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Cognitive performance in multiple sclerosis: 
what is the role of the gamma-aminobutyric 
acid system?

Marijn Huiskamp,1 Maqsood Yaqub,2 Marike R. van Lingen,1 Petra J. W. Pouwels,2 

Lodewijk R. J. de Ruiter,3 Joep Killestein,3 Lothar A. Schwarte,4 Sandeep S. V. Golla,2 

Bart N. M. van Berckel,2 Ronald Boellaard,2 Jeroen J. G. Geurts1 and Hanneke E. Hulst1,5

Cognitive impairment occurs in 40–65% of persons with multiple sclerosis and may be related to alterations in glutamatergic and 
GABAergic neurotransmission. Therefore, the aim of this study was to determine how glutamatergic and GABAergic changes relate 
to cognitive functioning in multiple sclerosis in vivo. Sixty persons with multiple sclerosis (mean age 45.5 ± 9.6 years, 48 females, 51 
relapsing-remitting multiple sclerosis) and 22 age-matched healthy controls (45.6 ± 22.0 years, 17 females) underwent neuropsycho
logical testing and MRI. Persons with multiple sclerosis were classified as cognitively impaired when scoring at least 1.5 standard devia
tions below normative scores on ≥30% of tests. Glutamate and GABA concentrations were determined in the right hippocampus and 
bilateral thalamus using magnetic resonance spectroscopy. GABA-receptor density was assessed using quantitative [11C]flumazenil posi
tron emission tomography in a subset of participants. Positron emission tomography outcome measures were the influx rate constant (a 
measure predominantly reflecting perfusion) and volume of distribution, which is a measure of GABA-receptor density. Twenty persons 
with multiple sclerosis (33%) fulfilled the criteria for cognitive impairment. No differences were observed in glutamate or GABA con
centrations between persons with multiple sclerosis and healthy controls, or between cognitively preserved, impaired and healthy control 
groups. Twenty-two persons with multiple sclerosis (12 cognitively preserved and 10 impaired) and 10 healthy controls successfully 
underwent [11C]flumazenil positron emission tomography. Persons with multiple sclerosis showed a lower influx rate constant in the 
thalamus, indicating lower perfusion. For the volume of distribution, persons with multiple sclerosis showed higher values than controls 
in deep grey matter, reflecting increased GABA-receptor density. When comparing cognitively impaired and preserved patients to con
trols, the preserved group showed a significantly higher volume of distribution in cortical and deep grey matter and hippocampus. 
Positive correlations were observed between both positron emission tomography measures and information processing speed in the mul
tiple sclerosis group only. Whereas concentrations of glutamate and GABA did not differ between multiple sclerosis and control nor be
tween cognitively impaired, preserved and control groups, increased GABA-receptor density was observed in preserved persons with 
multiple sclerosis that was not seen in cognitively impaired patients. In addition, GABA-receptor density correlated to cognition, in par
ticular with information processing speed. This could indicate that GABA-receptor density is upregulated in the cognitively preserved 
phase of multiple sclerosis as a means to regulate neurotransmission and potentially preserve cognitive functioning.
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Abbreviations: [11C]FMZ = [11C]-flumazenil; AP = anterior–posterior; CI = cognitive impairment; CP = cognitively preserved; 
Cr = creatine; CSF = cerebrospinal fluid; CT = computed tomography; EDSS = expanded disability status scale; FLAIR =  
fluid-attenuated inversion recovery; FSPGR = fast spoiled gradient echo scan; FWHM = full-width half maximum; Glu =  
glutamate; GM = grey matter; Hz = hertz; i.u. = institutional units; K1 = influx rate constant; MEGA-PRESS = Mescher–Garwood 
point resolved spectroscopy; MRI = magnetic resonance imaging; MRS = magnetic resonance spectroscopy; NAA = total 
N-acetylaspartate; PET = positron emission tomography; PPM = parts per million; PRESS = point resolved spectroscopy; PVE =  
partial volume effects; PwMS = persons with multiple sclerosis; RL = right-left; RRMS = relapsing-remitting multiple sclerosis; 
SI = superior–inferior; SNR = signal-to-noise ratio; SPMS = secondary progressive multiple sclerosis; TE = echo time; 
TR = repetition time; VOI = volume of interest; VT = volume of distribution; WM = white matter
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Introduction
Cognitive impairment (CI) occurs in 40–65% of people with 
multiple sclerosis (PwMS) and has a severe negative impact 
on daily-life functioning.1 Previous studies using magnetic 
resonance imaging (MRI) have identified structural damage 
(i.e. lesions, white matter microstructural damage and atro
phy of white and grey matter) and functional disconnection 
(i.e. alterations in functional activity and connectivity) as de
terminants of CI.2-4 This structural and functional discon
nection may particularly affect pivotal regions such as the 
thalamus and hippocampus that are extensively connected 
to the rest of the brain.5,6 Despite the advances in our under
standing of CI in multiple sclerosis, multimodal imaging 
studies so far have only been able to partially explain its oc
currence,2 leaving its underlying neurobiological mechan
isms currently still incompletely understood.

One of the potential mechanisms that can help understand 
CI, as well as the functional changes observed with fMRI (i.e. 
changes in brain activation and connectivity), are disturbances 
of glutamatergic and GABAergic neurotransmission.7-9

Glutamate and GABA are the most abundant neurotransmit
ters in the brain and studies have shown alterations in the syn
thesis, release and reuptake of these messenger molecules in 
multiple sclerosis.8 Moreover, activated microglia and macro
phages in multiple sclerosis have been demonstrated to strip 
synapses excessively and recent studies have suggested that in 
multiple sclerosis GABAergic synapses are more vulnerable to 
phagocytosis.10,11 This may be highly relevant as inhibitory 
synapses are crucial for cognition and healthy 
neurotransmission.12,13

In order to study the glutamatergic and GABAergic systems 
in vivo, molecular imaging techniques can be employed.14

Concentrations of glutamate and GABA can be gauged 
through 1H-magnetic resonance spectroscopy (MRS).15-18

MRS studies in multiple sclerosis have shown equivocal results, 
with some studies reporting reduced glutamate and GABA le
vels in grey matter areas,19-21 and others showing no differ
ences.21-25 In addition to measuring neurotransmitter 
concentrations with MRS, positron emission tomography 
(PET) can provide a measure of neurotransmitter receptor 
density by utilizing radioligands that bind to target proteins, 
such as GABAergic receptors.14,26 [11C]flumazenil ([11C] 
FMZ), an antagonist of the benzodiazepine site of GABAA- 
receptors, has been used to study GABA-receptor density in 
healthy and clinical populations since the 1980s.26-29 In mul
tiple sclerosis, two studies have been performed using [11C] 
FMZ reporting contradicting results: whereas one study found 
indications of decreased GABA-receptor density in the cortical 
grey matter (GM) of persons with multiple sclerosis, the other 
reported increased receptor density.30,31 However, whether 
GABA-receptor density is related to cognitive impairment in 
multiple sclerosis and whether that coincides with changes in 
GABA and glutamate concentrations as measured with MRS 
has not been studied yet.

Therefore, the aim of this study was to determine how glu
tamatergic and GABAergic changes relate to cognitive 

functioning in multiple sclerosis in vivo. We employed a 
multimodal approach by first systematically classifying 
PwMS as being cognitively impaired or preserved, based 
on an extensive neuropsychological test battery. Second, 
cognitive groups were compared on thalamic and hippocam
pal glutamate and GABA concentrations (measured with 
MRS) and GABA-receptor density was compared both 
whole-brain and regionally using dynamic [11C]FMZ PET 
with metabolite-corrected plasma input functions.

Methods
Participants
Participants were recruited from the Amsterdam UMC out
patient clinic (location VUmc) and via online advertisements. 
PwMS between 18 and 65 years were included if they had (1) 
a clinically definite multiple sclerosis diagnosis according to 
the 2017 McDonald criteria32 with a relapsing-remitting or 
secondary-progressive disease course and (2) sufficient mo
tor function and visual acuity to perform neuropsychological 
tasks. Healthy controls were matched on age, sex and educa
tion. Exclusion criteria were the presence of neurological or 
psychiatric illnesses (other than multiple sclerosis for 
PwMS), MRI contraindications and the use of corticoster
oids 4 weeks before the first study visit.

Neuropsychological evaluation and MR imaging were 
performed during the first study visit. A subset of the partici
pants was invited for a second visit to perform [11C]FMZ 
PET imaging if they fulfilled additional inclusion criteria: 
no recent use of benzodiazepines (i.e. within the last 45 
days), gamma-hydroxybutyrate or other drugs that interact 
with the benzodiazepine receptor system. In addition, par
ticipation was precluded in the case of pregnancy, breast
feeding, insufficient haemoglobin values (i.e. < 8.0 g/dL for 
men and <7.0 g/dL for women) or (a history of) significant 
cardiac disease or exposure to previous radiation for re
search purposes leading to an annual cumulative dose of 
more than 10 millisievert.

This study protocol was approved by the institutional eth
ics review board and all subjects gave written informed con
sent before participation.

Clinical and neuropsychological 
examination
Physical disability was measured using the extended disabil
ity status scale (EDSS).33 All subjects underwent an adjusted 
version of the brief repeatable test battery of neuropsycho
logical tests,34 consisting of ten cognitive tests covering five 
cognitive domains. The Dutch version of the California ver
bal learning and memory test35 was used to assess verbal 
memory and learning. Outcomes were the direct free recall 
(i.e. total correctly remembered words of the five consecutive 
trials) and the long-term delayed recall (i.e. total remembered 
words after fifteen minutes). The location learning test36 was 
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administered to measure visuospatial memory using the total 
displacement score of five consecutive trials as outcome. To 
assess working memory, the Digit span Forward and 
Backward and the Letter Number Sequencing test, subtests 
of the Wechler adult intelligence scale were used.37 The 
Word List Generation38 was administered to assess semantic 
verbal fluency. Participants were asked to name as many 
words belonging to the category ‘Animals’ and 
‘Professions’ within 60 seconds. Finally, to assess informa
tion processing speed (IPS), card 2 of the Stroop Colour 
Word test39 and the Letter Digit Substitution Test (a variant 
of the symbol digit modalities test)40 were administered.

Cognitive test scores were corrected for age, sex and educa
tional level when appropriate (i.e. if the variable significantly 
predicted the cognitive test score) using normative data of 
healthy controls (normative datasets vary per test with a min
imum of 108 and a maximum of 173 healthy controls) and the 
corrected data were converted to Z-scores. CI was defined as 
scoring at least 1.5 SD below norm data on ≥30% of tests, 
but only when at least two out of five cognitive domains 
were affected (i.e. verbal memory, visuospatial memory, work
ing memory, verbal fluency or IPS).41,42 Otherwise, PwMS 
were considered cognitively preserved (CP). Domain-specific 
Z-scores were obtained by averaging Z-scores of all individual 
tests belonging to each specific cognitive domain.

MR imaging and analysis
MR imaging was performed on a whole body 3 T 
MRI-scanner (GE Discovery, Milwaukee, WI, USA) using 
a 32-channel head coil. The protocol included a three- 
dimensional (3D) T1-weighted fast spoiled gradient echo 
scan (FSPGR; repetition time (TR) = 8.22 ms, echo time 
(TE) = 3.22 ms, inversion time (TI) = 450 ms, flip angle 
12°, 1.0 mm sagittal slices with 0.94 × 0.94 mm2 in-plane 
resolution) and a 3D fluid-attenuated inversion recovery 
(FLAIR; TR = 8000 ms; TE = 128 ms; TI = 2343 ms; 
1.2 mm sagittal slices; 0.98 × 0.98 mm2 in-plane resolution).

White matter lesions were automatically segmented on the 
FLAIR image and filled on the 3D-T1 images according to 
previously published methods.43,44 FSL’s Sienax (fsl.fmri
b.ox.ac.uk) was used to obtain volumes of white and grey 
matter (WMV, GMV) and FIRST was used to obtain total 
deep grey matter volume, thalamic volume and right and to
tal hippocampal volume. All volumes were normalized for 
head size.

MR spectroscopy and analysis
All participants underwent MRS. The volume-of-interest 
(VOI) for the right hippocampus was 10 ml [superior— 
inferior (SI) = 14 mm, right—left (RL) = 20 mm, anterior— 
posterior (AP) = 36 mm] and for the bilateral thalamus 
10.8 ml (SI = 16 mm, RL = 28 mm, AP = 24 mm). Both the 
hippocampal and thalamic VOIs were manually positioned 
using the 3D T1-weighted images and oblique-transversal 
reconstructions (see example in Supplementary Fig. 1). 

High-order shimming was performed for both VOIs to opti
mize local field homogeneity. Single voxel point resolved 
spectroscopy (PRESS, TR/TE =3000/35 ms, 64 averages) 
and Mescher–Garwood point resolved spectroscopy se
quences (MEGA-PRESS, TR/TE = 1800/68 ms, 128 
averages) were acquired from both the right hippocampal 
and bilateral thalamus VOIs.

PRESS data were analysed with LCModel version 6.3–145

using water scaling, a standard basis set consisting of 17 metabo
lites including simulated macromolecules and lipids. For this 
study, we focused on glutamate (Glu), total N-acetylaspartate 
(NAA, including contributions from N-acetyl-aspartyl-glutamic 
acid) and total creatine signals (Cr, including contributions from 
phosphocreatine). The spectral fitting range was from 4.0 ppm 
to 0.2 ppm (Supplementary Fig. 1). All spectra were visually in
spected and excluded if the full-width half maximum (FWHM) 
was >0.1 ppm (i.e. 12 Hz) or the signal-to-noise ratio (SNR) was 
<5 in combination with a visually confirmed low-quality 
spectrum.

The MEGA-PRESS data were analyzed with GANNET 
(version 3.0),46 which estimates GABA concentrations rela
tive to water signal. Because macromolecules contribute to 
the GABA-signal, it will be referred to as GABA+ and concen
trations are expressed as institutional units (i.u.). All 
GANNET output was visually inspected and spectra were 
excluded in case of visually poor GABA+ fits and a GABA+ 

fit error exceeding 20.
The fraction of WM, GM and cerebrospinal fluid (CSF) in 

the VOIs was calculated by segmentation of the lesion-filled 
3D T1-weighted image using Sienax and FIRST. These frac
tions were used to correct the water-scaled concentrations 
for the presence of CSF and tissue fractions in the VOI.45

PET imaging and analysis
A subset of participants received dynamic [11C]FMZ PET on 
a Philips Ingenuity TF-128 PET/computed tomography (CT) 
scanner (Philips Healthcare, Best, The Netherlands). Before 
the PET scan, a low-dose CT scan was performed for attenu
ation correction purposes. An intravenous bolus injection of 
370 ± 37 Mega Becquerel [11C]FMZ was administered at the 
start of the dynamic PET scan of 60 minutes. PET images 
were reconstructed using Blob-OS-TF reconstruction,47 as 
provided by the vendor, and consisted of 19 frames (1 ×  
15 s, 3 × 5 s, 3 × 10 s, 4 × 60 s, 2 × 150 s, 2 × 300 s, 4 ×  
600 s). An arterial line, inserted in a radial artery before 
scanning, was used to measure whole blood activity concen
tration continuously and discrete blood samples were also 
obtained at predetermined time points (i.e. at 5, 10, 15, 20, 
30, 40 and 60 minutes). These discrete blood samples were 
used to calibrate the (online) blood sampler counts and 
also to correct the blood sampler for plasma/whole-blood ra
tios, metabolite fractions and delay to obtain a metabolite- 
corrected plasma input curve. Fractional concentrations of 
hydrophilic metabolites and unchanged (lipophilic) [11C] 
FMZ were determined by solid-phase extraction of plasma 
followed by high-performance liquid chromatography.48,49
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In order to account for partial volume effects (PVE), an es
tablished iterative deconvolution method in combination 
with denoising was used, which has been previously vali
dated in [11C]FMZ studies.50 Then, the lesion-filled 3D 
T1-weighted MRI images were coregistered to the summed 
[11C]FMZ images using Vinci v4.66.51 Coregistered images 
were segmented using PVE-lab52 and Alexander-Hammers 
template, consisting of 67 VOIs.53 These VOIs were pro
jected onto the dynamic PET images to obtain regional 
time activity curves (TACs).

From previous pharmacokinetic studies, it is known that 
both one-tissue and two-tissue plasma input models can be 
used to accurately analyse [11C]FMZ data, but that one-tissue 
models are usually preferred due to fewer outliers while main
taining high accuracy.48 As we also observed fewer outliers (i.e. 
coefficient of variation of more than 25%) in the regional 
TACs using the single-tissue model, this model was the optimal 
choice for the analysis (for a formal comparison of one-tissue 
and two-tissue models, see Supplementary Data 1). Outcome 
measures were influx rate constant (K1), a measure that pre
dominantly reflects perfusion (i.e. assuming comparable ex
traction fraction across the brain and subjects) and volume 
of distribution (VT), which represents the ratio between tracer 
in the tissue and in the blood and is an estimate of 
GABA-receptor density. K1 and VT values were extracted for 
cortical GM, deep GM, the thalamus and hippocampus.

Statistical analysis
All statistical analyses were performed using IBM SPSS 26 
(Armonk, NY: IBM Corp) and RStudio 2021 (Boston, MA, 
USA). Comparisons of demographic, clinical, volumetric, 
MRS and PET variables were done using Welch’s t-tests in 
case of multiple sclerosis versus healthy control (HC) 

comparisons, Welch’s ANOVAs when comparing CP, im
paired and HC groups or χ2 tests for dichotomous variables. 
Correlational analyses between cognition and imaging (i.e. 
MRS and PET) measures were performed using Pearson’s R 
or Spearman’s ρ in case of non-normality. Results were signifi
cant at P < 0.05 and correlations were reported both with and 
without Holm’s step-down correction for multiple compari
sons. Variables were checked for normality using 
Kolmogorov–Smirnov tests and histogram inspection.

As a post hoc analysis, the correlations between K1 and VT 

and cognitive scores were repeated in the cognitively im
paired and preserved groups separately, for which 
Spearman’s ρ was used.

Results
Demographic, clinical and volumetric 
data
A total of 60 PwMS and 22 healthy controls participated in the 
current study. Of the PwMS, 20 showed CI while 40 were CP. 
Age, sex and educational level were equally distributed between 
multiple sclerosis and HC groups (Table 1). PwMS had signifi
cantly lower volumes for total GM, deep GM, hippocampus 
and thalamus compared to healthy controls, with cognitively 
impaired PwMS having the lowest volumes (Table 2).

MRS results
According to the quality criteria stated above, several spectra 
were excluded (for an overview of the numbers of excluded 
spectra per group and metabolite, see Supplementary 
Table 1). After excluding these poor quality spectra, the 
FWHM (i.e. PRESS quality measure) and GANNET fit error 

Table 1 Demographic and clinical data across groups. Significant values are shown in bold.

Total sample HC (n = 22) CP (n = 40) CI (n = 20) P-value

Age (years) 45.6 (11.0) 45.0 (9.5) 46.6 (9.8) 0.84
Sex (F/M) 17/5 32/8 16/4 0.96
Educational level (5/6/7) 7/11/4 10/21/9 4/13/3 0.83
RRMS/SPMS/unknown – 35/4/1 16/4/0 0.45
Disease duration (years) – 8.7 (6.2) 12.1 (7.8) 0.10
Medication (first line, second line, none), % – 30/27.5/42.5 15/55/35 0.11
Medication type (IF-β, GA, DMF, TF, NTZ, FI, OCR, none), % – 5/10/10/5/17.5/7.5//2.5/42.5 5/5/0/5/15/10/25/35 –
EDSS – 4.0 [3.5–5.0] 4.25 [3.1–5.5] 0.52

PET sample HC (n = 10) CP (n = 12) CI (n = 10) P-value

Age (years) 45.2 (13.5) 42.3 (10.6) 45.5 (10.2) 0.76
Sex (F/M) 7/3 9/3 8/2 0.88
Educational level (5/6/7) 2/5/3 3/8/1 3/6/1 0.67
RRMS/SPMS/unknown – 12/0 9/1 –
Disease duration (years) – 7.4 (6.9) 12.8 (9.3) 0.15
Medication (first line, second line, none), % – 41.7/25/33.3 10/60/30 0.09
Medication type (IF-β, GA, DMF, TF, NTZ, FI, OCR, none), % – 0/25/8.3/8.3/16.7/8.3/0/33.4 10/0/0/0/10/10/40/30 –
EDSS – 4.25 [3.5–5.9] 4.5 [3.0–5.5] 0.63

Data are presented as mean (SD) or median [IQR] in case of non-normality. HC = healthy control; CP = cognitively preserved multiple sclerosis; CI = cognitively impaired multiple 
sclerosis; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; IF-β = interferon-gamma; GA = glatiramer acetate; DMF = dimethyl fumarate; TF = teriflunomide; NTZ  
= natalizumab; FI = fingolimod; OCR = ocrelizumab; EDSS = expanded disability status scale.
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(i.e. MEGA-PRESS quality measure) were equal between 
groups. The SNR was lower in cognitively impaired PwMS 
than in the other groups, despite being well above the cut-off 
value of 5 (Supplementary Table 2). No differences in any of 
the metabolite concentrations (i.e. Cr, NAA, Glu or GABA+) 
were observed between the groups (i.e. multiple sclerosis and 
HC and cognitively impaired and preserved) in either the 
hippocampus or thalamus (Supplementary Table 2).

PET results
In total, 31 PwMS and 13 healthy controls underwent [11C] 
FMZ PET scanning. Due to data acquisition and analysis is
sues (i.e. unreliable input function, N = 9; poor atlas registra
tion, N = 2; and scanned under wrong protocol, N = 1), nine 
PwMS and three healthy controls were excluded from 
the analysis. The total sample thus consisted of 22 
PwMS (12 CP and 10 impaired) and 10 healthy controls, 
who did not differ on demographic parameters (Table 1). 
PVE-corrected results are shown here (for uncorrected 
data, see Supplementary Figs. 4 and 5). PwMS, compared 
to HCs, showed higher VT values in deep GM (P = 0.030, 
Fig. 2A) and lower K1 values in the thalamus (P = 0.020, 
Supplementary Fig. 2). When comparing impaired and pre
served PwMS to healthy controls, the CP group showed sig
nificantly higher VT than healthy controls on cortical GM 
(P = 0.037, Fig. 1B), deep GM (P = 0.014, Fig. 2B) and hippo
campus (P = 0.024, Fig. 3B). In the comparison between CP 
and impaired PwMS, preserved PwMS also showed higher 
VT than the impaired group in cortical GM (P = 0.019, 
Fig. 1B). For all PVE-corrected group comparisons on K1 

and VT, please see Supplementary Figs 2 and 3, respectively. 
Group comparisons on K1 and VT without PVE-correction 
are displayed in Supplementary Figs 4 and 5, respectively.

Correlations with clinical and 
cognitive data: MRS and PET
In the MRS analysis, the HC hippocampal GABA+ concen
tration related to verbal memory (r = 0.63, P = 0.006). In 
multiple sclerosis, significant correlations were found be
tween hippocampal GABA+ concentrations and visuospatial 
memory (r = 0.36, P = 0.017) and between thalamic gluta
mate and IPS (r = 0.39, P = 0.004, Fig. 4). However, none 
of these correlations in HC or PwMS remained significant 
after multiple comparison correction.

In the PET analysis, none of the measures correlated to EDSS 
scores. However, positive correlations were observed between 
all PET measures (except those of the deep GM) and IPS in the 
multiple sclerosis group only (Fig. 5). Moreover, thalamus K1 

correlated with verbal memory (r = 0.46, P = 0.034) and 
thalamus VT correlated with verbal (r = 0.48, P = 0.023) and 
visuospatial memory (r = 0.43, P = 0.046). These relationships 
did not occur for other cognitive domains and no significant 
correlations were observed in the HC group. After multiple 
comparison correction, the correlation between the K1 of the 
cortical GM and IPS remained significant.

Post hoc, we investigated whether the significant correl
ation patterns between PET measures and cognition, as 
seen in the multiple sclerosis group, existed in the cognitively 
impaired and preserved groups separately. This showed that 
the relationships were not present in the CP group. However, 
in the impaired group, the relationship between IPS and K1 

of total GM (ρ = 0.65, P = 0.042) and K1 of cortical GM 
(ρ = 0.69, P = 0.026) was significant and several other PET 
measures showed borderline significant correlations with 
IPS (cortical GM VT: ρ = 0.61, P = 0.060); hippocampus 
K1: ρ = 0.63, P = 0.063; hippocampus VT: ρ = 0.61, P =  
0.062; thalamus VT: ρ = 0.60, P = 0.069).

Table 2 Volumetric data across groups. Significant values are shown in bold.

Volumes total sample (ml) HC (n = 22) CP (n = 40) CI (n = 20) P-value

NWMV 716.2 (39.7) 706.0 (38.7) 684.1 (43.4) 0.031
NLV – 12. 1 [7.7–16.5] 25.1 [15.4–46.4] 0.001
NGMV 835.6 (62.0) 809.4 (63.5) 743.7 (76.3) <0.001
NDGMV 63.5 (5.7) 60.5 (5.2) 52.3 (7.0) <0.001
Right hippocampus 5.1 (0.6) 4.9 (0.7) 4.3 (1.0) 0.009
Bilateral hippocampus 10.0 (1.2) 9.5 (1.3) 8.5 (1.3) <0.001
Bilateral thalamus 21.5 (2.0) 20.1 (2.0) 16.9 (2.5) <0.001

Volumes PET sample (ml) HC (n = 10) CP (n = 12) CI (n = 10) P-value

NWMV 698.9 (25.4) 698.5 (39.5) 667.9 (46.9) 0.201
NLV – 15.8 [11.4–26.1] 25.1 [11.1–47.9] 0.190
NGMV 846.2 (59.9) 790.0 (73.2) 755.0 (87.0) 0.033
NDGMV 64.6 (3.7) 57.6 (6.0) 51.5 (7.6) <0.001
Right hippocampus 5.3 (0.5) 4.7 (0.6) 4.2 (0.9) 0.004
Bilateral hippocampus 10.4 (1.1) 8.9 (1.3) 8.3 (1.3) 0.002
Bilateral thalamus 21.5 (1.2) 19.3 (2.1) 16.6 (2.8) <0.001

HC = healthy control; CP = cognitively preserved multiple sclerosis; CI = cognitively impaired multiple sclerosis; NWMV = normalized white matter volume; NLV = normalized lesion 
volume; NGMV = normalized grey matter volume; NDGMV = normalized deep grey matter volume. Pairwise comparisons in total sample: aHC versus CI, bCP versus CI and cHC 
versus CP. NWMV: 0.007a; NGMV: < 0.001a,  < 0.001b; NDGMV: < 0.001a,  < 0.001b; right hippocampus: < 0.001a, 0.006b, 0.044c; Bilateral hippocampus: < 0.001a,  < 0.001b, 0.014c; 
thalamus: < 0.001a,  < 0.001b. Pairwise comparisons in PET sample: dHC versus CI, eCP versus CI and fHC versus CP. NGMV: 0.010d; NDGMV: < 0.001d, 0.023e, 0.011f; right 
hippocampus: 0.001d, 0.048f; bilateral hippocampus: < 0.001d, 0.005f; Thalamus: < 0.001d, 0.006e, 0.023f.
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Discussion
This study set out to determine how measures of the gluta
matergic and GABAergic systems play a role in cognitive 
functioning in PwMS. We found no differences in the 

MRS-measured metabolite levels of glutamate and GABA+ 

in either the hippocampus or thalamus between CP and im
paired PwMS and healthy controls. However, using [11C] 
FMZ PET imaging, increased GABA-receptor density was 
found in the cortical and deep GM and the hippocampus 

Figure 1 Cortical GM volume of distribution (VT) differences between HC and multiple sclerosis groups. Figures are violin 
plots with boxplots and distribution of data. Statistical comparisons of multiple sclerosis versus HC are shown in A using Welch’s t-test (twelch) 
while comparisons between HC, CP and CI PwMS are shown in B using Welch’s ANOVA (Fwelch). HC = healthy control; MS = multiple sclerosis; 
CP = cognitively preserved multiple sclerosis; CI = cognitively impaired multiple sclerosis.
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of CP PwMS. In addition, glutamate concentration in the 
thalamus as measured with MRS and global measures of per
fusion and GABA-receptor density showed positive correla
tions with cognitive functioning, particularly with IPS in 
PwMS, but not in healthy controls. These results suggest 

that changes in the glutamatergic and GABAergic systems 
are relevant for cognitive functioning in multiple sclerosis, 
and, more specifically, that increased GABA-receptor density 
in the CP phase of the disease may be a transient process that 
can only be maintained for a limited time period.

Figure 2 Deep GM volume of distribution (VT) differences between HC and multiple sclerosis groups. Figures are violin plots with 
boxplots and distribution of data. Statistical comparisons of multiple sclerosis versus HC are shown in A using Welch’s t-test (twelch) while 
comparisons between HC, CP and CI PwMS are shown in B using Welch’s ANOVA (Fwelch). HC = healthy control; MS = multiple sclerosis; CP =  
cognitively preserved multiple sclerosis; CI = cognitively impaired multiple sclerosis.
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The increased GABA-receptor density was primarily ob
served in the CP group compared to healthy controls. The 
volume of distribution in the cognitively impaired group, al
though showing somewhat elevated levels, was not 

significantly higher than in healthy controls. Despite the 
cross-sectional design of our work, this suggests an initial in
crease in GABA-receptor density in the CP phase of multiple 
sclerosis that is only temporarily present and disappears as 

Figure 3 Hippocampal volume of distribution (VT) differences between HC and multiple sclerosis groups. Figures are violin 
plots with boxplots and distribution of data. Statistical comparisons of multiple sclerosis versus HC are shown in A using Welch’s t-test (twelch) 
while comparisons between HC, CP and CI PwMS are shown in B using Welch’s ANOVA (Fwelch). HC = healthy control; MS = multiple sclerosis; 
CP = cognitively preserved multiple sclerosis; CI = cognitively impaired multiple sclerosis.
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patients progress to the impaired phenotype. This inverted-U 
pattern of upregulated neural resources in CP multiple scler
osis that disappears when impairment manifests, has been 
described extensively in the field of functional activity and 
connectivity in multiple sclerosis. For example, multiple 
studies have shown increased functional activation of 
task-related networks in CP PwMS as compared to impaired 
PwMS or controls, whereas in impaired PwMS activation le
vels decline, sometimes even below HC levels.54-56 This has 
generally been interpreted as a form of functional reorgan
ization, either being adaptive or maladaptive.57 Studies on 
functional connectivity (i.e. co-fluctuations in activation be
tween brain regions or networks) have shown the same pat
tern of initial in- and subsequent decrease of connectivity in 
multiple sclerosis,58,59 although this can vary across stud
ies.59 These varying study results have led to the postulation 
of the ‘network collapse’ hypothesis, which holds that the 
combination of structural and functional changes eventually 
lead to cognitive and network deterioration in multiple scler
osis.59 Considering the crucial role of GABAergic synapses 
and receptors in network, clinical and cognitive function
ing,12,13,60 it is possible that the GABA-receptor density 
changes observed in this study form a link in the cascade of 
events leading to this network collapse.

Whether the increased GABA-receptor density that was 
observed in this study leads to increased inhibitory neuro
transmission and how that relates to patterns of functional 

activation and connectivity needs to be determined. 
Moreover, it will be imperative to obtain a similar measure 
of the glutamatergic system, using a PET tracer for glutamate 
receptors, as it is possible that both inhibitory and excitatory 
neurotransmission are upregulated simultaneously in CP 
PwMS, preserving a balance between excitation and inhib
ition.8 Unfortunately, tracers for glutamate receptors are 
currently unavailable or suffer from methodological issues.61

A previous [11C]FMZ PET study in multiple sclerosis ob
served a decreased total number of GABA-receptors in mul
tiple sclerosis.30 Although this seems to conflict with our 
results, the adopted methodologies differed as the aforemen
tioned study used a partial saturation protocol whereas we 
used arterial sampling. Moreover, the studied samples also 
showed differences as the study by Freeman and colleagues30

contained more patients with longer disease duration, higher 
disability and secondary-progressive disease course. Despite 
these differences, Freeman et al.30 also observed positive cor
relations between the number of GABA-receptors and cogni
tive functioning. This is in line with our observations and 
corroborates the idea that increased GABA-receptor density 
contributes to preserved cognition in multiple sclerosis.

Alternatively, the increased GABA-receptor density in the 
CP group might be a response to neuroinflammation. 
Inflammation and the GABAergic system have been de
scribed to interact extensively in both the healthy and mul
tiple sclerosis brain.8,62 For instance, in the presence of 

Figure 4 Relationship between thalamic glutamate and IPS in multiple sclerosis. Pearson’s correlation with scatterplot and fit line 
including 95% confidence interval (grey area).
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inflammatory cytokines, GABAA-receptors are upregulated 
in vitro63 and this was corroborated in a recent study 
in vivo where increased GABA-receptor density was ob
served in multiple sclerosis which correlated with innate im
mune activity.31 For our current data this has two 
implications. First, definite conclusions about whether our 
CP PwMS experienced more inflammation than impaired 
PwMS cannot be made as no direct measure of inflammation 
was included in this study (e.g. with the use of 
gadolinium-enhanced MRI). However, PwMS were pre
cluded from participation if they reported a relapse or cor
ticosteroid use within 4 weeks of study onset, consequently 
excluding PwMS with clinically acute inflammation. In add
ition, the majority of both groups used immunomodulatory 
treatment (Table 1). Second, inflammation is known to nega
tively affect cognition.64 If increased GABA-receptor density 
in our CP sample resulted from higher levels of inflamma
tion, a negative instead of a positive relationship with cogni
tion would be expected. Therefore, the effect of 
neuroinflammation alone, albeit important to consider, 
seems insufficient to fully explain the current results.

The MRS analysis did not show altered levels of GABA+ or 
glutamate between groups. This is not uncommon as previ
ous studies in multiple sclerosis have reported lower,19,20 un
changed25 or sometimes even higher24 levels of glutamate 
and GABA levels in GM. As we have optimized our method
ology for the quantification of glutamate and GABA+ (e.g. by 
performing water scaling, excluding low-quality spectra, 
using a spectral editing sequence for GABA and performing 
PVE-correction), we can only conclude that the levels of glu
tamate and GABA+ in this multiple sclerosis sample are un
altered. As the GABA+ concentration in the hippocampus 
and thalamus did not correlate with the PET measures in 
these regions (data not shown), this may be due to the fact 
that GABA MRS and [11C]FMZ PET quantify different ele
ments of the GABAergic system. This could also mean that 

the GABA-receptor system is more sensitive to multiple 
sclerosis-induced alterations than neurotransmitter concen
trations, but that requires further examination. Finally, be
cause GABA-receptor measures are associated with 
cognitive functioning, but not with a clinical measure such 
as the EDSS, [11C]FMZ PET imaging may be able to provide 
unique explanatory information by quantifying physiologic
al processes involved in cognitive functioning.26

Considering the K1 results, we noted lower perfusion in the 
thalamus of PwMS compared to controls. This is consistent 
with previous literature reporting reduced cerebral perfusion 
in multiple sclerosis, both in the deep GM,65 thalamus66 and 
in the cortex.67 Then, we found a positive correlation between 
cortical K1 and IPS, that survived multiple comparison correc
tion. Previous studies in multiple sclerosis have reported corre
lations between cerebral perfusion and cognitive performance 
as well,65 and also with IPS in particular.67 It is thus possible 
that reduced perfusion, reflected by a lower K1, contributed 
to lower IPS scores in the multiple sclerosis group. Although 
perfusion dynamics may thus contribute to cognitive perform
ance and influence GABA-receptor binding, it is most likely a 
phenomenon non-specific to GABA-receptors.

Some limitations apply to this work. First, although the 
study aimed to determine the involvement of the glutamatergic 
and GABAergic systems in relation to cognition in multiple 
sclerosis in vivo, the complex cycle of glutamatergic and 
GABAergic neurotransmission could only be described in 
part. Nevertheless, within the realm of in vivo measurements 
of these systems, we have combined the current state-of-the-art 
measures. Future studies should consider including MRS im
aging which allows the quantification of metabolites in a 
much larger area than in a single voxel.68 Second, this study 
has a cross-sectional design and therefore any inferences about 
initial increases in GABA-receptor density that progress in a re
duction will need longitudinal validation. Third, we fully ac
knowledge how important it is to account for the effects of 

Figure 5 Pearson’s correlation matrices showing positive correlations of cognition z-scores with influx rate constant and 
volume of distribution. Correlation coefficients of PET measures and cognition are indicated with a bold border.  MS = multiple sclerosis;  
IPS = information processing speed; GM = grey matter.
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MS-related structural damage in this study (e.g. white matter le
sions or GM volume loss). To minimize these factors we have 
applied partial volume correction in both the MRS and PET 
analysis. However, even after partial volume correction, we 
cannot completely exclude the possibility that structural dam
age may have had an effect on our results. Confounding effects 
of age and sex have been minimized as well by group matching 
and by correcting the neuropsychological test scores for these 
effects. But, due to sample size limitations, these demographic 
factors have not been included in the statistical analyses as cov
ariates. Future studies with larger samples can hopefully disen
tangle the cognitive, demographic and clinical variability that 
was inherently present in our sample on a more fine-grained le
vel. This would also allow a more detailed regional analysis of 
GABA-receptor binding, which could help identify the regions 
with the largest changes in receptor density. As this was the first 
exploration of both the glutamatergic and GABAergic role in 
CI in multiple sclerosis, this was out of the scope of this study. 
Finally, future work should relate the current findings to func
tional activation during a cognitive task or to functional con
nectivity during a resting-state to determine how GABA-ergic 
changes underlie network changes.

In conclusion, this study is unique in its comprehensive 
characterization of cognitive functioning in PwMS in com
bination with an innovative, combined approach of MRS 
and PET investigations to study the glutamatergic and 
GABAergic system. Increased GABA-receptor density was 
observed in CP PwMS that was not seen in cognitively im
paired PwMS. In addition, GABA-receptor density correlated 
to cognition, in particular with IPS. These findings suggest 
that GABA-receptor density is transiently upregulated in 
CP PwMS and can only be sustained temporarily or only in 
the presence of a limited amount of pathology. Once the 
amount of pathology exceeds that limit, it is possible that 
GABA-receptor density returns to its prior level. If future 
studies corroborate the beneficial effects of increased 
GABA-receptor density on cognition, this may pave the 
way for pharmacological interventions aimed at stimulating 
GABA-receptor function and preserving cognition in mul
tiple sclerosis.

Supplementary material
Supplementary material is available at Brain Communications 
online.

Acknowledgements
The graphical abstract was created using BioRender.

Funding
This study was supported by the Dutch MS Research 
Foundation, grant number 16–954b, and Stichting MoveS.

Conflicts of interest
M. Huiskamp receives research support from the Dutch MS 
Research Foundation. Prof. Dr. Killestein reports speaker and 
consulting fees and grants from Biogen, Celgene, Genzyme, 
Immunic, Merck, Novartis, Roche, Sanofi and Teva. Prof. 
Dr. van Berckel has received research support from EU-FP7, 
CTMM, ZonMw, NWO and Alzheimer Nederland. BvB has 
performed contract research for Rodin, IONIS, AVID, Eli 
Lilly, UCB, DIAN-TUI and Janssen. BvB was a speaker at a 
symposium organized by Springer Healthcare. BvB has a con
sultancy agreement with IXICO for the reading of PET scans. 
BvB is a trainer for GE. BvB only receives financial compensa
tion from Amsterdam UMC. Prof. Dr. Geurts has served as a 
consultant for Merck-Serono, Biogen, Novartis, Genzyme 
and Teva Pharmaceuticals; he has received research support 
from the Dutch MS Research Foundation, Ammodo, 
Eurostars-EUREKA, Biogen, Celgene/BMS, Merck, MedDay 
and Novartis. Prof. Dr. Hulst receives research support from 
Dutch MS Research Foundation, ZonMW, NWO, ATARA, 
Biogen, Celgene/BMS, Merck and Medday, serves as a consult
ant for Sanofi Genzyme, Merck BV, Biogen Idec, Roche and 
Novartis and is on the editorial board of Multiple Sclerosis 
Journal. Other authors report no conflicts of interest.

Data availability
The data analysed in the current study are available from the 
corresponding author on reasonable request.

References
1. DeLuca J, Chiaravalloti ND, Sandroff BM. Treatment and manage

ment of cognitive dysfunction in patients with multiple sclerosis. 
Nat Rev Neurol. 2020;16(6):319-332.

2. Rocca MA, Amato MP, De Stefano N, et al. Clinical and imaging 
assessment of cognitive dysfunction in multiple sclerosis. Lancet 
Neurol. 2015;14(3):302-317.

3. Deloire MSA, Ruet A, Hamel D, Bonnet M, Dousset V, Brochet B. 
MRI Predictors of cognitive outcome in early multiple sclerosis. 
Neurology. 2011;76(13):1161-1167.

4. Filippi M, van den Heuvel MP, Fornito A, et al. Assessment of sys
tem dysfunction in the brain through MRI-based connectomics. 
Lancet Neurol. 2013;12(12):1189-1199.

5. Rocca MA, Barkhof F, De Luca J, et al. The hippocampus in mul
tiple sclerosis. Lancet Neurol. 2018;17(10):918-926.

6. Schoonheim MM, Hulst HE, Brandt RB, et al. Thalamus structure 
and function determine severity of cognitive impairment in multiple 
sclerosis. Neurology. 2015;84(8):776-783.

7. Stampanoni Bassi M, Mori F, Buttari F, et al. Neurophysiology of 
synaptic functioning in multiple sclerosis. Clin Neurophysiol. 
2017;128(7):1148-1157.

8. Mandolesi G, Gentile A, Musella A, et al. Synaptopathy connects in
flammation and neurodegeneration in multiple sclerosis. Nat Rev 
Neurol. 2015;11(12):711-724.

9. Di Filippo M, Portaccio E, Mancini A, Calabresi P. Multiple scler
osis and cognition: Synaptic failure and network dysfunction. Nat 
Rev Neurosci. 2018;19(10):599-609.

10. Zoupi L, Booker SA, Eigel D, et al. Selective vulnerability of inhibi
tory networks in multiple sclerosis. Acta Neuropathol (Berl). 2021; 
141(3):415-429.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad140/7150392 by guest on 24 January 2024

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad140#supplementary-data


GABA-receptor density in MS                                                                                     BRAIN COMMUNICATIONS 2023: Page 13 of 14 | 13

11. Ramaglia V, Dubey M, Malpede MA, et al. Complement-associated 
loss of CA2 inhibitory synapses in the demyelinated hippocampus 
impairs memory. Acta Neuropathol (Berl). 2021;142(4):643-667.

12. Kim R, Sejnowski TJ. Strong inhibitory signaling underlies stable 
temporal dynamics and working memory in spiking neural net
works. Nat Neurosci. 2021;24(1):129-139.

13. Isaacson JS, Scanziani M. How inhibition shapes cortical activity. 
Neuron. 2011;72(2):231-243.

14. Ciccarelli O, Barkhof F, Bodini B, et al. Pathogenesis of multiple 
sclerosis: Insights from molecular and metabolic imaging. Lancet 
Neurol. 2014;13(8):807-822.

15. Near J, Ho YCL, Sandberg K, Kumaragamage C, Blicher JU. 
Long-term reproducibility of GABA magnetic resonance spectros
copy. NeuroImage. 2014;99:191-196.

16. Puts NAJ, Edden RAE. In vivo magnetic resonance spectroscopy of 
GABA: A methodological review. Prog Nucl Magn Reson 
Spectrosc. 2012;60:29-41.

17. Ramadan S, Lin A, Stanwell P. Glutamate and glutamine: A review 
of in vivo MRS in the human brain. NMR Biomed. 2013;26(12): 
1630-1646.

18. Wiebenga OT, Klauser AM, Nagtegaal GJA, et al. Longitudinal ab
solute metabolite quantification of white and gray matter regions in 
healthy controls using proton MR spectroscopic imaging. NMR 
Biomed. 2014;27(3):304-311.

19. Cawley N, Solanky BS, Muhlert N, et al. Reduced gamma- 
aminobutyric acid concentration is associated with physical disabil
ity in progressive multiple sclerosis. Brain. 2015;138(9):2584-2595.

20. Chard DT, Griffin CM, McLean MA, et al. Brain metabolite 
changes in cortical grey and normal-appearing white matter in clin
ically early relapsing-remitting multiple sclerosis. Brain J Neurol. 
2002;125(Pt 10):2342-2352.

21. Kantorová E, Hnilicová P, Bogner W, et al. Neurocognitive per
formance in relapsing-remitting multiple sclerosis patients is asso
ciated with metabolic abnormalities of the thalamus but not the 
hippocampus- GABA-edited 1H MRS study. Neurol Res. 2022; 
44(1):57-64.

22. Geurts JJG, Reuling IEW, Vrenken H, et al. MR Spectroscopic evi
dence for thalamic and hippocampal, but not cortical, damage in 
multiple sclerosis. Magn Reson Med. 2006;55(3):478-483.

23. Tiberio M, Chard DT, Altmann DR, et al. Metabolite changes in 
early relapsing-remitting multiple sclerosis. A two year follow-up 
study. J Neurol. 2006;253(2):224-230.

24. Nantes JC, Proulx S, Zhong J, et al. GABA and glutamate levels cor
relate with MTR and clinical disability: Insights from multiple scler
osis. NeuroImage. 2017;157:705-715.

25. Bhattacharyya PK, Phillips MD, Stone LA, Bermel RA, Lowe MJ. 
Sensorimotor cortex gamma-aminobutyric acid concentration cor
relates with impaired performance in patients with MS. AJNR Am 
J Neuroradiol. 2013;34(9):1733-1739.

26. Bodini B, Tonietto M, Airas L, Stankoff B. Positron emission tom
ography in multiple sclerosis—Straight to the target. Nat Rev 
Neurol. 2021;17(11):663-675.

27. Maziere M, Hantraye P, Prenant C, Sastre J, Comar D. Synthesis of 
ethyl 8-fluoro-5,6-dihydro-5-[11C]methyl-6-oxo-4H-imidazo 
[1,5-a] [1,4]benzodiazepine-3-carboxylate (RO 15.1788-11C): A 
specific radio ligand for the in vivo study of central benzodiazepine 
receptors by positron emission tomography. Int J Appl Radiat Isot. 
1984;35(10):973-976.

28. Wicks P, Turner MR, Abrahams S, et al. Neuronal loss associated 
with cognitive performance in amyotrophic lateral sclerosis: An 
(11C)-flumazenil PET study. Amyotroph Lateral Scler. 2008;9(1): 
43-49.

29. Richardson MP, Koepp MJ, Brooks DJ, Duncan JS. 11C-flumazenil 
PET in neocortical epilepsy. Neurology. 1998;51(2):485-492.

30. Freeman L, Garcia-Lorenzo D, Bottin L, et al. The neuronal compo
nent of gray matter damage in multiple sclerosis: A [(11) C]flumaze
nil positron emission tomography study. Ann Neurol. 2015;78(4): 
554-567.

31. Kang Y, Rúa SMH, Kaunzner UW, et al. A multi-ligand imaging 
study exploring GABAergic receptor expression and inflammation 
in multiple sclerosis. Mol Imaging Biol. 2020;22(6):1600-1608.

32. Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of multiple 
sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 
2018;17(2):162-173.

33. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: An 
expanded disability status scale (EDSS). Neurology. 1983;33(11): 
1444-1452.

34. Bever C, Grattan L, Panitch H, Johnson K. The brief repeatable bat
tery of neuropsychological tests for multiple sclerosis: A preliminary 
serial study. Mult Scler J. 1995;1(3):165-169.

35. Mulder JL, Dekker R, Dekker PH. Verbale leer & geheugen test. 
Handleiding; 1996.

36. Bucks R, Willison J. Development and validation of the location 
learning test (LLT): A test of visuo-spatial learning designed for 
use with older adults and in dementia. Clin Neuropsychol. 1997; 
11:273-286.

37. Wechsler D. WAIS-III administration and scoring manual. 
Psychological Corporation; 1997.

38. Ruff RM, Light RH, Parker SB, Levin HS. The psychological con
struct of word fluency. Brain Lang. 1997;57(3):394-405.

39. Stroop JR. Stroop color word test. J Exp Physiol. 1935;18:643-662.
40. Smith A. Symbol digit modalities test: Manual. Western 

Psychological Services; 1982.
41. Fischer M, Kunkel A, Bublak P, et al. How reliable is the classifica

tion of cognitive impairment across different criteria in early and 
late stages of multiple sclerosis? J Neurol Sci. 2014;343(1-2): 
91-99.

42. Benedict R. Standards for sample composition and impairment clas
sification in neuropsychological studies of multiple sclerosis. Mult 
Scler. 2009;15(7):777-778.

43. Steenwijk MD, Pouwels PJW, Daams M, et al. Accurate white mat
ter lesion segmentation by k nearest neighbor classification with tis
sue type priors (kNN-TTPs). NeuroImage Clin. 2013;3:462-469.

44. Chard DT, Jackson JS, Miller DH, Wheeler-Kingshott CAM. 
Reducing the impact of white matter lesions on automated measures 
of brain gray and white matter volumes. J Magn Reson Imaging. 
2010;32(1):223-228.

45. Provencher SW. Estimation of metabolite concentrations from loca
lized in vivo proton NMR spectra. Magn Reson Med. 1993;30(6): 
672-679.

46. Edden RAE, Puts NAJ, Harris AD, Barker PB, Evans CJ. Gannet: A 
batch-processing tool for the quantitative analysis of gamma- 
aminobutyric acid–edited MR spectroscopy spectra. J Magn 
Reson Imaging. 2014;40(6):1445-1452.

47. Surti S, Kuhn A, Werner ME, Perkins AE, Kolthammer J, Karp JS. 
Performance of philips gemini TF PET/CT scanner with special con
sideration for its time-of-flight imaging capabilities. J Nucl Med. 
2007;48(3):471-480.

48. Klumpers UM, Veltman DJ, Boellaard R, et al. Comparison of plas
ma input and reference tissue models for analysing [11C]flumazenil 
studies. J Cereb Blood Flow Metab. 2008;28(3):579-587.

49. Luthra SK, Osman S, Turton DR, Vaja V, Dowsett K, Brady F. An auto
mated system based on solid phase extraction and HPLC for the routine 
determination in plasma of unchanged [11C]-L-deprenyl; [11C]dipre
norphine; [11C]flumazenil: [11C]raclopride: And [11C]scherring 
23390. J Label Compd Radiopharm. 1993;32(1-12):518-520.

50. Golla SSV, Lubberink M, van Berckel BNM, Lammertsma AA, 
Boellaard R. Partial volume correction of brain PET studies using it
erative deconvolution in combination with HYPR denoising. 
EJNMMI Res. 2017;7(1):36.

51. Herholz KG, Vollmar S, Cizek J, et al. VINCI -“Volume imaging in 
Neurological Research, Co-Registration and ROIs included”. Forsch 
Wiss Rechn 2003. Published online 2004. Accessed June 2, 2022. 
https://www.research.manchester.ac.uk/portal/en/publications/vinci- 
volume-imaging-in-neurological-research-coregistration-and-rois-inc 
luded(8d22f045-11de-4793-8059-481970c9daa3).html.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad140/7150392 by guest on 24 January 2024

https://www.research.manchester.ac.uk/portal/en/publications/vinci-volume-imaging-in-neurological-research-coregistration-and-rois-included(8d22f045-11de-4793-8059-481970c9daa3).html
https://www.research.manchester.ac.uk/portal/en/publications/vinci-volume-imaging-in-neurological-research-coregistration-and-rois-included(8d22f045-11de-4793-8059-481970c9daa3).html
https://www.research.manchester.ac.uk/portal/en/publications/vinci-volume-imaging-in-neurological-research-coregistration-and-rois-included(8d22f045-11de-4793-8059-481970c9daa3).html


14 | BRAIN COMMUNICATIONS 2023: Page 14 of 14                                                                                                     M. Huiskamp et al.

52. Rask T, Dyrby T, Comerci M, et al. PVE-lab:Software for correc
tion of functional images for partial volume errors. Abstract from 
Annu Meet Organ Hum Brain Map; 2004.

53. Hammers A, Koepp MJ, Free SL, et al. Implementation and applica
tion of a brain template for multiple volumes of interest. Hum Brain 
Mapp. 2002;15(3):165-174.

54. Audoin B, Ibarrola D, Ranjeva JP, et al. Compensatory cortical ac
tivation observed by fMRI during a cognitive task at the earliest 
stage of MS. Hum Brain Mapp. 2003;20(2):51-58.

55. Loitfelder M, Fazekas F, Petrovic K, et al. Reorganization in cogni
tive networks with progression of multiple sclerosis: Insights from 
fMRI. Neurology. 2011;76(6):526-533.

56. Hulst HE, Schoonheim MM, Roosendaal SD, et al. Functional adap
tive changes within the hippocampal memory system of patients with 
multiple sclerosis. Hum Brain Mapp. 2012;33(10):2268-2280.

57. Tomassini V, Matthews PM, Thompson AJ, et al. Neuroplasticity 
and functional recovery in multiple sclerosis. Nat Rev Neurol. 
2012;8(11):635-646.

58. Faivre A, Robinet E, Guye M, et al. Depletion of brain functional 
connectivity enhancement leads to disability progression in multiple 
sclerosis: A longitudinal resting-state fMRI study. Mult Scler. 2016; 
22(13):1695-1708.

59. Schoonheim MM, Meijer KA, Geurts JJG. Network collapse and 
cognitive impairment in multiple sclerosis. Front Neurol. 2015;6:82.

60. Mongillo G, Rumpel S, Loewenstein Y. Inhibitory connectivity de
fines the realm of excitatory plasticity. Nat Neurosci. 2018;21(10): 
1463-1470.

61. van der Doef TF, Golla SSV, Klein PJ, et al. Quantification of the no
vel N-methyl-d-aspartate receptor ligand [11C]GMOM in man. J 
Cereb Blood Flow Metab. 2016;36(6):1111-1121.

62. Bhat R, Axtell R, Mitra A, et al. Inhibitory role for GABA in auto
immune inflammation. Proc Natl Acad Sci U S A. 2010;107(6): 
2580-2585.

63. Serantes R, Arnalich F, Figueroa M, et al. Interleukin-1beta 
enhances GABAA receptor cell-surface expression by a phosphati
dylinositol 3-kinase/akt pathway: Relevance to sepsis-associated en
cephalopathy. J Biol Chem. 2006;281(21):14632-14643.

64. Wang DS, Zurek AA, Lecker I, et al. Memory deficits induced by in
flammation are regulated by α5-subunit-containing GABAA recep
tors. Cell Rep. 2012;2(3):488-496.

65. Inglese M, Adhya S, Johnson G, et al. Perfusion magnetic reson
ance imaging correlates of neuropsychological impairment in 
multiple sclerosis. J Cereb Blood Flow Metab. 2008;28(1): 
164-171.

66. Rashid W, Parkes LM, Ingle GT, et al. Abnormalities of cerebral 
perfusion in multiple sclerosis. J Neurol Neurosurg Psychiatry. 
2004;75(9):1288-1293.

67. Francis PL, Jakubovic R, O’Connor P, et al. Robust perfusion 
deficits in cognitively impaired patients with secondary- 
progressive multiple sclerosis. AJNR Am J Neuroradiol. 2013; 
34(1):62-67.

68. Posse S, Otazo R, Dager SR, Alger J. MR Spectroscopic imaging: 
Principles and recent advances. J Magn Reson Imaging. 2013; 
37(6):1301-1325.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/3/fcad140/7150392 by guest on 24 January 2024


	Cognitive performance in multiple sclerosis: what is the role of the gamma-aminobutyric acid system?
	Introduction
	Methods
	Participants
	Clinical and neuropsychological examination
	MR imaging and analysis
	MR spectroscopy and analysis
	PET imaging and analysis
	Statistical analysis

	Results
	Demographic, clinical and volumetric data
	MRS results
	PET results
	Correlations with clinical and cognitive data: MRS and PET

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Conflicts of interest
	Data availability
	References




