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PERSPECTIVE

Exogenous lactate infusion (ELI) in traumatic 
brain injury: higher dose is better?
Paul Vespa1*, Stephanie Wolahan1, Manuel Buitrago‑Blanco1, Courtney Real1, Jesus Ruiz‑Tejeda2, 
David L. McArthur1, Jeffrey N. Chiang1, Denes Agoston3 and Thomas C. Glenn1 

Abstract 

Background/objective  Traumatic brain injury (TBI) is a life-threatening critical neurological injury resulting 
in widespread metabolic dysfunction in need of novel metabolic therapy. Exogenous lactate appears to improve brain 
metabolism, but the dose of lactate required remains uncertain. However, the ideal dose of lactate remains unclear. 
We present a comparison of low vs high dose exogenous sodium lactate infusion in a small cohort and the previous 
existing literature. We propose a systematic protocol to better study the question of dose–effect n in a future larger 
study.

Methods  We analyzed the metabolic and physiologic effects of various doses of exogenous sodium lactate infusion 
(ELI) in the existing published literature and our own, single center cohort of patients with coma from severe TBI. Low 
dose ELI targeting arterial lactate concentration of 2–3 mMol was compared with high dose ELI targeting 4–6 mM. 
Effects of ELI on brain metabolism and intracranial pressure (ICP) were reviewed. A precision high-dose protocol 
was piloted and results compared against the existing literature.

Results  Across various studies, metabolic response to ELI was variable and not consistently beneficial. High-dose 
ELI targeting arterial concentration of 4–6 mM resulted in consistent metabolic improvement and in ICP reduction 
(p < 0.01). The precision high dose protocol reliably resulted in higher arterial concentration.

Conclusions  High dose ELI appears to have more consistent beneficial effects on brain metabolism and intracranial 
pressure.

Trial registration  ClinicalTrials.gov ID NCT02776488. Date registered: 2016-05-17. Retrospectively Registered.

Keywords  Traumatic brain injury, Oxidative metabolism, Lactate, Intracranial pressure, Coma, Metabolic crisis

Background
Traumatic brain injury is a devastating illness with a 
high social and economic cost. TBI results in structural 
damage with immediate consequences and delayed 

structural and metabolic changes that can have long 
lasting consequences. Delayed metabolic changes are 
related to reduction in brain oxidative metabolism [1] 
which may be severe enough to result in metabolic 
crisis and structural secondary injury. The extent of 
reduction cerebral metabolic rate of oxygen correlates 
positively with mortality and poor functional outcome 
[2–4]. The reduction in oxidative metabolism is related 
to an underlying reduction in glucose metabolism and 
a general lack of available fuel to meet the increased 
metabolic demand of injury-induced metabolic stress 
[3, 4]. Human studies point to a reduction in glycolysis 
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and resultant unavailability of the downstream 
metabolic products lactate which serves a fuel to brain 
cells [5]. Lactate is transformed to pyruvate and then 
Acetyl-CoA to enter the Krebs cycle and subsequently 
the electron transport chain to generate ATP. Lack 
of available pyruvate has been found in human TBI 
microdialysis studies, confirming a trauma-related 
deficiency in aerobic glycolysis [6]. Recognition of 
deficient aerobic glycolysis has led to experimental 
paradigms to seek alternative fuels such as lactate, 
pyruvate and ketones that can effectively bypass 
glycolysis to enhance brain oxidative metabolism, 
and ultimately improve outcome [7–11]. Animal TBI 
studies have shown that lactate infusion improves 
survival and cognitive function [7, 9]. Intraperitoneal 
pyruvate infusion after TBI raises serum lactate led 
to improved cerebral oxidative metabolism [10] and 
enhanced working memory after experimental TBI 
[11] likely by enhancing mitochondrial oxidative 
metabolism [12]. Exogenous lactate administration has 
been studied at various doses in human TBI [13–24], 
but the brain’s metabolic response has been variable, 
possibly related to underdosing of lactate. The question 
of whether the lactate dose matters has now been 
raised but there is a paucity of published data regarding 
whether high dose vs low dose matters. To address this 
question, we performed we reviewed the effects on ICP 

and brain metabolism of low dose vs high dose sodium 
lactate in the literature and our own cohort.

We reviewed data from published studies of sodium 
lactate infusion in TBI as well as unpublished data from 
our own cohort at UCLA. In these studies, a total of 178 
patients with severe TBI were studied using a variety of 
target serum lactate concentrations ranging from 1.1 to 
6.1 mMol. Patients were treated in the acute intensive 
care phase of illness according to standard guidelines 
[25]. Variable measures of brain metabolism and intrac-
ranial pressure were monitored for treatment effect 
including brain lactate uptake, cerebral microdialysis 
measures of glucose, lactate and pyruvate, and intracra-
nial pressure [26]. Most studies used no control infusion 
whereas a few used hypertonic saline as a control. The 
duration of ELI ranged from 15 min-bolus to three-hour 
infusion. The studies reported no adverse effects of ELI. 
The studies are summarized in Table 1.

In our most recent unpublished cohort, we employed 
a novel precision high-dose lactate infusion regimen: In 
the precision-high dose ELI arm, precision titration of 
high dose sodium lactate for three hours in which the 
infusion was started at a calculated weight-based dose 
and then adjusted based on point of care measures of 
blood lactate. The infusion began at 4.5 mg/kg/min with 
precision titration to serum lactate levels using a point of 
care lactate meter (Nova-Point®) every 15 min targeting 
a desired arterial lactate concentration of 4–6 mMol. 

Table 1  Summary of existing human studies on exogenous sodium lactate infusion in TBI

MD microdialysis, PbtO2 brain tissue oxygen partial pressure, AVDlac arteriojugular difference in lactate concentration, SOD2 superoxide dismutase 2, ICP intracranial 
pressure, FE fractional excretion, TCD transcranial doppler

Lactate infusion study Infusion duration Subjects n Blood lactate mMol (sd) Metabolic measure Desired metabolic response

Ichai 2009 15 min 17 2.7 (0.2) ICP Decrease ICP by 8 mm Hg 
peak effect

Ichai 2013 48 h 30 1.9 (0.7) ICP Lower incidence of elevated 
ICP

Bouzat 2014 3 h 15 6.1 (1.6) MD glucose and pyruvate Increase in all subjects

Glenn 2015 3 h 12 1.1 (0.4) Fractional Excretion (FE) 
of lactate

FE Lactate similar 
between controls and TBI 
at this concentration

Quintard 2016 3 h 25 4 (1) MD glucose Increase in 54% of subjects

Wolohan 2018 3 h 11 1.84 (0.5) Brain Lactate uptake (AVDlac) Variable increase across sub‑
jects from − 0.078 to + 0.090

Carteron 2018 3 h 23 5.1 (1.3) MD glucose, TCD MCA 
and TCD PI

MD glucose + 45%
TCD MCA + 21–66%
TCD PI—12–26%

Bernini 2022 Bolus 20 min 17 2.9 (2.6) MD glucose, pyruvate
ICP

MD no change
ICP reduction in all

Plourde 2024 Bolus 15 min 23 2.1 [IQR 1.6–3.2] AVDlac Increase AVDlac + 0.1 [− 0.08 
to 0.2]

Current high dose cohort 3 h 5 4.73 (0.48) Oxidative metabolism, ICP, 
MD glucose

Increase oxidative metabolism 
(decrease SOD2), reduced ICP, 
no change MD glucose
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Infusion rates varied from 20 to 120 ml/hour for 3 h. A 
maximum of 120 ml/hr was used for those patients with 
weight exceeding 90  kg. Through a separate peripheral 
venous line, point-of-care testing was performed using 
1 ml blood samples obtained at baseline and then every 
15  min during the infusion. The exogenous sodium 
lactate infusion (ELI) was titrated by increasing or 
decreasing the infusion rate using a structured written 
protocol if blood lactate POC values were outside the 
desired range. Figure 1 summarizes the methods.

Measures of oxidative metabolism
Baseline and end-of-dose serum samples were obtained 
in the five patients in the precision medicine ELI arm. 
Using the phase protein microarray (RPPM) platform, 
measures of brain indicators of mitochondrial oxidative 
metabolism, specifically, superoxide dismutase (SOD 
2) and biomarkers of brain injury (Caspase 9, UCH-L1, 
GFAP) were assayed using 100 uL aliquots. The methods 
have been previously published in detail [27–30]. Within 
subject comparison of baseline to end-of-dose values was 
done.

For exploratory longitudinal statistical analyses, R 
package [31] and bootstrap statistics [32, 33] was used 
to conduct mixed models’ analysis of the change in value 
during the ELI with the fixed effects of infusion time and 
arterial lactate concentrations, or serial measures of ICP.

The review of existing studies demonstrates variabil-
ity of effect of ELI on brain metabolism and intracranial 

pressure. There were three studies demonstrating lac-
tate uptake and metabolism by the brain as a fuel. The 
manner of measuring brain uptake varies from meas-
ures of arterio-venous difference in lactate, to microdi-
alysis measures of glucose sparing (indirectly indicating 
brain uptake and consumption of lactate) to isoptomer 
tracer studies of lactate demonstrating lactate uptake 
and consumption. It is difficult to compare these vari-
ous methods statistically. However, the extent of uptake 
and metabolism by the brain has considerable variation 
within studies and across studies, with ranges of no effect 
in metabolism in some studies in which the lactate con-
centration was around 3 mMol and considerable effect 
on metabolism at concentrations from 4 to 6 mMol. In 
some studies, 20–60% of patients had the desired meta-
bolic response, albeit different parameters to indicate 
response were used across studies. The three studies 
aiming for lactate concentration from 4 to 6 mMol, dem-
onstrated the most consistency in the desired metabolic 
response [18, 20, and the current study]. We selected the 
precision target of 4–6 mMol due to the suggestion that 
this concentration was needed to see a consistent meta-
bolic effect and had previously been shown to be feasible 
and safe in published studies.

At UCLA, we compared the metabolic effects of our 
historical fixed-dose low lactate concentration target 
with a novel precision-high dose lactate infusion. The 
differences in concentration over a 3-h infusion are 
shown in Fig. 2.

Fig. 1  Timeline and key steps in the ELI infusion protocols used for low and high dose infusions
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Improvement in brain oxidative metabolism
As compared with the fixed-dose low concentration 
ELI, the UCLA precision-dose ELI resulted in improve-
ment in brain oxidative metabolism and reduction in 
ICP. There was an 8% increase in mitochondrial oxida-
tive rate, as determined by an increase in mitochondrial 
SOD 2, p < 0.01. Reduction in tissue injury markers 
Caspase 9 (p < 0.01), UCLH-1 (p < 0.02) but not GFAP 
(p = 0.08) occurred with high dose ELI. Cerebral micro-
dialysis measures of metabolism were obtained in a 
subgroup of patients in both arms but no consistent 
changes in microdialysis glucose, or lactate/pyruvate 
ratio were seen (supplemental data).

ICP reduction
Using a linear mixed effects modeling of ICP as a 
function of time (change in post-injury hour relative 
to infusion start), ICP decreased gradually during 
the infusion study at a rate of 1.2  mm Hg/hr (95% CI 
[0.7–1.8]) arms. ICP then returned to baseline after the 
infusion. The mean change in ICP was only statistically 

significant only in the high-dose precision medicine 
ELI arm (p < 0.001) (Supplemental data).

Safety: Safety of both the fixed-low dose and preci-
sion-high-dose infusion was assessed by monitoring 
for changes in blood pressure, ICP, arterial pH, venous 
sodium, cardiac rhythm and rate as well as evidence of 
pulmonary edema. Safety data are provided in the sup-
plemental data. In this study, we demonstrated the acute 
physiological effects of two dosing regimens of ELI, fixed-
low-dose vs. precision-high dose dosing after severe TBI. 
The study provides evidence that titration of high dose 
ELI is feasible and safe, and has positive effects on brain 
metabolism and ICP.

Discussion: does the dose of lactate matter?
For the effect on brain metabolism, the answer appears 
to be yes. Review of the metabolic responses show incon-
sistent metabolic responses when the goal of ELI is low 
lactate concentration. The desired metabolic effect is 
most consistently seen with higher goal lactate concen-
trations, from 4.73 ± 0.48 to 6.1 ± 1.6 mMol range. The 
data are somewhat sparse, but the conservative prelimi-
nary conclusion is that higher dose matters.

For the effect on ICP, our recent data taken together 
with the studies by Ichai [18, 19] and Bernini et al. [23], 
suggest that lactate concentrations from 1.9 ± 0.7 to 
4.73 ± 0.48 mMol are likely to reduce ICP. The effect on 
ICP may be due to osmolarity changes with higher dose 
sodium lactate, or may be indirectly due to greater meta-
bolic changes and resulting effects on ICP.

A significant unknown variable on the effect of ELI is 
the baseline metabolic state of the brain prior to infu-
sion. In those patients with metabolic crisis, as indicated 
by elevated microdialysis lactate/pyruvate ratio appear 
to have a positive metabolic response to exogenous 
lactate infusion [18, 19]. This metabolic effect may be 
dose-dependent but we have too little comparator data 
to know for certain. However, across all studies, a more 
consistent and positive effect on the desired metabolic 
response occurred when serum lactate concentrations 
are higher. In our current cohort, we found that higher 
arterial lactate concentration in the 4–6 mMol range pro-
vided a better metabolic response than at 2 mMol range.

Is higher dose as safe as lower dose? At this time, there 
have been no reports of safety concerns at either low 
of high dose ELI. However, mostly short duration infu-
sions have been reported. Demonstration of safety using 
a higher dose of ELI, repeated dosing of ELI, or longer 
durations of ELI is required.

We recognize several important limitations in our 
knowledge regarding ELI. First, there is limited pub-
lished experience with this proposed treatment, and 
our recent data set is also quite small. Second, the 

Fig. 2  Changes in blood lactate concentration during left) 
fixed-low-dose ELI, with increase up to 3 times baseline, 
into the 2–3 mM range. On the right), precision titrated high dose 
infusion with increase up to 6 times baseline, into the 4–6 mM range. 
Grey shading indicates timing of ELI. CV = coefficient of variation (in 
grey box for emphasis)
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effects of ELI on ICP may be related to osmolar effects 
and not metabolic effects. ICP reduction may be the 
reason for the metabolic change through secondary 
effects. Third, the durability of ELI is not clear, and nei-
ther bolus administration nor three-hour infusion are 
likely sufficient to make a difference in outcome. We 
need to establish an optimal dosing and duration treat-
ment protocol. Our current study begins to address this 
shortcoming. Fourth, we likely don’t understand the 
time window for treatment nor the proper selection 
criteria for treatment. Finally, we need outcomes stud-
ies to assess long term effects of ELI rather than merely 
biomarker studies. The existing literature does suggest 
that the presence of metabolic crisis may represent an 
indication for the use of ELI, but this remains to be 
demonstrated prospectively.

At this point, the use of exogenous lactate infusion 
in TBI appears promising, and the dose of lactate may 
matter. The proposed point-of-care titration protocol in 
this paper provides a practical method to further study 
the effect of dose on outcome.
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