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Abstract 

Background  The optimal red blood cell transfusion (RBCT) strategy for traumatic brain injury (TBI) patients remains 
a topic of debate. This systematic review and meta-analysis aimed to compare the outcomes of a liberal transfusion 
strategy versus a restrictive strategy in critically ill patients with TBI.

Methods  PubMed, Web of Science, Embase, and Cochrane Library were searched from inception to November 17, 
2024. We included randomized controlled trials (RCTs) of critically ill adult patients with TBI, reporting data on RBCT 
strategies. The outcomes included intensive care unit (ICU) mortality, long-term mortality, unfavorable functional 
outcomes, and the incidence of adverse events, such as transfused acute respiratory distress syndrome (TARDS) 
and venous thromboembolism. We also performed subgroup analyses comparing the association between disease 
severity and long-term mortality. This review was submitted to PROSPERO (Registration number: CRD42024558797).

Results  In the results, our analysis revealed that compared to a restrictive transfusion strategy, a liberal strategy did 
not significantly reduce the risk of ICU mortality (RR: 0.74; 95% CI 0.28–1.91; P = 0.53) and long-term mortality (RR: 1.02; 
95% CI 0.83–1.25; P = 0.87), but it was able to reduce the risk of unfavorable functional outcomes (RR: 0.90; 95% CI 
0.82–0.98; P = 0.01), although there may be a false positive error. In addition, the liberal transfusion strategy was associ‑
ated with a higher incidence of Transfused Acute Respiratory Distress Syndrome (TARDS) (RR: 1.78; 95% CI 1.06–2.98; 
P = 0.03).

Conclusions  In critically ill patients with TBI, a liberal RBCT strategy appears to improve functional outcomes but car‑
ries the risk of false positive errors. In addition, this strategy does not seem to improve survival and may increase 
the risk of TARDS. Despite this, there remains insufficient evidence to recommend either strategy in this population.

Keywords  Traumatic brain injury, Red blood cell transfusion, Mortality, Transfused acute respiratory distress 
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Introduction
Traumatic brain injury (TBI), a head injury caused by 
mechanical force, affects over 50 million people annu-
ally worldwide and is a leading cause of mortality among 
young individuals [1]. The brain is highly vulnerable 
to oxygen deprivation [2]. In TBI patients, anemia can 
contribute to secondary brain injury by reducing arte-
rial oxygen content and limiting cerebral oxygen supply 
[3]. Impaired autoregulation of cerebral blood flow in 
TBI further reduces cerebrovascular reserve, heighten-
ing the risk of brain hypoxia, even in cases of mild ane-
mia [4]. Red blood cell transfusion (RBCT) might benefit 
TBI patients by improving oxygen delivery and reducing 
brain tissue hypoxia [5]. Transfusion strategies generally 
follow liberal or restrictive approaches, with Hb thresh-
olds of 10 g/dL and 7 g/dL, respectively [6].

The optimal red cell transfusion strategies for TBI 
patients remain controversial. Although maintaining 
higher hemoglobin (Hb) levels has been established not 
to improve mortality [7, 8], this notion may not neces-
sarily apply to TBI patients. Numerous studies have 
indicated that a liberal transfusion strategy could favora-
bly impact mortality and prognosis in TBI patients 
[9–11]. However, Robertson CS et  al., in a Randomized 
Controlled Trial (RCT), revealed that maintaining Hb 
concentration at > 10  g/dL not only failed to improve 
neurological outcomes at six months in patients with 
a closed head injury but may also increase the risk of 
thromboembolic events [8]. Furthermore, Turgeon et al., 
through a multicenter RCT, reported that a liberal red 
cell transfusion strategy did not lower the risk of unfa-
vorable functional outcomes for TBI patients at 6 months 
[6]. In addition, a previous meta-analysis offered more 
proof supporting restrictive instead of liberal transfusion 
strategies in TBI patients [12]. This systematic review 
and meta-analysis aim to synthesize conflicting literature 
to define the optimal transfusion Hb threshold for TBI 
patients.

Methods
This meta-analysis adhered to the PRISMA guidelines 
[13] [the PRISMA checklist can be found in the Supple-
mentary Materials section (Table S1)], and was submitted 
to PROSPERO (Registration number: CRD42024558797).

Eligibility criteria
The inclusion criteria were as follows: (1) studies involv-
ing adult (age ≥ 18) patients diagnosed with TBI who 
require transfusion treatment; (2) studies in which the 
liberal and restrictive transfusion strategies are the pri-
mary interventions; (3) studies with mortality [inten-
sive care units (ICU) and long-term mortality (60  days 
to 180  days mortality)] and unfavorable functional 

outcomes [assessed using the Glasgow Outcome Scale 
(GOS) or Glasgow Outcome Scale-Extended (GOS-E)] 
as the endpoint results; (4) clinical RCTs; (5) studies with 
transfusion data; and (6) studies published in English.

Search strategy
Four databases (PubMed, Web of Science, Embase, and 
Cochrane Library) were comprehensively searched for 
studies on blood transfusion strategies employed in TBI 
patients, from inception to November 17, 2024. Two 
authors independently screened the included studies. 
Other relevant journals were also reviewed manually. The 
key search terms were “Traumatic Brain Injury”, “TBI”, 
“head trauma”, “acute brain injury”, “acute traumatic 
brain injury”, “anemia”, “transfusion”, “blood transfusion”, 
“hemoglobin transfusion”, “Red Blood Cell Transfusion”, 
and “randomized controlled trial”. Supplementary Mate-
rials (Table S2) detail our digital search strategy.

Data extraction
Data were compiled using MS Excel. Two independent 
authors extracted the required information [J W and 
X–H L] via literature screening. A consensus was reached 
through discussion between the authors in instances of 
disagreement regarding a study, with a third author [J-Q 
Y] consulted to resolve the dispute through arbitration 
should no consensus be reached. The extracted data from 
each trial included first author, publication date, study 
setting and design, diagnosis, sample content, Glasgow 
Coma Score (GCS) upon admission, target Hb concen-
tration, outcome measures, and follow-up duration.

Bias risk assessment
Bias risk assessment was conducted using the Cochrane 
Collaboration’s risk of bias assessment tool and the 
Cochrane Risk of Bias version 2 (ROB2) [14]. Specifically, 
the Cochrane Collaboration’s risk of bias assessment 
tool was used to evaluate random sequence generation, 
allocation concealment, participant and staff blinding, 
outcome assessment blinding, incomplete results data 
management, and selective outcome reporting, among 
other biases (Fig. S1). The entire ROB2 assessment was 
classified into three categories: low bias risk, moderate 
concerns, and high bias risk (Fig. S2). Furthermore, the 
adapted Jadad scoring system was employed to evaluate 
article quality (Table S3).

Outcomes
The primary outcomes were mortality and unfavorable 
functional outcomes. Unfavorable functional outcomes 
were assessed using the GOS or GOS-E. The GOS is 
the most widely utilized clinician-reported outcome in 
acute head injury, and the GOS-E is recommended as the 
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preferred outcome measure for major trauma and head 
injury [15]. Notably, GOS scores ranged from 1 to 5, with 
scores of 1, 2, and 3 indicating death, vegetative state, 
and severe disability, respectively [15, 16]. The GOS-E 
is an ordinal scale with scores ranging from 1 (death) to 
8 (indicating a complete return to normal life). Adverse 
functional outcomes were defined as GOS-E ≤ 4 [17, 18]. 
The secondary outcomes were Transfused Acute Respira-
tory Distress Syndrome (TARDS) incidences and venous 
thromboembolic morbidity.

Statistical analysis
Statistical analyses for this meta-analysis were conducted 
using Review Manager 5.4. Considering clinical hetero-
geneity, risk ratios and 95% confidence intervals (CI) for 
dichotomous outcome data were determined using a ran-
dom-effects model. Study heterogeneity was evaluated 
using the obtained P value and I2 statistics, with the I2 sta-
tistic indicating the proportion of total variation in effect 
estimates attributed to inter-study differences. Notably, 
an I2 value > 75% indicated substantial heterogeneity and 
differences with P < 0.05 between the two groups were 
deemed statistically significant. We performed a sub-
group analysis to explore the association between disease 
severity (moderate to severe TBI versus mild TBI) and 
long-term mortality. The Z value represented the overall 
statistical test result. Since only six studies were included 
in this meta-analysis, a funnel plot was not generated for 
qualitative assessment of publication or report bias. In 
addition, a sensitivity analysis was conducted to identify 
any individual study that might have exerted a dispropor-
tionate influence on the analysis (STATA 18).

Trial sequential analysis
To reduce the risk of type I errors, a Trial Sequential 
Analysis (TSA) was conducted to estimate the necessary 
information for such studies, potentially allowing for the 
timely termination of similar research and avoidance of 
medical resource wastage. A one-tailed testing strategy 
with a Type I error rate of 5% and 80% statistical power 
was used to pool and evaluate long-term mortality and 
functional outcome data from the included studies. The 
TSA was performed using the TSA software (version 
0.9.5.10 Beta).

Evidence certainty
The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) system [19] was used to 
evaluate the certainty of evidence for the analyzed out-
comes. Evidence quality was categorized as high, mod-
erate, low, or very low, considering factors, such as risk 
of bias, inconsistency, indirectness, imprecision, and 

publication bias. The GRADEpro software was used to 
create the GRADE evidence profile table.

Results
Initially, a total of 304 records were obtained. Following 
deduplication, 235 records remained. Furthermore, 207 
studies that did not meet the predetermined criteria were 
excluded after a thorough review of titles. The remaining 
full-text articles were then screened, after which only six 
studies were included in the final analysis (Fig. 1). The list 
of excluded studies and the reason for exclusion are pre-
sented in Table S4.

Characteristics of included research
The six studies [6, 8, 9, 20–22] included in this meta-
analysis compared TBI patients who underwent the 
liberal transfusion strategy to those who received the 
restrictive transfusion strategy. Table  1 details the com-
prehensive characteristics of the included studies, which 
were published between 2006 and 2024. The sample sizes 
across the individual studies ranged between 44 and 
734. Furthermore, among these six RCTs, four [6, 8, 20, 
21] compared the effects of the liberal transfusion strat-
egy (Hb ≥ 10 g/dL) to those of the restrictive transfusion 
strategy (Hb ≥ 7 g/dL). In two trials [9, 22], the target Hb 
concentration was ≥ 9  g/dL for the liberal transfusion 
strategy.

Mortality
Three studies [6, 9, 20] encompassing 847 patients 
reported ICU mortality. Nonetheless, there was no sta-
tistically significant difference in mortality between 
the groups subjected to liberal and restrictive transfu-
sion strategies (RR: 0.74; 95% CI 0.28–1.91; P = 0.53), 
with moderate heterogeneity possibly present (I2 = 48%) 
(Fig.  2a). Moreover, long-term mortality, defined as 
mortality occurring after between 60 and 180 days, was 
reported in five studies [6, 8, 9, 20, 21], with no significant 
disparity found between the two groups (RR: 1.02; 95% 
CI 0.83–1.25; P = 0.87), as well as a possible low heteroge-
neity (I2 = 0%) (Fig. 2b). According to the TSA results, the 
Required Information Size (RIS) for these investigations 
was 3797 participants. Moreover, the Z-curve did not 
cross the conventional boundary, as well as the TSA and 
RIS lines, highlighting the need for additional research to 
corroborate the influence of different transfusion strate-
gies on long-term mortality in TBI patients (Fig. S3).

Unfavorable functional outcomes
Three trials assessed the impact of various transfu-
sion strategies on functional outcomes [6, 9, 22]. Nota-
bly, 371/621 (60%) patients who underwent the liberal 
transfusion strategy and 414/620 (67%) patients who 
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underwent the restrictive transfusion strategy experi-
enced unfavorable outcomes. The results showed that 
the liberal transfusion strategy can reduce the risk of 
unfavorable outcomes compared to the restrictive strat-
egy (RR: 0.90; 95%CI 0.82–0.98; P = 0.01), with low het-
erogeneity possibly present (I2 = 0%) (Fig.  3). According 
to the TSA results, the RIS for these investigations was 
6036 participants. The Z-curve crossed the traditional 
boundary but did not reach the TSA and RIS lines, which 
indicates that the results may be prone to false positives, 
and additional research is necessary for further validation 
(Fig. S4).

Secondary outcomes
TARDS
Three studies [6, 8, 9] involving 980 patients reported 
38 and 20 TARDS cases in the liberal and restrictive 
transfusion strategy groups, respectively. Furthermore, 
the liberal transfusion strategy group exhibited a sig-
nificant increase in TARDS risk (RR 1.78, 95% CI 1.06–
2.98, P = 0.03), with low heterogeneity possibly present 
(I2 = 1%) (Fig. 4a).

Venous thromboembolism
Venous thromboembolism comprises deep vein throm-
bosis and pulmonary embolism. Three studies [6, 8, 
9] reported venous thromboembolism incidence and 

pooled analysis revealed no significant difference in 
venous thromboembolism incidence between the two 
groups (RR:1.80; 95% CI 0.70–4.62; P = 0.22), with a 
substantial heterogeneity possibly present (I2 = 68%) 
(Fig. 4b).

Subgroup analyses exploring the association 
between disease severity and long‑term mortality
Patients were further stratified into two subgroups based 
on disease severity, with moderate to severe TBI defined 
as a GCS score ranging from 3 to 12. A comparison of 
the various transfusion strategies with long-term mor-
tality was conducted within both subgroups. Accord-
ing to the results, transfusion strategy did not correlate 
significantly with long-term mortality in patients with 
moderate to severe TBI (RR: 0.86; 95% CI 0.52–1.42; 
P = 0.56). In patients with mild TBI, no statistical differ-
ences between the liberal transfusion strategy versus the 
restrictive transfusion strategy (RR: 1.19; 95% CI 0.62–
2.28; P = 0.60). There appeared to be minimal variability 
observed between the two subgroups in terms of hetero-
geneity (I2 = 0%) (Fig. 5).

Sensitivity analysis
To ascertain the impact of individual trials on the over-
all results, the included studies were systematically 
and qualitatively assessed for sensitivity. There was no 

Fig. 1  Study flow diagram detailing the literature search
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significant influence from any single study, confirm-
ing the consistency of the findings (Additional file: Figs. 
S5–S9).

GRADE certainty assessments
There was no significant difference in the impact of dif-
ferent transfusion strategies on ICU and long-term mor-
tality in TBI patients (with low certainty of evidence). 
Furthermore, the certainty of evidence for the effects of 
liberal transfusion strategies on GOS/GOS-E, TARDS, 
and venous thromboembolism was low (Fig. S10).

Discussion
Our results show that the liberal transfusion strategy may 
improve functional outcomes in TBI patients, although 
there is a potential for false-positive results. In addition, 
this strategy does not reduce ICU mortality or long-term 

mortality and may increase the risk of TARDS. Further-
more, the subgroup analysis results indicate that regard-
less of the severity of TBI, a liberal transfusion strategy 
does not improve the mortality in patients with TBI. 
Nonetheless, this study had limited data, necessitating 
additional research to establish the most appropriate 
transfusion approach for TBI patients.

Multiple studies have reported anemia as a common 
occurrence among TBI patients. Several observational 
studies implied an association between Hb < 9  g/dL and 
unfavorable outcomes in TBI patients [23, 24]. In addi-
tion, anemia was reported as a significant etiological fac-
tor contributing to secondary injury in TBI patients [8]. 
Anemia has been recognized as an independent risk fac-
tor for unfavorable outcomes in critically ill neurological 
patients [24].

Fig. 2  Effects of different transfusion strategies on mortality. M–H, Mantel–Haenszel method; CI, confidence interval. a Effects of different 
transfusion strategies on ICU mortality. b Effects of different transfusion strategies on long-term mortality

Fig. 3  Risk ratio of unfavorable functional outcomes in the LTS group versus the RTS group. M–H, Mantel–Haenszel method; CI, confidence interval
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Besides increasing arterial oxygen saturation, improv-
ing Hb levels is the other crucial strategy for enhancing 
tissue oxygen delivery [24]. While evidence indicates that 
maintaining higher Hb concentrations has been reported 
to not necessarily confer an advantage to the most criti-
cally ill patients [7, 25]. However, a restrictive transfu-
sion strategy may worsen the condition of patients with 
moderate to severe brain injuries [20]. In TBI patients, 
maintaining elevated Hb levels can improve cerebral 
oxygenation, mitigate the anemia-induced increase in 

intracranial pressure [26], and contribute to a higher 
blood pressure (BP), thus ensuring cerebral perfusion 
pressure (CPP) [8]. Preliminary research findings have 
linked the liberal transfusion strategy to a better progno-
sis in TBI patients [10, 11]. For instance, a single-center 
RCT involving 44 patients revealed that patients in the 
liberal transfusion strategy group had a lower ICU mor-
tality rate and better neurological functional outcomes at 
six months [9]. A recent large-scale multicenter RCT also 
suggested that those who received a liberal transfusion 

a.

Fig. 4  Effects of different transfusion strategies on secondary outcome. M–H, Mantel–Haenszel method; CI, confidence interval. a Risk ratio of ARDS 
in the LTS group versus the RTS group. b Risk ratio of venous thromboembolic in the LTS group versus the RTS group

Fig. 5  Forest plot of the relationship between disease severity and long-term mortality
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strategy were less likely to have an unfavorable func-
tional outcome than those who received a restrictive 
strategy [22]. Our meta-analysis results also indicated 
that a liberal transfusion strategy might have lowered the 
risk of unfavorable functional outcomes in TBI patients 
(P = 0.01), these findings are in contrast with those of 
Florez-Perdomo et al., a meta-analysis that reviewed four 
studies and found no significant difference in mortal-
ity rates between the liberal and restrictive transfusion 
groups [27]. Furthermore, the analysis of TSA results 
demonstrated the possibility of false positive errors in 
this conclusion, suggesting the necessity for further 
research to validate these findings. A.F. Turgeon et  al. 
found no significant difference in mortality or neurologi-
cal outcomes at 6  months between patients receiving a 
liberal transfusion strategy and those receiving a restric-
tive strategy in a randomized controlled trial involving 
742 participants [6]. Herein (a meta-analysis comprising 
847 and 1245 patients for the ICU and long-term mor-
tality analyses, respectively), we found no statistically 
significant differences in ICU and long-term mortality 
between the two transfusion intervention groups.

Moreover, research evidence suggests that liberal trans-
fusion strategies may have detrimental effects. Specifi-
cally, the risks of transfusion-associated adverse events 
increase with the volume of blood products adminis-
tered. It is noteworthy that a previous RCT linked Hb 
levels maintained at 10  g/dL with a higher incidence of 
thromboembolic events [8]. Transfusion-induced altera-
tions in rheological parameters and the infusion of 
pro-inflammatory and pro-thrombotic microparticles 
may contribute to thrombosis [28]. In addition, a previ-
ous meta-analysis that involved 30 RCTs revealed that 
compared to liberal transfusion approaches, restrictive 
blood transfusion strategies may effectively decrease the 
risk of venous thrombosis (RR: 0.65; 95% CI 0.44–0.94; 
p = 0.02) [29]. Nevertheless, our findings indicated that 
implementing restrictive transfusion strategies does not 
necessarily reduce thromboembolism occurrence in TBI 
patients (P = 0.22).

Analysis of data from several RCTs revealed that the 
liberal transfusion strategy group exhibited a notably 
higher TARDS incidence compared to the restrictive 
transfusion strategy group (P = 0.03), which contradicts 
previous studies [6, 8]. However, this does not imply 
that the restrictive strategy reduces the incidence of 
TARDS. This difference could be attributed to transfu-
sion-associated circulatory overload (TACO) and trans-
fusion-related acute lung injury (TRALI). Both TACO 
and TRALI manifest as acute respiratory distress within 
6  h of blood transfusion and exhibit pulmonary edema 
on chest radiographs [30]. Notably, the pathogenesis of 

TACO and TRALI remains incompletely understood. 
Research indicates that the incidence of TACO increases 
with blood transfusion volume and total fluid admin-
istered during the perioperative period of non-cardiac 
surgery [31]. TRALI depends on patient-related factors 
and blood product-related factors [32]. Despite distinct 
pathophysiological mechanisms, both TACO and TRALI 
could exacerbate pulmonary edema, ultimately leading to 
unfavorable outcomes for patients [30].

Establishing clearer thresholds for blood transfusion 
based on individual physiological responses could be 
crucial in reducing the occurrence of transfusion-related 
complications, alleviating anemia-induced secondary 
brain injury, and striking a balance between the potential 
risks of transfusion and anemia for patients [33]. Brain 
tissue oxygenation (PbtO2) has recently garnered sig-
nificant research attention, with 23 ± 7 mmHg suggested 
as the normal threshold [34]. Okonkwo et al. conducted 
a phase II RCT revealing that compared to ICP-only 
treatment, multimodal Intracranial Pressure (ICP) 
monitoring along with PbtO2 assessment could more 
effectively alleviate brain tissue hypoxia in TBI patients 
[35]. Furthermore, cerebral microdialysis (CMD) could 
be employed as an invasive monitoring approach, ena-
bling continuous tracking of brain metabolism in indi-
viduals with severe TBI [36, 37]. Moreover, CMD could 
reduce the risk of metabolic crises at specific Hb levels, 
thus guiding transfusion strategies and facilitating indi-
vidualized treatments for TBI patients [38]. Clinically, 
personalized transfusion protocols could be developed 
based on Hb levels and multimodality neuromonitoring 
to improve patient outcomes and reduce transfusion-
related complications.

Considering the possible sources of heterogeneity, 
we further conducted a sensitivity analysis. The results 
showed that heterogeneity may have originated from the 
study of Robertson et al. [8] in the unfavorable functional 
outcomes, where the heterogeneity decreased from 47 to 
0% after removing this study. This study did not empha-
size the presence of anemia in patients at baseline but 
rather maintained Hb levels through different strategies, 
which could introduce some bias. Therefore, we excluded 
this study when evaluating the functional outcomes. Fur-
thermore, we conducted a subgroup analysis to explore 
the sources of heterogeneity, and the results indicated 
that disease severity is not a source of heterogeneity. 
However, only one study was included in the mild TBI 
group, which may introduce a certain degree of bias in 
the results.

This study had some limitations. First, despite execut-
ing an exhaustive database search, we only included 
studies published in English and did not explore the gray 
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literature or reach out to authors to inquire about unpub-
lished studies. Consequently, we cannot definitively 
exclude the risk of publication bias. Second, the defini-
tions of liberal and restrictive transfusion thresholds 
differed across studies, introducing an element of hetero-
geneity. Third, due to the unavailability of relevant data, 
we were unable to compare the volume of blood transfu-
sions between the two groups. Finally, we observed signif-
icant heterogeneity in certain outcomes. Consequently, 
we employed a random effects model to aggregate obser-
vations and reduce confounding biases, but this may have 
made it challenging to detect differences in conclusion. 
Furthermore, sensitivity analyses showed no studies that 
deviated significantly from the norm, suggesting that the 
results obtained were reasonably dependable. Herein, we 
aimed to establish more appropriate transfusion strate-
gies for TBI patients through a meta-analysis of RCTs. 
Our findings revealed that liberal transfusion strategies 
are associated with an increased incidence of TARDS in 
TBI patients. This association may be linked to TACO 
and TRALI, although distinguishing between these con-
ditions in clinical practice remains challenging. As diag-
nostic tools continue to evolve, future research should 
further explore the impact of different transfusion strate-
gies on TBI patients.

Conclusions
Our meta-analysis revealed that the liberal transfusion 
strategy did not reduce mortality but may improve unfa-
vorable outcomes in TBI patients. Furthermore, the lib-
eral blood transfusion strategy could increase TARDS 
incidences in TBI patients. It is also noteworthy that this 
study had a limited sample size, necessitating additional 
research with larger sample sizes to delineate the appro-
priate transfusion threshold for TBI patients.
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