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Abstract

Background Intracerebral microdialysis is an advanced method to guide clinicians during intensive care of patients with
severe acute brain injury. Using intracerebral microdialysis, markers of brain metabolism and homeostasis can be analysed.
Currently, trends are considered more important in clinical decision-making than absolute values. Establishing absolute
reference values in healthy brain tissue may facilitate an earlier detection of abnormal brain tissue metabolism and provide
better decision support for clinicians. However, the current evidence on normal values in the uninjured human brain has not
previously been summarized. The aim of this study was to summarise the literature regarding microdialysate concentrations
of common markers of brain energy metabolism (glucose, lactate, pyruvate, glutamate, and glycerol) in vivo in healthy brain
tissue of humans and gyrencephalic animals.

Method MEDLINE, Embase, CENTRAL, CINAHL, and Web of Science were searched for published studies that report
values of microdialysis in healthy brain tissue. In order to identify unpublished studies, we searched ClinicalTrials.gov, WHO
International Clinical Trials Registry Platform (ICTRP), and EU Clinical Trials Register. Study quality was evaluated using
a pre-specified protocol.

Result Out of 3257 studies identified, 39 studies were included. Six of these studies were in humans (total n=>54), 26 in
pigs/swine (n=432), two on monkeys (n=10), one in sheep (n=15), and one in dogs (n=10). We found a high degree of
clinical and methodological heterogeneity in both human and gyrencephalic animal studies.

Conclusion This scoping review identified studies that applied microdialysis to measure common biomarkers in healthy brain
tissue. The clinical and methodological heterogeneity between the measured values was substantial, limiting any conclusions.
Furthermore, the quality of several human studies was moderate at best. Methodologically comparable studies are warranted
to establish reference values for markers of brain energy metabolism using intracerebral microdialysate.
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Abbreviations Background

ABI  Acute brain injury

LPR Lactate-pyruvate ratio Severe acute brain injury (ABI) encompasses conditions that
ZFM  Zero flow method cause sudden, severe damage to the brain, such as physical

trauma, spontaneous intracranial haemorrhage, and hypoxic
or ischaemic injury. The patient population is relatively
young, likely to be hospitalized in an intensive care unit
[30, 33], and at high risk of dying or surviving with severe
functional deficit [38, 41]. Although severe ABI is a rela-
tively rare condition, the burden and social economic losses
Copenhagen Neuroanaesthesiology and Neurointensive are enormous for the individual, the family, and the society
Care Research Group (CONICA), Department [19, 23]. The treatment of this patient population is expen-
of Neuroanaesthesiology, The Neuroscience Centre, K K . i K i
Copenhagen University Hospital — Rigshospitalet, sive and complicated, and improving the care for this patient
Copenhagen, Denmark population should therefore be a priority.

Department of Clinical Medicine, Faculty of Health Both primary and secondary brain injuries are important
Sciences, University of Copenhagen, Copenhagen, Denmark determinants of outcome. Secondary brain injury comprises
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activation of processes that occur after the initial event, and
which are generally assumed to be preventable to some
degree [33]. Monitoring brain energy metabolism and home-
ostasis may increase the chance both of detecting secondary
brain injury at an early stage, before it manifests clinically,
and of preventing and monitoring its progress. To this end,
intracerebral microdialysis is today the only bedside tool
that can monitor brain energy metabolism and homeostasis.
This is done by a catheter that is placed in the brain tissue
and perfused with microdialysate typically at a flow at 0.3
uL min~! to 5 uL min~!. The catheter has a double lumen,
whose outer layer contains a semipermeable membrane with
pores of a well-defined size (typically 20 or 100 kDa) [17].
This membrane acts like a capillary and allows partial equi-
libration of molecules between the extracellular fluid in the
brain tissue and the microdialysate. The perfusion rate and
the pore size of the membrane are both crucial for the rela-
tive recovery, i.e., the efficiency with which the biomarkers
are extracted to the microdialysate from the extracellular
fluid [40]. The microdialysate is subsequently collected in
microvials and analysed for different biomarkers, enabling
adjustment of treatment.

Currently, trends in common biomarkers such as glu-
cose, lactate, pyruvate, lactate-pyruvate ratio, glutamate,
and glycerol are considered more important than absolute
values for such clinical decision-making [4, 56]. However,
establishing normal absolute values for these biomarkers
may potentially further improve the value of this tool in the
clinical setting.

The aim of this scoping review was to systematically
assess the literature reporting normal values of glucose, lac-
tate, pyruvate, LPR, glutamate, and glycerol in intracerebral
microdialysis in healthy brain tissue.

Method

The protocol was registered at the Open Science Frame-
work (OSF), https://doi.org/https://doi.org/10.17605/OSF.
IO/M9PRT. We followed guidelines from Peters et al. [42]
and The Joanna Briggs Institute Manuale [43] and divided
our scoping review into five stages: 1) Identifying the
research question, 2) Identifying relevant studies, 3) Study

Table 1 Eligibility criteria

selection, 4) Charting data, and 5) Analysing and present-
ing data.

Eligibility criteria

The eligibility criteria were defined using people/concept/
context framework (PCC) recommended by JBI review
manual [43], see Table 1. We expected to find sparse
human data; therefore, our population included both
humans and gyrencephalic animals.

For humans, because ethical considerations preclude
intracerebral microdialysis in healthy volunteers, we chose
to expand the search to include studies in patients with
focal brain injury. “Focal brain injury” was defined as
localised changes in brain tissue in one hemisphere, which
could be assumed not to affect oxidative metabolism in
the contralateral hemisphere. Presumably unaffected brain
tissue from such patients was referred to as healthy brain
tissue, and the study was included if at least one microdi-
alysis catheter was placed in this tissue.

Search strategy

We searched the following five databases: MEDLINE;
Embase, CENTRAL, CINAHL and Web of Science, using
a search string developed with help of a librarian from the
Danish Medicine Library, and modified to each database
and further searched the reference lists of the included
studies. We also searched for unpublished studies at Clini-
calTrials.gov, WHO International Clinical Trials Registry
Platform (ICTRP), and EU Clinical Trials Registry, and
the reference lists of included trials. The search string is
presented in Online Resource 1.

Screening method

All identified studies were uploaded to Covidence [8] and
duplicates removed. Three independent authors (ILG,
HRJ, MLF - two per study) screened for title, abstract and
full text, and any discrepancy was solved by consulting a
third senior author (MKS).

People/participants  Healthy humans

Humans with a focal brain injury

Gyrencephalic animals
Concept Microdialysis measurements of glucose, lactate, pyruvate, LPR, glutamate, and glycerol in presumably healthy brain tissue
Context All studies, that in relation to clinical trials or as routine clinical care, investigating values defined above. Also, animal tri-

als that have taken baseline values before any intervention will be included. Only steady-state measurements are included
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Data charting, critical appraisal, and reporting
of data

Data from the included studies were charted using a pre-
tested data charting form. For human studies, we col-
lected demographic data such as age, sex and diagnosis.
For gyrencephalic animals, we collected data on the ani-
mal species, race, age, sex and weight. For both human
studies and animal studies, we collected data on anaesthe-
sia, microdialysis catheter type and anatomical location,
equilibration time, membrane permeability, perfusion rate,
type and timing of biomarker analysis, and measured con-
centrations of biomarkers (for details see Online Resource
2). For the latter, only values that could be assumed to be
measured at steady state were recorded. Any discrepancy
was solved with the senior author (MKS). Measurements
presented in figures, and where the authors did not reply
to our attempts to obtain quantitative data, were extracted
by using PlotDigitizer [44], as recommended by Cochrane
[29]. Furthermore, we critically appraised the quality of all
human studies in five domains: study population, selection
and methods, outcome, analyses, and summary accord-
ing to the Quality Appraisal Checklist—Quantitative
Studies Reporting Correlations and Associations by the
National Institute for Health Care Excellence (NICE) [34],
as reported by Suba et al. [51] and further modified for
this specific purpose (see Online Resource 3 for details).
Finally, our results are reported according to PRISMA
reporting guidelines for scoping reviews [58].

Results

We identified 3253 studies through database searches end-
ing August 13, 2024. Following removal of 178 duplicates,
two independent authors conducted title and abstract screen-
ing of a total of 3075 articles. Of these, 3027 articles were
excluded. The main reasons for excluding articles were that
the tissue in which the microdialysis catheter was placed
did not meet our definition of healthy brain tissue, and that
studies reported data from animals with non-gyrencephalic
brains. Thus, 48 studies were selected for full-text screen-
ing, and three additional studies were identified through ref-
erence screening. After full-text screening, twelve studies
were excluded. The main reason for exclusion at this stage
was that the authors of the articles did not present data that
were relevant for the present study in the publication, and
did not provide these data after up to two attempts at contact
(Fig. 1). Accordingly, a total of 39 studies were included in
this review for data charting. Of this, six studies were on
humans, 29 studies on pigs/swine, two studies on monkeys,
one study on sheep, and one study on dogs.

Human studies

All six human studies were observational studies [1, 7, 24,
28, 47, 49]. One was conducted in patients diagnosed with
non-lesional temporal lobe epilepsy [7], one in patients
treated with temporal lobe resection for intractable epi-
lepsy[24], one in patients with partial seizure during their
assessment before neurosurgical treatment [1], one in
patients treated for suspected malignant meningioma
[28], one study included patients with acoustic neuroma,
meningioma, or ependymoma [47], and the last study was
conducted in patients with a posterior fossa or supratento-
rial lesion [49]. Three studies measured concentrations of
biomarkers when the patients were awake [1, 7, 28] two
studies measured biomarkers under anaesthesia and when
patients were awake [47, 49], and one study measured the
biomarker levels in some patients who were awake and in
some patients during anaesthesia [24] (Online Resource 4).
All studies used different combinations of equipment, see
Table 2 for more details.

Four studies measured microdialysate concentrations of
glucose [1, 28, 47, 49], three of lactate [1, 47, 49], two of
pyruvate [47, 49], three of LPR [28, 47, 49], three of glyc-
erol [28, 47, 49], and four of glutamate [7, 24, 28, 47]. One
study measured all these biomarkers [47] (Table 3).

Individual human studies

Kanthan et al. [24] (1995) measured glutamate as well as
other specific amino acids in five patients who underwent
temporal lobe resection for severe epilepsy. Microdialysis
was done in the temporal lobe during either neuroleptanalge-
sia or general anaesthesia before and after resection perfus-
ing Ringer’s solution at 2 uL min~'. Values measured before
resection were considered to represent baseline.

Reinstrup et al. [47] (2000) measured values of glucose,
lactate, pyruvate, LPR, glutamate, and glycerol in nine
patients before, during and after surgery for acoustic neu-
roma (n=2), meningioma (n =6), and ependymoma (n=1)
in the posterior fossa. The microdialysate catheter was
placed in healthy brain tissue in the frontal cerebral cortex
and were perfused with Ringer solution at 1 uL min~' two
hours before surgery and immediately after anaesthesia, and
at 0.3 uL min~! six hours before or after anaesthesia. All
reported values were considered to represent steady-state
in healthy brain tissue. Glutamate levels were measured
in four patients and were comparable at 1 pL min~' in the
anaesthetized state and at 0.3 puL min~! in the awake state,
but were somewhat lower at 1 uL min~! in the awake state.
Despite the lower perfusion rates, glutamate levels were
slightly lower in this study than in the study by Kanthan
et al. Glucose, lactate, pyruvate, and glycerol levels were
higher at 0.3 uL min~' in the awake state than at 1 pLL min~"
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Fig. 1 Flowchart of the screen- ( N
ing and selection process = Studies identified through database
s (MEDLINE, Embase, CENTRAL,
= CINAHL, and Web of Science) and
= ongoing clinical trials
= N=3253
[
— Duplicates removed
> N=178
)
g Studies included for title and Studies excluded by title
= . excluded
3 abstract screening > and abstract
3 N=3075 N=3027
| J
Studies identified by
< reference screening
> o < N=3
z Studies included for full-text
= screening
E’J N=51 _ Studies excluded:
&= Not presented relevant data
- (n=106)
Wrong placement of the
catheter (n=4)
Studies included in the scoping Data from already included
review studies (n=2)
N= 39 Total excluded studies
N=12

in the anaesthetized state, whereas glutamate levels and LPR
were unchanged.

Abi-Saab et al. [1] (2002) stereotactically placed a com-
bined depth electrode and microdialysis catheter in twelve
patients with complex partial seizures. The depth electrode
was placed to localize the focus of the seizure disorder
before neurosurgery. Measurements of glucose and lactate
were obtained with microdialysis catheter perfused with
sterile artificial extra cellular fluid, two to seven days after
insertion. Microdialysis was performed in the awake state at
2.5 uL min~"' in six patients; in the other six patients the flow
changed from 2.5 uL min~! to 0.25 uL min~!, and the basal
level was reported using regression analysis to estimate val-
ues at a flow of zero (ZFM). All the measurements reported
were from nonepileptic areas and were considered to repre-
sent measurements from healthy brain tissue. The zero-flow
values of glucose and in particular lactate were higher than
both values reported in the same study at 2.5 uL min~! and
those reported in awake patients by Reinstrup et al.; values
reported at 2.5 uL min~! were comparable to those reported
in the awake state at 1 uL min~! by Reinstrup et al.

Lindvall et al. [28] (2008) measured microdialysate val-
ues of glucose, LPR, glutamate, and glycerol in four patients
with suspected malignant glioma who had undergone

@ Springer

stereotactic biopsy or surgical resection, and in whom
microdialysis catheters were inserted into or adjacent to
the tumour or tumour cavity as well as in normal brain tis-
sue. Microdialysis was performed at 1 uL min~! in awake
patients before and during air transportation at a cabin pres-
sure corresponding to an altitude of 2500-3000 m. Values
measured before air transportation in healthy brain tissue
were considered to represent baseline. The glucose con-
centrations corresponded well to those reported by Rein-
strup et al., also during wakefulness and also at 1 uL min™;
however, LPR values were markedly higher, and glutamate
levels were considerably lower.

Buchanan et al. [7] (2016) implanted a combined depth
electrode and microdialysis catheter in the amygdala and
the hippocampus of five patients with non-lesional tempo-
ral lobe epilepsy, who were asked to perform three speci-
fied sets of cognitive tasks. Microdialysis was conducted
during the awake state at a flow of 5 uL min~!; the type
of perfusate was not specified. Glutamate levels measured
at rest in between and after cognitive tasks were aver-
aged to represent baseline and were slightly higher than
those measured by Lindvall et al. at 1 uL min~' in awake
patients, but considerably lower than those measured by
Kanthan et al. in sedated / anaesthetised patients at 2 uL.
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Table 2 Equipment and study design for the human studies

First author Catheter MD catether ~ Equilibration time Perfusion fluid Perfusion  Analyzer
(year) pore size rate (uL/
(kDa) min)
Kanthan [24] Costum-made ND 30 min Sterile Ringer’s solu- 2 Not described
(1995) tion (pH approxi-
mate equals 6.7)
Reinstrup [47] CMA 70, (CMA, 20 Not described Ringer solution (per- 1/0.3 CMA 600 microdi-
(2000) Stockholm, Sweden, fusion fluid; CMA alysis analyser
catheters) Microdialysis)
Abi-Saab [1] Costum-made ND 120 min Sterile artificial ECF 2.5 High performance
(2002) (147 mmol/L NaCl, liquid chromatogra-
3 mmol/L KCl, phy (HPLC)
1.0 mmol/L MgCl2,
1.2 mmol/L CaCl2,
200 pmol/L ascor-
bate and a sodium
phosphate buffer to
pH7.4)
Lindvall [28] CMA 70, (CMA, 20 Not described CSF perfusion fluid 1 Not described
(2008) Stockholm, Sweden, (Perfusion fluid
catheters) CNS, CMA, Stock-
holm)
Buchanan [7] Costum-made ND 3-5 days Not described 5 High performance
(2016) liquid chromatog-
raphy (HPLC) with
an electrochemical
detector
Sanchez-Guerrero CMA 71, (CMA, 100 60 min CNS perfusion fluid 0.3 Not described
[49] Stockholm, Sweden, (M Dialysis AB)
(2017) catheters) Sterile Isotonic

CNS fluid

min~! and Reinstrup et al. both in anaesthetised and awake
patients at 1 or 0.3 uL min~".

Sanchez-Guerrero et al. [49] (2017) measured micro-
dialysis values of glucose, lactate, pyruvate, LPR, and
glycerol in 19 patients with posterior fossa lesions or
supratentorial lesion both under anaesthesia and during
wakefulness after surgery. The catheter was placed in the
white matter of normal brain tissue and perfused with
sterile isotonic cerebral fluid at a flow of 0.3 uL min~"
when the patient was awake. Under anaesthesia the flow
was changed randomly between 0.1, 0.3, 0.6, 1.2, and
2.4 uL min~! and the measurements obtained were ana-
lysed using ZFM. All reported microdialysis values were
considered to represent measurements from healthy brain
tissue. Both glucose, lactate, and pyruvate levels at 0.3 uLL
min~! were markedly higher in the awake state than dur-
ing anaesthesia, whereas the LPR was unchanged. Values
measured in awake and anaesthetised patients, respec-
tively, corresponded well to those reported by Reinstrup
et al. in awake patients at 0.3 uL min™' and in anaesthe-

tised patients at 1 uL min~".

Animal studies

A total of 33 studies on gyrencephalic animals met the inclu-
sion criteria. Of these, 29 studies were conducted in swine/pigs
[2,3,6,9-11, 13, 15,20-22, 25, 26, 31, 32, 35-37, 39, 45, 46,
50, 52, 54, 55, 57, 60-62], two in monkeys [12, 14], one in
sheep [53] and one in dogs[59]. In all studies, biomarkers were
measured during general anaesthesia (Online Resource 2).

Seven studies measured both glucose, lactate, pyruvate,
LPR, glutamate, and glycerol [3, 10, 11, 20, 31, 37, 61], four
studies measured one of the biomarkers of interest [9, 14, 32,
59], and the rest of the studies (n=22) [2, 3,6, 11, 12, 15, 20,
21, 25, 26,31, 35, 36, 39, 46, 52, 54, 55, 57, 60-62] measured
different combinations of the biomarkers (Table 4).

In the studies on swine/pigs, glucose measurements
were reported in 21 out of 29 studies, lactate measurements
were reported in 24 of the studies, pyruvate measurements
were reported in 19 of the studies, LPR were reported in 18
of the studies, Glutamate measurements were reported in
15 of the studies, and glycerol measurements were reported
in 17 of the studies.

@ Springer



(2025) 167:62

Acta Neurochirurgica

Page 6 of 17

62

(yeme

sioned [1v) (‘seare
(swoened 9=u)  5ydopide-uou
JNAZ Sutsn ur sI9jYIed
- - - - LETFOT'S 9L OFLS'T  USYMQUIOSEY  om) pey juoned
(eme AUQ) 'X3)0d
syjuoned [Ty)  [elenred oyl ur
(syjuoned 9=u)  Quo ‘snurerey)
(urwy i 6'7) ur ouo ‘snIA3
Apmnis S_S[Yosay ut
dwrep orwad  omy ‘sdnureood
-A[3odAy-oru -dry ur 921y,
-0041310d Ay oy snooy o1 (2002)
- - - - TIF8ET LT0FT80 woyy outpeseq  -doyido pasteo0T WAZI0$T/AN Tl [1] qees-1qy
((urwy i €°0)
K133
-INSOINAU Id}Je
pue 210J9q
Yy FT8 91+91 YF€T Ly F991 60F67C 60FL1 49 ‘oemy
(urwy/ o' 1)
A1)
-erodoysod are
6CF Y SFL 9F1¢C 0SF¢€01 60FY1 90F6'0 -IpawI ‘Oemy
(urwy/m o' 1) X900 (0002)
91+8C TIFLY 9+TC YTFOL 90+C1 90+FTI paznoyIsally  [BIqaIad [ejuol €0I01/0C 6 [Lp] donsuroy
BISay)
-SoeUE [RIQUIT
juomIdpun
doI) ‘eIso3[eue
ondajomau
dyeme
juaMIopun
syuaned om]J,
uon
-09521 210Joq
uoye) sojdureg
"Ksdorida 103
Uo199521 9qO[
(NES F ueowr) [erodway Suro3 (s661)
- 6£€FTT0T - - - - ~lopun sjuaned aqof [eroduay, ¢/AN S [T] uequey
(urw
/1) 9381 Moy /
:(/1owrl) (/10w :onerx (/10w (7/Towu) (7/1owru) (e@) az1s a10d (Te2K)
[019941D Jrewein[n Aeantkd/reioe Jeanikg Bilablig| 9s09N[D 1XQUOD uonesIeO0| 01Pyed QN N Joyine IsI1J

SOIPN)S UBWINY UT ANSST} UTRIQ [BULIOU UT SIOIBWOI] JO SJUSWIAINSEI]N € d|qeL

pringer

AQs



62

(2025) 167:62 Page 7 of 17

Acta Neurochirurgica

poyloW MO[ 0197 WAZ

PaqLIdSAP JON N
SISATRIPOIITIN (T

sjuedronred jo roquinN N/

pay1oads 9SIMISYIO SSA[UN (9SULI) UBIPAW IO UOTEIASP PIEPUE)S F UBSUI I8 SON[BA

(0zo!1 (10¢- (urwy 7 ¢°0)
(r'ore—€'67) 8'6L - (I'Se-6'9D) 61T —0'68) T'LET (T9°6—9ST) T¥'€E 62°0) SS'1 emy
(Lev1 (€se— (uruwy T €0) suon
(1I'S0T+'v20) 8°€S - (Sve-8TD €€t —99¢) 8L (F8'€-01'D) OF'1 ¥9°0) ST'1 BISOYSIBUY  _poyroads 1oty (L102)
oLv— (NdZ) -Inj ON “Ionew €0 [6¥] 01011900
(L'8TT-L'10) 6'6F - (S6e-6¥1) S'LT  (€€C7C-6€S) 08 (P S—LET) 10T D LSTT ‘BISAYISIRUY UM [elLIOU U] 10 NdZ /001 61 -Zaypues
ysey
(syuowr aAnu0o ©
-QInseaW 1Y) J19)Je 151 19pun
woij S paulq juoned oyeme
-Wod F ueaw ur sndwreood
pauIquiod) -dry woury
- Y TFY8T - - - - JUQWIAINSBIA
(syuow jse) 9AnuS0o
-QINSeaW 221y} © J9)J8 151
wolj @S paulq Jopun juoped
-Wod F ueaw yeme Ul efep
pauIquiod) -3Awre woiy snduwreooddry (9102)
- L6'TFEET - - - - SIUQUINSBIA Jo erep3Awy S/AN S [£] ueueyong
(oyeme
sjuaned [Ty)  suoneoyroads
09y 00:90 7 Iaylnj ON ons (8000)
01€TIF0€891 0L0F99°1 F81°6t - - 970F16'0  o[duwes Sunse] -sn UreIq [BWION 1/70¢ ¥ [8¢] meapury
(urw
/1) 1.1 moy /
:(/1owrl) (/10w onerx (/10w (7/Towu) (1/1owr) (e@) az1s a10d (1e9K)
[019941D Jrewein[n Aeantkd/reioe] JeAnIkg Bilablig| 9s09N[H 1X21U0D) uonesIeI0| 01Pyed QN N Joyine IsI1J

(ponunuoo) ¢ 3jqey

pringer

As



(2025) 167:62

Acta Neurochirurgica

Page 8 of 17

62

(L00D)
9-/t LT - ¥/t 0¢ L-1+Ts O /+¥'1 co0-/+0'1 aurpeseq NAS -/+ UedN 8] [€€] wyoqhaN
(L00D)
- - - 7’8 -/+9'1¢ 1T0-/+80°T cr'o-/+€9°0 ourpeseq INGS -/+ UedN 0T [1] ozuoy
(sdnoi3
(sdnoi13 om) woiy (sdno13 omy wory  (sdnoi3 om) woiy om] woly (S
S paulquiod-/+ ds paulquos -/+  dS paulquiod-/+ paulquiods -/+
UBW PAUIqUIOD) UBW PAUIqUIOD) UBW PAUIqUIOD) UBdW PAUIquUIOD) g dnoi3 pue (S002)
€IL-/+8TTII - - S'LL-/+T8'801 0-/+ 180 L0-/+9¥'¢ v dnoid ourfoseq das-/+ueN 1 [STIsInH uep
(og=u) g dnoi3
pue (0g=u) v (¥002)
€Tel - - - - - dnois surjoseg U 69 [+€] Aqayuny
o (€000)
- - - - €1'o-/+ 0’0 ¥T°0-/+ 680 ¥°0 J& suljeseq das-/+ueN Tl [91]sInH uep
- 1'§9 -/+ 0'¢y - - LY'0-/+90'1 88'0 -/+ S6'0 aurpeseq as -+ uedN 71 (€002) [92] yroy
(sdnoig (sdnoig (sdnoi3 [eIR[ENUO0D
Inoy wolj NS Inoj woij INAS Inoj woij INAS pue reroyerisdr
pauIquiod -/+ pauIquiod -/+ pauIquIod -/+ ¢ dnoi3 ewnen
UBOW PAUIqUIOD)  UBIW PAUIqUIOD) UBOW PAUIqUIOD) pue dnoi3 weys (€002)
- YE€'S -1+ 90°LT LOTT -+ 18T (9=U) 9T -/+ +'9F 9T0-/+¥¢'1 - Son[eA suljeseq INHS -/+ UedN T[] [] tipuessory
(o1=w) (2002
01 -/+ 8¢ 9-/+11 6-/t1¢C 1€ -/t 26 8'0-/+81 8'0-/t81 dnoi3 fonuo) ds -/+ uedN  C¢ [€1] s10juapren
- YIUT -/+ €7°¢p - - - - ourpeseq INAS -/+ U T (1007)[8] Sulpreq
62100 /+ 1L0°0 Topew 913
- - 6111 el -/t 1L B - ‘T — e ureseq
£€810°0 Tonell axrgm (8661)
- - ¥8°01 (4! > - ‘I — e Quleseq HS -/+ UesN {1 [9¢] uasatoyy,
Sid/auing
passaidxa
(7/Towm) oner SI [RAIIUL (1e9K)
(7/Towm) (0190410 Qrewrein[n)  jeanikdoreroey  (yown) oyeanikg  (J/ow) 9jejoe  (TJ/[OWW) 9S0ON[D) jheilifve) pueelep MOH U oyjne IsIy

SOIPN}S [BWIUE UT ANSST} UTRIQ [BULIOU UT SIOIBWOI] JO SJUSWIAINSEI]N § d|qeL

pringer

AQs



62

Page 9 of 17

(2025) 167:62

Acta Neurochirurgica

(T100)
TSFVLT [N S 19F L'LT S'GI F 8¢S €0F 60 SOFIT (g=u) surfesegq ds -/+ uesy 9 [S¥] suting
(sdnoi3 (sdnoi3
(sdnox3 om) woiy om) woiy s om) wotj (S
ds paulquiod -/+ pauIquios -/+ pauIquios -/+ (L=u) ,9pIs peq,,
UBIW PAUIqUIOD) ueow pauiq uBdW pAUIquIOd) pue ‘(L=u) ,opIs (1102)
I¥'81 -/+ LT -wod) 6¢°S -/+ 6 L9°¢ -+ S1 - - - poo3,, surjeseyq ds -/+UeN 01 [L€] uas[aIN
(sdnoi3 (sdnoi3 (sdnoi3
(sdnoi13 om) woiy omjwoly (S  (sdnoi3 om) woiy oM} woly S om) woiy (s 9=u :OH ‘9=u
ds pauIquiood -/+ pouIquiod -/+ (S pauIquod -/+ pauIquIod -/+ pauIquod -/+ :O1 (surpaseq
UBIW PaUIqUIOD) uRdW PauIqUIOD) UBIW PauIquUIOd) UROW PauIquIOd) ueal PauIquUIOd) ‘uononIISqo ou) 0102)
LTTY -/+56'9S - 68°€l -/+S99C 9T SCI -/+0S°¢€91 S9°1 -/+ 0S¢ o'y -/+S1'S %001 MOF DAS ds -/+uesN  CI [6S] 1epor0],
61’0 €0€°0 (I7pue
6869C800'1 -+ 8€0'TOLTO -+ €61 TIIT0 1H) sdnoi3 [ern (6002)
- - -+ 0SY' 1T - Al isa! -+ SITL noq Ioj aur[seq ds -/+ uesN 01 [9] yoequadorg
(¢=u) T HASV
pue ‘(g=u) [ug
HASYV ‘(8=u)
(s3urduwres (sSurduwres [wz HASV
8 WOl INHS 8 WOI} INHS ‘T 1=u) weys
pauIquIod -/+ pauIquiod -/+ ‘[e1dre[RIUOD
UBdW pauIquIod) uBdW PAUIqUIOD) pue [exayerisdr (8002)
- 01'C-/+ 65T - - 60°0-/+11C - ‘uraseq INAS -/+ UedN ¢ [LS] Isey-nrewl],
00
-+ €9°CITO -/+
6’ C1C0 -/+
€Y'CeTo -/+
8CTTSL'T -/+
96'10C°0 -/+
€8°10T°0 -/+
7S 191°0 -/+
SEI81°0 -/+
(s3urydures (sSurdures 7T191°0 -/+ (s3urdwres
C1 Wwoly INAS G WO} INHS YO 1€1°0 -/+ G1 Woly INAS dnoig
pauIquIod -/+ pauIquiod -/+ (sSuridures 16°021°0 -/+ pauIquod -/+ siy) woiy s3urd
UBIW PaUIqUIOD) UBIW PauIquIOd) G] WOJJ ueow 6L°0L1°0 -/+ UBSW PAUIqUIOD) -wes GJ (g=u) (L002)
€6'¢ -/+0LES L9°0-/+0L9  PAUIQUOd) $¢" 0T - 98'096°010°1 SO0-/+TI'1 dnois [onuo) NS -/+ UedIN 11 [29] equiatoz
passaidxa
(7/1owm) oner SI [RAIIUL (Te2k)
(/Towm) (0190410 qrewrein[n  eanikdoreroey  (yown) oyeanikg  (/ow) 9jejoe  (TJ/[OWW) 9S0dN[D) jheilifve) pueelep MOy U oyIne IsIy

(ponunuoo) ¢ sjqey

pringer

As



(2025) 167:62

Acta Neurochirurgica

Page 10 of 17

62

(sdnoi13 om) woiy
s paulquios -/+
UBW PAUIqUIOD)

8V ¥yl -1+ 0€ "LTS
(88-50) 8¢

(s3urdwres
0T WO ID %56
I\+
UBIW PAUIqUIOD)
Oy'SS -/+ 18°SY

(sdnoi3 om) woiy
S paulquios -/+
UBW PAUIqUIOD)

99¥'81 -/+ SEl'vY

(Lz9D TC

(sdnoi3 om) woiy
S paulquios -/+
UBW PAUIqUIOD)
6SI'IE -/+ LTLEl
(sdnoi3 1oy woiy
s paulquios -/+
uedw paulq
~W02)996°'17—/+
9S1°6C

(sdnoi3

oMm] woly S

pauIquiod -/+

UBdW PAUIquUIOd)
LT°0Y -+ ¢¥'201

(Tt s1

r1-$9)$°6

(sdnoi3

oMm] woly S

pauIquod -/+

UedW PAuIquUIOd)
6SI'1E -/+ §'€E

(sdnoi3

InoJ woiy s

pauIquiod -/+

Ueal pauIquIOd)
ySI'6y -+ L19°08

(sdnoix3

om) wotj (IS

pauIquod -/+

UBW PAUIqUIOD)
Yy -/t €8°CC

91-8) €1

(sdnoi13

om) woxy s

pauIquIod -/+

UBW PAUIqUIOD)
€€'9 -/t 9¢91

(Sec— €D S'LI

(€1-8) 6

(I1-9) L

(sdno13 om) woiy
ds paulquios -/+
UBW PAUIqUIOD)
0LS €T—/+
CLY €1 q
(000£02
—00086) 000 Th1q

(s3urydwres

0C wox ID %S6
I\+

UBIW PAUIqUIOD)

6v'L-/+vI'18

(6:0S—CT0) 6'CE

(T11-06) +01

(922-96) 991

(sdnoi13 om) wory
ds paurquios -/+
UBIW PAUIqUIOD)
6LEY] -/+ TCL'8I
(sdnoi3
Inoj wolj s
pauIquod -/+
UBIW PAUIQqUIOD)
€20°CT /1 08V ¥C

(0e—€nee

(s3urjdwres
0T WO ID %56
I\+
UBIW PAUIqUIOD)
I1°0-/+ €51

(ET'1-15°0) 650

@1-0DT1

Te1TDet
(sdnoi3
oM} woly S
pauIquIod -/+
UBIW PauIqUIOD)
LE0—/1t¥65°0
(sdnoi13
INoj woiy (IS
pauIquiod -/+
UBIW PAUIqUIOD)
9%€’0 -/+ 7990

(sdnoi3

oMm) woly s
pauIquod -/+
UBdW PAUIqUIOD)

65°0 -/+ 8861

(0e8DcTe

(s3urdwres

0C Wwol 1D %S6

I\+
UBSW PAUIqUIOD)

w0 -/+6L0

(ET'T-15°0) ¥8°0

Ce-LDvT

(6700 9T

(sdnoi3
om) woij (IS
pauIquIod -/+

(s=u)

dnoi3 jonuoo

(L=u) dnoi3
sisdos :oureseq

ourjeseq
6=u)
S[ewirue ¢
10§ (yog) oporred
Suriojiuowr oy
ur Inoy AI1oA9
onJeA UBIIA

(9=u) ITHA
pue (9=u) VOHA
Joj aurfaseq

aurjeseq

(9=u) 10BN
‘(g=u) oprued
‘(¢ =u) Terd)eren
-uo? :10j uIdseq
9pIS P9I
pue 3L ‘(g=u)
dnoi3 jonuo)

(S=u) VdA

UBOW PAUIqUIOd)  + JA] PU® (y=u)

L00°0 -/+ 9000 ¢

ddA suljeseq
(c=u)
ddd pue (¢=u)
QuIfEesS [RWIOU
‘[eI0JB[RIUOD pUE
Texoyerisdr surjesegq

ds -/+ ues]\
(eSue1 onrenb
-I9)UI) URIPIIN

ID %56 -/+ UedN

ds -/+ ues\
so[muaorad

WSL-UIST him
soneA UBIPOI

(e8uer omrenb
-19)UI) URIPIIA

(eSue1 onrenb
-I9)UI) UBIPIIN

ds -/+ ues\

ds -/+ uesy

cl

01

01

Cl

01

01

(6100) [LT] By

(6102
[€2] uesqoer

(6102)
[¢] snipopuy

(L100)
[0T] T10ASATH

(¥102)
[0r] 31994AN

(€100
[8€] uaspPIN

(€100
[9€] uaspeIN

(€102)
[zz] anfoqemy

(€102)
[12] anfoqemy

(/Towm) (0190410

(7/1owm)
JewreInn

onel
areanikdyareioe

(/7o) ojeAnIkg

(T/1owwn) 1ejoR  (TJ/[OW) IS0IN[D)

1Xauo)

passaidxa
SI [BAIUL
pue ejep MO

(189K)
oyIne JSIL]

(ponunuoo) ¢ sjqey

pringer

AQs



62

Page 11 of 17

(2025) 167:62

Acta Neurochirurgica

fowm

0} PALIOAUOD PUE [ow Ul papiodar sJUSWAINSEIN], ‘[owt ul pajiodar sjuswaInseajAJowr ur pajiodal JUaAIMSEIA, “J/[0Wr WOy PILOAUCD,/[OWW WO PILSAUOD, “TP/SW WO} PALISAUCD,

- 6'1-/+¥7T - - - - ourpeseq ds -/+uedN 01 (6661) [19] Suosy,
sdoq
(sdnoi3
(sdno13 om) woiy om) woty (IS (dnoi3 weys (01=u)
ds pauiquiod -/+ (sdnoi3 pouIquiod -/+ Ul paInseaw (dnoi3 wreys ur dnoi3 sisdos
UBIW PAUIqUIOD) 0M) WOJJ uBdW UBIW PAUIqUIOD) A[uo) (98.°1¢2 painseauwr A[uo) pue (¢=u) dnoi3 #102)
II¥'€ ~/+ 9671  PauUIQUOd) 00L6q  8S0'€—/+ €LE'IT -+) 261079 (9250 -/4) 891T'1 690°0 -/+6¢€’] wreys sutfaseq as -/+uesN - ¢l [SS] suodde],
daayg
(¢=u) viqunuad
pue ‘(g=u) uors
-ny1odar ou yim
uo13ar {(g=u)
uorsnjrodar
)M UoI3ax
2qoxd erweeyost (1002)
0LC 6v'¢C 96°0C - - - QIoAdg :oul[oseq das-/+uesN 8 [11] wiowpA1g
(€002
- ELT-/TYL8T - - - - ToA9] [eseq o3eIoAY NHS -/+ U T [T1] vearen
skayuopy
(sSurydures (sSurdures
0M) WOJJ Ueaw 0M) WOIJ Ueaw s3urdues (202) [S] Mia
pauIquIOd) 6/, pauIqUIOd) 91,8  OM] ULIOJ QUI[Aseq UBQN  -IoNOAp\ Sunpoag
(¢=u) uoneuad
-KX0 pa[[onuod
(sdnoi3 (sdnoi3 (sdnoi3 (sdnoi3 (sdnoi3 (sdnoi3 s erueylodAy
991t} [[e 10 dS 931U} T[e 10} S 99l (e 10} S o3Iy} e 10} dS 991 [[e 10} S 9913 [[e 10} S ‘(g=u)
parenoes -/+ paje[nored -/+ poje[nored -/+ pore[nored -/+ pore[NoOred -/+ paje[Nored -/+ eruRylodAy
UBIW PAUIqUIOD) UBSW PAUIqUIOD) UBOW PAUIqUIOD) UBW PAUIqUIOD) UBW PAUIqUIOD) UedW PAUIquIOd) ‘(g=u) eruray) (2202)
16°8C -/+ €£°89 S0'6¢ -/+ €£°0L 96y -1+ €¥'61  ¥0°9S -/+ L9°L8I YLTI=/+ 1T} LTT-/+%6C -OuwLIou aut[aseyq das -/+ueN Gl [6] or1opeuoq
(90D
(000£9 a3uer s[nenb (1200)
—000€%) 000LS; (S8-9) 9, (95—€1D) 8¢ (875D Tty 90 ¥, (8°0-1°0) S0, ouljeseqg  -Iojul pue UBIpO]N 8 YR EEIEILEN
QOURIOYIP
ParRWINS YIIM
(ornuaoxad g/,
- - (8¢—€D) 0€ 929 £y (9'1-6°0) I, (L'0-€0) 90, oulfeseq 01IGY) UBIPAN T (1207) [9v] 197Ing
passaidxa
(7/1owm) oner SI [RAIIUL (Te2k)
(/Towm) (0190410 qrewrein[n  eanikdoreroey  (yown) oyeanikg  (/ow) 9jejoe  (TJ/[OWW) 9S0dN[D) jheilifve) pueelep MOy U oyIne IsIy

(ponunuoo) ¢ sjqey

pringer

As



62 Page 12 of 17

Acta Neurochirurgica (2025) 167:62

One study on monkeys reported measurements of LPR,
glutamate, and glycerol[12], the other study on monkeys
reported measurements of only glutamate[14].

One study on sheep[53] measured glucose, lactate, pyru-
vate, LPR, glutamate, and glycerol. One study on dogs[59]
reported only measurements of glutamate.

Critical appraisal of human studies

None of the included studies had a pre-published proto-
col. All the included studies[1, 7, 24, 28, 47, 49] were
non-blinded observational studies; no randomized trials
were identified. All the included human studies have been
critical appraised using five domains; study population,
selection and methods, outcome, analyses, and summary
(Table 5., Online Resource 3). Overall, four studies|[1, 7,
24, 28] were downgraded because the study population
was poorly defined. Furthermore, two[24, 47] were down-
graded because the methods were incompletely described,
and four[1, 24, 28, 47] were downgraded because analyses
were unclear. All the included studies were downgraded
to a single plus in the summary domain because the find-
ings were not perceived as fully generalizable to healthy
human tissue.

Discussion

This scoping review showed that the studies measuring
normal values of common biomarkers were heterogeneous.
There was low generalizability of method, study population,
and findings.

We expected heterogeneity between studies, and there-
fore chose to conduct a scoping review of the field to

identify and analyse potential knowledge gaps. A methodo-
logically stringent process was followed, with a prespeci-
fied protocol, searching relevant databases, and having two
authors screen title, abstract and full-text independently
of each other. Our search strategy was broad, which com-
plicated the screening process, but minimised the risk
of missing important studies. To minimise the risk even
more, we searched for ongoing clinical trials before finish-
ing the review. We included studies on both humans and
gyrencephalic animals, thus providing an overview over
all published studies that have measured values of com-
mon biomarkers with cerebral microdialysis in presumably
healthy brain tissue.

Even so, this review also has limitations. A very specific
limitation of this review is the definition of healthy brain tis-
sue. On one hand, due to ethical considerations, we expected
to find no reports of cerebral microdialysis conducted in
healthy humans and therefore chose to include patients with
focal brain tissue lesions, in whom measurements were done
outside these lesions. On the other hand, focal brain tissue
may affect the brain globally. A strict definition was estab-
lished in our protocol to minimize the risk of including data
from trials measuring values in tissue that we perceived not
to represent healthy brain tissue. However, the definition can
be debated and may lead to missing data from excluded stud-
ies. Thus, Langemann et al.[27] (2002) published a study
where they inserted a microdialysis catheter distant from
the resection during tumour operations, Bergenheim et al.
[5] (2006) placed a microdialysis catheter 0-25 mm from
the tumour margin, and Roslin et al.[48] (2003) placed the
catheter 10 mm from a contrast-enhancing tumour; all three
studies were excluded from this review because the catheter
was placed in the ipsilateral hemisphere and close to the
tumour.

Table 5. Summary of critical Well covered (overweight of ++) @)
appraisal of the human studies
on five domains .
Partly covered (overweight of +) O
Not covered at all or poorly covered @)
(Overweight of -/nd)
Kanthan | Reinstrup | Abi- | Lindvall | Buchanan | Sanchez-
(1995) (2000) Saab | (2008) (2016) | Guerrero
(2002) (2017)
1. Population @) O @) @) @) O
2. @) O @) @) @) @)
Selection/Methods
3. Outcomes O O O O O O
4. Analyses @) O O O O O
5. Summary @) @) @) @) @) @)

*If the study was rated with equal amounts of ++/+/-/ND in the critical appraisal, the colour in the sum-

mary table shows the lowest rating
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Intracerebral microdialysate values likely vary by anatom-
ical site, e.g. white or grey matter, state of wakefulness or
anaesthesia, and administration of drugs such as anaesthet-
ics and other psychotropic agents. This multifactorial issue
makes studies valuable in which repeated measurements are
done with careful variation of one factor at a time. One par-
ticularly important question is how microdialysate varies
by anaesthesia vs. wakefulness. Two of the human studies
reported here[47, 49] conducted microdialysis both during
anaesthesia and wakefulness. While the point estimates at
least for lactate and pyruvate increased in both studies in the
awake compared to the anaesthetised state, the point estimate
for glucose decreased slightly in one study[47] and increased
slightly in another[49]. As Reinstrup et al. placed the micro-
dialysis probe in the frontal cortex, compared to the white
matter used by Guerrero-Sanches et al., and as Reinstrup
et al. also varied the microdialysis perfusion rate during the
study and did not report values during anaesthesia at 0.3 pL.
min~!, the studies are not easily comparable. However, one
safe conclusion across the six human studies appears to be
that the LPR was quite robust towards change in anaesthesia
level as well as perfusion rates; only one study[28] stood out
with markedly different LPR values that were about twice as
high as in the remaining studies.

In the studies with gyrencephalic animals, we mainly
looked at the reported baseline value instead of the out-
come. The studies presented limited information about the
process when measuring baseline values, which rendered
the studies less comparable to each other. Importantly, the
animal studies were all done in anaesthetised animals for
ethical reasons, and therefore provided no information on
the effect of anaesthesia in itself compared to the awake
state.

Also, the results in the various studies in both humans
and animals have originally been presented in different units,
now converted into comparable units to make a direct com-
parison possible. Reported measurements that were compa-
rable were combined in Tables 3 and 4.

Normal values of glucose, lactate, pyruvate,
LP-ratio, glutamate and glycerol

To our knowledge, this is the first review that collects the
current knowledge of normal values of common biomarkers
in cerebral microdialysate. In current neurointensive care,
relative changes are used more commonly than absolute
values to guide treatment. However, the consensus state-
ment from the 2014[18] also defined low glucose as levels
of glucose under 0.8 mmol/L, high lactate as levels over
4 mmol/L, and high lactate/pyruvate ratio as levels over
25 or 40. In some of the human studies reported here, the

confidence interval included values that differed from the
consensus values.

The animal studies[2, 3, 6, 9-15, 20-22, 25, 26, 31, 32,
35-37, 39, 45, 46, 50, 52-55, 57, 59-62] reported a wider
range of measured values than the human studies[1, 7, 24,
28, 47, 49], except for two biomarkers. Thus, the reported
mean values for glycerol in the human studies (n=2) [28,
47] were from 28-16,830 umol/L, while in the animal stud-
ies (n=16)[3, 10-13, 20, 21, 26, 31, 32, 35, 45, 53, 57, 61,
62] a smaller, though still substantial range of mean values
from 1.03-397 pmol/L were reported. Also, the reported
median measurements of lactate in one human study[49]
were 1.40-3.41 mmol/L, while the reported median values
of lactate in six animal studies[22, 36, 37, 39, 46, 50] (all on
pigs) ranged from 0.59 — 2.30 mmol/L. However, it was not
possible to derive normal values of the biomarkers, based
on the animal studies.

Heterogeneity

In the six studies on humans[1, 7, 24, 28, 47, 49], the clinical
and methodological heterogeneity was noticeable. Three dif-
ferent microdialysis catheters were used, the catheters were
placed in different locations in the human brain and widely
different diagnoses were studied. Furthermore, the perfu-
sion rate varied, and some used the zero-flow method to
calculate the value. This was also the case with the included
animal studies, which reported the use of 14 different cath-
eters. The relative recovery changes both according to the
catheter design and perfusion rate, with larger pore sizes,
longer membranes, and slower perfusion rates leading to
higher recovery and, in effect, higher biomarker values.
This has been shown both in patients with severe acute brain
injury[16] and in the study by Reinstrup in healthy brain
tissue of patients undergoing neurosurgery[47], whereas the
lactate-pyruvate ratio remained unchanged. This heterogene-
ity makes it difficult to compare the reported values.

Another noticeable difference between the studies was
the time from insertion of the microdialysis catheter to base-
line sampling. This time, also called the equivalence period,
varied from zero to 12 h in the human studies, and from
zero to 20 h in the animal studies. Andelius et al.[3] have
reported that the insertion of a microdialysis catheter into the
parenchyma, always results in a minor trauma, and sufficient
equilibration time is important to get valid baseline values.
The time needed to establish steady state varied depending
on the perfusion rate and differed between the different bio-
markers that were measured.

Critical appraisal was done on all the human studies
[1, 7,24, 28, 47, 49], and we reported a number of design
or reporting problems (Table 5., Online Resource 3). The
main problem in four of the studies[1, 7, 24, 28] was the
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insufficient description of the population selection process.
There was no description of inclusion or exclusion crite-
ria, and it was not possible to appraise whether the patient
population represented the eligible population. Further-
more, Kanthan et al.[24] had problems in all the appraised
domains, and the study was overall downgraded on four out
of five domains in the summary Table 5.. Sanchez-Guerrero
et al.[49] had only problems in three of the domains, and in
the summary the study was only downgraded in one out of
five domains. This demonstrates room for improvement in
the quality of the studies. In the summary domain, all the
studies were downgraded because of placement of the probe
in presumably healthy brain tissue, and as discussed earlier,
this is a limitation in all the studies, thus also in this scoping
review. However, intracerebral microdialysis should still be
considered an advanced technology; the studies here should
be considered pioneering endeavours towards a more thor-
ough understanding of the technique, which may hopefully
lead to further harmonization in the future.

Conclusion

This scoping review identified studies that measured com-
monly used biomarkers in healthy brain tissue by intracer-
ebral microdialysis, and described heterogeneity between
the measured values, the equipment used in the studies, their
methodology and results. To our knowledge, this was the first
systematic literature review describing normal values of com-
mon biomarkers in humans and gyrencephalic animals. We
found six studies on humans and 33 studies on gyrencephalic
animals, all using different methods. Our findings uncover a
knowledge gap in this field. In order to gain further insight,
more standardized methods when analysing biomarkers with
cerebral microdialysis are needed to provide comparable
measurements. Studies in different anatomical parts of the
brain, and in awake and sedated state are necessary to fully
understand the normal energy metabolism in the healthy brain
tissue. For ethical reasons, studies on healthy human individu-
als are not possible. Therefore, studies on patients undergoing
surgery for focal brain injuries and where a microdialysate
catheter at a safe distance from the affected side, such as in
the contralateral hemisphere, would be relevant in the future.
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