findings support growing evidence of the detrimental ef-

ects of aggressive fluid administration in a variety of condi-

ions in critical care. [32–35] Our study’s findings are also in agree-

ent with knowledge-driven from experimental, murine models

emonstrating worse neurological outcomes, and increased risk

f cerebral ischemia in restrictive fluid management in TBI. This

s believed to be driven by microvascular changes in autoregula-

ion leading to tissue hypoxia and the development of secondary

rain injury. [36] 

Research on the effect of fluid balance on cerebral edema is

rowing, particularly focusing on the disruption of the blood-

rain barrier in TBI. [37 , 38] The included studies’ results were in-

onclusive on the effect of fluid balance on build-up of cerebral

dema, with a noted increased odds of developing RIH in lib-

ral fluid balance groups. This was not reproducible in the sin-

le study assessing the association between fluid balance and

CP. [27] The timing of assessment for RIH in the included stud-

es highly varied, with heterogeneous measurements extending

rom the first three days to the first week following the initial

njury. A number of studies showed increased use of osmother-

py in liberal and restrictive fluid balance; however, this was

ot consistent across all included articles. 

Fletcher et al. [26] identified an association between liberal

uid balance and the development of ARDS/pulmonary edema,

mplicating increasing fluid resuscitation with increased odds of

ulmonary edema in the absence of non-cardiogenic critical con-

itions. [39 , 40] Wiegers et al. [15] and Zhao et al. [27] also found an

ssociation between liberal fluid balance and AKI development.

lthough the conclusions taken from this data are limited, it

ay partly explain the extremis in mortality and neurological

utcomes in the restrictive and liberal groups. 

There was an overall lack of the total number of studies as-

essing any of the secondary outcomes. Liberal fluid balance was

ssociated with increased length of MV with a low risk of over-

ll heterogeneity, while ICU LOS was not significantly different

etween any of the groups. 

imitations 

In retrospect, evidence on this subject is minimal, com-

osed of mostly observational studies, and the clinical and

ethodological heterogeneity observed among these studies

as high. [41] Variations in the study method leading to hetero-

eneity mostly existed in the areas of: (1) assessment of fluid

olume and fluid balance, (2) methodology of included studies

nd means of statistical analysis/presentation, and (3) definition

f clinical outcomes, e.g. , favorable neurological outcomes. 

For this reason, statistical analysis of the effect from the

ooled data was difficult to conduct, and only achieved in some

f the outcomes. Overall heterogeneity and significance of het-

rogeneity of interventions based on 𝜒2 and I2 were high in

everal outcomes listed in our results. This can be attributed

o the heterogeneity in the study methodology, the different

eans/duration of assessing the independent variable of fluid

alance, and the different means of assessing overall mortality
285
nd favorable neurological outcomes between the studies. Neu-

ological outcomes were addressed in the short-term in some

f the studies (on hospital discharge), whereas in others in the

ong-term (6-month follow-up). 

The majority of included studies did not address the associ-

tion of fluid balance with TBI outcomes, but rather included

uid balance as part of their secondary objectives. As a result,

here were limited studies assessing each of the secondary out-

omes. This resulted in a lack of data on patient characteristics,

aking further sensitivity analyses and stratified analyses non-

easible. 

Moreover, among the included studies, there was a lack of

ssessment and evaluation of different types of TBI and of any

o-existent extracranial traumatic injuries, which are crucial in

ssessing the need for fluid resuscitation/replacement. [42] We

ere thus also unable to perform stratified analyses on those. 

Another limitation in this review is the exclusion of studies

ot written in the English language, due to the lack of profi-

iency in other languages. However, a systematic review on the

mpact of inclusion or not of non-English language studies has

ound that it is statistically unlikely for a systematic bias to de-

elop. [43] To further address this, we assessed the potential of

ublication bias through a funnel plot, with a subjective assess-

ent concluding the symmetry of results and a low standard

rror on further objective calculation. 

Our results are mostly based on retrospective observational

tudies, there is a lack of large-scale RCTs in the quantitative

eta-analysis specific to our intervention. This association does

ot infer a causal relationship between fluid balance and ad-

erse events. They confirm that based on existing clinical data,

he lower and higher ends of fluid balance are associated with

dverse outcomes. They form initial evidence that the extremis

f fluid balance targets are associated with worse outcomes, and

his information may be taken into consideration when address-

ng early fluid resuscitation in TBI. 

Finally, as is the case with any systematic review, unpub-

ished data was not included (conference abstracts and poster

resentations), due to their lack of methodological explanation.

hree articles relevant to this study were excluded. Literature

s conflicting on whether non-peer-reviewed data should be in-

luded in systematic reviews, as their inclusion can introduce

ethodological bias, while their exclusion can introduce publi-

ation/reporting bias. 

trengths 

The strengths of this study are based on the rigorous, method-

logical approach followed during the search process, including

ultiple databases. The identification of eligible articles was

trengthened by the addition of studies not identified in the lit-

rature search, through screening of referred studies in relevant

ublications. Selected articles are contemporary, means of sta-

istical analysis pre-specified, and the risk of bias, publication

ias, and heterogeneity bias were assessed and discussed thor-

ughly. 

Our findings form strong pillars to further elaborate on the

ptimal fluid management of TBI patients, to improve neuro-

ogical outcomes of patients, and to minimize complications of

BI. 
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uture direction 

Our results are complementary to the current evidence and

trengthen the necessity of assessment of fluid balance in TBI

atients. There is a preliminary understanding that liberal and

estrictive fluid balance groups are associated with an increased

isk of developing poor outcomes. Quantitatively larger random-

zed studies are necessary to allow optimization in the early

hases of fluid resuscitation and set up of fluid balance targets.

n the interim, our recommendation based on a weak body of

vidence is to target an overall neutral fluid balance in the ab-

ence of overt hypovolaemia or hypervolaemia with associated

ardiac/renal dysfunction. 

At present, there is a single registered RCT carried out in

audi Arabia, [44] on the effect of maintaining a daily fluid bal-

nce of ± 500 mL for the first seven days following TBI. Further

evelopment of study protocols across different patient cohorts

f TBI should be sought to optimize management in the critically

nwell patients with TBI. 

RCTs should address the following: (1) association of differ-

nt fluid balance targets with in-hospital mortality and long-

erm neurological outcomes, (2) association of invasive and non-

nvasive assessment of hemodynamics with outcomes in patients

ith moderate to severe TBI, (3) association of different fluid

alance targets with ICP and incidence of RIH, and (4) assess-

ent of early vasopressor support in TBI in the absence of overt

ypovolemia to optimize hemodynamic stability. 

onclusion 

In summary, euvolemic fluid balance groups were associated

ith improved neurological outcomes and lower mortality in

omparison to liberal and restrictive groups. These are also re-

roducible in various secondary outcomes. These findings un-

erscore the need for RCTs to further assess euvolemic fluid

anagement protocols in neurocritical care and their potential

o inform clinical guidelines. 
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