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A PET-CT study on neuroinflammation 
in Huntington’s disease patients participating 
in a randomized trial with laquinimod
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Microglia activation, an indicator of central nervous system inflammation, is believed to contribute to the pathology of Huntington’s dis-
ease. Laquinimod is capable of regulating microglia. By targeting the translocator protein, 11C-PBR28 PET-CT imaging can be used to 
assess the state of regional gliosis in vivo and explore the effects of laquinimod treatment. This study relates to the LEGATO-HD, mul-
ti-centre, double-blinded, Phase 2 clinical trial with laquinimod (US National Registration: NCT02215616). Fifteen patients of the UK 
LEGATO-HD cohort (mean age: 45.2 ± 7.4 years; disease duration: 5.6 ± 3.0 years) were treated with laquinimod (0.5 mg, N = 4; 
1.0 mg, N = 6) or placebo (N = 5) daily. All participants had one 11C-PBR28 PET-CT and one brain MRI scan before laquinimod (or 
placebo) and at the end of treatment (12 months apart). PET imaging data were quantified to produce 11C-PBR28 distribution volume 
ratios. These ratios were calculated for the caudate and putamen using the reference Logan plot with the corpus callosum as the reference 
region. Partial volume effect corrections (Müller–Gartner algorithm) were applied. Differences were sought in Unified Huntington’s 
Disease Rating Scale scores and regional distribution volume ratios between baseline and follow-up and between the two treatment groups 
(laquinimod versus placebo). No significant change in 11C-PBR28 distribution volume ratios was found post treatment in the caudate and 
putamen for both those treated with laquinimod (N = 10) and those treated with placebo (N = 5). Over time, the patients treated with 
laquinimod did not show a significant clinical improvement. Data from the 11C-PBR28 PET-CT study indicate that laquinimod may 
not have affected regional translocator protein expression and clinical performance over the studied period.
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Abbreviations: CC = corpus callosum; DDdiagn = disease duration from diagnosis; DDonset = disease duration from onset; 
DICOM = digital imaging and communications in medicine; DVR = distribution volume ratio; HAB = high affinity binder; 
MAB = mixed affinity binder; MIAKAT = molecular imaging and kinetic analysis toolbox; MPRAGE = magnetization-prepared 
rapid acquisition gradient echo; PVC = partial volume effect correction; QC = quality control; ROI = region of interest; 
SPM12 = statistical parametric mapping, version 12; TSPO = translocator protein; UHDRS = unified Huntington’s disease rating 
scale

Graphical Abstract

Introduction
Over past decades, clinical studies in Huntington’s disease 
have largely focused on understanding the pathology of neur-
onal damage. Indeed, all patients with Huntington’s disease 
develop a plethora of alterations in the brain at both structural 
and functional levels, primarily in the striatum, as a result of a 
CAG repeat expansion on Chromosome 4.1–3 With current 

evidence, however, standard therapeutics do not restore brain 
damage or modify Huntington’s disease progression.4

In the human brain, microglia become ‘activated’ in re-
sponse to neuronal damage and loss. This process is compli-
cated and can become chronic. Many of the features of 
reactive gliosis are shared by the most common neurodegen-
erative disorders including Parkinson’s5 and Alzheimer’s dis-
eases.6,7 Microglia activation is considered an indicator of 
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central nervous system inflammation.7,8 In the context of 
Huntington’s disease, microglia activation is believed to con-
tribute to the disease pathology. Neurons affected by clusters 
of abnormal Huntingtin are progressively damaged. It is be-
lieved that reactive microglia fail to address regional damage 
adequately over time. As Huntington’s disease progresses, 
regional gliosis becomes a toxic environment for the da-
maged neurons. These points enable microglia as a target 
for therapeutic intervention in Huntington’s disease and a 
promising area for research.

The current study concerns the imaging outcomes of a 
multi-centre, randomized, double-blind, placebo-controlled, 
parallel-group clinical trial in Huntington’s disease. On 0.5 
and 1.0 mg daily, laquinimod has shown favourable CNS ki-
netics and good tolerability in healthy volunteers and mul-
tiple sclerosis patients.9–11 To evaluate microglia activation 
in vivo, we employ 11C-PBR28, a second-generation PET 
radioligand that is highly specific for the translocator protein 
(TSPO).12–14

The TSPO is expressed at various sites in the human CNS, 
including the mitochondria of microglia.15 When the TSPO 
is in high density within microglia, it is believed to reflect re-
gional gliosis.16–18 The chosen brain regions for this PET 
study were caudate and putamen, as they are predominantly 
involved in motor control. The secondary objective of this 
PET study was to look at a possible relation of striatal 
11C-PBR28 binding to the clinical characteristics of 
Huntington’s disease patients.

Materials and methods
Participants, eligibility and regulatory 
approvals
The main clinical trial was organized by Teva 
Pharmaceuticals in collaboration with the Huntington 
Study Group and the European Huntington’s Disease 
Network. The clinical trial details can be found online at 
the US National Register (ClinicalTrials.gov: 
NCT02215616) and the EU Drug Regulating Authorities 
Clinical Trials Database (EudraCT: 2014-000418-75). For 
the UK sites, the study was approved by the Health 
Research Authority (IRAS: 151325), the South Central 
Hampshire B research ethics committee (REC Reference: 
14/SC/1340), the Medicines and Healthcare Regulatory 
Agency (MHRA: 34261/0017/001) and the Administration 
of Radioactive Medicinal Products Committee (ARSAC: 
630/3764/32453), UK. Enrolment into the PET-CT imaging 
study was optional. Written consent was sought in accord-
ance with the Declaration of Helsinki. Dynamic randomiza-
tion (1:1:1) was performed with interactive response 
technology to balance the treatment groups at the UK cen-
tres. The research team at Imperial College London and 
the recruiting UK sites as well as the study participants 
were blinded for the duration of the treatment period.

Participants enrolled in the LEGATO-HD trial (Sponsor’s 
reference: TV5600-CNS-20007) were referred to Imperial 
College London for PET imaging. Nineteen Huntington’s 
disease patients met the inclusion and exclusion criteria 
(see Supplementary Table 1) of the PET protocol and suc-
cessfully passed screening. Two patients withdrew and did 
not complete the PET study. One subject had a baseline 
MRI but no baseline PET-CT and was not eligible for the 
follow-up. One follow-up PET-CT scan failed technically 
during quality control (QC) testing. In summary, 15 partici-
pants completed the PET imaging study with PET-CT and 
brain MRI at baseline and follow-up (∼12 months apart). 
The mean interval between baseline and end-of-treatment 
PET-CT imaging was 0.95 years (±0.03 SD) for all patients 
(N = 15) who completed the treatment period.

In addition, we included PET-CT and MRI data from a 
group of 21 healthy volunteers. Details about this dataset 
can be found elsewhere.19,20 All healthy volunteers had 
one PET-CT and one brain MRI scan at the Imanova 
Imaging Centre under the same protocol of Huntington’s 
disease patients. Analyses of this data set were performed 
at outlined below (see relevant section).

Huntington’s disease patients (all had confirmed CAG re-
peats >40) were administered laquinimod (0.5 or 1.0 mg) or 
placebo on a daily basis and were reviewed by Huntington’s 
disease specialist clinical teams at regular intervals. The 
severity of Huntington’s disease was assessed using the 
Unified Huntington’s Disease Rating Scale (UHDRS).21

UHDRS-Motor and UHDRS-Functional subscores were cal-
culated for each patient from ‘Motor Assessment’ and 
‘Functional Capacity’ components of the form. Subjects on 
high doses of diazepam (20-30 mg/daily) were excluded 
from the PET-CT imaging study as this may have had central 
TSPO binding effects,22 thus potentially compromising the 
quality of the data. At enrolment for the PET study, we ex-
cluded those Huntington’s disease patients who were treated 
with benzodiazepines, tetrabenazine, neuroleptics, or 
N-methyl-D-aspartate receptor blocking agents. We did not 
screen for non-steroidal anti-inflammatory drugs.

The rs6971 locus in the TSPO gene has a polymorphism 
that affects the binding of all known second generation 
TSPO-specific radioligands.23–25 In the general population, 
people without the polymorphism have high affinity binding 
for PBR28, homozygotes have low affinity binding and het-
erozygotes express both high and low affinity for it (mixed 
affinity binding). In this study, we recruited high (HAB) 
and mixed (MAB) affinity binders. For women of childbear-
ing potential, negative urine pregnancy testing was required 
at the PET imaging facility prior to any procedure involving 
radiation. These tests were in addition to the standard safety 
measures taken during the main LEGATO-HD study.

Data acquisition and data 
management
All 11C-PBR28 PET-CT imaging took place at the Imanova 
(currently Invicro Ltd) imaging centre at the Hammersmith 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
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Hospital site in London, UK. Specific activity, chemical 
composition and radiochemical purity of 11C-PBR28 were 
determined by radioactive high-performance liquid chroma-
tography coupled with a gamma detector. Further details on 
radioligand synthesis can be found here.26,27

11C-PBR28 was injected as an intravenous bolus injection 
in the PET suite followed by a 90-min dynamic acquisition. 
The mean 11C-PBR28 injected activity was 323.3 ±  
38.5 MBq. PET-CT scanning took place on a Siemens 
Biograph Hi-Rez 6 PET-CT scanner (Siemens Healthcare, 
Erlangen, Germany Ltd). PET data were reconstructed using 
a filtered back projection algorithm (direct inversion Fourier 
transform) with a 128 matrix, zoom of 2.6, a transaxial 
Gaussian filter of 5 mm producing images with an isotropic 
voxel size of 2 × 2 × 2 mm3. Attenuation and scatter correc-
tion were applied based on the low-dose CT data. The dy-
namic images were binned into 26 frames (8 × 15, 3 × 60, 
5 × 120, 5 × 300 and 5 × 600 s).

All patients had a volumetric T1-weighted MR sequence at 
baseline and at follow-up (end of treatment or early termin-
ation) within 4 weeks of each PET-CT scan. All healthy 
volunteers had a volumetric T1-weighted MR sequence. 
T1-weighted magnetization-prepared rapid acquisition 
gradient echo (MPRAGE) images were acquired under a 
standardized protocol across the recruiting sites as described 
before.28 MPRAGE data were used for the volumetric ana-
lyses and for co-registration with the PET images.

The imaging analysis team was given access to view and 
electronically download the MRI data in digitized pseudony-
mized form via the trial-specific online platform. MRI scans 
of the Huntington’s disease patients were in DICOM (digital 
imaging and communications in medicine) format, without 
any preprocessing, and labelled with a pseudonymized 
code identical to that given to each individual patient. Raw 
MRI data were matched to the PET-CT imaging data, also 
saved in DICOM format by the imaging analysis team. QC 
testing was performed at the MR and PET-CT facilities 
where data had been acquired and at a second level at the 
PET-CT imaging workstation at Imperial College London.

Imaging data analyses
Processing and kinetic modelling of the 11C-PBR28 PET-CT 
and MPRAGE MRI data were performed using an in-house 
integrated pipeline as described before29 with MIAKAT™ 
(molecular imaging and kinetic analysis toolbox; Invicro 
Imaging Centre, London, UK) software for academic use.30

MIAKAT is implemented in MATLAB® (version 2017b; 
Mathworks, Natick, MA, USA), SPM12 (Statistical 
Parametric Mapping version 12; Wellcome Trust Centre 
for Neuroimaging, London, UK) and FSL (version 5.0.10; 
FMRIB Image Analysis Group, Oxford, UK).

MPRAGE images were rigidly registered to the Montreal 
Neurological Institute space after brain extraction and seg-
mentation. Binary masks of the caudate and putamen, re-
ferred to as region of interest (ROIs), and the corpus 
callosum (CC) were created on the FreeSurfer images 

analysis suite (https://surfer.nmr.mgh.harvard.edu) using in-
dividual MPRAGE and then customized manually on 
Analyze (version 11.0; Biomedical Imaging Resource, 
Mayo Clinic) to account for segmentation inaccuracies due 
to atrophy. Frame-by-frame motion correction was applied 
to the dynamic PET data. A summed PET image was created 
and co-registered to ROIs, CC binary masks and the CIC at-
las31 using normalized information as the cost function. 
11C-PBR28 time activity curves were generated. The distri-
bution volume ratio (DVR) values where calculated employ-
ing the Logan reference kinetic plot32 using the CC as a 
pseudo-reference region. All steps of the above analysis pipe-
line successfully passed QC testing. MRI volumetric assess-
ment was performed using FreeSurfer with a volume-based 
subcortical approach as previously reported.33

Partial volume effect correction (PVC) was applied to the 
PET data, using the PET PVE12 SPM toolbox,34 to account 
for Huntington’s disease-related cerebral atrophy. White 
and grey matter binary masks were created with FreeSurfer 
and subsequently used as references in the Müller-Gärtner 
three-compartmental algorithm35 with a frame-by-frame ap-
proach on the dynamic PET images.

Statistical analyses
Statistical analyses were performed using the IBM SPSS® 
Statistics software, Version 25 for Microsoft windows. The 
significance (alpha) level was set at α = 0.05. Homogeneity of 
variances was performed with Bartlett’s test. The Kolmogorov- 
Smirnov normality test was performed to examine if variables 
were normally distributed. Graph illustrations were performed 
using the GraphPad Prism software, Version 6 for Microsoft 
windows and Microsoft Office Excel.

Validation of the Huntington’s disease data set was made 
through comparisons of means between the Huntington’s dis-
ease patients (baseline data) and those from the group of 
healthy volunteers. Comparisons of caudal and putaminal 
11C-PBR DVRs and volumes (MRI data) as well as of age be-
tween the patients and healthy volunteers were performed 
with t-test for independent samples. Chi-squared (χ2) test 
was performed to assess gender differences, followed by 
Yates’s correction. For the Huntington’s disease group, we 
sought for correlations of regional 11C-PBR DVRs with 
CAG repeats, age, disease duration from diagnosis (DDdiagn), 
disease duration from onset (DDonset) and UHDRS scores 
using non-parametric Spearman’s rho coefficient (r). 
Benjamini-Hochberg procedure was applied afterwards.

Huntington’s disease patients were then divided into two 
groups: placebo and laquinimod (either 0.5 or 1.0 mg) treat-
ment. Comparisons of caudal and putaminal 11C-PBR28 
DVRs and volumes (MRI data) between baseline and follow- 
up were performed with paired t-tests. Comparisons of 
11C-PBR28 DVRs between placebo and laquinimod treat-
ment groups at baseline were performed with non- 
parametric Mann-Whitney U tests. Comparisons between 
baseline and follow-up 11C-PBR28 DVRs and UHDRS 
scores were performed with non-parametric Wilcoxon 

https://surfer.nmr.mgh.harvard.edu
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signed-rank test for related samples. Change over time is 
shown with 11C-PBR28 ΔDVRs. │Δ│ = │ (Follow-up 
DVR) – (Baseline DVR)│. Percentage DVR changes were 
calculated as % DVR change = 100 × │Δ│/(Baseline DVR).

Results
Randomization (1:1:1) of Huntington’s disease patients re-
sulted in three groups: laquinimod 0.5 mg (N = 4), laquini-
mod 1.0 mg (N = 6) and placebo (N = 5). Imaging (PET 
and MRI) and clinical data are tabulated below (see Tables 
1–3 and Figs 1 and 2) and as supplementary material
(Supplementary Table 2 and Figs 1–6). Uncorrected DVR va-
lues are shown in Table 2.

At baseline
Baseline 11C-PBR28 DVRs were significantly higher in the 
caudate [P < 0.001, F = 5.30, t = −7.54, 95% confidence 

interval (CI) = −0.66, −0.38] and the putamen (P < 0.001, 
F = 0.22, t = −8.15, 95% CI = −0.67, −0.40) in the 
Huntington’s disease group when compared with healthy vo-
lunteers. All patients showed marked striatal volume losses 
when compared with healthy volunteers at baseline (caudate: 
P < 0.001, F = 2.28, t = −5.74, 95% CI = −4622, −2667; pu-
tamen: P < 0.001, t = −7.0, F = 3.75, 95% CI = −5764, 
−3745). At enrolment, the healthy volunteers were age- 
matched to the Huntington’s disease group. However, not 
matched for gender (χ2 test = 4.14, post Yates’s correction; P  
< 0.05). See more in Tables 1 and 2, and Supplementary Figs 
1 and 2.

11C-PBR DVRs correlated with the CAG repeats in 18 
Huntington’s disease patients (caudate: r = 0.51, P < 0.05; 
putamen: r = 0.47, P < 0.05). DVR values also correlated 
with DDdiagn (caudate: r = 0.74, P < 0.001; putamen: r =  
0.81, P < 0.001) and DDonset (caudate: r = 0.65, P < 0.001; 
putamen: r = 0.67, P < 0.001; see Supplementary Figs 3 
and 4). No correlation was found between regional 
11C-PBR DVRs, age and the clinical severity scores.

Table 1 Imaging data: Huntington’s disease versus healthy volunteers

PET data (baseline)—Huntington’s disease patients versus healthy volunteers

Patients (N = 18) Healthy volunteers (N = 21)

TSPO affinity 7MAB:11HAB 10MAB:11HAB
Age (years) 44.39 ± 2.75 39.38 ± 12.96 nsa

11C-PBR28 caudate DVR 1.35 ± 0.26 0.83 ± 0.15***,a

11C-PBR28 putamen DVR 1.59 ± 0.24 1.05 ± 0.17***,a

Volumetric MRI data set—Huntington’s disease patients versus healthy volunteers

Patients (N = 19) Patients (N = 16) Healthy volunteers (N = 21)
Baseline Follow-up Baseline

Caudate volume 3701 ± 932 3867 ± 1139 nsb 7671 ± 842***,a

Putamen volume 5368 ± 1204 5537 ± 1381 nsb 10 268 ± 859***,a

Values are given as mean ± 1 SD. Volumes are summed for left and right regions and rounded. Volume figures refer to mm3. DVR, distribution volume ratio (unitless); TSPO, 
translocator protein; ns, non-significant. ***Statistical significance P < 0.001. aComparison between baseline data of patients and healthy volunteers. bComparison between follow-up 
and baseline (patients only, N = 16).

Table 2 Huntington’s disease patients: laquinimod versus placebo

Treatment arm Laquinimod (N = 10) Placebo (N = 5)

Gender 6M:4F ns 3M:2F
CAG repeats >40 >40
TSPO affinity 4MAB:6HAB 2MAB:3HAB
Interval between PET scans 0.93 ± 0.03 years 0.96 ± 0.02 years

Baseline Follow-up Baseline Follow-up

Age (years) 47.58 ± 3.80 48.52 ± 3.79 43.95 ± 8.37 nsa 44.91 ± 8.37
DDdiagn (years) 3.89 ± 4.11 4.82 ± 4.11 4.50 ± 3.13 nsa 5.47 ± 3.12
DDonset (years) 5.99 ± 3.85 6.99 ± 3.85 5.40 ± 2.37 nsa 6.41 ± 2.36
UHDRS-TMS 31.00 ± 9.53 31.00 ± 13.55 nsb 29.60 ± 14.73 nsa 25.70 ± 9.75 nsc

UHDRS-TFC 36.60 ± 4.59 34.40 ± 5.71 nsb 36.10 ± 3.51 nsa 36.10 ± 3.59 nsc

11C-PBR28 caudate DVR 1.34 ± 0.23 1.32 ± 0.23 nsb 1.30 ± 0.36 nsa 1.10 ± 0.33 nsc

11C-PBR28 putamen DVR 1.57 ± 0.16 1.57 ± 0.21 nsb 1.63 ± 0.38 nsa 1.37 ± 0.29 nsc

11C-PBR28 caudate DVR (uncorrected) 1.29 ± 0.13 1.31 ± 0.08 nsb 1.24 ± 0.18 1.20 ± 0.29 nsc

11C-PBR28 putamen DVR (uncorrected) 1.92 ± 0.19 1.93 ± 0.18 nsb 1.89 ± 0.28 1.80 ± 0.24 nsc

DDdiagn, disease duration from diagnosis; DDonset, disease duration from onset; DVR, distribution volume ratio; TFC, total function capacity; TMS, total motor scores; UHDRS, Unified 
Huntington’s Disease Rating Scale; ns, non-significant. a Between baseline placebo and baseline laquinimod. b Between follow-up laquinimod and baseline laquinimod. cBetween 
follow-up placebo and baseline placebo.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
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The placebo group was not significantly different (based 
on statistical comparisons of age, DDdiagn and DDonset at 
baseline) from the group treated with laquinimod (see 
Table 2). The laquinimod 0.5 mg subgroup was not signifi-
cantly different at baseline from the group that was treated 
with 1.0 mg (see Table 3).

Over time
At follow-up, the Huntington’s disease patients who were on 
placebo did not have a statistically significant change from 
baseline in their 11C-PBR28 DVRs in either the caudate or 

the putamen. At the end of the laquinimod treatment, the 
10 Huntington’s disease patients did not show a statistically 
significant change in their regional 11C-PBR28 DVRs for ei-
ther the caudate or the putamen. In this study, Huntington’s 
disease patients did not demonstrate a statistically significant 
change in volumes over time for either the caudate or the pu-
tamen. Patients treated with laquinimod did not show a stat-
istically significant change at the end of treatment in the 
UHDRS severity motor and functional scores. No statistical-
ly significant change was seen in the placebo group in the 
UHDRS scores over time (see Tables 1 and 2, and Fig. 1). 
|Δ|DVRs and percentage DVR changes are shown in 

Figure 1 PET data—placebo and laquinimod (combined). Scatter plot of 11C-PBR DVR values for caudate (A) and putamen (B). 
Circles = Huntington’s disease patients treated with placebo (N = 5); squares = Huntington’s disease patients treated with laquinimod (all 
doses, N = 10). Comparison between baseline and follow-up DVR values was made with paired t-tests. Comparisons of DVRs between placebo 
and laquinimod treatment groups at follow-up was performed with non-parametric Mann-Whitney U-tests.

Table 3 Huntington’s disease patients: laquinimod dose effect

Treatment arm Laquinimod 0.5 mg (N = 4) Laquinimod 1.0 mg (N = 6)

Gender 2M:2F 4M:2F ns
CAG repeats >40 >40
TSPO affinity 3MAB:1HAB 1MAB:5HAB

Baseline Follow-up Baseline Follow-up

Age 49.52 ± 2.59 50.48 ± 2.60 40.24 ± 8.82 nsa 41.21 ± 8.83
DDdiagn 5.21 ± 2.56 6.16 ± 2.55 4.03 ± 3.38 nsa 5.00 ± 3.37
DDonset 7.31 ± 1.68 8.32 ± 1.68 4.12 ± 1.84 nsa 5.14 ± 1.84
UHDRS-TMS 38.75 ± 14.46 28.75 ± 7.22 nsb 23.50 ± 11.37 23.67 ± 10.64 nsc

UHDRS-TFC 34.00 ± 1.58 36.50 ± 0.50 nsb 37.70 ± 3.73 35.83 ± 4.60 nsc

11C-PBR28 caudate DVR 1.51 ± 0.18 1.43 ± 0.04 nsb 1.22 ± 0.18 1.24 ± 0.28 nsc

11C-PBR28 putamen DVR 1.67 ± 0.08 1.65 ± 0.10 nsb 1.50 ± 0.17 1.51 ± 0.25 nsc

DDdiagn, disease duration from diagnosis; DDonset, disease duration from onset; DVR, distribution volume ratio; TFC, total function capacity; TMS, total motor scores; UHDRS, Unified 
Huntington’s Disease Rating Scale; ns, non-statistically significant. a Between baseline 1.0 mg and baseline 0.5 mg. b Between follow-up 0.5 mg and baseline 0.5 mg. c Between follow-up 
1.0 mg and baseline 1.0 mg.
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Supplementary Table 2 (see also Supplementary Figs 5 
and 6).

Individually, each laquinimod treatment subgroup did not 
change significantly over time. Details for each laquinimod 
subgroup are shown in Table 3 and Fig. 2.

Discussion
The primary aim of this PET-CT imaging study was to assess 
changes in the state of striatal microglia in Huntington’s dis-
ease due to treatment with laquinimod. Over 1 year, regional 
TSPO expression (reflected by 11C-PBR28 PET-CT DVRs) 
was different in the brains of Huntington’s disease partici-
pants. This change, however, was not statistically significant 
for patients treated with either placebo or laquinimod. At the 
end of the treatment period, Huntington’s disease patients 
(either on laquinimod or placebo) had no significant change 
from baseline in their clinical scores, while all maintained 
marked striatal volume losses (see Results and Table 1).

Considering that Huntington’s disease is a rare disease, we 
appreciate that this PET study may have been underpow-
ered. We are aware that the duration of the follow-up period 
may not be ideal to detect significant changes in TSPO ex-
pression over time. This PET study is explorative and the 
findings need careful consideration before safe conclusions 
can be drawn about the potential of laquinimod to affect 
microglia activation in vivo.

At first, we would like to acknowledge that there is 
no consensus in the literature on how to best study 
neuroinflammation in Huntington’s disease in vivo.36

Despite the methodological differences with first-generation 
TSPO-specific binding studies, and 11C-PBR28 PEC-CT 

protocols for healthy volunteers and other disorders, our 
baseline PET results support a significant value of 
11C-PBR28 PECT-CT for in vivo imaging of TSPO and for 
differentiating Huntington’s disease patients from healthy 
volunteers. In our study, baseline 11C-PBR28 DVRs in the 
caudate and putamen were significantly higher, and volumes 
were significantly lower, in the Huntington’s disease group 
when compared with healthy volunteers. The baseline 
DVR values correlated strongly with the number of CAG re-
peats (associated with high probability for severe disease), 
and with disease duration measures (DDdiagn and DDonset). 
These results are in line with previous work on manifest 
and pre-manifest Huntington’s disease,37,38 and add validity 
to the chosen methods.

For the purposes of this study, our Huntington’s partici-
pants make a representative group of Huntington’s disease 
patients. Our patients demonstrate variable disease dura-
tions and variable number of CAG repeats. Taking into ac-
count feasibility aspects (rarity of Huntington’s disease, 
difficulty of patients with manifest movement disorders to 
stay still for 90 min for a scan, risks associated with arterial 
cannulation), and results from previous 11C-PBR28 PEC-CT 
methodology studies,14,39 we decided to omit arterial cannu-
lation and have a pragmatic approach at enrolment. We ac-
knowledge that this approach may not be adequate for a 
study on a common disorder.

In the absence of arterial input function from the present 
design, quantification of TSPO-specific PET-CT data from 
patients with Huntington’s disease and marked atrophy 
required extra steps.40,41 By reviewing former research work 
on PBR28, TSPO expression and Huntington’s disease 
pathology, we decided to use the CC as the reference region after 
exploring several brain regions, including the cerebellum.29

Figure 2 PET data—placebo and laquinimod (two dose groups). Scatter plot of 11C-PBR DVR values for caudate (A) and putamen (B). 
Circles = Huntington’s disease patients treated with placebo (N = 5); triangles = Huntington’s disease patients treated with Laquinimod 0.5 mg 
(N = 4); rhombi = Huntington’s disease patients treated with Laquinimod 1.0 mg (N = 6). Comparison between baseline and follow-up DVR values 
was made with paired t-tests.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data
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Issues with TSPO imaging refer to variability in the TSPO 
affinity status and the integrity of the brain tissue under 
study. In Huntington’s disease, post-mortem data demon-
strate the presence of reactive microglia in the subcortical 
white matter and internal capsule.42 However, the CC has 
been shown to be least affected by Huntington’s disease 
when compared with white matter that surrounds the stri-
atum.1 For the purposes of this study, we chose the entire 
CC as the reference region, as it has (i) reasonably low 
Huntingtin expression (minimal direct impact of the dis-
ease), (ii) comparable TSPO expression with basal ganglia 
tissue (to assume similar non-specific binding) and (iii) no se-
vere atrophy to allow meaningful analyses. In general terms, 
the basal ganglia and CC are anatomically and functionally 
distinct regions. In people with Huntington’s disease, the ex-
pression of mutant Huntingtin does not have the same im-
pact on the various types of neurons across the brain. The 
assumption is that abnormal Huntingtin is a major single 
factor for regional neuronal damage in this disease. We are 
making this point to distinguish the basal ganglia from the 
CC regarding susceptibility to degenerative disease. The lat-
ter point refers to evidence from studies in idiopathic 
Parkinson’s disease.43,44

However, in the context of Huntington’s disease, signifi-
cant atrophy in the basal ganglia45–48 enables the two regions 
of interest (caudate and putamen) susceptible to a partial vol-
ume effect. This phenomenon can introduce a bias in the activ-
ity quantification of the PET images,49,50 and considerably 
impact the validity of extracted DVRs. Here, we applied 
PVC to minimize the atrophy bias on our dataset. We also per-
formed statistical testing using the uncorrected values and re-
sults remained unchanged (see Table 2). Considering the 
above points together, we believe that our imaging protocol 
delivered evaluable DVR data and the proposed analysis pipe-
line is reliable for this study design.

Focused on the aims of our study, it was deemed appropri-
ate not to perform complex analyses with the laquinimod 
subgroups and TSPO affinity status and accept the limitation 
of a fixed (1-year) duration of treatment. After considering 
all available evidence at the set-up of the PET study, we 
decided to screen for TSPO affinity status and exclude low 
affinity binders. We acknowledge that HABs and MABs 
are presented together in this report and that this is a limita-
tion of the current methodology.

In this study, Huntington’s disease patients and healthy 
volunteers were age matched but not for gender. Previous 
work in rodents have shown a greater number of microglia 
in females.51,52 This trend has been recently confirmed by 
11C-PBR28 PET-CT data in healthy volunteers.52

However, with current knowledge, epidemiological and gen-
etic sources do not highlight gender as a significant known 
risk factor for Huntington’s disease.53–55

With current evidence, the study of microglia activation in 
the context of manifest Huntington’s disease is a complex 
area for research. As neuroinflammation is a chronic process 
that starts in pre-manifest Huntington’s disease and develops 
over years, it is possible that the study of microglia activation 

and the effect CNS modulators (such as laquinimod) have on 
it require longitudinal study designs, including Huntington’s 
disease patients as well as pre-manifest cases.

Conclusions
The data from the PET-CT study of the LEGATO-HD trial 
show that TSPO expression in the caudate and putamen 
does not change significantly over 1 year in patients with 
Huntington’s disease. In this cohort, laquinimod treatment 
did not improve clinical symptoms. The proposed pipeline 
for analysing 11C-PBR28 PET-CT data sets the background 
for future studies on neuroinflammation in Huntington’s 
disease.

Supplementary material
Supplementary material is available at Brain Communications 
online.

Acknowledgements
The authors wish to thank the participants (Huntington’s 
disease patients and healthy volunteers) as well as their fam-
ilies and friends. The authors appreciate the PEC-CT and 
MRI radiographers, technicians, data managers, nursing 
and laboratory staff for their work. A thank you to the study 
management and operational teams.

Funding
A.A.R., M.G., R.N.G., D.R.O., N.K., A.L.-H., N.P.L.-K. and 
P.P. were employees of Imperial College London at the time 
this study was conducted. N.K. discloses support by the 
GSK Wellcome Trust Translational Medicine Training 
Fellowship programme during this time. Z.P. was a visiting 
researcher at Imperial College London. M.F.G., B.B., G.R., 
J.-M.S. and M.R.H. were employees of Teva Pharmaceutical 
Industries at the time the research was conducted. R.R. was 
an employee of the George Huntington Institute, G.S. was 
an employee of Imanova Ltd and S.J.T. was an employee of 
University College London at the time this research was con-
ducted. S.J.T. received study support fees paid to the 
University College London Hospital site for conducting the 
LEGATO-HD trial. S.J.T. received payment from Teva 
Pharmaceuticals for consulting and advisory services, with 
payment made to UCL Consultants Ltd, a wholly owned sub-
sidiary of University College London. S.J.T. is partly sup-
ported by the UK Dementia Research Institute that receives 
its funding from DRI Ltd., funded by the UK Medical 
Research Council, Alzheimer’s Society, and Alzheimer’s 
Research UK; and research grant funding from the 
Wellcome Trust (ref. 223082/Z/21/Z). Laquinimod is owned 
by Active Biotech AB, Lund Sweden. The study was sponsored 
by Teva Pharmaceutical Industries Ltd, Netanya, Israel.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad084#supplementary-data


11C-PBR28 PET-CT in Huntington’s disease                                                                    BRAIN COMMUNICATIONS 2023: Page 9 of 10 | 9

Conflicts of interest
M.F.G., B.B., G.R., J.-M.S. and M.R.H. were employees of 
Teva Pharmaceutical Industries at the time the research 
was conducted.

Data availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

References
1. Tabrizi SJ, Scahill RI, Durr A, et al. Biological and clinical changes 

in premanifest and early-stage Huntington’s disease in the 
TRACK-HD study: The 12-month longitudinal analysis. Lancet 
Neurol. 2011;10(1):31-42.

2. Tabrizi SJ, Scahill RI, Owen G, et al. Predictors of phenotypic pro-
gression and disease onset in premanifest and early-stage 
Huntington’s disease in the TRACK-HD study: Analysis of 
36-month observational data. Lancet Neurol. 2013;12(7):637-649.

3. Georgiou-Karistianis N, Poudel GR, Langmaid R, et al. Functional 
and connectivity changes during working memory in Huntington’s 
disease: 18-month longitudinal data from the IMAGE- HD study. 
Brain Cogn. 2013;83(1):80-91.

4. Caron N, Dorsey E, Hayden M. Therapeutic approaches to 
Huntington disease: From the bench to the clinic. Nat Rev Drug 
Dis. 2018;17(10):729-750.

5. Collins L, Toulouse A, Connor T, Nolan Y. Contributions of central 
and systemic inflammation to the pathophysiology of Parkinson’s 
disease. Neuropharmacology. 2012;62(7):2154-2168.

6. Mirzaei N, Tang SP, Ashworth S, et al. In vivo imaging of microglial 
activation by positron emission tomography with [(11)C] PBR28 in 
the 5XFAD model of Alzheimer’s disease. Glia. 2016;64(6): 
993-1006.

7. Sastre M, Katsouri L, Birch A, et al. Neuroinflammation in Alzheimer’s, 
Parkinson’s and Huntington’s diseases. In: Woodroofe N, Amor S, 
eds. Neuroinflammation and CNS disorders. John Wiley & Sons, Ltd; 
2014:111-150.

8. Ellrichmann G, Reick C, Saft C, Linker RA. The role of the immune 
system in Huntington’s disease. Clin Dev Immunol. 2013;2013: 
541259.

9. Comi G, Jeffery D, Kappos L, et al. Placebo-controlled trial of oral 
laquinimod for multiple sclerosis. N Engl J Med. 2012;366(11): 
1000-1009.

10. Vollmer TL, Sorensen PS, Selmaj K, et al. A randomized placebo- 
controlled phase III trial of oral laquinimod for multiple sclerosis. 
J Neurol. 2014;261(4):773-783.

11. Filippi M, Rocca MA, Pagani E, et al. Placebo-controlled trial of 
oral laquinimod in multiple sclerosis: MRI evidence of an effect 
on brain tissue damage. J Neurol Neurosurg Psychiatry. 2013; 
85(8):851-858.

12. Kreisl WC, Fujita M, Fujimura Y, et al. Comparison of 
[11C]-(R)-PK 11195 and [11C] PBR28, two radioligands for trans-
locator protein (18 kDa) in human and monkey: Implications for 
positron emission tomographic imaging of this inflammation bio-
marker. Neuroimage. 2010;49(4):2924-2932.

13. Collste K, Forsberg A, Varrone A, et al. Test-retest reproducibility 
of [(11)C] PBR28 binding to TSPO in healthy control subjects. 
Eur J Nucl Med Mol Imaging. 2016;43(1):173-183.

14. Datta G, Colasanti A, Kalk N, et al. 11C-PBR28 and 18F-PBR111 
detect white matter inflammatory heterogeneity in multiple scler-
osis. J Nucl Med. 2017;58(9):1477-1482.

15. Papadopoulos V, Baraldi M, Guilarte TR, et al. Translocator pro-
tein (18 kDa): New nomenclature for the peripheral-type benzodi-
azepine receptor based on its structure and molecular function. 
Trends Pharmacol Sci. 2006;27(8):402-409.

16. Rupprecht R, Papadopoulos V, Rammes G, et al. Translocator pro-
tein (18 kDa) (TSPO) as a therapeutic target for neurological and 
psychiatric disorders. Nat Rev Drug Discov. 2010;9(12):971-988.

17. Chen MK, Guilarte TR. Translocator protein 18 kDa (TSPO): 
Molecular sensor of brain injury and repair. Pharmacol Ther. 
2008;118(1):1-17.

18. McNeela AM, Bernick C, Hines RM, Hines DJ. TSPO regulation in 
reactive gliotic diseases. J Neurosci Res. 2018;96(6):978-988.

19. Kalk NJ, Owen D, Cherian R, et al. Decreased hippocampal trans-
locator protein (18 kDa) expression in alcohol dependence: A [11 
C]PBR28 PET study. Transl Psychiatry. 2017;7(1):e996.

20. Owen D, Guo Q, Kalk NJ, et al. Determination of [(11)C]PBR28 
binding potential in vivo: A first human TSPO blocking study. J 
Cereb Blood Flow Metab. 2014;34(6):989-994.

21. Huntington Study Group. (1996). Unified Huntington’s disease rat-
ing scale: Reliability and consistency. Mov Disord. 1996;11(2): 
136-142.

22. Kalk NJ, Owen DR, Tyacke RJ, et al. Are prescribed benzodiaze-
pines likely to affect the availability of the 18kDa translocator pro-
tein (TSPO) in PET studies? Synapse. 2013;67(12):909-912.

23. Owen DR, Yeo AJ, Gunn RN, et al. An 18-kDa translocator protein 
(TSPO) polymorphism explains differences in binding affinity of the 
PET radioligand PBR28. J Cereb Blood Flow Metab. 2012;32(1): 
1-5.

24. Kreisl WC, Jenko KJ, Hines CS, et al. A genetic polymorphism for 
translocator protein 18 kDa affects both in vitro and in vivo radioli-
gand binding in human brain to this putative biomarker of neuroin-
flammation. J Cereb Blood Flow Metab. 2013;33(1):53-58.

25. Rojas C, Stathis M, Coughlin JM, Pomper M, Slusher BS. The low- 
affinity binding of second-generation radiotracers targeting TSPO is 
associated with a unique allosteric binding site. J Neuroimmune 
Pharmacol. 2018;13(1):1-5.

26. Imaizumi M, Kim HJ, Zoghbi SS, et al. PET Imaging with [11C] 
PBR28 can localize and quantify upregulated peripheral benzodi-
azepine receptors associated with cerebral ischemia in rat. 
Neurosci Lett. 2007;411(3):200-205.

27. Wang M, Yoder KK, Gao M, et al. Fully automated synthesis and 
initial PET evaluation of [11C] PBR28. Bioorg Med Chem Lett. 
2009;19(19):5636-5639.

28. Jr JC, Bernstein MA, Fox NC, et al. The Alzheimer’s disease neuroi-
maging initiative (ADNI): MRI methods. J Magn Reson Imaging. 
2008;27(4):685-691.

29. Gennaro M, Roussakis AA, Lao–Kaim N, et al. Modified pipeline 
for 11C-PBR28 PET data for the quantification of striatal 
TSPO-specific binding: Application to Huntington’s disease. In: 
Proceeding of 8th European conference on clinical neuroimaging, 
Brussels, Belgium, May 2019.

30. Gunn R, Coello C, Searle G. Molecular imaging and kinetic 
analysis toolbox (MIAKAT)—A quantitative software package for 
the analysis of PET neuroimaging data. J Nucl Med. 2016;57(2): 
1928.

31. Tziortzi AC, Searle GE, Tzimopoulou S, et al. Imaging dopamine re-
ceptors in humans with [11C]-(+)-PHNO: Dissection of D3 signal 
and anatomy. Neuroimage. 2011;54(1):264-277.

32. Logan J, Fowler JS, Volkow ND, Wang GJ, Ding YS, Alexoff DL. 
Distribution volume ratios without blood sampling from graphical 
analysis of PET data. J Cereb Blood Flow Metab. 1996;16(5): 
834-840.

33. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: 
Automated labeling of neuroanatomical structures in the human 
brain. Neuron. 2002;33:341-355.

34. Gonzalez-Escamilla G, Lange C, Teipel S, Buchert R, Grothe MJ. 
Alzheimer’s disease neuroimaging initiative. PETPVE12: An SPM 
toolbox for partial volume effects correction in brain PET - 



10 | BRAIN COMMUNICATIONS 2023: Page 10 of 10                                                                                                  A.-A. Roussakis et al.

application to amyloid imaging with AV45-PET. Neuroimage. 
2017;147:669-677.

35. Müller-Gärtner HW, Links JM, Prince JL, et al. Measurement of 
radiotracer concentration in brain gray matter using positron emis-
sion tomography: MRI-based correction for partial volume effects. J 
Cereb Blood Flow Metab. 1992;12(4):571-583.

36. Roussakis AA, Piccini P. PET Imaging in Huntington’s disease. J 
Huntington’s Dis. 2015;4(4):287-296.

37. Pavese N, Gerhard A, Tai YF, et al. Microglial activation correlates 
with severity in Huntington disease: A clinical and PET study. 
Neurology. 2006;66(11):1638-1634.

38. Tai YF, Pavese N, Gerhard A, et al. Microglial activation in pre-
symptomatic Huntington’s disease gene carriers. Brain. 2007; 
130(7):1759-1766.

39. Lyoo CH, Ikawa M, Liow JS, et al. Cerebellum can serve as a 
pseudo-reference region in Alzheimer disease to detect neuroinflam-
mation measured with PET radioligand binding to translocator pro-
tein. J Nucl Med. 2015;56(5):701-706.

40. Lammertsma AA, Hume SP. Simplified reference tissue model for 
PET receptor studies. Neuroimage. 1996;4(3 Pt 1):153-158.

41. Rizzo G, Veronese M, Tonietto M, Zanotti-Fregonara P, 
Turkheimer FE, Bertoldo A. Kinetic modeling without accounting 
for the vascular component impairs the quantification of [(11)C] 
PBR28 brain PET data. J Cereb Blood Flow Metab. 2014;34(6): 
1060-1069.

42. Sapp E, Kegel KB, Aronin N, et al. Early and progressive accumula-
tion of reactive microglia in the Huntington disease brain. J 
Neuropathol Expl Neurol. 2001;60(2):161-172.

43. Goldman JG, Bledsoe IO, Merkitch D, Dinh V, Bernard B, Stebbins 
GT. Corpus callosal atrophy and associations with cognitive im-
pairment in Parkinson disease. Neurology. 2017;88(13): 
1265-1272.

44. Wiltshire K, Foster S, Kaye JA, Small BJ, Camicioli R. Corpus callo-
sum in neurodegenerative diseas-es: Findings in Parkinson’s disease. 
Dement Geriatr Cogn Disord. 2005;20(6):345-351.

45. Paulsen JS, Nopoulos PC, Aylward E, et al. Striatal and white matter 
predictors of estimated diagnosis for Huntington disease. Brain Res 
Bull. 2010;82:201-207.

46. van den Bogaard SJ, Dumas EM, Acharya TP, et al. Early atrophy of 
pallidum and accumbens nucleus in Huntington’s disease. J Neurol. 
2011;258(3):412-420.

47. de la Monte SM, Vonsattel JP, Richardson EP Jr. Morphometric 
demonstration of atrophic changes in the cerebral cortex, white 
matter, and neostriatum in Huntington’s disease. J Neuro-Pathol 
Exp Neurol. 1988; 47(5):516-525.

48. Halliday GM, McRitchie DA, Macdonald V, Double KL, Trent RJ, 
McCusker E. Regional specificity of brain atrophy in Huntington’s 
disease. Exp Neurol. 1998;154(2):663-672.

49. Rullmann M, Dukart J, Hoffmann KT, et al. Partial-volume effect 
correction improves quantitative analysis of 18F-florbetaben 
β-amyloid PET scans. J Nucl Med. 2016;57(2):198-203.

50. Thomas BA, Erlandsson K, Modat M, et al. The importance of ap-
propriate partial volume correction for PET quantification in 
Alzheimer’s disease. Eur J Nucl Med Mol Imaging. 2011;38(6): 
1104-1119.

51. Mouton PR, Long JM, Lei DL, et al. Age and gender effects on 
microglia and astrocyte numbers in brains of mice. Brain Res. 
2002;956(1):30-35.

52. Schwarz JM, Sholar PW, Bilbo SD. Sex differences in microglial col-
onization of the developing rat brain. J Neurochem. 2012;120(6): 
948-963.

53. Rosenblatt A, Kumar BV, Margolis RL, Welsh CS, Ross CA. Factors 
contributing to institutionalization in patients with Huntington’s 
disease. Mov Disord. 2011;26(9):1711-1716.

54. Chao TK, Hu J, Pringsheim T. Risk factors for the onset and pro-
gression of Huntington disease. Neurotoxicology. 2017;61:79-99.

55. Tuisku J, Plavén-Sigray P, Gaiser EC, et al. Effects of age, BMI and 
sex on the glial cell marker TSPO - a multicentre [11C] PBR28 
HRRT PET study. Eur J Nucl Med Mol Imaging. 2019;46(11): 
2329-2338.


	A PET-CT study on neuroinflammation in Huntington’s disease patients participating in a randomized trial with laquinimod
	Introduction
	Materials and methods
	Participants, eligibility and regulatory approvals
	Data acquisition and data management
	Imaging data analyses
	Statistical analyses

	Results
	At baseline
	Over time

	Discussion
	Conclusions
	Supplementary material
	Acknowledgements
	Funding
	Conflicts of interest
	Data availability
	References




