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Abstract

Purpose To advocate for a Liberal Transfusion Strategy (LTS) in neurocritical care patients with Acute Brain Injury (ABI)
and provide updated evidence for optimizing transfusion thresholds in clinical guidelines.

Background Anemia frequently complicates ABl management, often necessitating red blood cell transfusions.
However, the optimal hemoglobin (Hb) threshold for transfusion remains controversial. While earlier meta-analyses
indicated no significant differences between LTS and restrictive transfusion strategies (RTS), emerging randomized
controlled trials (RCTs) emphasize the need for reappraisal within neurocritical care.

Methods This meta-analysis included five RCTs involving 2399 patients (1,191 LTS; 1208 RTS) with ABI (subarachnoid
hemorrhage, traumatic brain injury, or intracerebral hemorrhage). LTS was defined as transfusion at Hb < 10-9 g/dL,
and RTS as transfusion at Hb < 7-8 g/dL. Outcomes assessed included sepsis or septic shock, ICU mortality, unfavora-
ble functional outcomes at six months, venous thromboembolism (VTE), acute respiratory distress syndrome (ARDS),
and in-hospital mortality.

Results RTS significantly increased the risk of sepsis or septic shock (relative risk [RR]: 1.42; 95% confidence interval
[Cl] 1.08-1.86; p=0.01) and unfavorable functional outcomes at six months (RR 1.13; 95% CI 1.06-1.21; p=0.0003).

No significant differences were observed in ICU mortality (RR 1.00; 95% Cl 0.84-1.20; p=0.96), VTE (RR: 0.88; 95% ClI
0.56-1.38; p=0.58), ARDS (RR 1.05; 95% Cl 0.69-1.61; p=0.81), or in-hospital mortality (RR 0.98; 95% CI 0.76—1.26;
p=0.89). Heterogeneity was minimal (1 < 25%).

Conclusion LTS demonstrates the potential to enhance safety and functional recovery in ABI patients by mitigating
sepsis risk and promoting favorable neurologic outcomes. Further high-powered RCTs are warranted to validate these
findings and refine transfusion protocols.
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Introduction

Traumatic brain injury (TBI) and other forms of acute
brain injury (ABI) are among the leading causes of mor-
tality and long-term disability worldwide, affecting 25 to
70 million people yearly around the globe [1, 2]. Hemody-
namic and oxygenation management are critical in brain
injury care, given the brain’s vulnerability to hypoxia and
ischemia [3-5]. One of the most controversial aspects of
management is the choice between restrictive and liberal
transfusion thresholds, which guide decisions on transfu-
sion based on hemoglobin levels or clinical indications.

Restrictive transfusion strategies (usually<7 g/dL)
are designed to minimize the risks associated with
transfusions, such as infections, immunosuppression,
and volume overload [6, 7]. Conversely, liberal trans-
fusion approaches (varies, mostly<9-10 g/dL) aim to
enhance oxygen delivery, particularly in the context of
impaired cerebral autoregulation and increased oxygen
demand seen in brain injury patients [8, 9]. The appro-
priate threshold for transfusion in this unique population
remains a critical question, as evidence from non-brain
injury populations may not be directly applicable [10].

Prior meta-analyses have examined transfusion
thresholds in critical care and brain injury populations,
with mixed findings regarding mortality and neurologi-
cal outcomes [11, 12]. These analyses provided valuable
insights but were limited by relatively small sample sizes
and the inclusion of heterogeneous populations. Impor-
tantly, newer randomized controlled trials (RCTs) and
observational studies have been published since these
earlier reviews, offering additional data that may refine
our understanding of the optimal transfusion strategy for
brain injury patients [8, 13, 14].

In light of the evolving evidence base, we aim to con-
duct an updated systematic review and meta-analysis to
reassess the efficacy and safety of restrictive versus lib-
eral transfusion thresholds in brain injury patients. This
review will focus on critical clinical outcomes, including
mortality, neurological recovery, and secondary compli-
cations, to provide more robust and current guidance on
transfusion practices in this vulnerable population.

Materials and methods

This systematic review and meta-analysis were per-
formed and reported under the Cochrane Collaboration
Handbook for Systematic Review of Interventions and
the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) Statement guidelines [15,
16].

Eligibility criteria
The Inclusion in this meta-analysis was restricted to
studies that met all the following criteria: (1) RCTs; (2)
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Comparing RTS to LTS; (3) Enrolling patients who were
in intensive care units; (4) With acute brain injury. In
addition, studies were included if they reported any of
the clinical outcomes of interest.

We excluded studies with (1) Non-related brain injury
trauma patients, (2) LTS with Hb threshold at 10 g/dl or
RTS with Hb threshold above 10 g/dl, and (3) LTS or RTS
using a fixed hemoglobin cut-off threshold rather than a
range, as we believe that using a range of hemoglobin val-
ues better reflects real-world clinical scenarios.

Search strategies

We systematically searched PubMed, Embase, and
Cochrane Central Register of Controlled Trials from
inception to January 2025, with the following terms: “TBI,
‘SAH;, ‘ICU; ‘Liberal Transfusion, ‘Restrictive Transfu-
sion, ‘Acute Brain Injury, ‘Critical Care, ‘Neurocritical
Our search strategy was built based on the above terms
as follows: (restrictive OR limited OR “restrictive trans-
fusion” OR “Hb 7”) AND (liberal OR unlimited OR free
OR “liberal transfusion” OR “Hb 10”) AND (neuro criti-
cal OR TBI OR SAH OR “acute brain” OR “brain injury”)
AND (ICU OR critical care OR “intensive care”).

The preferences from all included studies, previous sys-
tematic reviews and meta-analyses were also searched
manually for any additional studies. Two authors (N.N,
and VH.Q.T) independently extracted data following
predefined search criteria and quality assessment. All the
data in the forest plots were double-checked by the other
2 authors, N.T.B and V.N.N.D. The prospective meta-
analysis protocol was registered on Prospero on January
10th, 2025; with ID (CRD42025636336).

Outcomes of interest

Outcomes included (1) Sepsis or septic shock, (2) Unfa-
vorable neurological outcomes at 6 months (UNOS), (3)
Mortality in ICU (MICU), (4) In-hospital mortality (IM),
(5) Acute respiratory distress syndrome (ARDS), and (6)
Venous thromboembolism (VTE). UNOs were defined
according specifically to each studies’ scale systems, fur-
ther detail mentioned in Tables 1, and S3 (Supplemen-
tary). VTE events include either deep vein thrombosis or
pulmonary embolism. Sepsis or Septic shock, and ARDS
were defined separately in Supplementary.

Statistical analysis

Two authors (N.N. and V.H.Q.T.) independently extracted
baseline characteristics shown in Table 1 and outcomes
data based on predefined criteria for search, data extrac-
tion, and quality assessment. For all binary outcomes, we
used pooled risk ratios (RR) or odds ratios (OR) with 95%
confidence intervals (Cls) to compare treatment effects,
and adverse events. For continuous outcomes, we applied
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standardized mean differences (SMDs) to account for
variations in measurement scales across studies. Het-
erogeneity was assessed using the I* statistic and the
Cochrane Q test, with 1?>25% and p<0.10 indicating
significant heterogeneity. Previously, a fixed-effect model
was used when I><25%, and a random-effects model was
applied for high heterogeneity. In line with best prac-
tices outlined in the Cochrane Collaboration Handbook
for Systematic Reviews of Interventions15, we employed
the DerSimonian and Laird random-effects model for
all analyses. This model is particularly well-suited to
our meta-analysis as it accounts for both within- and
between-study variability. Given that the included stud-
ies differed in their definitions of UNOs and hemoglobin
transfusion thresholds, this model provides a robust
framework to accommodate these variations, offering a
more accurate and generalized estimate of the interven-
tion’s effect. Statistical analyses were conducted using
Review Manager (RevMan) 5.4 (Cochrane Center, The
Cochrane Collaboration, Denmark).

A sensitivity analysis was also performed by N.N,,
removing each study from the outcome assessment. To
address concerns about heterogeneity, we conducted a
leave-one-out sensitivity analysis to ensure the results
were not dependent on any single study. Additionally, if
data permit, N.N. and D.D. will conduct two subgroup
sensitivity analyses to minimize heterogeneity: (1) LTS
transfusion Hb threshold (Hb <10 mg/dl vs. Hb <9 mg/
dl) and (2) ABI type (TBI vs. SAH). For subgroups with
missing data, a meta-regression analysis will be per-
formed by D.D. to assess the relationship between the
moderator variable and the outcome.

Quality assessment
Two independent authors completed the risk of bias
assessment (N.N, and V.H.Q.T). Disagreements were
resolved through a consensus after discussing reasons
for the discrepancy. If the disagreement was still not
resolved, a third party (N.T.B) would be included in the
discussions. For quality assessment of each randomized
controlled trial (RCT), we utilized the Cochrane Col-
laboration’s risk of bias tool [17]. Each trial was evaluated
across five domains—selection bias, performance bias,
detection bias, attrition bias, and reporting bias—and
assigned a risk level of high, low, or unclear. In addition,
publication bias was assessed using a funnel plot of study
weights and point estimates, conducted by N.N. If asym-
metry was observed in the funnel plot, Egger’s test would
be performed by D.D. to further evaluate the presence of
publication bias.

To assess the confidence in the evidence, we exclu-
sively included randomized controlled trials (RCTs) in
our meta-analysis, excluding observational studies. As
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outlined in the Cochrane Handbook [15], RCTs typi-
cally provide high-certainty evidence due to their ability
to minimize bias and establish causality. Nonetheless,
V.H.QT. and N.N. independently evaluated the quality
of the evidence using the Grading of Recommendation,
Assessment, Development, and Evaluation (GRADE)
guideline [38]. This process involved assessing potential
downgrades based on five domains: risk of bias, incon-
sistency, indirectness, imprecision, and publication bias.
Following the GRADE assessment, studies were catego-
rized as high, moderate, low, or very low quality. A total
of six distinct outcomes of interest were evaluated to
determine the overall quality of the evidence across the
studies.

Updated information from previous studies

Our meta-analysis provides several novel insights that
distinguish it from prior studies. First, we evaluated the
risk of sepsis and septic shock, as well as acute respira-
tory distress syndrome (ARDS), both critical complica-
tions with significant clinical implications. Second, we
incorporated the recently published randomized con-
trolled trial (RCT), SAHARA, thereby expanding the
scope of evidence. Third, we performed a secondary
analysis of previously analyzed RCTs, including Robert-
son 2014, focusing on two pivotal outcomes: UNOs and
sepsis or septic shock (Supplementary). Then, we present
a detailed rationale for the exclusion of Robertson 2014
from our analysis, based on methodological discrep-
ancies and relevance to our outcomes. These findings
underscore the distinct methodological approach and
enhanced scope of our meta-analysis compared to ear-
lier investigations, providing a more comprehensive and
clinically relevant synthesis of available data. Finally, we
conducted a subgroup analysis including only newly pub-
lished RCTs from the past year to minimize the risk of
bias, as older RCTs were more likely to be influenced by
potential biases.

Results

Study selection and baseline characteristics

The initial search yielded 280 results. After the removal
of duplicates by title and abstract, 10 studies remained
and were fully reviewed based on the inclusion criteria.
Of these, a total of 5 studies were included, comprising
2399 patients from only RCTs (Fig. 1).

A total of 1208 patients received RTS, while 1191
patients were assigned to the LTS group. The study char-
acteristics are detailed in Table 1.

All studies evaluated TBI, and one study investigated
SAH. There was significant variability across studies
in the Hb threshold at which either Liberal or Restric-
tive transfusion was given, Hb <7-8 g per deciliter for
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Studies included in
previous version of
review (N/A )

Reports of studies

Records identified from
PubMed (n = 170)
Cochrane (n = 45)
Embase (n = 65)

Records removed before
screening:
Duplicate records removed
(n=61)
Records marked as ineligible
by automation tools (N/A)

included in previous
version of review (N/A)

Records removed for other
reasons (n=0)

v

Records screened

Records excluded by fitle /

(n=10)

~ | abstract
(n=219) (n = 209)
v
Reports sought for retrieval .| Reports not retrieved
(n=0) (n=209)
v
Reports excluded:

Reports assessed for eligibility

— 5| On-going RCT (n_ =1)
Wrong study design, non-RCTs
(n=2)

Conference abstract (n = 2)

(n=5)

Reports of included studies

v

(n=5; all RCTs).

Reports of total included studies

Fig. 1 PRISMA flow diagram. PRISMA 2020 flow diagram for updated systematic reviews which included searches of databases and registers only

LTS, and Hb<9-10 g per deciliter for RTS. Also, there
are three different scales used to evaluate the disability
outcomes at 6 months: Modified Rankin scale (mRS);
Glasglow Outcomes Scale (GOS), and Glasglow Out-
comes Scale-Extended (GOS-E). UNOs at 6 months were
defined according to each study.

All studies reported median injury-to-randomization
time after 50 h and a mean age above 30 years old. Addi-
tional details, including specific data, can be found in
Table 1 below.

Pooled analysis of all included studies
Figures 2 and 3 show the comparison between RTS and
LTS groups in risk of sepsis and UNOs. For RTS, there
was a noticeable increase in the risk of sepsis or sep-
tic shock, compared to LTS (RR 1.42; 95% CI 1.08-1.86;
p=0.01; I’=0%; Fig. 2). UNOs at 6 months was more
likely in the RTS group compared to LTS (RR 1.12; 95%
CI 1.05-1.19; p=0.0005; I*= 0%; Fig. 3).

Other outcomes, including (1) ARDS (RR 1.05; 95%
CI 0.69-1.61; p=0.81; I*=0%; Fig. S4 in Supplementary
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information S2), (2) VTE (RR 0.88; 95% CI 0.56-1.38;
p=0.58; I>=0%; Fig. in S5 Supplementary information
S2), (3) Mortality in ICU (RR 1.00; 95% CI 0.84—1.20;
p=0.96; I*=9%; Fig. 4), and (4) In-hospital mortality (RR
0.98; 95% CI 0.76—1.26; p=0.89; I*=21%; Fig. S7 in Sup-
plementary information S2), did not differ significantly
between two transfusion strategy groups. Only Figs. 2,
3, and 4 are presented below; the remaining figures are
available in the Supplementary.

Figure 2 illustrates the comparison of sepsis or sep-
tic shock outcomes between RTS and LTS. The analy-
sis reveals a statistically significant difference (p =0.01),
with a risk ratio greater than 1 and a 95% confidence
interval (1.08; 1.86) that excludes the null value of 1.

Restrictive Transfusion Strategy Liberal Transfusion Strategy
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This indicates a higher risk associated with RTS com-
pared to LTS.

Figure 3 illustrates the comparison of UNOs at
6-month outcomes between RTS and LTS. The analysis
reveals a statistically noticeable difference (p=0.0005),
with a risk ratio greater than 1 and a 95% confidence
interval (1.05; 1.19) that excludes the null value of 1.
This indicates a higher risk associated with RTS com-
pared to LTS.

Figure 4 illustrates the comparison of mortality risk
in the ICU between RTS and LTS. The analysis shows
no significant difference (p=0.96), with a risk ratio
of 1 and a 95% confidence interval (0.84; 1.20) that
includes the null value of 1. These findings indicate no

Risk ratio Risk ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95%ClI M-H, Random, 95%CI
Gobatto 2019 1 23 5 21 9.7% 2.01[0.84, 4.82] T——
HEMOTION 2024 28 367 21 369 25.0% 1.34[0.78 , 2.32] fu—

SAHARA 2024 9 366 5 366 6.4% 1.80[0.61, 5.32] ——

TRAIN 2024 64 423 45 397  59.0% 1.33[0.94, 1.91] L3

Total 179 1153 100.0% 1.42[1.08 , 1.86] ‘

Total events: 112 76

Test for overall effect: Z = 2.50 (P = 0.01) 062 01 T 50

Test for subgroup differences: Not applicable
Heterogeneity: Tau? = 0.00; Chi? = 0.95, df =3 (P =0.81); P = 0%

Fig. 2 Sepsis or Septic shock risk

Restrictive Transfusion Strategy Liberal Transfusion Strategy

Favours Liberal Strategy Favours Restrictive Strategy

Risk ratio Risk ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95%CI M-H, Random, 95%ClI
Gobatto 2019 13 23 8 21 0.9% 1.48[0.77 , 2.85]

HEMOTION 2024 263 358 249 364 45.8% 1.07[0.98 , 1.18]

SAHARA 2024 136 361 122 364 10.4% 1.12[0.92, 1.37]

TRAIN 2024 300 413 246 393  42.9% 1.16 [1.05, 1.28]

Total 1155 1142 100.0% 1.12[1.05, 1.19] ’

Total events: 712 625

Test for overall effect: Z = 3.48 (P = 0.0005)
Test for subgroup differences: Not applicable
Heterogeneity: Tau? = 0.00; Chi? =2.02, df =3 (P =0.57); P = 0%

Fig. 3 UNOs at 6-month risk

Restrictive Transfusion Strategy Liberal Transfusion Strategy

05 0.7
Favours Liberal Strategy

15
Favours Restrictive Strategy

1

Risk ratio Risk ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95%ClI M-H, Random, 95%ClI
Gobatto 2019 7 23 1 21 0.8% 6.39[0.86 , 47.70] 1
HEMOTION 2024 56 367 63 369 26.5% 0.89[0.64 , 1.24] -

Mcintyre 2006 3 29 3 38 1.4% 1.31[0.28 , 6.02] _—
SAHARA 2024 70 366 74 366 32.4% 0.95[0.71,1.27] -

TRAIN 2024 94 418 82 397 38.9% 1.09[0.84 , 1.42]

Total 1203 1191 100.0% 1.00 [0.84 , 1.20]

Total events: 230 223

Test for overall effect: Z=0.05 (P = 0.96)
Test for subgroup differences: Not applicable
Heterogeneity: Tau? = 0.00; Chi? =4.39, df =4 (P =0.36); P = 9%

Fig. 4 Mortality at ICU

10
Favours Restrictive Strategy

0.02 01
Favours Liberal Strategy
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discernible difference in mortality risk between the two
strategies.

Rationale for exclusion of Robertson’s 2014 trial

A recently published meta-analysisll demonstrated
that RTS was comparable to LTS in UNOs at six months
among ICU patients with ABL. However, our meta-anal-
ysis revealed a substantial discrepancy between these
two strategies for the same outcome. To address this
inconsistency, we conducted a comprehensive review of
the previous meta-analysis and identified the inclusion
of the Robertson et al. 2014 trial, which we had initially
excluded during our study selection based on its title, and
our exclusion criteria as Robertson et al’s 2014 RCT used
fixed thresholds for both LTS (10 g/dL) and RTS (7 g/dL)
rather than a range of values.

Nevertheless, excluding a trial based solely on fixed
cutoff points rather than a range of values may not be
entirely convincing. Therefore, we present stronger jus-
tifications for our decision, supported by three key con-
siderations: (1) Methodological differences in Robertson
et al’s study, (2) The potential biases, and (3) The impact
of including or excluding Robertson et al. [23] on the
meta-analysis results.

(1) The methodology was carefully assessed and com-
pared with the studies that met our inclusion crite-
ria. Unlike recent trials, Robertson et al. [23] notably
did not consider anemia as an inclusion criterion.
Furthermore, both transfusion strategy groups
maintained an average hemoglobin (Hb) level above
9 g/dL at all time points, limiting the study’s abil-
ity to fully capture the potential harms of a restric-
tive transfusion strategy (<7 g/dL). This limitation is
clearly illustrated in the trial’s heat maps; Supplement
2.

Additionally, the primary objectives of the study were
to evaluate the effects of erythropoietin and a high trans-
fusion threshold in acute brain injury, under the assump-
tion that there would be minimal interaction between
these two interventions. These methodological differ-
ences highlight the divergence of this trial from more
recent studies in terms of methodology.

(2)A deeper investigation of the Robertson study
revealed potential sources of bias, including a high
rate of loss to follow-up and a relatively small sample
size (approximately 100 patients per group). Notably,
twelve patients in the RTS group and seven in the
LTS group were excluded from the final analysis of
UNGOs.
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We further explored the potential impact of the miss-
ing data in Robertson by performing best- and worst-
case scenario analyses. In the worst-case scenario, all
excluded patients were assumed to experience UNOs,
yielding a borderline significant increase in UNO risk
for RTS compared to LTS (RR 1.09; 95% CI 1.00-1.19;
p=0.05; I>=33%; Fig. S9 in Supplementary information
$2). Conversely, the best-case scenario, where none of
the excluded patients met the outcome, showed no sig-
nificant difference between RTS and LTS (RR 1.08; 95%
CI 0.97-1.20; p=0.16; I>=51%; Fig. S10 in Supplemen-
tary information S2).

(3)To reassess, we conducted a secondary analysis
incorporating the Robertson trial to evaluate its
impact on primary and secondary outcomes. A leave-
one-out sensitivity analysis was performed using two
forest plots: one including Robertson within the orig-
inal dataset and another excluding it. For UNOs—a
primary outcome—Robertson’s inclusion yielded
findings consistent with prior meta-analyses [11, 33]
(Fig. 5), whereas its exclusion revealed a distinct pat-
tern, as detailed previously. Specifically, inclusion
showed no significant difference between RTS and
LTS groups for UNOs (Fig. 5). To further validate
exclusion, we analyzed an alternative primary out-
come—sepsis or septic shock—with complete data
available. Regardless of Robertson’s inclusion, results
consistently demonstrated a higher risk of sepsis or
septic shock in the RTS group compared to LTS, with
no detected heterogeneity (I>=0%); (RR 1.37; 95% CI
1.05-1.80; p=0.02; I*=0%; Fig. S11; inclusion) and
(RR 1.42; 95% CI 1.08—1.86; p=0.01; I*=0%; Fig. S11;
exclusion). A summary figure (Fig. S19) for highlight-
ing the impact of inclusion and exclusion of Robert-
son et al. 2014 on primary outcomes could be found
in Supplementary 2.

The inclusion and exclusion of the Robertson et al.
trial had minimal effect on secondary outcomes. Exclu-
sion demonstrated no substantial differences between
the two transfusion strategies for ARDS (p=0.76) and
venous thromboembolism (p=0.63) risk. Similarly,
inclusion showed no statistically significant differences
between LTS and RTS for either secondary outcome,
with p-values>0.05. In-hospital and ICU mortality
were not reported in Robertson et al. [23]. Notably,
moderate heterogeneity in venous thromboembolism
(12> 25%) observed with inclusion was eliminated upon
exclusion. All secondary outcomes for the inclusion
and exclusion of the Robertson et al. trial are presented
in Supplementary information S1, Fig. S20.
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Risk ratio Risk ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95%ClI M-H, Random, 95%ClI
Gobatto 2019 13 23 8 21 2.0% 1.48[0.77 , 2.85]

HEMOTION 2024 263 358 249 364 35.1% 1.07 [0.98, 1.18]

Robertson 2014 50 87 63 94 12.7% 0.86[0.68 , 1.08]

SAHARA 2024 136 361 122 364 16.0% 1.12[0.92, 1.37]

TRAIN 2024 300 413 246 393 34.3% 1.16 [1.05, 1.28]

Total 1242 1236 100.0% 1.09 [0.99, 1.19]

Total events: 762 688

Test for overall effect: Z=1.74 (P = 0.08)
Test for subgroup differences: Not applicable
Heterogeneity: Tau? = 0.00; Chi? = 6.80, df =4 (P =0.15); P =41%

Restrictive Transfusion Strategy Liberal Transfusion Strategy
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Fig. 5 Inclusion and Exclusion of "/ROBERTSON 2014" for UNOs at 6 months

Figure 5 presents the impact of including and exclud-
ing the “Robertson 2014” trial on the meta-analysis of
UNOs at 6 months. The upper forest plot demonstrates
the inclusion of the “Robertson 2014” trial, resulting
in an insignificant p-value (p=0.08) and a 95% confi-
dence interval (0.99; 1.19) that includes the null value
(1). Conversely, the lower forest plot shows the exclu-
sion of the trial, yielding a statistically significant
result (p=0.0005), with a 95% confidence interval that
excludes the null value.

Based on these methodological differences and find-
ings—including evidence of increased heterogeneity
and borderline results of UNOs at 6 months in sensitiv-
ity analyses—the exclusion of the Robertson trial from
our meta-analysis is a justified decision to maintain the
methodological rigor and reliability of our conclusions.

Subgroup analysis of newest RCTs (2024)

In this exploratory post hoc analysis, we evaluated
only recently published randomized controlled trials
(RCTs) from 2024. The rationale behind this approach
was that earlier trials were small-scale, with fewer than
300 patients in each treatment arm, making them more
susceptible to biases, particularly loss to follow-up. To
ensure the highest quality of our findings, we focused on
this subgroup for the following outcomes: (1) Sepsis or
Septic Shock, (2) UNOs at 6 months, and (3) Mortality in
ICU. In conclusion, our subgroup analysis included only
three trials: HEMOTION, TRAIN, and SAHARA.

Our results show the inclusion of all three newest
RCTs yielding consistent results as in our RESULTSs sec-
tion above. The RTS group had a higher risk of sepsis
(RR 1.36; 95% CI 1.02-1.82; p=0.03; I*=0%; Fig. 6), and
UNOs at 6 months (RR 1.12; 95% CI 1.05-1.19; p=0.05;
I>=0%; Fig. S13) compared to LTS. For Mortality in ICU,

Restrictive Transfusion Strategy Liberal Transfusion Strategy Risk ratio Risk ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95%ClI M-H, Random, 95%CI
HEMOTION 2024 28 367 21 369 27.6% 1.34[0.78 , 2.32] .
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Test for subgroup differences: Not applicable
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Fig. 6 Sepsis or Septic shock risk
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there were no noticeable differences between the two
strategies (RR 0.99; 95% CI 0.83-1.17; p=0.88; I*=0%;
Fig. S14). Figure 6 is shown below, while Figs. S13 and
S14 can be found in Supplementary.

Figure 6 illustrates the comparison of sepsis or septic
shock outcomes between RTS and LTS in RCTs 2024
subgroup. The analysis reveals a statistically significant
difference (p=0.03), with a risk ratio greater than 1 and a
95% confidence interval (1.02; 1.82) that excludes the null
value of 1. This indicates a higher risk associated with
RTS compared to LTS.

Sensitivity analysis

Our study reports low heterogeneity, but the possibility
that this could be due to limited statistical power given
the small number of RCTs included (fewer than five).
Nevertheless, the low heterogeneity may reflect true
clinical similarity across studies, supported by the fol-
lowing reasons: (1) Despite the small number of studies,
the total sample size is large, with over 1,000 patients per
treatment strategy and a total of 2399 patients included
in our meta-analysis; (2) The narrow confidence intervals
observed across studies further reinforce consistency; (3)
The I? value remains 0 and 1?=0 consistently for our pri-
mary outcomes, indicating minimal heterogeneity; and
(4) While the included studies share a similar method-
ology, they differ in transfusion thresholds and patient
populations (TBI vs. SAH). However, we believe these
variations do not limit our study but rather enhance its
generalizability, as acquired brain injury (ABI) encom-
passes a spectrum of clinical conditions.

Despite low heterogeneity, we conducted a leave-
one-out sensitivity analysis by sequentially removing
one study at a time to assess whether our results were
influenced by any single study. Overall, excluding indi-
vidual studies did not alter the safety and efficacy end-
points, except when the TRAIN trial was removed from
the pooled analysis for our primary outcomes: Sepsis or
Septic Shock and Unfavorable Neurological Outcomes
(UNOs) at 6 months (Figs. S17 and S18 in Supplemen-
tary information S2). The exclusion of the TRAIN trial
resulted in a borderline shift for UNOs at 6 months (RR
1.09; 95% CI 1.00-1.18; p=0.05; I*=0%; Fig. S18) and
indicated weak differences between the two strategies
for Sepsis or Septic Shock (RR 1.54; 95% CI 1.01-2.37;
p=0.05; >=0%; Fig. S17). We attribute these shifts to
three key factors: (1) A significant reduction in statisti-
cal power, as the removal of the TRAIN trial led to an
approximate one-third decrease in the original sample
size, bringing it closer to the size of our rare outcomes;
(2) The broader patient population included in the
TRAIN trial, which comprised not only traumatic brain
injury (TBI) but also subarachnoid hemorrhage (SAH)
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and intracerebral hemorrhage (IH); and (3) Among the
three RCTs with large sample sizes, the TRAIN trial is
the only one with a stricter hemoglobin (Hb) thresh-
old for the liberal transfusion strategy (LTS) (<9 g/dL)
(Table 1). The borderline shift in UNOs at 6 months
may reflect a sample size effect rather than true hetero-
geneity, given the narrow confidence interval; however,
potential heterogeneity was not entirely ruled out.

To minimize heterogeneity as much as possible, we
conducted additional subgroup sensitivity analyses
based on two key variations that we believe could sig-
nificantly impact our primary outcomes. First, regard-
ing the variation in ABI types (TBI versus SAH), our
analysis revealed that, regardless of ABI type, there was
a higher incidence of UNOs at 6 months for patients
receiving RTS compared to LTS. This was observed
in both the TBI group (RR 1.10; 95% CI 1.02-1.19;
p=0.01; I>=0%; Fig. S21 in Supplementary information
S1) and the SAH group (RR 1.15; 95% CI 1.03-1.28;
p=0.01; I>=0%; Fig. S21 in Supplementary information
S1).

Second, regarding the variation in LTS threshold
(Hb <10 mg/dl versus Hb <9 mg/dl), our subgroup anal-
ysis showed a higher risk of UNOs at 6 months with
RTS compared to LTS with Hb <9 mg/dl (RR 1.17; 95%
CI 1.06-1.28; p=0.002; I*=0%; Fig. S22 in Supplemen-
tary information S1), and a borderline result for the LTS
group with Hb<10 mg/dl (RR 1.08; 95% CI 1.00-1.97;
p=0.06; I>=0%; Fig. S22 in Supplementary information
S1).

A similar pattern was observed for sepsis or septic
shock, where RTS was associated with a higher incidence
compared to LTS set at Hb <9 mg/dl (RR 1.41; 95% CI
1.02-1.97; p=0.04; I>=0%; Fig. S23 in Supplementary
information S1). In contrast, no statistically significant
difference in the composite risk of sepsis was found
between the two transfusion strategies for the LTS group
with a threshold of Hb <10 mg/dl (RR 1.42; 95% CI 0.87—
2.32; p=0.16; 12 =0%; Fig. S23 in Supplementary infor-
mation S1).

We were initially surprised by these findings and con-
ducted a thorough investigation into the discrepancy
between LTS thresholds of Hb <10 g/dL and Hb<9 g/d.
Notably, we discovered that the ratio of TBI to SAH
patients was 1.0 in the Hb <10 g/dl LTS group, whereas
the ratio was 1.5 for the Hb <9 g/dl LTS group, indicat-
ing a predominance of TBI patients. No data were avail-
able for a separate subgroup sensitivity analysis of sepsis
or septic shock based on ABI type. Nevertheless, meta-
regression analysis assessing the association between
sepsis composite outcomes and ABI type (Fig. S24 in
Supplementary information S1) revealed no statisti-
cally significant relationship (p=0.905). This finding is
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likely limited by the low variability in ABI type, as most
included studies focused exclusively on TBI.

In conclusion, we hypothesize that the higher risk of
sepsis or septic shock, and UNOs in the RTS group may
be more pronounced in TBI patients compared to LTS
with Hb <9 g/dL, whereas this pattern may differ in the
SAH group. Future research should explore the impact
of higher LTS thresholds (Hb <10 g/dL) and the specific
role of SAH subgroups in primary outcome risks.

Quality assessment

The Risk of Bias (RoB 2) [17] tool was used for qual-
ity assessment. No studies are at high risk for biases
(Table S2 in Supplementary information S2). Accord-
ing to the Cochrane Handbook, RCTs generally provide
high-certainty evidence due to their ability to minimize
bias and establish causality. Nevertheless, the GRADE
assessment designated mortality at ICU as low-quality
evidence due to wide confidence intervals and the risk of
publication bias. Three outcomes—in-hospital mortality,
venous thromboembolism risk, and acute respiratory dis-
tress syndrome—were classified as moderate-quality evi-
dence. In contrast, only two out of six assessed outcomes,
sepsis or septic shock and unfavorable neurological out-
comes at six months, were rated as high-quality evidence
(GRADE Assessment, Supplementary information S1).

A funnel plot (Fig. S15 in Supplementary information
S2) was used to assess publication bias. While large-scale
trials were symmetrically distributed at the top, small-
sized studies exhibited an asymmetric distribution, sug-
gesting potential publication bias. This may be attributed
to the inherent limitation of smaller sample sizes, which
are less likely to yield positive outcomes due to reduced
statistical power to detect differences between interven-
tion groups. Consequently, such studies may be less likely
to be published. Nonetheless, to further evaluate poten-
tial bias, we conducted Egger’s test. Contrary to expec-
tations, the p-values for all outcomes were above 0.05,
indicating no significant risk of publication bias (Table S6
in Supplementary information S1).

Discussion

This updated systematic review and meta-analysis of five
randomized controlled trials involving 2,394 patients
with ABI compared restrictive transfusion strategies with
liberal transfusion strategies. Our findings indicate that
RTS is associated with a higher risk of sepsis or septic
shock and worse neurological outcomes at six months
compared to LTS. Importantly, no significant differences
were observed between the two strategies in terms of
ICU mortality, in-hospital mortality, venous thrombo-
embolism, or acute respiratory distress syndrome. These
results suggest that LTS may offer advantages in reducing
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infections and improving neurological recovery while
maintaining comparable safety in terms of mortality and
systemic complications in neurocritical care patients.

The current evidence on transfusion thresholds in neu-
rocritical care remains inconclusive, with earlier meta-
analyses reporting no significant differences between
restrictive transfusion strategies and liberal transfusion
strategies [11, 12], particularly in mortality outcomes.
While these meta-analyses suggested uniformity in
pooled results, findings from individual observational
studies and randomized trials have been inconsistent,
with some studies favoring LTS and others favoring RTS
for specific outcomes. These discrepancies may be attrib-
uted to methodological variability and lack of randomi-
zation, heterogeneity in patient populations, and small
sample sizes. By incorporating newer trials and a larger
pooled dataset, our study identified statistically signifi-
cant differences in outcomes such as sepsis risk and neu-
rological recovery, suggesting potential benefits of LTS in
these domains. The clinical implication of these statistical
significance remains uncertain.

In neurocritical patients, where compensatory mecha-
nisms for maintaining oxygenation such as cerebrovas-
cular reactivity are impaired, liberal transfusion may
address this physiologic need by enhancing oxygen
delivery in critical settings. This is supported by find-
ings from the TRAIN trial, which observed a decreased
risk of cerebral ischemic events in the liberal transfusion
group, potentially explaining the observed neurologi-
cal protection associated with LTS. While findings from
the HEMOTION trial, which showed no significant dif-
ferences in mortality but demonstrated better scores in
functional independence and quality of life among survi-
vors in the liberal transfusion group, suggest benefits of
LTS, these results predominantly reflect TBI populations.

Four of the five trials included in our analysis focused
primarily on patients with TBI, while only one trial exclu-
sively enrolled patients with SAH. This disparity reflects
the predominance of TBI in the current literature on
transfusion thresholds and may limit applicability for
specific neurocritical subpopulations. As such, findings
should be interpreted with caution, as liberal transfu-
sion carries risks, including an increased likelihood of
progressive cerebral hemorrhagic injury [18], transfu-
sion reactions, and cerebral vasospasm [19], which may
be more pronounced in certain subpopulations such as
SAH.

Our pooled results suggest that LTS may mitigate sep-
sis risk, although the underlying mechanisms remain
unclear. A possible explanation is that anemia has been
linked to immune dysfunction due to inflammation-
induced erythropoietin suppression [20], oxidative stress
[21], and nutrient deficiencies; prior studies have also
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suggested that transfusions themselves may increase
infection risk [10, 22]. These highlight the systemic impli-
cations of anemia in a critically ill patient.

Furthermore, our findings align with the potential role
of anemia in increasing sepsis risk. Evidence suggests
that anemia is associated with a higher likelihood of inva-
sive bacterial infections, possibly due to impairments in
both innate and adaptive immune responses, as well as
increased gut permeability [26, 27]. Historically, ane-
mia has been recognized as a risk factor for infections,
including tuberculosis [28] (TB). Additionally, a recent
systematic review found that lower baseline hemoglobin
levels and a progressive decline in hemoglobin during
early sepsis were linked to higher mortality risk [29]. In
patients with traumatic brain injury (TBI), multiple fac-
tors contribute to sepsis risk. Notably, both anemia and
TBI share a common underlying mechanism—transient
immunosuppression. Following TBI, a systemic anti-
inflammatory response leads to suppression of cell-medi-
ated immunity, while increased intestinal permeability
facilitates bacterial translocation, particularly of patho-
gens such as Escherichia coli [30]. Given the frequent
coexistence of anemia and TBI [31], the immunosup-
pressive burden is compounded, potentially diminishing
the host’s ability to mount an effective immune response
against infections. Based on these pathophysiological
insights, we hypothesize that greater severity of anemia is
associated with a higher susceptibility to infections, and
this vulnerability is further exacerbated in the setting of
TBI. Collectively, these findings may indirectly support
the observed association between a restrictive transfu-
sion strategy and a heightened risk of sepsis compared to
a liberal transfusion strategy.

Based on the relationship between anemia and sepsis,
we hypothesize that LTS may be preferable to RTS in ABI
management. Given the complex interplay between these
conditions, we propose two overlapping phases in ABI
patients. The initial phase is characterized by an inflam-
matory response triggered by tissue damage and hypoxia
[35]due to reduced oxygen perfusion. If left uncorrected,
this may further escalate systemic inflammation. Simul-
taneously, post-ABI immune suppression—part of the
body’s natural response to exaggerated inflammation—
dampens immune regulation [36], prolonging the inflam-
matory process.

In the later stages, transient immunosuppression may
promote gut bacterial translocation [30], increasing sus-
ceptibility to sepsis. Initiating transfusion earlier at a
higher hemoglobin (Hb) threshold could help disrupt
this cascade, potentially reducing sepsis risk by prevent-
ing the progression of these pathophysiological events.
Additionally, recent retrospective data [37] suggest that
earlier transfusion at a higher Hb threshold may improve
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short-term survival in sepsis and septic shock. Neverthe-
less, further research is needed to better understand the
interplay between sepsis, anemia-induced brain injury
(ABI), and low Hb thresholds.

At the beginning of this year, a meta-analysis [33] in
Critical Care Medicine reported a higher incidence of
ARDS with LTS, whereas our study found no significant
difference in ARDS risk between LTS and RTS. This dis-
crepancy may stem from: (1) our broader patient popula-
tion, including ABI cases (TBI, SAH, and ICH), compared
to the prior study’s TBI-only focus; (2) the inclusion of
the Robertson trial in their analysis, which was excluded
from ours; and (3) our higher LTS threshold (Hb<10 g/
dL vs.<9 g/dL). Moreover, the meta-analysis found no
statistical difference in neurological outcomes between
transfusion strategies. However, after excluding the Rob-
ertson trial in their sensitivity analysis, the difference
became noticeable, reinforcing our findings in UNOs.
Regarding ARDS, we hypothesize that a lower transfu-
sion threshold leads to a greater number of transfused
blood units. This increased transfusion volume, along
with the associated inflammatory response, may ele-
vate the risk of ARDS [34]. Nonetheless, ICU clinicians
should balance the risks and benefits of LTS to optimize
patient outcomes while minimizing transfusion-related
complications.

Further, our findings also support the growing con-
sensus in the literature that transfusion strategies should
be individualized. Neurocritical patients are a heteroge-
neous group, with variations in injury type, comorbidi-
ties, and vascular reserve. A one-size-fits-all approach
to transfusion is unlikely to be effective, and thresholds
should instead be tailored based on patients’ unique clin-
ical picture. As a final point in Discussion, although low
heterogeneity was observed in our study, the statistical
power to detect meaningful differences is limited by the
small number of included trials (only five). As a result,
the possibility of undetected heterogeneity due to insuf-
ficient power cannot be entirely ruled out.

Limitations

Our study has certain limitations. First and foremost,
our findings may be influenced by potential confound-
ers, including baseline hemoglobin levels, underlying
comorbidities, and injury severity. To mitigate these con-
founding effects, we deliberately selected randomized
controlled trials (RCTs), as they are inherently less sus-
ceptible to confounding compared to observational stud-
ies. In addition, we conducted a rigorous risk-of-bias
assessment for each included trial and found a low risk
of bias related to randomization. However, it is important
to acknowledge that each RCT implements randomiza-
tion strategies to control for specific confounders. In the
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Gobatto 2019 trial, while randomization was performed,
it did not explicitly account for the key confounders
mentioned above, which may have influenced the out-
comes. Consequently, in our post hoc analysis, we pri-
oritized more recent trials (HEMOTION, TRAIN, and
SAHARA), as these studies explicitly considered hemo-
globin levels at randomization, pre-existing comorbidi-
ties, and injury severity during the randomization process
(Table S4 in Supplementary information S1). The find-
ings from the subgroup analysis of the 2024 RCTs remain
consistent with our overall results, further reinforcing the
robustness of our conclusions and supporting the notion
that our findings are minimally affected by confounding
effects. Moreover, our post-hoc analysis may introduce a
potential risk of false-positive findings, which is partially
mitigated by the use of a random-effects model. Never-
theless, as no adjustments were made for multiple com-
parisons, these post-hoc analyses should be considered
exploratory.

While randomized trials reduce confounding, varia-
tions in ICU management practices and randomization
strategies across studies may still impact the findings.
ICU and in-hospital mortality rates could be influenced
by differences in patient management protocols among
ICU units in different trials. Notably, the original stud-
ies did not provide detailed information on whether all
ICUs adhered to a standardized management protocol
beyond the restrictive transfusion strategy (RTS) and
liberal transfusion strategy (LTS). The lack of uniform-
ity in patient management may have introduced addi-
tional confounding factors, which were not specifically
addressed in our analysis.

The sample size remains relatively small, particularly
for rare outcomes such as VTE, ARDS, and In-hospital
Mortality, limiting the ability to detect subtle differences
between strategies. Variability in the definitions of RTS
and LTS across trials may have introduced heterogeneity
into the analysis. Additionally, our focus on randomized
trials excluded observational studies that could provide
valuable real-world insights. Most of the included stud-
ies assessed short- to medium-term outcomes, leaving
uncertainty about long-term effects on recovery and
prognosis. Finally, the findings may not be generaliz-
able to all neurocritical populations, as the majority of
included patients had TBI, with limited representation of
other types of acute brain injury.

Conclusion

This meta-analysis of randomized controlled tri-
als, including 2,394 patients with ABI, demonstrates
the potential benefits of liberal transfusion strategies,
showing non-inferior mortality outcomes compared
to a restrictive approach. Liberal transfusion was
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associated with a reduced risk of sepsis or septic shock
and improved neurological recovery at six months, with
no significant differences in ICU mortality, in-hospital
mortality, venous thromboembolism, or acute respiratory
distress syndrome. Notably, it decreased the incidence
of unfavorable neurological outcomes across all types of
ABI and resulted in fewer composite sepsis outcomes,
particularly in patients with traumatic brain injury (TBI).
Overall, this study supports the consideration of a liberal
transfusion strategy as a viable approach in neurocritical
care and emphasizes the need for individualized transfu-
sion protocols tailored to the specific needs of patients.

Statement

The PRISMA 2020 statement [32] includes a 27-item
checklist covering the introduction, methods, results,
and discussion sections of a systematic review report.
Our systematic review and meta-analysis adhere to the
core requirements outlined in the PRISMA checklist
(Table S4 in Supplementary information S1).
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