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Introduction: Intracranial pressure (ICP) elevation leading to cerebral edema is a critical 
condition that should be identified and treated immediately. In this study, we systematically 
reviewed the articles investigating the role of hypertonic sodium lactate (HSL) in patients with 
traumatic brain injury (TBI). 

Methods: PubMed, Scopus, Embase, and Web of Science were searched to find published 
articles on the effects of HSL on ICP in patients with a TBI until December 2020. Animal studies, 
case reports, and studies, including patients with liver and renal failure, cardiac dysfunction, or 
hypovolemic shock, were excluded. The Newcastle-Ottawa scale checklist was used to assess 
the methodological quality of eligible articles. Information obtained was classified based on 
the following criteria: demographic data, methods, intervention, and outcomes. 

Results: Our initial search with the predefined search strategy proceeded with 113 studies. 
Finally, 7 studies were eligible for systematic review, and 3 of them were eligible for meta-
analysis. A random meta-analysis of 3 articles comparing ICP before and after the infusion of 
HSL showed a reduced ICP following the use of HSL in traumatic brain injuries (P=0.015). 

Conclusion: Our study demonstrated the undeniable role of HSL in managing increased 
ICP in patients with brain injury. Nevertheless, conducting more clinical studies to assess the 
possible side effects of HSL seems crucial. 
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1. Introduction

raumatic brain injury (TBI) is one of the 
most important causes of cerebral dysfunc-
tion, and it is the reason for more than 30% 
of post-injury mortalities (Cassidy et al., 
2004; Herbert et al., 2017). Increased in-

tracranial pressure (ICP) following TBI is the main pre-
disposing factor for death in the patients. Hyperosmolar 
therapy could ameliorate this condition (Fenn III & Si-
erra, 2019; Gerber et al., 2013). However, osmotherapy 
has been debated as the treatment of choice for these 
patients, considering the complex and nonselective na-
ture of osmotic mediators’ effects (Bergersen, 2015). 
The mechanism attributed to hyperosmolar agents is 
that they increase the oncotic movement of water into 
the intravascular space and decrease the blood viscos-
ity. As a result, hyperosmolar agents reduce the cerebral 
intracellular fluid and increase the cerebral blood flow 
(CBF) (Berthet et al., 2012). 

Mannitol and hypertonic saline (HTS) solutions have 
been used as hyperosmolar therapy in patients with ele-
vated ICP (Francony et al., 2008). Traditionally, manni-
tol has been recommended as the first choice of osmoth-
erapy in TBI (Maas et al., 1997). However, hypotension, 
especially in the hypovolemic state, and rebound rise 
in ICP are the main drawbacks of mannitol (Anony-
mous, 2000; White et al., 2006). In refractory cases of 
increased ICP following mannitol administration, HTS 
increases brain oxygenation and reduces ICP (Ogden et 
al., 2005). Moreover, HTS has a more pronounced and 
longer-lasting effect than mannitol on elevated ICP and 
causes no rebound increase in ICP (Kerwin et al., 2009). 

Hence, some recent studies report HTS as the superior 
hyperosmolar agent (Mangat et al., 2020). No clear rec-
ommendation was made in a recently published meta-
analysis regarding the choice of hypertonic saline or 
mannitol in treating patients with TBI-induced elevated 
ICP (Fatima et al., 2019). However, some concerns ex-
ist about nephrotoxic effects and metabolic acidosis fol-
lowing high chloride-containing solutions. Chloride as 
a nonorganic anion in sodium solution has no role in 
osmotic therapy, and previous studies have suggested 
replacing chloride with other organic anions.

Another hyperosmolar solution studied in patients with 
elevated ICP is hypertonic sodium lactate (HSL) (Ichai 
et al., 2013). Lactate, as an organic anion, is a suitable 
energy source for brain cells, and sodium lactate might 
work not only as a hypertonic agent but also as a meta-
bolic fuel for the brain (Ichai et al., 2009; Leverve & 
Mustafa, 2002; Rice et al., 2002). HSL could decrease 
ICP through the osmotic effect of hypertonic sodium 
and the cerebral vasodilator effect of lactate (Gordon 
et al., 2008). Ichai et al. mentioned that HSL’s effect 
was even more potent than mannitol in reducing ICP in 
some trials (Ichai et al., 2009). Notably, in a recent study 
on patients with TBI-induced elevated ICP, Arifianto et 
al. (2018) introduced HSL as a choice for fluid therapy. 
Considering HSL’s beneficial roles in TBI, in this study, 
we systematically reviewed the articles investigating 
HSL’s therapeutic role in patients with TBI.

Highlights 

● Reduction of intracranial pressure (ICP) was seen after infusion of hypertonic sodium lactate (HSL) in traumatic 
brain injuries.

● HSL probably had a role in managing increased ICP by increasing serum osmolarity.

● HSL seems to be a reasonable substitute for fluid resuscitation after brain injury.

Plain Language Summary 

ICP elevation leading to cerebral edema is a critical condition that should be identified and treated immediately. In 
this study, we systematically reviewed the articles investigating the role of HSL in patients with traumatic brain injury 
(TBI). A random meta-analysis of 3 articles showed that ICP was reduced after infusion of HSL in traumatic brain 
injuries. It also had a role in managing increased ICP by increasing serum osmolarity. It seems that HSL is a reasonable 
substitute for fluid resuscitation after brain injury.

T
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2. Materials and Methods

 Data sources and search strategy

We performed our search in electronic databases, in-
cluding PubMed, Embase, Scopus, and Web of Science, 
for studies investigating the effect of hyperosmolar 
agents on increased ICP in patients with TBI. Two in-
dependent investigators (Arash Akhavan Rezayat, and 
Behnaz Rohani) searched the relevant published articles 
from January 2000 to December 2020. We searched the 
literature applying a different combination of our key-
words, including TBI, hypertonic agents, and their re-
lated terms. PubMed search strategy that consisted of 
various concepts of our keywords was as follows:

((“Brain injury”) OR (“brain injuries”) OR (“brain 
injuries, traumatic”) OR (“brain injuries, diffuse”) OR 
(“brain concussion”) OR (“head injury”) OR (“head in-
juries”) OR (“head injuries, penetrating”) OR (“cerebro-
vascular trauma”) OR (“craniocerebral trauma injuries”) 
OR (“cerebral hemorrhage, traumatic”) OR (“TBI”)) 
AND ((“hypertonic saline”) OR (“saline solution, hyper-
tonic”) OR (“hypertonic sodium”) OR (“sodium chlo-
ride”) OR (“lactate”) OR (“sodium lactate”) OR (“hy-
pertonic sodium lactate”) OR (“hyperosmolar sodium 
lactate”) OR (“mannitol”) OR (“osmotic diuretic”) OR 
(“osmotic diuretics”) OR (“diuretics, osmotic”)). 

We also searched for grey literature using Open Grey, 
ProQuest Dissertations, and theses full texts.

Inclusion and exclusion criteria

All published randomized control trials in English liter-
ature involving our keywords were included for further 
evaluation. Our inclusion criteria were as follows: All 
patients were older than 16, suffered from TBI, and had 
ICP above 20 mm Hg. Animal studies, case reports, and 
studies on patients with liver and renal failure, cardiac 
dysfunction, or hypovolemic shock were excluded. We 
also excluded studies that did not directly compare the 
effects of hypertonic saline or mannitol on elevated ICP 
or did not provide sufficient primary data.

Study selection

After checking for duplications, two investigators in-
dependently reviewed all studies’ titles and abstracts to 
meet our inclusion and exclusion criteria. Any disagree-
ment was discussed with the third reviewer. The flow 
diagram of the selection process of the studies is pre-
sented in Figure 1. 

Data extraction

We extracted the information on the first author, publi-
cation time, country, study design, patient number, mean 
age, gender ratio, and interventions. The other reviewer 
resolved any disagreements on the selected studies.

Demographic data, methods, interventions, and out-
comes were extracted from the included manuscripts and 
documented.

Data analysis 

Data from included studies were pooled using a ran-
dom-effect model. All continuous data were summarized 
as the standard difference in Means±SE and analyzed us-
ing comprehensive meta-analysis. The inconsistency in-
dex (I2) was used to measure heterogeneity, with I2>50% 
indicating substantial heterogeneity. P<0.05 was consid-
ered statistically significant.

3. Results

Selection process results

Our initial search with the predefined search strategy 
proceeded in 34 studies from the Scopus database and 32 
publications from the PubMed database. Furthermore, 
32 additional publications were included by searching 
the Web of Science. Also, reviewing Embase added 15 
articles to the studies above. Removing duplicates result-
ed in 70 studies. The title and abstract screening exclud-
ed 40 studies. Subsequently, 30 remaining full texts were 
assessed; 7 studies did not provide enough information, 
10 articles were irrelevant, and 6 were animal studies. 
Finally, 7 studies (Fenn III & Sierra, 2019; Gerber et al., 
2013; Halestrap & Price, 1999; Herbert et al., 2017; Hol-
loway et al., 2007; Ichai et al., 2009; Ichai et al., 2013) 
were eligible for this systematic review, of which 3 stud-
ies (Gerber et al., 2013; Halestrap & Price, 1999; Ichai 
et al., 2009), comprising ICP between before and after 
injection of HSL, were eligible for a meta-analysis. The 
selection process is detailed in Figure 1 PRISMA (the 
preferred reporting items for systematic reviews and 
meta-analyses) flow chart.

Characteristics of the included studies

Of 138 initially reviewed papers, 131 were removed, 
and 7 articles were assessed for eligibility using the 
Newcastle-OTTAWA scale. Studies from France, Swit-
zerland, and Indonesia were evenly distributed, with two 
articles from each country. One study was conducted in 
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Uruguay. Four studies (Fenn III & Sierra, 2019; Gerber 
et al., 2013; Herbert et al., 2017; Ichai et al., 2013) (were 
randomized trials, of which 3 (Aramendi et al., 2020; 
Holloway et al., 2007; Ichai et al., 2009) were before-
and-after trials. The total number of patients from the 
initial 7 articles was 275, and 98 were included in the 
final 3 analyzed studies. Two included studies (Halestrap 
& Price, 1999; Ichai et al., 2009) (were prospective inter-

ventional, and 1 (Gerber et al., 2013) was a prospective 
open randomized study.

The meta-analysis was carried out for ICP reduction 
according to data reported in 3 articles. Drug adminis-
tration characteristics in 4 publications (Aramendi et al., 
2020; Bisri et al., 2016; Ichai et al., 2009; Muhammad 
& Hanna, 2014) were bolus, while the other 3 studies 

Table 1. Characteristics of the included studies
St
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y

Co
un
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y

De
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n
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f 
Pa
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nt
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Group Sex 
(M/F)

Mean±SD/No. (%)

Dr
ug

Ad
m
in
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ra
tio

n

Formulation DoseAge (y)

HSL Control 
Group

Bisri 
et al., 
2016

Indone-
sia RCT 60 HSL/

HSS 47/13 30.23±14.89 28.43±15.53 Bolus

Na 504.15 mmol/L,
K 4.02 mmol/L,

Ca 1.36 mmol/L,
Cl 6.74 mmol/L,
Lactate 504.15 

mmol/L

290.18±1.3 
mOsmol/kg

Cart-
eron 
et al., 
2018

Switzer-
land

Before-
and-
after 
trials

23 HSL 12/11 59 ------ Continuous

hypertonic lactate 
(HSL) 1,000 

mmol/L; 
Concentration: 30 

µmol/kg/min)

303±6 
mOsmol/L

Ichai 
et al., 
2013

France RCT 60
HSL/

control 
group

54/6 40±18 33±15 Continuous

Na 504 mmol/L, 
K 4 mmol/L, 

Ca 1.36 mmol/L,
 Cl 6.74 mmol/L, 
L-lactate 504.1 

mmol/L

301±10 mOs-
mol/kg

Ahmad 
et al., 
2014

Indone-
sia RCT 42

HSL/
man-
nitol

35/7 37.19±16.62 35.04±12.90 Bolus

504 mmol/L Na+

(equivalent with 
Na+ in 3% NaCl),

 4 mmol/L K+, 
1.35 mmol/L Ca2+, 
6.74 mmol/L Cl-, 
504.1 mmol/L 

lactate

1100 mosm/L

Ara-
mendi 
et al., 
2020

Uru-
guay

Before-
and-
after 
trials

41 HSL 17/24 50.9±3.2 ------ Bolus

Sodium mmol/l 
504

Lactate mmol/l 504
Chloride mmol/l 

6.72
Calcium mmol/l 

1.36
Potassium mmol/l 

4
Osmolarity 

mOsm/l 1.02

302.6±12 
mOsmol/kg

 Ichai 
et al., 
2009

France

Before-
and 

-after 
trials

34
HSL/
man-
nitol

24/10 37.6(4) 33.8(3.2) Bolus

Na 504 mmol/L,
 K 4 mmol/L, 

Ca 1.36 mmol/L, 
Cl 6.74 mmol/L, 

lactate 504.1 
mmol/L

298.6 (7.3) 
mOsmol/kg

Bouzat 
et al., 
2014

Switzer-
land

Before-
and-
after 
trials

15 HSL 12/13 40±15 ------ Continuous
Na 1,000 mmol/L, 

lactate
1,000 mmol/L

320
mosm/L
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utilized the continuous form. Study characteristics are 
presented in Table 1.

Critical appraisal

The risk of bias assessment of our final articles is dem-
onstrated in Table 2. Of the 7 included studies, 5 (Ara-
mendi et al., 2020; Bouzat et al., 2014; Carteron et al., 
2018; Ichai et al., 2009; Ichai et al., 2013) had an overall 
moderate risk of bias, and 2 (Bisri et al., 2016; Muham-
mad & Hanna, 2014) had a high-quality risk of bias.

Study outcomes

The pooled meta-analysis revealed a significant effect 
on ICP reduction in the use of HSL. Details were re-
ported separately, including ICP, sodium osmolality, and 
neurological outcomes.

ICP

Five trials (Aramendi et al., 2020; Bouzat et al., 2014; 
Carteron et al., 2018; Ichai et al., 2009; Ichai et al., 2013) 
reported information on ICP. A study by Ichai et al. 
(2009) that compared ICP reduction using mannitol and 
sodium lactate showed a significantly lower ICP with so-
dium lactate infusion (group effect P=0.0161). Other be-
fore-and-after trials also reported positive effects on ICP. 
Carteron et al. (2018) reported ICP reduction after three 
hours in comparison with baseline (8±6 vs 10±5 mm 
Hg), P<0.01). Aramendi et al. (2020) showed a signifi-
cant decrease in ICP after 30 and 60 minutes compared 
to the preinfusion state (P=0.0001). Another study by 
Bouzat et al. (2014) assessed the cerebral metabolic ef-
fects of HSL. In this study, HL therapy positively affect-
ed both ICP reduction and brain glutamate during three 
hours of infusion. Another study by Ichai et al. (2013) 
showed a reduction in raised ICP episodes in comparison 

Figure 1. PRISMA
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with the control group during the 48-h study: 23 vs 53 
episodes (P<0.05).

 Serum sodium and serum osmolality

In two studies (Carteron et al., 2018; Ichai et al., 2013), 
sodium osmolality was increased between the two 
groups. In one study by Ichai et al. (2013), there was a 
significantly higher cumulative sodium intake and out-
put between two groups of case and control (0.9% saline 
solution) in 48 h (P<0.01). Also, Carteron et al. (2018) 
reported a significant increase in sodium and osmolarity 
in a 3-h HS infusion (146±3 vs 152±3 mmol/L; P<0.001 
and 303±6 vs 314±7 mOsmol/L; P<0.001). In another 
study by Ichai et al. (2009), there was no significant dif-
ference between mannitol and lactate therapy. In another 
trial by Bisri et al. (2016), serum sodium and osmolal-
ity levels were increased within 15 minutes in the HSS 
group compared to the HSL group, which remained un-
changed (P<0.001).

Neurological outcomes

In 4 studies, the Glasgow outcome scale (GOS) was 
used for neurologic function assessment (Bouzat et al., 
2014; Carteron et al., 2018; Ichai et al., 2009; Ichai et 
al., 2013). Ichai et al. (2013) assessed GOS for HSL and 
the control group after 6 months. Although survivors had 
poorer neurological outcomes among the control group 
(9 versus 4), there was no significant difference between 
the two groups (P=0.14). Carteron et al. (2018), with 
the use of a 3-h HSL solution, reported ten patients with 
good neurological recovery (GOS 4 or 5) at 6 months 
(out of 20 survivors and 3 deaths). Another study by 
Ichai et al. (2009) reported better outcomes using HSL 
compared with mannitol. Bouzat et al. (2014) reported 
15 patients receiving a 3-h of HSL infusion, of which 
9 had good recovery of neurologic function (GOS 4 or 
5), 6 patients with GOS 3 did not have a good outcome 
(including 2 with severe disability), and 1 patient with 
GOS 2 and 3 with GOS 1 had died.

Table 2. Quality assessment of included studies

Ref. Selection Comparability Exposure Total Score

Bisri et al., 2016 3 2 3 8

Carteron et al., 2018 2 0 2 4

Ichai et al., 2013 2 0 2 4

Ahmad et al., 2014 3 2 3 8

Aramendi et al., 2020 2 0 2 4

Ichai et al., 2009 3 0 3 6

Bouzat et al., 2014 2 0 2 4

Figure 2. Comparing ICP before and after infusion of HSL in included studies 

Notes: A diamond data marker represents the standard differences in means and 95% confidence interval for the outcome of 
interest.
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Meta-analysis

The forest plot of the random meta-analysis of three 
articles approved data on reduced ICP in using HSL in 
traumatic brain injuries (P=0.015). Details are presented 
in Figure 2.

4. Discussion

According to the controversies on the effect of hyper-
osmolar agents, we reviewed the articles investigating 
the role of HSL in managing TBI.

The backbones of the therapeutic goal during TBI are 
maintaining sufficient CBF and energy supply for the in-
jured brain (Anonymous, 2000; Aramendi et al., 2020). 
The brain’s glucose use may be impaired after acute in-
jury, leading to a poor outcome (Jalloh et al., 2013; Ichai 
et al., 2009). One of the suitable alternative substrates 
investigated in vitro and in vivo for over twenty years is 
lactate (Jourdain et al., 2016). To adjust to the shortage of 
glucose, the primary energy source for the brain, neurons 
start to increase the lactate’s uptake and usage (Galla-
gher et al., 2009; Glenn et al., 2015; Jalloh et al., 2013). 
Then, lactate can replace the missing glucose in different 
pathways, including protein synthesis and redox protec-
tion (Barros, 2013). Recent animal studies (Berthet et al., 
2012; Jourdain et al., 2016; Roumes et al., 2020) have 
mentioned the potential role of lactate therapy in brain 
injury based on its capacity to act as an energy substrate. 
Astrocytes and oligodendrocytes start to increase lactate 
production, which could eventually be exported to the 
neurons when neurons are under stress and energy short-
age. Accordingly, lactate’s presence seems necessary for 
the neurons’ survival after brain injuries (Mächler et al., 
2016; Magistretti & Allaman, 2018). It has also been re-
ported that the systemic administration of lactate in ani-
mal models could enhance cerebral angiogenesis. This 
relatively long-term effect of the lactate is through the 
hydroxycarboxylic acid receptor 1 (HCAR1) (Morland 
et al., 2017). Roumes et al. (2020) discussed the lactate’s 
ability to reduce brain lesions after hypoxia-ischemia in 
neonatal rats. He further exhibited that the co-injection 
of lactate and a lactate dehydrogenase inhibitor com-
pletely inhibits the neuroprotective effects. 

The energy substrate role of lactate also does such pre-
vention. Lactate can also modulate CBF through differ-
ent mechanisms connected with CBF and brain energy 
turnover. Its action regulates the Nicotinamide-adenine 
dinucleotide (NADH/NAD+) redox ratio in the glycoly-
sis cycle and through HCAR1 and cyclic AMP forma-
tion (cAMP) (Bergersen, 2015). Astrocytes and lactate 

can act as regulators for vessel diameter. An increase in 
the extracellular level of lactate causes the accumulation 
of prostaglandin E2, eventually leading to vasodilation 
(Gordon et al., 2008). Our meta-analysis found that ICP 
decreases significantly before and after administrating 
the HSL among patients with TBI. It is well known that 
elevated ICP and cerebral hypoperfusion after the TBI 
for even 5 minutes are associated with poorer neurologi-
cal prognosis (Brain, 2007; Stein et al., 2011). As men-
tioned, lactate is responsible for vasodilation and could 
decrease cerebral vascular resistance. This reduction 
accordingly might increase CBF, which is related to a 
better outcome after TBI (Stein et al., 2011). Despite be-
ing less hypertonic than mannitol because of its carriers’ 
nature, HSL could alter the ICP more powerfully than 
mannitol (Halestrap & Price, 1999; Ichai et al., 2009). 
Although lactate gets metabolized quickly, the inorganic 
ions in the lactate solution are non-metabolizable. Intra-
cellular chloride efflux will compensate for the exces-
sive sodium ions that remain in extracellular space after 
administrating HSL to sustain the charges’ neutrality on 
both sides of the plasma membrane. Consequently, water 
will follow the chloride ions to the extracellular space, 
regulating the cellular volume and preventing cellular 
swelling (Ichai et al., 2009). Notably, a clinical trial eval-
uating the effects of hypertonic lactate on patients with 
brain injury recorded an increase in systemic sodium 
levels and osmolarity, all remaining within the normal 
range (Ichai et al., 2009).

Lactate could also prevent cellular swelling because of 
its capacity to act as an energy substrate for the brain 
and its monocarboxylate carriers in the blood-brain bar-
rier (Holloway et al., 2007; Maran et al., 1994; Pellerin 
et al., 2005; Rice et al., 2002). During TBI, an increase 
in lactate levels could appear in two situations, includ-
ing normal and low oxygen pressure. Such an increase 
in normal pressure oxygen conditions implicates aerobic 
glycolysis and lactate oxidation. However, this increase 
in oxygen-deficient settings suggests anaerobic glycoly-
sis with a poorer prognosis (Carpenter et al., 2015; Sala 
et al., 2013). In a recent study, all patients with acute 
brain injury (ABI) and normal ICP and cerebral perfu-
sion pressure (CPP) showed improved brain perfusion 
after hypertonic lactate administration (Bouzat et al., 
2014). In another recent animal study, administrating 
HSL three hours after diffuse TBI seemed beneficial and 
improved brain metabolism, oxygenation, and perfu-
sion. The group treated with HSL showed fewer mito-
chondrial changes and reduced lactate levels within their 
brain cells than the control group (Millet et al., 2018). 
Lactate could also have a beneficial role in a variety of 
non-traumatic lesions like hypoxia-ischemia (HI) and 
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thrombotic events. In a recent study by Tassinari et al. 
(2020) on neonatal rats with HI, intraperitoneal admin-
istration of high doses of lactate showed positive effects 
on different functional aspects of the brain. He showed 
that administering high lactate doses lacks serious com-
plications and could ameliorate neurological reflexes 
and decrease brain lesions’ size. They also reported sen-
sory-motor neuron recovery in the subjected rats. During 
ischemia lactate levels in the brain are relatively high, 
and it is to no purpose to add more lactate via systemic 
administration. 

Nonetheless, an animal study by Berthet et al. reported 
lactate levels within normal ranges of 15 to 60 minutes 
after transient middle cerebral artery occlusion (Berthet 
et al., 2012). He stated that both adenosine triphosphate 
(ATP) shortage and increased energy demand happen 
during reperfusion after ischemia, emphasizing the piv-
otal role of the lactate produced during the anaerobic 
cycle. Such growth in energy demand could justify the 
depletion of extracellular lactate and the advantages of 
administrating it (Berthet et al., 2012). Consequently, 
systemic lactate administration seems to be a favorable 
option for the TBI management course, whether with or 
without ischemia. Interestingly, a recent clinical trial as-
sessing HSL’s effects on cognitive functions argues that 
HSL could boost neurologic recovery in patients with 
mild brain injury (Maas et al., 1997). 

Altogether, HSL seems to be a reasonable substitute 
for fluid resuscitation after brain injury. However, Di-
enel et al. (2016) have challenged the effectiveness of 
lactate and addressed their concerns about its adminis-
tration complications. They argued that extracellular lac-
tate could decrease the pH of the neurons and astrocytes, 
consequently increasing NADH production. A rise in 
NADH levels could interfere with the activity of pH-
sensitive enzymes such as phosphofructokinase. Low 
pH levels inhibit phosphofructokinase activity, which 
has an important regulatory role during glycolysis and 
could impede the cycle. Increased levels of NADH could 
also reduce the accessibility of NAD+ during glycolysis. 
He also argued that this lactate amount could also tamper 
with the pentose phosphate pathway and oxidative stress 
management in neurons. 

As we previously mentioned, despite the probable 
side effects of lactate, we cannot disregard its inevitable 
role in elevated ICP management. Even so, lactate ad-
ministration should be done with caution and properly 
evaluated. Considering the lack of sufficient clinical tri-
als, controversial evidence, and the potential capability 
of lactate therapy in managing patients with TBI, we 

strongly encourage fellow researchers to further assess 
other aspects of lactate therapy in TBI.

Ethical Considerations

Compliance with ethical guidelines

There were no ethical considerations to be considered 
in this research.

Funding

This research did not receive any grant from funding 
agencies in the public, commercial, or non-profit sectors. 

Authors' contributions

Study design: Reza Mosaed, Mojtaba Mojtahedzadeh, 
Arash Akhavan Rezayat, and Farhad Najmeddin; Meth-
odology: Behnaz Rohani and Aida Ayati Afin; Data col-
lection: Arash Akhavan Rezayat, Behnaz Rohani, and 
Aida Ayati Afin; Statistical analysis: Arash Akhavan 
Rezayat; Writing the initial draft: Maryam Taghizadeh-
Ghehi, Shahideh Amini, and Mohamad Afshar Ardalan; 
Final approval; All authors.

Conflict of interest

The authors declared no conflict of interest.

 

References

Ahmad, M. R., & Hanna, H. (2014). Effect of equiosmolar solu-
tions of hypertonic sodium lactate versus mannitol in craniec-
tomy patients with moderate traumatic brain injury. Medical 
Journal of Indonesia, 23(1), 30-5. [Link]

Aramendi, I., Stolovas, A., Mendaña, S., Barindelli, A., Man-
zanares, W., & Biestro, A. (2021). Effect of half-molar sodium 
lactate infusion on biochemical parameters in critically ill pa-
tients. Medicina Intensiva, 45(7), 421–430. [PMID]

Arifianto, M. R., Ma’ruf, A. Z., Ibrahim, A., & Bajamal, A. H. 
(2018). Role of hypertonic sodium lactate in traumatic brain 
injury management. Asian Journal of Neurosurgery, 13(4), 971-
975. [DOI:10.4103/ajns.AJNS_10_17] [PMID] 

Barros, L. F. (2013). Metabolic signaling by lactate in the brain. 
Trends in Neurosciences, 36(7), 396-404. [DOI:10.1016/j.
tins.2013.04.002] [PMID]

Bergersen, L. H. (2015). Lactate transport and signaling in the 
brain: Potential therapeutic targets and roles in body-Brain 
interaction. Journal of Cerebral Blood Flow & Metabolism, 35(2), 
176-185. [DOI:10.1038/jcbfm.2014.206] [PMID] 

Mosaed., et al. (2024). HSL Impact on Intracranial Pressure in Patients With TBI. BCN, 15(6), 735-744.

http://bcn.iums.ac.ir/
https://mji.ui.ac.id/journal/index.php/mji/article/view/686/653
https://www.ncbi.nlm.nih.gov/pubmed/34563342
https://doi.org/10.4103/ajns.AJNS_10_17
https://www.ncbi.nlm.nih.gov/pubmed/30459851
https://doi.org/10.1016/j.tins.2013.04.002
https://doi.org/10.1016/j.tins.2013.04.002
https://www.ncbi.nlm.nih.gov/pubmed/23639382
https://doi.org/10.1038/jcbfm.2014.206
https://www.ncbi.nlm.nih.gov/pubmed/25425080


Basic and Clinical

743

November & December 2024, Vol 15, No. 6

Berthet, C., Castillo, X., Magistretti, P. J., & Hirt, L. (2012). 
New evidence of neuroprotection by lactate after tran-
sient focal cerebral ischaemia: extended benefit after in-
tracerebroventricular injection and efficacy of intravenous 
administration. Cerebrovascular Diseases, 34(5-6), 329-335. 
[DOI:10.1159/000343657] [PMID]

Bisri, T., Utomo, B. A., & Fuadi, I. (2016). Exogenous lactate infu-
sion improved neurocognitive function of patients with mild 
traumatic brain injury. Asian Journal of Neurosurgery, 11(2), 
151–159. [DOI:10.4103/1793-5482.145375] [PMID] 

Bouzat, P., Sala, N., Suys, T., Zerlauth, J. B., Marques-Vidal, P., & 
Feihl, F., et al. (2014). Cerebral metabolic effects of exogenous 
lactate supplementation on the injured human brain. Intensive 
Care Medicine, 40(3), 412-421. [DOI:10.1007/s00134-013-3203-
6] [PMID]

Brain Trauma Foundation, American Association of Neuro-
logical Surgeons, Congress of Neurological Surgeons, Joint 
Section on Neurotrauma and Critical Care, AANS/CNS, & 
Bratton, S. L., et al. (2007). Guidelines for the management of 
severe traumatic brain injury. IX. Cerebral perfusion thresh-
olds. Journal of Neurotrauma, 24 (Suppl 1), S59–S64. [PMID]

Carpenter, K. L., Jalloh, I., & Hutchinson, P. J. (2015). Glycolysis 
and the significance of lactate in traumatic brain injury. Fron-
tiers in Neuroscience, 9, 112. [DOI:10.3389/fnins.2015.00112] 
[PMID] 

Carteron, L., Solari, D., Patet, C., Quintard, H., Miroz, J. P., & 
Bloch, J., et al. (2018). Hypertonic lactate to improve cer-
ebral perfusion and glucose availability after acute brain in-
jury. Critical Care Medicine, 46(10), 1649-1655. [DOI:10.1097/
CCM.0000000000003274] [PMID]

Cassidy, J. D., Carroll, L. J., Peloso, P. M., Borg, J., von Holst, 
H., & Holm, L., et al. (2004). Incidence, risk factors and pre-
vention of mild traumatic brain injury: Results of the WHO 
Collaborating Centre Task Force on Mild Traumatic Brain 
Injury. Journal of Rehabilitation Medicine, (43 Suppl), 28–60.
[DOI:10.1080/16501960410023732] [PMID]

Fatima, N., Ayyad, A., Shuaib, A., & Saqqur, M. (2019). Hyper-
tonic solutions in traumatic brain injury: A systematic review 
and meta-analysis. Asian Journal of Neurosurgery, 14(2), 382-
391. [DOI:10.4103/ajns.AJNS_8_19] [PMID] 

Fenn, N. E., 3rd, & Sierra, C. M. (2019). Hyperosmolar therapy 
for severe traumatic brain injury in pediatrics: A review of the 
literature. The Journal of Pediatric Pharmacology and Therapeu-
tics, 24(6), 465-472. [DOI:10.5863/1551-6776-24.6.465] [PMID] 

Francony, G., Fauvage, B., Falcon, D., Canet, C., Dilou, H., & 
Lavagne, P., et al. (2008). Equimolar doses of mannitol and 
hypertonic saline in the treatment of increased intracranial 
pressure. Critical Care Medicine, 36(3), 795-800. [DOI:10.1097/
CCM.0B013E3181643B41] [PMID]

Gallagher, C. N., Carpenter, K. L., Grice, P., Howe, D. J., Mason, 
A., & Timofeev, I., et al. (2009). The human brain utilizes lac-
tate via the tricarboxylic acid cycle: A 13C-labelled microdi-
alysis and high-resolution nuclear magnetic resonance study. 
Brain, 132(10), 2839-2849. [DOI:10.1093/brain/awp202] 
[PMID]

Gerber, L. M., Chiu, Y. L., Carney, N., Härtl, R., & Ghajar, J. 
(2013). Marked reduction in mortality in patients with severe 
traumatic brain injury. Journal of Neurosurgery, 119(6), 1583-
1590. [DOI:10.3171/2013.8.JNS13276] [PMID]

Glenn, T. C., Martin, N. A., Horning, M. A., McArthur, D. L., 
Hovda, D. A., & Vespa, P., et al. (2015). Lactate: Brain fuel in 
human traumatic brain injury: A comparison with normal 
healthy control subjects. Journal of Neurotrauma, 32(11), 820-
832. [DOI:10.1089/neu.2014.3483] [PMID] 

Gordon, G. R., Choi, H. B., Rungta, R. L., Ellis-Davies, G. C., & 
MacVicar, B. A. (2008). Brain metabolism dictates the polarity 
of astrocyte control over arterioles. Nature, 456(7223), 745-749. 
[DOI:10.1038/nature07525] [PMID] 

Halestrap, A. P., & PRICE, N. T. (1999). The proton-linked 
monocarboxylate transporter (MCT) family: Structure, func-
tion and regulation. The Biochemical Journal, 343(Pt 2), 281–299. 
[PMID] 

Herbert, J. P., Guillotte, A. R., Hammer, R. D., & Litofsky, N. S. 
(2017). Coagulopathy in the setting of mild traumatic brain 
injury: Truths and consequences. Brain Sciences, 7(7), 92. 
[DOI:10.3390/brainsci7070092] [PMID] 

Holloway, R., Zhou, Z., Harvey, H. B., Levasseur, J. E., Rice, A. 
C., & Sun, D., et al. (2007). Effect of lactate therapy upon cog-
nitive deficits after traumatic brain injury in the rat. Acta Neu-
rochirurgica, 149(9), 919-927. [DOI:10.1007/s00701-007-1241-y] 
[PMID]

Ichai, C., Armando, G., Orban, J. C., Berthier, F., Rami, L., & 
Samat-Long, C., et al. (2009). Sodium lactate versus mannitol 
in the treatment of intracranial hypertensive episodes in se-
vere traumatic brain-injured patients. Intensive Care Medicine, 
35(3), 471-479. [DOI:10.1007/s00134-008-1283-5] [PMID]

Ichai, C., Payen, J. F., Orban, J. C., Quintard, H., Roth, H., & 
Legrand, R., et al. (2013). Half-molar sodium lactate infu-
sion to prevent intracranial hypertensive episodes in severe 
traumatic brain injured patients: A randomized controlled 
trial. Intensive Care Medicine, 39(8), 1413-1422. [DOI:10.1007/
s00134-013-2978-9] [PMID]

Jalloh, I., Helmy, A., Shannon, R. J., Gallagher, C. N., Menon, 
D. K., & Carpenter, K. L., et al. (2013). Lactate uptake by the 
injured human brain: Evidence from an arteriovenous gradi-
ent and cerebral microdialysis study. Journal of Neurotrauma, 
30(24), 2031-2037. [DOI:10.1089/neu.2013.2947] [PMID] 

Jourdain, P., Allaman, I., Rothenfusser, K., Fiumelli, H., Mar-
quet, P., & Magistretti, P. J. (2016). L-Lactate protects neu-
rons against excitotoxicity: Implication of an ATP-mediated 
signaling cascade. Scientific Reports, 6, 21250. [DOI:10.1038/
srep21250] [PMID] 

Kerwin, A. J., Schinco, M. A., Tepas, J. J., 3rd, Renfro, W. H., 
Vitarbo, E. A., & Muehlberger, M. (2009). The use of 23.4% 
hypertonic saline for the management of elevated intracranial 
pressure in patients with severe traumatic brain injury: A pi-
lot study. The Journal of Trauma, 67(2), 277–282. [DOI:10.1097/
TA.0b013e3181acc726] [PMID]

Leverve, X. M., & Mustafa, I. (2002). Lactate: A key metabolite 
in the intercellular metabolic interplay. Critical Care, 6(4), 284-
285. [DOI:10.1186/cc1509] [PMID] 

Maas, A. I., Dearden, M., Teasdale, G. M., Braakman, R., Coha-
don, F., & Iannotti, F., et al. (1997). EBIC-guidelines for man-
agement of severe head injury in adults. Acta Neurochirurgica, 
139(4), 286-294. [DOI:10.1007/BF01808823] [PMID]

Mosaed., et al. (2024). HSL Impact on Intracranial Pressure in Patients With TBI. BCN, 15(6), 735-744.

http://bcn.iums.ac.ir/
https://doi.org/10.1159/000343657
https://www.ncbi.nlm.nih.gov/pubmed/23154656
https://doi.org/10.4103/1793-5482.145375
https://www.ncbi.nlm.nih.gov/pubmed/27057222
https://doi.org/10.1007/s00134-013-3203-6
https://doi.org/10.1007/s00134-013-3203-6
https://www.ncbi.nlm.nih.gov/pubmed/24477453
https://pubmed.ncbi.nlm.nih.gov/17511547/
https://doi.org/10.3389/fnins.2015.00112
https://www.ncbi.nlm.nih.gov/pubmed/25904838
https://doi.org/10.1097/CCM.0000000000003274
https://doi.org/10.1097/CCM.0000000000003274
https://www.ncbi.nlm.nih.gov/pubmed/29923931
https://doi.org/10.1080/16501960410023732
https://www.ncbi.nlm.nih.gov/pubmed/15083870
https://doi.org/10.4103/ajns.AJNS_8_19
https://www.ncbi.nlm.nih.gov/pubmed/31143250
https://doi.org/10.5863/1551-6776-24.6.465
https://www.ncbi.nlm.nih.gov/pubmed/31719807
https://doi.org/10.1097/CCM.0B013E3181643B41
https://doi.org/10.1097/CCM.0B013E3181643B41
https://www.ncbi.nlm.nih.gov/pubmed/18209674
https://doi.org/10.1093/brain/awp202
https://www.ncbi.nlm.nih.gov/pubmed/19700417
https://doi.org/10.3171/2013.8.JNS13276
https://www.ncbi.nlm.nih.gov/pubmed/24098983
https://doi.org/10.1089/neu.2014.3483
https://www.ncbi.nlm.nih.gov/pubmed/25594628
https://doi.org/10.1038/nature07525
https://www.ncbi.nlm.nih.gov/pubmed/18971930
https://www.ncbi.nlm.nih.gov/pubmed/10510291
https://doi.org/10.3390/brainsci7070092
https://www.ncbi.nlm.nih.gov/pubmed/28737691
https://doi.org/10.1007/s00701-007-1241-y
https://www.ncbi.nlm.nih.gov/pubmed/17660938
https://doi.org/10.1007/s00134-008-1283-5
https://www.ncbi.nlm.nih.gov/pubmed/18807008
https://doi.org/10.1007/s00134-013-2978-9
https://doi.org/10.1007/s00134-013-2978-9
https://www.ncbi.nlm.nih.gov/pubmed/23749153
https://doi.org/10.1089/neu.2013.2947
https://www.ncbi.nlm.nih.gov/pubmed/23968221
https://doi.org/10.1038/srep21250
https://doi.org/10.1038/srep21250
https://www.ncbi.nlm.nih.gov/pubmed/26893204
https://doi.org/10.1097/TA.0b013e3181acc726
https://doi.org/10.1097/TA.0b013e3181acc726
https://www.ncbi.nlm.nih.gov/pubmed/19667879
https://doi.org/10.1186/cc1509
https://www.ncbi.nlm.nih.gov/pubmed/12225597
https://doi.org/10.1007/BF01808823
https://www.ncbi.nlm.nih.gov/pubmed/9202767


Basic and Clinical

744

November & December 2024, Vol 15, No. 6

Mächler, P., Wyss, M. T., Elsayed, M., Stobart, J., Gutierrez, R., 
& von Faber-Castell, A., et al. (2016). In vivo evidence for a 
lactate gradient from astrocytes to neurons. Cell Metabolism, 
23(1), 94-102. [DOI:10.1016/j.cmet.2015.10.010] [PMID]

Magistretti, P. J., & Allaman, I. (2018). Lactate in the brain: From 
metabolic end-product to signalling molecule. Nature Re-
views Neuroscience, 19(4), 235-249. [DOI:10.1038/nrn.2018.19] 
[PMID]

Mangat, H. S., Wu, X., Gerber, L. M., Schwarz, J. T., Fakhar, M., 
& Murthy, S. B., et al. (2020). Hypertonic saline is superior 
to mannitol for the combined effect on intracranial pressure 
and cerebral perfusion pressure burdens in patients with 
severe traumatic brain injury. Neurosurgery, 86(2), 221-230. 
[DOI:10.1093/neuros/nyz046] [PMID] 

Maran, A., Cranston, I., Lomas, J., Macdonald, I., & Amiel, S. 
A. (1994). Protection by lactate of cerebral function during 
hypoglycaemia. Lancet, 343(8888), 16-20. [DOI:10.1016/S0140-
6736(94)90876-1] [PMID]

Millet, A., Cuisinier, A., Bouzat, P., Batandier, C., Lemasson, 
B., & Stupar, V., et al. (2018). Hypertonic sodium lactate re-
verses brain oxygenation and metabolism dysfunction after 
traumatic brain injury. British Journal of Anaesthesia, 120(6), 
1295–1303. [DOI:10.1016/j.bja.2018.01.025] [PMID]

Morland, C., Andersson, K. A., Haugen, Ø. P., Hadzic, A., 
Kleppa, L., & Gille, A., et al. (2017). Exercise induces cerebral 
VEGF and angiogenesis via the lactate receptor HCAR1. Na-
ture Communications, 8, 15557. [DOI:10.1038/ncomms15557] 
[PMID] 

Muhammad, R. A., & Hanna, H. (2014). Effect of equiosmo-
lar solutions of hypertonic sodium lactate versus mannitol 
in craniectomy patients with moderate traumatic brain in-
jury. Medical Journal of Indonesia, 23(1). [DOI:10.13181/mji.
v23i1.686]

Ogden, A. T., Mayer, S. A., & Connolly, E. S., Jr (2005). Hy-
perosmolar agents in neurosurgical practice: The evolv-
ing role of hypertonic saline. Neurosurgery, 57(2), 207-215. 
[DOI:10.1227/01.NEU.0000166533.79031.D8] [PMID]

Pellerin, L., Bergersen, L. H., Halestrap, A. P., & Pierre, K. (2005). 
Cellular and subcellular distribution of monocarboxylate 
transporters in cultured brain cells and in the adult brain. 
Journal of Neuroscience Research, 79(1‐2), 55-64. [DOI:10.1002/
jnr.20307] [PMID]

Rice, A. C., Zsoldos, R., Chen, T., Wilson, M. S., Alessandri, B., 
& Hamm, R. J., et al. (2002). Lactate administration attenuates 
cognitive deficits following traumatic brain injury. Brain Re-
search, 928(1-2), 156-159. [DOI:10.1016/S0006-8993(01)03299-
1]

Roumes, H., Dumont, U., Sanchez, S., Mazuel, L., Blanc, J., & 
Raffard, G., et al. (2021). Neuroprotective role of lactate in rat 
neonatal hypoxia-ischemia. Journal of cerebral Blood Flow and 
Metabolism, 41(2), 342–358. [DOI:10.1177/0271678X20908355] 
[PMID] 

Sala, N., Suys, T., Zerlauth, J. B., Bouzat, P., Messerer, M., & 
Bloch, J., et al. (2013). Cerebral extracellular lactate increase 
is predominantly nonischemic in patients with severe trau-
matic brain injury. Journal of Cerebral Blood Flow & Metabolism, 
33(11), 1815-1822. [DOI:10.1038/jcbfm.2013.142] [PMID] 

Stein, D. M., Hu, P. F., Brenner, M., Sheth, K. N., Liu, K. H., 
& Xiong, W., et al. (2011). Brief episodes of intracranial hy-
pertension and cerebral hypoperfusion are associated with 
poor functional outcome after severe traumatic brain in-
jury. The Journal of Trauma, 71(2), 364–374. [DOI:10.1097/
TA.0b013e31822820da] [PMID]

Tassinari, I. D., Andrade, M. K. G., da Rosa, L. A., Hoff, M. L. 
M., Nunes, R. R., & Vogt, E. L., et al. (2020). Lactate Admin-
istration reduces brain injury and ameliorates behavioral 
outcomes following neonatal hypoxia-ischemia. Neurosci-
ence, 448, 191-205. [DOI:10.1016/j.neuroscience.2020.09.006] 
[PMID]

The Brain Trauma Foundation. The American Association of 
Neurological Surgeons. The Joint Section on Neurotrauma 
and Critical Care. Recommendations for intracranial pressure 
monitoring technology. (2000). Journal of Neurotrauma, 17(6-7), 
497–506. [DOI:10.1089/neu.2000.17.497] [PMID]

White, H., Cook, D., & Venkatesh, B. (2006). The use of hyper-
tonic saline for treating intracranial hypertension after trau-
matic brain injury. Anesthesia & Analgesia, 102(6), 1836-1846. 
[DOI:10.1213/01.ane.0000217208.51017.56] [PMID]

Mosaed., et al. (2024). HSL Impact on Intracranial Pressure in Patients With TBI. BCN, 15(6), 735-744.

http://bcn.iums.ac.ir/
https://doi.org/10.1016/j.cmet.2015.10.010
https://www.ncbi.nlm.nih.gov/pubmed/26698914
https://doi.org/10.1038/nrn.2018.19
https://www.ncbi.nlm.nih.gov/pubmed/29515192
https://doi.org/10.1093/neuros/nyz046
https://www.ncbi.nlm.nih.gov/pubmed/30877299
https://doi.org/10.1016/S0140-6736(94)90876-1
https://doi.org/10.1016/S0140-6736(94)90876-1
https://www.ncbi.nlm.nih.gov/pubmed/7905041
https://doi.org/10.1016/j.bja.2018.01.025
https://www.ncbi.nlm.nih.gov/pubmed/29793596
https://doi.org/10.1038/ncomms15557
https://www.ncbi.nlm.nih.gov/pubmed/28534495
https://doi.org/10.13181/mji.v23i1.686
https://doi.org/10.13181/mji.v23i1.686
https://doi.org/10.1227/01.NEU.0000166533.79031.D8
https://www.ncbi.nlm.nih.gov/pubmed/16094147
https://doi.org/10.1002/jnr.20307
https://doi.org/10.1002/jnr.20307
https://www.ncbi.nlm.nih.gov/pubmed/15573400
https://doi.org/10.1016/S0006-8993(01)03299-1
https://doi.org/10.1016/S0006-8993(01)03299-1
https://doi.org/10.1177/0271678X20908355
https://www.ncbi.nlm.nih.gov/pubmed/32208801
https://doi.org/10.1038/jcbfm.2013.142
https://www.ncbi.nlm.nih.gov/pubmed/23963367
https://doi.org/10.1097/TA.0b013e31822820da
https://doi.org/10.1097/TA.0b013e31822820da
https://www.ncbi.nlm.nih.gov/pubmed/21825940
https://doi.org/10.1016/j.neuroscience.2020.09.006
https://www.ncbi.nlm.nih.gov/pubmed/32905840
https://doi.org/10.1089/neu.2000.17.497
https://www.ncbi.nlm.nih.gov/pubmed/10937892
https://doi.org/10.1213/01.ane.0000217208.51017.56
https://www.ncbi.nlm.nih.gov/pubmed/16717334

	_Hlk129396162
	OLE_LINK35
	_GoBack
	OLE_LINK23
	OLE_LINK1
	_GoBack
	_Hlk142080807

