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Abstract

Introduction: Hyperosmolar solutions are prescribed in neurosurgery patients to provide satisfactory intraoperative ®
relaxation and to lower cerebral injuries related to surgical retractors. Mannitol is traditionally considered as the first-choice solution
for brain relaxation in neurosurgery patients. Hypertonic sodium lactate infusion was reported to provide a higher and longer
osmotic effect compared to mannitol in severely brain-injured patients and to prevent impaired cerebral energetics related to brain
injuries. To date, the clinical effectiveness of hypertonic sodium lactate infusion has never been studied in neurosurgery patients.
The hypothesis of the study is that hyperosmolar sodium lactate infusion may provide satisfactory intraoperative brain relaxation
in patients undergoing scheduled craniotomy for supratentorial brain tumor resection.

Methods and analysis: We designed a phase Il randomized, controlled, double-blind, single-center pilot trial, and aim to
include 50 adult patients scheduled for craniotomy for supratentorial brain tumor resection under general anesthesia. Patients
will be randomized to receive either mannitol (conventional group) or hypertonic sodium lactate (intervention group) infusion at the
time of skin incision. Brain relaxation (primary outcome) will be assessed immediately after opening the dura by the neurosurgeon
blinded to the treatment allocated using a validated 4-point scale. The primary outcome is the proportion of satisfactory brain
relaxation, defined as brain relaxation score of 3 or 4.

Ethics and dissemination: This study was approved by the Ethics Committee (Comité de Protection des Personnes Est Ill) and
authorized by the French Health Authority (Agence Nationale de Sécurité des Médicaments, Saint-Denis, France). The University Hospital
of Besancon is the trial sponsor and the holder of all data and publication rights. Results of the study will be submitted for publication
in a peer-review international medical journal and for presentation in abstract (oral or poster) in international peer-reviewed congresses.

Registration: The trial is registered with ClinicalTrials.gov (Identifier: NCT04488874, principal investigator: Prof Guillaume
Besch, date of registration: July 28, 2020).

Abbreviations: ASA = American Society of Anesthesiologists, BIS = bispectral index, ICP = intracranial pressure, MRI =
magnetic resonance imaging, NSE = neuron-specific enolase.
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Key Points

e This is the first study to investigate the clinical effec-
tiveness of molar sodium lactate infusion for intra-
operative brain relaxation in patients scheduled for
craniotomy.

e Brain relaxation is assessed using a validated 4-point
scale by the neurosurgeon in charge of the patient
blinded to the treatment allocated.

* Single-center double-blind randomized phase II pilot
trial.

e The study is not designed to compare the 2 groups
with adequate statistical power but will provide
high-quality data to design further studies.

1. Introduction

The management of cerebral edema and intracranial pressure
(ICP) is a critical component of intraoperative care of patients
undergoing brain surgery.["?! Tumor size and peritumoral brain
edema increase ICP and satisfactory brain relaxation is crucial
to improve surgical conditions in patients undergoing craniot-
omy for supratentorial brain tumor resection.!!! Surgical retrac-
tors used to access the surgical site locally increase the pressure
exerted on the underlying parenchyma and can contribute to
retraction ischemia reperfusion injuries and vasogenic edema in
healthy brain areas.#

Hyperosmolar solutions are widely prescribed in neurosur-
gery patients to decrease ICP and to improve brain relaxation
prior to surgical incision.!! The hyperosmolarity combined to
impermeability of the blood-brain barrier to osmotically active
substances favor the move of water from the brain to the intra-
vascular compartment.!' Mannitol is traditionally considered
the standard and the first-choice solution for brain relaxation
in neurosurgery patients.!!! The mannitol effect is mainly related
to an osmotic mechanism leading to brain dehydration and
brain relaxation. Moreover, mannitol could increase cerebro-
spinal fluid absorption and cerebral perfusion pressure leading
to vasoconstriction and decreased cerebral blood volume.57!
The dose of 1.0g/kg of 20% mannitol infused at the time of
skin incision appeared to have the best benefits risks ratio
in patients undergoing craniotomy for supratentorial brain
tumor.! However, it provides satisfactory brain relaxation
in only 65% of patients and side effects such as dehydration,
hypotension, renal failure, and rebound effect after transitory
action was reported./3-1%

Molar sodium lactate was proposed as an alternative to
20% mannitol in severe brain-injured patients.['"!?l Two
randomized trials reported that hypertonic sodium lactate
infusion might be more efficient than 20% mannitol to pre-
vent and treat ICP episodes after traumatic brain injury.l!*2!
The reduction in ICP provided by hypertonic sodium lactate
could stay longer since lactate catabolism triggers a shift
of chloride anion from the intracellular to the extracellular
compartment to maintain plasma electroneutrality.l'3 The
shift of chloride anion could lead to a reduction in brain
volume resulting from the movement of water from the
brain to the intravascular comportment that persists several
hours after the end of lactate sodium infusion without any
rebound effect.l' Moreover, sodium lactate infusion might
contribute to increase intracerebral concentration of lactate
that could prevent the impaired cerebral energetics related to
brain ischemia reperfusion injuries.[">"') To date, the clinical
effectiveness and safety of hypertonic sodium lactate infusion
for brain relaxation in patients undergoing scheduled crani-
otomy for supratentorial brain tumor resection have never
been investigated.
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2. Objectives

The study was designed to describe the clinical effectiveness
of hypertonic sodium lactate infusion on intraoperative brain
relaxation in patients undergoing scheduled craniotomy for
supratentorial brain tumor resection.

3. Methods and Analysis

This study is written in accordance with the SPIRIT guidelines
for the reporting of interventional trial protocols.2"!

3.1. Trial design

This study is a phase Il prospective randomized, controlled,
double-blind, single center pilot trial.

3.2. Eligibility

Adult patients scheduled for craniotomy for supratentorial
brain tumor resection under general anesthesia in the Ne
University Hospital of Besancon, France (Centre Hospitalier
Universitaire (CHU) de Besancon) are eligible for inclusion.
Inclusion and exclusion criteria for the present study are listed
below.

3.3. Inclusion criteria

* Signed informed consent.

* American Society of Anesthesiologists’ (ASA) physical sta-
tus I to IIL.

* Scheduled craniotomy for supratentorial brain tumor
resection under general anesthesia requiring brain
relaxation.

¢ Unilateral brain tumor.

* Ability to speak, write, and understand French language.

* Patient affiliated to French Social Security or equivalent.

3.4. Exclusion criteria

* ASA physical status IV or higher.

* Emergent surgery.

» Age under 18 years or over 75 years.

* Preoperative Glasgow Coma Scale < 13.

* Body mass index < 18 kg/m? or > 30 kg/m?.

* Body weight > 100 kg.

* Hyponatremia < 130 mmol/L or
mmol/L.

* Hypokalemia < 3.5 mmol/L.

* Preoperative osmotherapy (mannitol, hypertonic saline, or
hypertonic sodium lactate) within 24 h prior surgery.

+ Congestive heart failure.

* Estimated glomerular filtration rate
mula) < 60 ml/min/1.73 m?.

* Moderate to severe liver dysfunction with a Child
Pugh > B7.

* Myasthenia.

* Extra ventricular drainage or ventriculoperitoneal shunt.

+ Diagnosed dementia.

* Contraindication to propofol, remifentanil, atracurium, or
cisatracurium administration.

+ Allergy to mannitol or any of its excipients.

* Allergy to hypertonic sodium lactate or any of its excipients.

* Legal incapacity or limited legal capacity.

* Subjects without health insurance.

* Pregnant of breast-feeding women.

* Subjects within the exclusion period of another study.

hypernatremia > 145

(MDRD for-
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3.5. Study outline

Eligible patients are screened and informed during the anes-
thesia consultation. Written informed consent is obtained the
day before surgery by investigators after oral explanation of
the study. After written informed consent is obtained, patients
are randomized using a computer-generated randomization list
implemented on the CleanWeb web-based system (Telemedicine
Technologies, France).

After randomization, a first cognitive assessment using a
battery of validated neuropsychological tests (see below) is
performed by an investigator who was specifically trained by a
neuropsychologist (GC) prior to the start of the study. Patient
characteristics, past medical history including ASA physical
status, type of brain tumor, preoperative management of brain
tumor (corticosteroid therapy, antiepileptic therapy, chemother-
apy, and/or radiotherapy), preoperative Karnosky performance
status, and preoperative neurological status including Glasgow
Coma Scale are collected. Midline shift, brain tumor size, and
localization, and the size of peritumoral edema are extracted
from the preoperative brain imaging [either brain magnetic reso-
nance imaging (MRI) or computed tomography scan]. Included
patients undergo a first cognitive assessment using a battery of
validated neuropsychological tests (see below).

On arrival in the operating room, standard monitoring
(General Electric Healthcare) is put in place. A peripheral
venous catheter dedicated to anesthetic drug infusion is inserted
in a forearm vein. All patients receive intravenous anesthesia
based on manually driven target-controlled infusion of propofol
and remifentanil aiming to maintain bispectral index (BIS) val-
ues between 40 and 60. All patients are paralyzed using nonde-
polarizing neuromuscular blocking agent (either cisatracurium
or atracurium).

After induction of anesthesia, patients are intubated, and tidal
volume and respiratory rate are set to maintain the end-tidal
carbon dioxide between 35 and 40mm Hg. Inspired oxygen
fraction is adjusted to obtain a pulse oximetry > 95%. A second
peripheral venous catheter, a urinary catheter, and an indwelling
arterial catheter introduced in a radial artery are implemented.

The treatment allocated by randomization for brain relax-
ation, that is, mannitol (conventional group) or hypertonic
sodium lactate (intervention group) infusion, is started at the
time of skin incision and is administered over 15 to 20 minutes
(see below). The degree of brain relaxation (primary outcome)
is assessed by the neurosurgeon immediately after opening the
dura. If a greater degree of brain relaxation is required, a res-
cue therapy is administered according to the following stepwise
strategy: (1) administration of additional mannitol 0.25 g/kg;
(2) deepening anesthesia to achieve a BIS value between 20 and
40; and (3) administration of an intravenous bolus of sodium
thiopental 5 mg/kg.

Blood samples are collected immediately before skin incision
(baseline, T ), and at 30 minutes, 60 minutes, 180 minutes, 24
hours, and 48 hours after the end of osmotherapy (either man-
nitol or hypertonic sodium lactate) to measure blood pH, natre-
mia, kaliemia, lactatemia, and serum osmolality. Serum levels
of S100B protein and neuron-specific enolase (NSE) are mea-
sured at baseline, and at 24 hours and 48 hours after the end of
osmotherapy.

The following surgical and anesthetic details are recorded:
type and duration of surgery; intraoperative blood loss and
urine output, blood transfusion and total volume of fluids
infused; type and total dose of drugs administered; and all blood
pressure, heart rate, pulse oximetry, and end-tidal carbon diox-
ide values from induction of anesthesia to discharge from the
operating room.

At the end of surgery, patients are admitted to the postoper-
ative surgical intensive care unit during at least the first post-
operative 24 hours. Postoperative neurological status (Glasgow
Coma Scale, new transient, or permanent neurological deficits),
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urine output, blood transfusion, and total volume of fluids
infused are assessed on days 1 and 2 after surgery. Brain MRI is
performed within the first 2 days after surgery to quantify post-
operative brain edema and ischemic changes, and postoperative
midline shift.

Karnosky performance status, postoperative morbidity (car-
diac arrythmia within 2 days after surgery, length of stay in the
intensive care unit and in the hospital, surgical wound infec-
tion, pneumonia, readmission in the intensive care unit or in the
hospital, surgical revision for postoperative intracerebral hema-
toma and/or life-threatening intracranial hypertension, coma,
seizure, stroke, any permanent neurological deficit, any drug-re-
lated adverse event), and postoperative mortality are assessed
on day 30 after surgery.

3.6. Randomization, allocation concealment, and blinding

Randomization is performed the day before surgery using
the CleanWeb web-based system (Telemedicine Technologies,
France). A computer-generated permuted-block randomization
list with varying block sizes (ratio 1:1) was implemented on the
website at the beginning of the study by an independent data
manager. The block size is unknown to the investigators. When
written informed consent was obtained, the investigator entered
data online regarding each patient to enable inclusion and ran-
domization. The treatment randomly allocated to the patient is
immediately provided to the investigator by the website.

Patients and outcome assessors (neurosurgeons) are blinded
to the treatment allocated.

3.7. Study procedure and interventions

In the interventional group, patients receive hypertonic sodium
lactate infusion for brain relaxation. The intravenous infu-
sion of hypertonic sodium lactate (Na* 1000 mmol/L, lactate
1000 mmol/L, prepared by the Etablissement Pharmaceutique
Hopitaux de Paris, Assistance Publique Hopitaux de Paris,
Paris) is started at the time of skin incision and is administered
over 15 to 20 minutes at 2.5 mL/kg (maximal dose of 250 mL;
patients whose weight is > 100 kg are excluded).

In the conventional group, patients receive an equimolar
dose of 20% mannitol infusion for brain relaxation. The intra-
venous infusion of 20% mannitol is started at the time of skin
incision and is administered over 15 to 20 minutes at SmL/
kg (1g/kg) (maximal dose of 500mL; patients whose weight
is > 100 kg are excluded). Seo et al reported that 1g/kg was the
optimal dose of mannitol for intraoperative brain relaxation in
patients undergoing craniotomy for supratentorial brain tumor
resection.!®!

If a greater degree of brain relaxation is required during
surgery, a rescue therapy is administered according to the fol-
lowing stepwise strategy: (1) administration of additional man-
nitol 0.25 g/kg; (2) deepening anesthesia to achieve a BIS value
between 20 and 40; and (3) administration of an intravenous
bolus of sodium thiopental 5 mg/kg.

3.8. Outcome measures

The primary outcome is the proportion of satisfactory brain
relaxation, defined as brain relaxation score of 3 or 4. Brain
relaxation is assessed immediately after opening the dura
by the neurosurgeon in charge of the patient blinded to the
treatment allocated. The assessment of brain relaxation is per-
formed using a validated 4-point scale,?'" with: 1 = bulging
brain; 2 = firm brain; 3 = satisfactorily relaxed; and 4 = per-
fectly relaxed).

Secondary outcomes are proportion of patients requiring a
rescue therapy to improve the degree of brain relaxation during
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surgery; blood pH, serum osmolality, natremia, kaliemia, and
lactatemia at baseline (before skin incision), and at 30 minutes,
60 minutes, 180 minutes, 24 hours, and 48 hours after the end
of osmotherapy (either mannitol or hypertonic sodium lactate);
serum levels of S100B and NSE proteins at baseline and at 24
hours and 48 hours after the end of osmotherapy; postoperative
recovery assessed by the Glasgow Coma Scale on day 1 and on
day 2 after surgery and by the Karnofsky performance status on
day 30 after surgery; cognitive performance at baseline (the day
before surgery) and on day 2 after surgery; volume of postop-
erative brain edema assessed on brain MRI performed on day
2 after surgery; and postoperative morbidity and mortality on
day 30 after surgery.

Cognitive performance is assessed the day before surgery and
on day 2 after surgery using a battery of validated neuropsy-
chological tests during a 20-min face-to-face interview with an
investigator who was specifically trained by a neuropsycholo-
gist (GC) prior the start of the study. Seven neuropsychological
tests are performed to explore 5 different cognitive domains:
(a) attention, using the Trail Making Test, part A; (b) executive
function, using the Trail Making Test, part B and the seman-
tic-phonemic switching verbal fluency test; (c) verbal fluency,
using the Isaacs Set Test and the semantic-phonemic clustering
verbal fluency test; (d) learning and episodic verbal memory,
using the Memory Impairment Screen test; and (e) verbal short
term and working memory, using the forward and reverse digit
span memory test.

Postoperative morbidity includes cardiac arrythmia that
occurs within 2 days after surgery, any complication requir-
ing surgical revision, unexpected cerebral edema, intracranial
hypertension, intracerebral hematoma, stroke, seizure, coma,
readmission in the intensive care unit or in the hospital, surgical
wound infection, or pneumonia.

3.9. Laboratory measurements

Blood pH, natremia, kaliemia, lactatemia, and serum osmolality
are measured at baseline (before skin incision), and at 30 min-
utes, 60 minutes, 180 minutes, 24 hours, and 48 hours after the
end of osmotherapy (either mannitol or hypertonic sodium lac-
tate) to describe the effect of hypertonic sodium lactate infusion
on acid-base balance, electrolytes, and osmolality.

Serum levels of S100B and NSE proteins are measured at
baseline (the day before surgery) and at 24 hours and 48 hours
after the end of osmotherapy to assess postoperative brain isch-
emic changes.

3.10. Safety

All serious adverse events are collected and reviewed by the
principal investigator and reported to the trial sponsor (CHU
Besancon, Besancon, France), to the Pharmacovigilance
Department of our institution and to the independent Data
Safety and Monitoring Board (DSMB). Study insurance has
been contracted for all participants by the trial sponsor (CHU
Besancon, Besancon, France).

Since off-labeled use of hypertonic sodium lactate is pre-
scribed in patients included in the interventional group. All
serious adverse events will be reviewed and analyzed by the
independent DSMB after the inclusion of the first 25 patients
to decide whether the study should be stopped prematurely for
safety reasons.

3.11. Sample size calculation

No previous study has assessed the clinical effectiveness of
hypertonic sodium lactate infusion for intraoperative brain
relaxation in patients undergoing scheduled craniotomy for
supratentorial brain tumor resection. Thus, no assumption can
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be made on the expected difference in primary outcome between
groups. The sample size calculation was based on the expected
measurement accuracy of the primary outcome in the interven-
tional group.

Seo et al reported a satisfactory brain relaxation (primary
outcome) in 65% of patients who received the same dose of
20% mannitol as in the conventional group.'®! We hypothesized
that the primary outcome will be at least 55% in the interven-
tional group to consider that hypertonic lactate sodium infusion
provides a clinically relevant brain relaxation for supratentorial
brain tumor resection.

A sample size of 25 patients was calculated to achieve a mea-
surement accuracy of the primary outcome of 20% in the inter-
ventional group. In this phase II pilot study, 2 groups of patients
are included to check whether the expected rate of the primary
outcome is the same in the conventional group as in the study
from Seo et al’® and to provide reliable data for further stud-
ies. Thus, the inclusion of a total sample size of 50 patients (25
patients per group) is planned.

3.12. Statistical analysis

The primary outcome will be described in the interventional
group using mean and the 95% confidence interval of the mean.
The normality of the distribution of continuous variable will
be tested using the Shapiro—Wilk test. The interventional and
conventional groups will be compared based on an intention-to-
treat analysis. Intergroup comparisons will be conducted using
the Mann-Whitney U or Student ¢ tests for quantitative vari-
ables, depending on the distribution of data, and using Fisher’s
exact test or the Chi-square test for qualitative variables. The
significance level is fixed at 0.05. No interim analysis is planned.

3.13. Monitoring

The Department of Research and Clinical Investigation of our
institution will monitor all written informed consent, inclusion
and exclusion criteria, and check all serious adverse events.

4. Ethics and dissemination

4.1. Ethics approval and registration

This study was approved by the French Ethics Committee
(Comité de Protection des Personnes Est III, Hopital de Brabois,
CHU de Nancy, Chairperson Dr Patrick Peton, no. 18.11.19
on December 4, 2018) and authorized by the French Health
Authority (Agence Nationale de Sécurité du Médicament, no.
MEDAECPP-2018-10-00003 on December 11,2018). The study
is registered on ClinicalTrials.gov (Identifier: NCT04488874,
principal investigator: Prof Guillaume Besch, date of registra-
tion: July 28, 2020). This study is conducted in accordance with
GCP-ICH-6? in a single university affiliated hospital (CHU
de Besancon, Besancon, France). Eligible patients are screened
and informed during the anesthesia consultation at least 2 days
before surgery. Written informed consent is obtained by investi-
gators prior to inclusion the day before surgery.

4.2. Planning and dissemination

Inclusions started on September 29, 2020. The initial planned
duration of the trail was 24 months, but the recruitment was
deeply impacted by the SARS-CoV2 pandemia. Protocol amend-
ments for study prolongation have been approved by the French
Ethics Committee and communicated to all investigators and
trial registries. The university hospital of Besancon (CHU
Besancon, Besancon, France) is the trial sponsor and the holder
of all data and publication rights. The results of the study will be
submitted for publication in a peer-review international medical
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journal and presented in abstract form in national and interna-
tional conferences.

Author contributions

Guillaume Besch: conception and study design; writing the

manuscript; future analysis and interpretation of study data.

Anne-Laure Parmentier: conception and study design; critically
reviewing the manuscript; future analysis of study data.

Francis Berthier: critically reviewing the manuscript; future
analysis and interpretation of study data.

Helene Jaeg: critically reviewing the manuscript: future acquisi-
tion and interpretation of study data.

Julien Villeneuve: critically reviewing the manuscript: future
acquisition and interpretation of study data.

Fethi Hammoudi: critically reviewing the manuscript: future
acquisition and interpretation of study data.

Nans Scaringella: critically reviewing the manuscript: future
acquisition and interpretation of study data.

Anne-Laure Clairet: critically reviewing the manuscript: future
interpretation of data.

Lucie Vettoretti: critically reviewing the manuscript: future
acquisition and interpretation of study data.

Gilles Chopard: conception and study design; critically review-
ing the manuscript: future analysis and interpretation of
study data.

Laurent Thines: critically reviewing the manuscript: future anal-
ysis and interpretation of study data.

David Ferreira: critically reviewing the manuscript: future anal-
ysis and interpretation of study data.

Emmanuel Samain: critically reviewing the manuscript: future
analysis and interpretation of study data.

Sebastien Pili-Floury: conception and study design; critically
reviewing the manuscript: future analysis and interpretation
of study data.

All authors approved the final version of the manuscript to be
published and are accountable for all aspects of the work.
Conceptualization: Guillaume Besch, Anne-Laure Parmentier,

Gilles Chopard, and Sebastien Pili-Floury.

Data curation: Guillaume Besch, Sebastien Pili-Floury, and
Emmanuel Samain.

Formal analysis: Guillaume Besch, Anne-Laure Parmentier,
Francis Berthier, Helene Jaeg, Julien Villeneuve, Fethi
Hammoudi, Nans Scaringella, Anne-Laure Clairet, Lucie
Vettoretti, Gilles Chopard, Laurent Thines, David Ferreira,
Emmanuel Samain, and Sebastien Pili-Floury.

Funding acquisition: Guillaume Besch and Sebastien Pili-Floury.

Investigation: Guillaume Besch, Francis Berthier, Helene Jaeg,
Julien Villeneuve, Fethi Hammoudi, Nans Scaringella, Lucie
Vettoretti, and Laurent Thines.

Methodology: Guillaume Besch, Anne-Laure Parmentier, Gilles
Chopard, and Sebastien Pili-Floury.

Project administration: Guillaume Besch, Francis Berthier, Lucie
Vettoretti, Laurent Thines, Emmanuel Samain, and Sebastien
Pili-Floury.

Resources: Guillaume Besch, Sebastien Pili-Floury, and Lucie
Vettoretti.

Supervision: Guillaume Besch, Francis Berthier, Laurent Thines,
Emmanuel Samain, and Sebastien Pili-Floury.

Validation: Guillaume Besch, Anne-Laure Parmentier, Francis
Berthier, Gilles Chopard, Laurent Thines, David Ferreira, and
Emmanuel Samain Sebastien Pili-Floury.

Visualization: Guillaume Besch, Lucie Vettoretti, Francis
Berthier, Helene Jaeg, Julien Villeneuve, Fethi Hammoudi,
Nans Scaringella, Laurent Thines, David Ferreira, Emmanuel
Samain, and Sebastien Pili-Floury.

www.md-journal.com

Writing — original draft: Guillaume Besch.

Writing — review and editing: Guillaume Besch, Anne-Laure
Parmentier, Francis Berthier, Helene Jaeg, Julien Villeneuve,
Fethi Hammoudi, Nans Scaringella, Anne-Laure Clairet,
Lucie Vettoretti, Gilles Chopard, Laurent Thines, David
Ferreira, Emmanuel Samain, and Sebastien Pili-Floury.

References

[1] Li J, Gelb AW, Flexman AM, et al. Definition, evaluation, and man-
agement of brain relaxation during craniotomy. Br ] Anaesth.
2016;116:759-69.

[2] Gruenbaum SE, Meng L, Bilotta F. Recent trends in the anesthetic man-
agement of craniotomy for supratentorial tumor resection. Curr Opin
Anaesthesiol. 2016;29:552-7.

[3] Rosenern J. Self-retaining brain retractor pressure during intracranial
procedures. Acta Neurochir (Wien). 1987;85:17-22.

[4] Zhong ], Dujovny M, Perlin AR, et al. Brain retraction injury. Neurol
Res. 2003;25:831-8.

[5] Francony G, Fauvage B, Falcon D, et al. Equimolar doses of mannitol
and hypertonic saline in the treatment of increased intracranial pres-
sure. Crit Care Med. 2008;36:795-800.

[6] Mendelow AD, Teasdale GM, Russell T, et al. Effect of mannitol on
cerebral blood flow and cerebral perfusion pressure in human head
injury. ] Neurosurg. 1985;63:43-8.

[7] Paczynski R. Osmotherapy. Basic concepts and controversies. Crit Care
Clin. 1997;13:105-29.

[8] Seo H, Kim E, Jung H, et al. A prospective randomized trial of the
optimal dose of mannitol for intraoperative brain relaxation in patients
undergoing craniotomy for supratentorial brain tumor resection. ]
Neurosurg. 2017;126:1839-46.

[9] Marik PE, Varon J, Trask T. Management of head trauma. Chest.
2002;122:699-711.

[10] McManus ML, Soriano SG. Rebound swelling of astroglial cells

exposed to hypertonic mannitol. Anesthesiology. 1998;88:1586-91.

Ichai C, Armando G, Orban JC, et al. Sodium lactate versus mannitol in

the treatment of intracranial hypertensive episodes in severe traumatic

brain-injured patients. Intensive Care Med. 2009;35:471-9.

Ichai C, Payen JE Orban JC, et al. Half-molar sodium lactate infusion

to prevent intracranial hypertensive episodes in severe traumatic brain

injured patients: a randomized controlled trial. Intensive Care Med.
2013;39:1413-22.

Kahle KT, Staley KJ, Nahed BV, et al. Roles of the cation-chlo-

ride cotransporters in neurological disease. Nat Clin Pract Neurol.

2008;4:490-503.

[14] Chen H, Sun D. The role of Na-K-ClI co-transporter in cerebral isch-

emia. Neurol Res. 2005;27:280-6.

Bouzat P, Magistretti PJ, Oddo M. Hypertonic lactate and the injured

brain: facts and the potential for positive clinical implications. Intensive

Care Med. 2014;40:920-1.

Bouzat P, Sala N, Suys T, et al. Cerebral metabolic effects of exogenous

lactate supplementation on the injured human brain. Intensive Care

Med. 2014;40:412-21.

Quintard H, Patet C, Zerlauth JB, et al. Improvement of neuroenergetics

by hypertonic lactate therapy in patients with traumatic brain injury is

dependent on baseline cerebral lactate/pyruvate ratio. ] Neurotrauma.
2016;33:681-7.

Berthet C, Lei H, Thevenet J, et al. Neuroprotective role of lactate after

cerebral ischemia. ] Cereb Blood Flow Metab. 2009;29:1780-9.

Berthet C, Castillo X, Magistretti PJ, et al. New evidence of neuro-

protection by lactate after transient focal cerebral ischaemia: extended

benefit after intracerebroventricular injection and efficacy of intrave-
nous administration. Cerebrovasc Dis. 2012;34:329-35.

[20] Chan AW, Tetzlaff JM, Altman DG, et al. SPIRIT 2013 statement:
defining standard protocol items for clinical trials. Ann Intern Med.
2013;158:200-7.

[21] Todd MM, Warner DS, Sokoll MD, et al. A prospective, compara-
tive trial of three anesthetics for elective supratentorial craniotomy.
Propofol/fentanyl, isoflurane/nitrous oxide, and fentanyl/nitrous oxide.
Anesthesiology. 1993;78:1005-20.

[22] Toulouse E, Masseguin C, Lafont B, et al. French legal approach to
clinical research. Anaesth Crit Care Pain Med. 2018;37:607-14.

(11

[12

[13

[15

[16

[17

[18

=
X2



