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Intellectual enrichment and genetic modifiers 
of cognition and brain volume in Huntington’s 
disease

Marina Papoutsi,1,2 Michael Flower,1 Davina J. Hensman Moss,1 Peter Holmans,3 

Carlos Estevez-Fraga,1 Eileanoir B. Johnson,1 Rachael I. Scahill,1 Geraint Rees,4,5 

Douglas Langbehn,6 and Sarah J. Tabrizi1,7  the Track-HD Investigators

See Hannan (https://doi.org/10.1093/braincomms/fcac308) for a scientific commentary on this article.

An important step towards the development of treatments for cognitive impairment in ageing and neurodegenerative diseases is to 
identify genetic and environmental modifiers of cognitive function and understand the mechanism by which they exert an effect. In 
Huntington’s disease, the most common autosomal dominant dementia, a small number of studies have identified intellectual enrich
ment, i.e. a cognitively stimulating lifestyle and genetic polymorphisms as potential modifiers of cognitive function. The aim of our 
study was to further investigate the relationship and interaction between genetic factors and intellectual enrichment on cognitive func
tion and brain atrophy in Huntington’s disease. For this purpose, we analysed data from Track-HD, a multi-centre longitudinal study 
in Huntington’s disease gene carriers and focused on the role of intellectual enrichment (estimated at baseline) and the genes FAN1, 
MSH3, BDNF, COMT and MAPT in predicting cognitive decline and brain atrophy. We found that carrying the 3a allele in the MSH3 
gene had a positive effect on global cognitive function and brain atrophy in multiple cortical regions, such that 3a allele carriers had a 
slower rate of cognitive decline and atrophy compared with non-carriers, in agreement with its role in somatic instability. No other 
genetic predictor had a significant effect on cognitive function and the effect of MSH3 was independent of intellectual enrichment. 
Intellectual enrichment also had a positive effect on cognitive function; participants with higher intellectual enrichment, i.e. those 
who were better educated, had higher verbal intelligence and performed an occupation that was intellectually engaging, had better 
cognitive function overall, in agreement with previous studies in Huntington’s disease and other dementias. We also found that intel
lectual enrichment interacted with the BDNF gene, such that the positive effect of intellectual enrichment was greater in Met66 allele 
carriers than non-carriers. A similar relationship was also identified for changes in whole brain and caudate volume; the positive effect 
of intellectual enrichment was greater for Met66 allele carriers, rather than for non-carriers. In summary, our study provides addition
al evidence for the beneficial role of intellectual enrichment and carrying the 3a allele in MSH3 in cognitive function in Huntington’s 
disease and their effect on brain structure.
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Abbreviations: BDNF = brain-derived neurotrophic factor; CAG = coronary artery angiography; CI = confidence interval; COMT = 
catechol-O-methyl transferase; DBS = disease burden score; DF = degrees of freedom; FAN1 = fancd2- and fanci-associated nuclease 
1; GM = grey matter; HTT = Huntingtin; IQ = intelligence quotient; MAPT = microtubule-associated protein tau; MIDAS = medical 
image display and analysis software; MSH3 = MutS homologue 3; SD = standard deviation; SE = standard error; SEM = structural 
equation modelling; SNP = single-nucleotide polymorphism; SPM = statistical parametric mapping; TIV = total intracranial 
volume; UHDRS TMS = unified Huntington’s disease rating scale total motor score; VBM = voxel-based morphometry

Graphical Abstract

Introduction
Huntington’s disease is a genetic, neurodegenerative dis
order caused by an abnormal coronary artery angiography 
(CAG) repeat expansion in the Huntingtin (HTT)gene. It is 
characterized by a triad of symptoms, motor, psychiatric 
and cognitive. All Huntington’s disease gene carriers will 
eventually develop dementia,,1 but there is substantial vari
ability in its onset and severity, which cannot be explained 
fully by CAG repeat length and age. Cognitive impairment 
is present in Huntington’s disease gene carriers many years 
before predicted disease onset and in the absence of motor 
symptoms.2 However, research on the genetic and environ
mental factors that contribute to this variability in cognitive 
impairment in Huntington’s disease is still limited.

Individual differences in cognitive function and rate of de
cline have been extensively studied in ageing and Alzheimer’s 
disease. One prominent hypothesis is that of brain mainten
ance,3 according to which the primary determinant of pre
served cognitive function is lower levels of pathology and a 
slower rate of neurodegeneration. However, it has also been ob
served that individual differences in cognitive impairment exist 
despite similar levels of neurodegeneration, which led to the 

theory of cognitive reserve.4 Although the genetic and environ
mental factors that support brain maintenance and cognitive re
serve in ageing and dementia are not all known, lifelong 
participation in intellectual activities, also known as intellectual 
enrichment,5 as well as genetic polymorphisms,6 have been as
sociated with preserved cognitive function and mechanisms of 
brain maintenance and cognitive reserve. Genetic factors and 
intellectual enrichment have also been shown to interact and 
enhance their effects on brain structure and cognition.7–9

In Huntington’s disease, a small number of studies have so 
far examined the role of genetic polymorphisms and lifestyle 
factors on individual differences in cognitive function. More 
specifically, environmental enrichment,10 education and par
ticipation in lifelong intellectual activities,11–13 as well as a 
number of genes, including fancd2- and fanci-associated nucle
ase 1 (FAN1),14 catechol-O-methyl transferase (COMT),15

MutS homologue 3 (MSH3)16 and microtubule-associated pro
tein tau (MAPT),17 predict cognitive function. Two of these 
studies have also provided preliminary evidence that intellec
tual enrichment is associated with less striatal atrophy in hu
mans,12,13 suggesting that it supports greater brain 
maintenance.
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The aim of our work was to provide evidence regarding the 
effects of intellectual enrichment and genetic factors on cog
nitive function and brain structure in Huntington’s disease. 
For this purpose, we retrospectively analysed data from a 
multi-centre, longitudinal study, Track-HD,18–21 that mea
sured changes in behaviour and brain structure over 3 years 
in individuals with the Huntington’s disease gene mutation 
in pre-manifest (maximum 15 years from predicted onset) 
and early stages of the disease. We quantified lifetime intellec
tual enrichment using level of education, pre-morbid intelli
gence quotient (IQ) and occupational cognitive demands12

measured at baseline. In terms of genetic polymorphisms, we 
selected common polymorphisms that have been previously 
associated with cognitive function in Huntington’s disease 
[COMT, brain-derived neurotrophic factor (BDNF), FAN1, 
MSH3 and MAPT].

Materials and methods
Participants
Track-HD is a multi-centre, 4-year observational study in 
Huntington’s disease gene carriers and matched controls. A 
full description of the Track-HD study has been previously re
ported.18–21 In summary, 243 Huntington’s disease gene car
riers (both manifest and pre-manifest) and 123 matched 
controls were recruited across four sites (London, UK; Paris, 
France; Leiden, The Netherlands and Vancouver, Canada). 
The participants were predominantly Caucasian (97.5%), 
which limits our ability to test differential effects across differ
ent populations. However, it is important to note that 
Huntington’s disease is predominantly found in individuals 
with European ancestry.22 Local ethics committees approved 
the study at each site and all participants provided written in
formed consent according to the Declaration of Helsinki.

The Track-HD study included detailed measures of brain 
structure, cognitive and motor function, in addition to infor
mation regarding education, pre-morbid IQ and profession. 
Blood for DNA analysis was also collected. Table 1 shows de
tails of the measures that were used in this study and the num
ber of participants included (split by visit for longitudinal 
measures). Data from all Huntington’s disease gene carriers 
with at least one follow-up visit (n = 229), irrespective of dis
ease diagnosis, were used for the analyses. Data from the 
matched control group were only used to create standardized 
scores of cognitive performance in the gene-carrier group 
(demographic information on the control group is provided 
in Supplementary Table 1).

Global cognitive function
To quantify cognitive function and change over 3 years, we 
created a composite score from the available cognitive mea
sures. This composite score represents global cognitive func
tion and is composed of the following measures from the 
Track-HD cognitive battery18: number correct in 90 s from 

the symbol digit modality test (a measure of processing 
speed), number correct in 45 s from the stroop word reading 
test (a measure of psychomotor speed), number correct ad
justed for guessing (>0 means better than chance) for the 
five items condition from the spot the change task (a measure 
of working memory), number correct for negative emotions 
from the emotion recognition task (a measure of facial emo
tion recognition) and variability in the inter-tap interval in a 
paced tapping task at 3 Hz (a measure of temporal preci
sion). These tasks were included in all four visits, in addition 
to the circle tracing task. However, that task was excluded 
from the composite score because of large practice effects 
that persisted across all visits.23 The remaining five measures 
were then used to create a composite score of global cogni
tive function.

To calculate the composite score, raw values were trans
formed to Z-scores using the mean and standard deviation 
(SD) of the control group at baseline and then summed. In 
the paced tapping task, the reciprocal of the variance in the 
inter-tap interval was used, such that a higher value indicated 
better performance (i.e. lower variability), consistent with all 
other measures. Therefore, higher values in the composite 
score indicate better performance. When computing the 
composite score, if one or two measures were missing, they 
were replaced by the mean Z-score of the existing measures. 
This was the case for 21 participants in Visit 1, 7 participants 
in Visit 2, 3 participants in Visit 3 and 16 participants in Visit 
4, respectively. If a participant had less than three out of five 
measures available for a visit, then we did not compute a 
composite score for that visit and therefore, this participant 
visit was not included in the analyses with cognitive function 
as a variable.

Genetic polymorphisms
Track-HD subjects were genotyped using Illumina 
Omni2.5v1.1 arrays24 and genotypes were extracted using 
PLINK software.25 Because the main outcome measure 
was cognitive function, we focused on single-nucleotide 
polymorphisms (SNPs) that had been previously associated 
with cognitive and psychomotor function in Huntington’s 
disease. Based on previous literature, we, therefore, selected 
the following SNPs: rs4680 on Chromosome 2215 in 
COMT, which relates to dopamine metabolism, rs9468 on 
Chromosome 1717 in MAPT, which relates to tau protein 
production, rs2140734 on Chromosome 15 near 
FAN1,14,26 which is involved in DNA repair and a poly
morphic repeat expansion in Exon 1 on Chromosome 5 of 
MSH3,16,24,27,28 which is involved in DNA mismatch repair. 
In addition, we tested another polymorphism, rs6265 
(Val66Met) on Chromosome 11 in BDNF, which encodes 
the Val66Met polymorphism and regulates BDNF expres
sion. Although the role of the Val66Met polymorphism in 
Huntington’s disease remains unknown, it has been consist
ently associated with cognitive function in ageing and de
mentia6,29–31 and BNDF expression may be affected by 
Huntington’s disease pathology.32,33 It also interacts with 
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intellectual enrichment factors to predict cognitive func
tion7,34: it was therefore relevant to our research question.

A previous study showed that the gene TREM2 
(rs75932628) has a role in cognitive function in 
Huntington’s disease.35 However, the minor allele frequency 
is very low in the population (0.005% in Europeans in 1000 
genomes project data Phase 3) and therefore, we did not in
clude it in our analyses.

All genetic predictors were coded as having a binary, dom
inant effect, similar to the approach of Vuono et al.17

Supplementary Table 2 shows how each binary predictor 
was coded. In more detail, the MSH3 predictor was coded 
for the presence of the three-repeat allele (3a).27 The 
rs2140734 (FAN1) predictor was coded for the presence of 
the minor allele G. It is also important to highlight that 
this SNP is in complete linkage disequilibrium with minor al
lele C in rs3512. The latter has been more widely examined 
in other studies and shown to be associated with age of onset 
and disease progression in Huntington’s disease.24,26,36 The 
MAPT predictor distinguished between H1 haplotype 
homozygotes and H2 carriers. Carrying the minor allele C 
in rs9468 tags for the H2 haplotype, whereas carrying the al
lele T tags for the H1 haplotype.37 The COMT (rs4680) pre
dictor variable distinguished Met158 homozygotes from 
carriers of the Val158 allele.15 The BDNF (rs6265) predictor 
variable distinguished carriers from non-carriers of the detri
mental allele, Met66.

For completion, we also repeated the analyses coding the 
variables by the number of minor alleles for all genes except 
BDNF, because there was an insufficient number of cases 
(see Table 1 for the number of participants per minor allele).

Intellectual enrichment
Education, bilingualism, leisure and professional intellectual 
activities are some of the activities associated with a protect
ive effect against cognitive decline.38 Track-HD recorded 
main profession, education level using the international 
standard classification of education scale and pre-morbid 
IQ using vocabulary tests. Because different tests were used 
in each country, pre-morbid IQ was standardized within 
the country (national adult reading test -2 in the UK, 
ANART in Canada, Dutch adult reading test in The 
Netherlands and Mill Hill in France). Occupational cogni
tive requirements39 were estimated from the main profession 
recorded for each participant (see Supplementary Methods). 
These three measures were then standardized and summed 
up to create a composite score of intellectual enrichment.12

A higher value in the intellectual enrichment score means a 
higher level of education, a more cognitively demanding pro
fession and a higher level of estimated pre-morbid IQ.

Measures of disease pathology
Predicted disease severity at the time of recruitment was mea
sured using the CAG by age product [disease burden score 
(DBS) = age × (CAG—35.5)].40 This is a commonly used 

model of predicted exposure to disease pathology describing 
the well-established relationship between age and the CAG 
repeat number of the longer allele. The larger the CAG repeat 
length, the earlier the predicted age of disease onset.41

Pathology at baseline and rate of change were quantified 
using structural MRI measures of caudate volume and total 
grey matter (GM) volume, which are robust and well-defined 
markers of brain atrophy in Huntington’s disease.18–21

Measures of white matter integrity using diffusion 
weighted imaging were only introduced at Visit 4 in 
Track-HD; therefore, we only focused on GM volume in 
our study. Whole-brain T1-weighted 3D magnetization- 
prepared rapid acquisition with gradient echo images were 
acquired at 3T at all four visits (for details of the imaging 
protocol see Tabrizi et al.18). Caudate volume at baseline 
and longitudinal change was measured using medical image 
display and analysis software (MIDAS)’ semi-automated 
segmentation and the boundary shift integral, respective
ly.20,42,43 Total GM volume at baseline was measured using 
statistical parametric mapping 12 (SPM12). Longitudinal 
change was measured using a non-linear fluid registration 
method in MIDAS, which produced whole-brain voxel com
pression maps measuring change from baseline.44 Voxel 
compression maps were then convolved with SPM-derived 
GM maps to generate a change in total GM over time. The 
measures of caudate volume and total GM volume used in 
all the analyses were transformed to per cent of total intra
cranial volume (TIV), in order to adjust for differences in 
brain size. TIV was measured at baseline using MIDAS.

In addition to caudate and total GM volume, we also per
formed exploratory whole-brain analyses using voxel-based 
morphometry (VBM).45 The GM probability maps at baseline 
and voxel compression maps of change from baseline were 
normalized to a group template space using diffeomorphic 
anatomical registration through exponentiated lie algebra. 
Normalized images were then smoothed using an 8 mm full- 
width at half maximum Gaussian kernel. Full details of the 
MRI methods used have been published previously.46

Statistical analysis
Statistical analyses were performed using R version 3.6.3 
(http://www.r-project.org/) and the packages lmertest (ver
sion 3.1-1) and lme4 (version 1.1-21).

To examine the relationship between cognitive function 
and brain volume with our predictors of interest, we used lin
ear mixed models. Our predictors of interest were intellec
tual enrichment and genetic polymorphism. All models 
were fitted using maximum likelihood estimation and corre
lated random intercept and slope. All models included as 
covariates age, DBS and study site and their interaction 
with the visit, as well as sex (main effect only, because the 
sex by visit interaction term did not improve model fit and 
was therefore dropped). Models with cognitive function as 
an outcome also included the use of antipsychotic medica
tion as a covariate (see Supplementary Methods). Time 
was modelled in years of follow up as approximated by the 
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annual visit number. Based on previously published analyses 
of the Track-HD data,23 we included quadratic effects of 
time in models with cognitive function and total GM volume 
as the outcome. Age and DBS were mean centred (Table 1).

Our hypotheses tested whether our variables of interest sig
nificantly predicted cognitive function or brain volume at base
line and changed over time. We used likelihood ratio tests to 
assess the covariate-adjusted significance of predictors on the 
outcome variables. We also tested for the significance of the 
interaction of genetic predictors with intellectual enrichment in 
the same way. In all the analyses, we visually inspected model re
sidual distributions to assess plausible normality. No outliers 
were identified. Significance was established using two-sided 
P-values and applying Bonferroni correction to control Type I 
error rate when multiple measures were used to test a hypothesis.

For VBM analyses, a binary GM mask was created using 
the mean normalized images from all Huntington’s disease 
gene carriers. This was used in all analyses. Statistical maps 
were thresholded at two-tailed P < 0.001 uncorrected at voxel 
level and P < 0.05 family-wise error corrected at cluster level.

Data availability
Track-HD data are available upon request after appropriate 
data use agreements are signed by the study funder, the CHDI 
Foundation. Please direct inquiries to info@chdifoundation.org.

Results
Intellectual enrichment
Previous research showed that participants with early stage 
Huntington’s disease who had higher intellectual enrichment 
had better cognitive performance than those with lower in
tellectual enrichment.13 Furthermore, among pre-manifest 
gene carriers who are closer to predicted disease onset, those 
with high intellectual enrichment have a slower rate of cog
nitive decline than those with low intellectual enrichment.12

In our cohort of participants with pre-manifest and early 
stage Huntington’s disease, intellectual enrichment predicted 
mean global cognitive function and there was also a signifi
cant three-way interaction between intellectual enrichment, 
DBS and time (i.e. annual visit number) on global cognitive 
function (both P < 0.001; Table 2 and Supplementary 
Table 3). In agreement with previous studies, the estimate 
for the main effect of intellectual enrichment was positive, 
such that participants with high intellectual enrichment 
had better cognitive function than those with lower intellec
tual enrichment. More specifically, for average DBS and age, 
the mean estimates [95% confidence interval (CI)] were 
−3.14 SD (−3.66, −2.62) and −5.57 (−6.10, −5.04) for 
high (1SD above mean) and low (1SD below mean) intellec
tual enrichment, respectively. The contrast estimate [stand
ard error (SE)] for high versus low = 2.43 SD (0.36), 
t(229) = 6.744, P < 0.001.

The estimate for the three-way interaction between DBS, 
intellectual enrichment and time were in the opposite direc
tion from the main effect; in individuals with low DBS, those 
with high intellectual enrichment declined slower than 
those with low intellectual enrichment; however, in indivi
duals with high DBS, those with high intellectual enrichment 
declined faster than those with lower intellectual enrichment, 
despite having better performance at baseline (Fig. 1A and 
Supplementary Fig. 1). More specifically, for participants 
with low DBS (1SD below mean) those with high intellectual 
enrichment declined slower than those with lower intellec
tual enrichment [for 258.9 DBS slope estimate (95% CI) = 
0.141 (−0.007, 0.289) and −0.102 (−0.268, 0.065)] for 
high and low intellectual enrichment, respectively; contrast 
estimate (SE) for high versus low intellectual enrichment 
was 0.243 (0.119), t(224) = 2.043, P = 0.042). In contrast, 
an individual with 407.4 DBS (1SD above mean) and 1SD 
above mean intellectual enrichment had faster cognitive de
cline than an individual with the same DBS but 1SD below 
mean intellectual enrichment [slope estimate (95% CI) = 
−0.741 (−0.917, −0.565) and −0.413 (−0.556, −0.270)] 
for high and low intellectual enrichment, respectively; con
trast estimate (SE) high versus low = −0.327 (0.110), 
t(247) = −2.971, P = 0.003). To aid with interpretation of 
this finding, we repeated the same analysis, replacing DBS 
with group as an ordered factor, coding for manifest and pre- 
manifest individuals. There was a significant main effect of 
intellectual enrichment; however, the group by visit by intel
lectual enrichment interaction was not significant in this case 
(Supplementary Table 4). Our results, therefore, show that 
there is a strong positive effect of intellectual enrichment 
on global cognitive function at baseline. It is unclear what 

Table 2 Association between intellectual enrichment 
with cognitive function

Model DF AIC Chisq P-value

Intellectual enrichment
Null model 20 3151.6

Intellectual enrichment 21 3112.3 41.3 <0.001
Intellectual enrichment by visit 22 3113.7 0.6 0.452
Intellectual enrichment by DBS 23 3111.9 3.8 0.050
Intellectual enrichment by DBS 
by visit

24 3101.4 12.5 <0.001

Intellectual enrichment correcting for education versus education alone
Null model 20 3151.6

Education by visit by DBS 24 3133.0 26.5 <0.001
Intellectual enrichment by visit 
by DBS

28 3105.3 35.7 <0.001

Intellectual enrichment correcting for education versus intellectual enrichment 
alone

Null model 20 3151.6
Intellectual enrichment by visit 
by DBS

24 3101.4 58.2 <0.001

Education by visit by DBS 28 3105.3 4.1 0.397

The null model for intellectual enrichment included age at baseline, site (three dummy 
variables) and DBS at baseline with their interaction with visit and main effects of sex and 
use of antipsychotic medication. A quadratic term was also included for visit, as well as 
its interaction with DBS.
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is driving the significant three-way interaction between intel
lectual enrichment, DBS and visits and whether it is a reliable 
finding. The lack of a significant three-way interaction with 
the group suggests that it may not be driven by disease stage.

The intellectual enrichment score is a composite measure 
comprised of education, verbal IQ and occupational cogni
tive requirements. Education alone is a well-known predictor 
of cognitive function.47 We next wanted to understand 
whether the effect captured by intellectual enrichment on 
cognitive function is primarily due to the contribution of 
education or is incremental to the effect of education. To ad
dress this question, we compared a model including all edu
cation and intellectual enrichment terms against two 
different models, one with only the education terms and an
other with only the intellectual enrichment terms (Table 2; 
Supplementary Table 5). We found that intellectual enrich
ment contributed highly significant information to the model 
above and beyond education alone.

To confirm that the relationship between intellectual en
richment and cognitive function is not driven by motor or 
neuropsychiatric symptoms, we re-estimated the models, 
adding unified Huntington’s disease rating scale total motor 
score (TMS) at baseline and the presence of depressive symp
toms at baseline with their interactions with visit as con
founds. Adding these factors did not alter the results, both 

the main effect of intellectual enrichment and the three-way 
interaction between intellectual enrichment, DBS and visit 
remained significant (Supplementary Table 6).

To further understand the mechanism by which intellec
tual enrichment influences global cognitive function, we 
next examined its relationship with brain volume, measured 
by caudate and total GM volume over 3 years. There was a 
significant interaction between intellectual enrichment and 
DBS on caudate volume at baseline (pbon = 0.024; 
Supplementary Tables 7 and 8), such that intellectual enrich
ment had a positive association with caudate volume in 
Huntington’s disease gene carriers far from predicted disease 
onset (i.e. low DBS), but this effect was attenuated or re
versed as the disease progressed (Supplementary Fig. 2A). 
More specifically, a participant with 258.9 DBS (1SD below 
mean) and high intellectual enrichment had larger caudate 
volume at baseline compared with a participant with the 
same DBS, but low intellectual enrichment [mean estimate 
(95% CI) = 0.0645 (0.0464, 0.0826) and 0.0291 (0.0097, 
0.0486)] for high and low intellectual enrichment, respect
ively; contrast estimate (SE) high versus low = 0.0354 
(0.0139), t(215) = 2.534, P = 0.012). However, there was 
no difference in participants with high DBS (for 407.4 DBS 
contrast estimate (SE) for high versus low intellectual enrich
ment was −0.0141 (0.135), t(215) = −1.044, P = 0.298). As 

Figure 1 Intellectual enrichment, cognitive function and brain volume. (A) Association between intellectual enrichment and DBS with 
global cognitive function [t(225.1) = −3.596, P < 0.001] and (B) T-map of 3-year GM volume change. In (A) regression lines are generated from a 
mixed linear model at high (1SD above mean; red) and low (1SD below mean; black) intellectual enrichment. For visualization purposes, results are 
split into high (above mean) and low (below mean) DBS. The bands around the regression lines are 95% confidence intervals. Data points show the 
raw data residualized against age, site, sex and use of antipsychotic medication and have been jittered to minimize overlap. In B, significant clusters 
are overlaid on the ICBM152 template mesh (top). Maps are thresholded at P < 0.001 uncorrected at voxel level and P < 0.05 family-wise error 
corrected at cluster level. Shown in a scatter plot (bottom) are the extracted values averaged across the significant cluster. For visualization 
purposes, data are grouped by high (above mean—red) and low (below mean—black) intellectual enrichment. Data points show the raw data 
residualized against age, DBS, site, sex and TIV. LSPL, left superior parietal lobe.
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previously, we repeated the same analysis, replacing DBS 
with the group as an ordered factor, coding for manifest ver
sus pre-manifest individuals. There was no significant group 
by intellectual enrichment interaction on caudate volume at 
baseline (Supplementary Table 9). It is therefore unclear 
what is driving the intellectual enrichment by DBS interaction 
and whether it is reliable. There were no significant main ef
fects or interactions with total GM volume (all pbon > 0.1; 
Supplementary Table 7 and Fig. 2B).

Lastly, we performed exploratory, whole-brain analyses 
using VBM to identify whether there were specific brain re
gions that showed an effect of intellectual enrichment or an 
interaction between intellectual enrichment and DBS. 
There was no significant main effect of intellectual enrich
ment on volume or volume change anywhere in the brain, 
but there was a significant interaction with DBS. 
Participants with low DBS and high intellectual enrichment 
had larger GM volume at baseline in the right putamen, 
the thalamus and the right superior temporal gyrus com
pared with individuals with similar DBS but low intellectual 
enrichment (Supplementary Table 10 and Fig. 3). In add
ition, the rate of GM atrophy over 3 years was faster in 

individuals with high intellectual enrichment and high DBS 
in a cluster extending from the right post-central gyrus to 
the right superior temporal gyrus ventrally and to the super
ior parietal lobe and the right precuneus caudally (Fig. 1B
and Supplementary Table 10). As previously, we repeated 
the same analyses, replacing DBS with a group. There were 
no brain regions that showed a significant interaction be
tween intellectual enrichment and group for baseline volume 
or 3 year change.

Genetic polymorphisms
We next examined the relationship between cognitive func
tion and five genetic polymorphisms linked to genes known 
to affect cognitive function in Huntington’s disease: 
MSH3, FAN1, MAPT, BDNF and COMT. We did not 
find a significant association between FAN1, MAPT, 
BDNF and COMT variants and global cognitive function 
at baseline or change over time after Bonferroni correction 
for five multiple comparisons (all pbon > 0.068; Table 3). In 
agreement with previous analyses of disease progression in 
the same cohort27 and recent research,16 MSH3 was a signifi
cant predictor of global cognitive function at baseline and 
change (both pbon = 0.045; Table 3 and Supplementary 
Table 11). More specifically, participants with one or more 
3a alleles in MSH3 had a better cognitive function at baseline 
and slower cognitive decline compared with non-carriers of 
3a alleles [for average age and DBS slope (95% CI) = 
−0.329 (−0.434, −0.223) and −0.118 (−0.241, 0.004)] for 
non-carriers and carriers, respectively; contrast estimate 
(SE) non-carriers versus carriers = −0.21 (0.081), t(213) = 
−2.587, P = 0.010; Fig. 2A and Supplementary Fig. 4). We 
repeated the analyses coding for the number of alleles in 
the genes MSH3, FAN1, COMT and MAPT. There was no 
change in the results (see Supplementary Table 12), i.e. 
only MSH3 was a significant predictor of cognitive function 
at baseline and change over time.

We next examined the relationship between MSH3 poly
morphisms and brain volume to further understand the 
mechanism by which MSH3 may influence global cognitive 
function. MSH3 had a significant effect on the total GM vol
ume rate of change (i.e. MSH3 by visit interaction; pbon = 
0.001; Supplementary Tables 7, 13 and Fig. 5). 
Huntington’s disease gene carriers with one or more 3a al
leles in MSH3 had a slower rate of total GM atrophy over 
3 years compared with non-carriers [for average age and 
DBS slope (95% CI) = −0.181 (−0.202, −0.160) and 
−0.122 (−0.148, −0.097)] for non-carriers and carriers, re
spectively; contrast estimate (SE) for non-carriers versus car
riers = −0.0586 (0.0168), t(196) = −3.486, P < 0.001).

Exploratory VBM analyses examined the main effect of 
MSH3 on GM volume across the whole brain. There was a 
significant effect of MSH3 on GM volume at baseline in 
the right middle temporal gyrus, the right inferior occipital 
gyrus and the left post-central gyrus (Supplementary 
Table 10 and Fig. 6). There was also a significant effect of 
MSH3 on GM volume change in the fusiform gyrus 

Table 3 Association between genetic polymorphisms 
and cognitive function

Model DF AIC χ2 P-value
P-value  

Bonferroni cor.

MSH3
Null model 20 3139.0

MSH3 21 3134.2 6.8 0.009 0.045
MSH3 by visit 22 3129.3 6.8 0.009 0.045
MSH3 by DBS 23 3131.1 0.2 0.649 1
MSH3 by DBS by visit 24 3133.1 0.0 0.850 1

FAN1
Null model 20 3109.3

FAN1 21 3110.7 0.6 0.4223 1
FAN1 by visit 22 3112.6 0.0 0.895 1
FAN1 by DBS 23 3113.1 1.6 0.213 1
FAN1 by DBS by visit 24 3113.4 1.7 0.193 0.964

MAPT
Null model 20 3109.3

MAPT 21 3108.8 2.6 0.110 0.550
MAPT by visit 22 3110.8 0.0 0.988 1
MAPT by DBS 23 3107.2 5.5 0.019 0.094
MAPT by DBS by visit 24 3109.2 0.0 0.947 1

COMT
Null model 20 3109.3

COMT 21 3110.8 0.5 0.488 1
COMT by visit 22 3111.2 1.6 0.201 1
COMT by DBS 23 3112.6 0.5 0.462 1
COMT by DBS by visit 24 3112.2 2.4 0.120 0.601

BDNF
Null model 20 3109.3

BDNF 21 3111.2 0.1 0.706 1
BDNF by visit 22 3107.1 6.1 0.014 0.068
BDNF by DBS 23 3109.0 0 0.889 1
BDNF by DBS by visit 24 3110.9 0.1 0.741 1

The null model included age at baseline, site (three dummy variables), DBS at baseline 
with their interaction with visit, sex and use of antipsychotic medication. A quadratic 
term was also included for visit, as well as its interaction with DBS. P-values were 
corrected for five independent comparisons using Bonferroni correction.
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bilaterally, the inferior frontal gyrus bilaterally, the right 
middle frontal gyrus and the left precuneus (Supplementary 
Table 10 and Fig. 2B). Lastly, there was an interaction be
tween MSH3 and DBS on GM volume change in the left in
ferior frontal gyrus, the left supplementary motor area and 
the right superior temporal gyrus (Supplementary Table 10 
and Fig. 7). The effect of MSH3 was positive in all cases, 
such that 3a allele carriers (across all participants or for those 
with high DBS) had higher volume and a slower rate of GM 
atrophy compared with non-carriers. Our results therefore 
suggest that carrying the 3a allele in MSH3 supported pre
served cognitive function and was associated with a slower 
rate of neurodegeneration.

Gene–environment interaction
Previous research in ageing and dementia has shown that en
vironmental factors, including intellectual enrichment, inter
act with genetic polymorphisms in order to predict cognitive 
function.7,8 To test this hypothesis in our study, we exam
ined the interaction between all five genetic polymorphisms 
and intellectual enrichment on cognitive function and de
cline. BDNF was the only gene that significantly interacted 
with intellectual enrichment to predict global cognitive func
tion at baseline (pbon = 0.031 corrected for five tests; Table 4

and Supplementary Table 14). There was a positive inter
action between BDNF and intellectual enrichment on global 
cognitive function at baseline, such that the effect of intellec
tual enrichment on cognitive function was stronger for 
Met66 allele carriers than for non-carriers. More specifically, 
the estimates for Met66 allele carriers with low (1SD below 
mean) and high intellectual enrichment (1SD above mean) 
were: estimates (95% CI) = −6.31 (−7.20, −5.42) and 
−2.57 (−3.41, −1.73), respectively; contrast estimate (SE) 
for high versus low intellectual enrichment = 3.74 (0.598), 
t(216) = 6.249, P < 0.001. Similarly, for Met66 allele non- 
carriers, with low (1SD below mean) and high intellectual 
enrichment (1SD above mean) estimate (95% CI) = −5.08 
(−5.75, −4.42) and −3.40 (−4.10, −2.71), respectively; con
trast estimate (SE) for high versus low intellectual enrich
ment = 1.68 (0.483), t(214) = 3.486, P < 0.001. The 
difference between high and low intellectual enrichment 
was greater for Met66 allele carriers than for non-carriers, 
suggesting that the Met66 allele moderates the effect of intel
lectual enrichment on cognitive function [contrast estimate 
(SE) = −2.06 (0.768), t(215) = −2.678, P = 0.008; Fig. 3].

To understand the mechanism by which BDNF interacts 
with intellectual enrichment to impact cognitive function, 
we examined the interaction between BDNF and intellectual 
enrichment on brain volume. The effect of the interaction of 

Figure 2 MSH3, cognitive function and brain volume. (A) Association between the MSH3 predictor and global cognitive function [t(198.7) 
= 2.637, P = 0.009] and (B) T-map of 3-year GM volume change. In A, regression lines show the predicted effect of carrying (red) and not carrying 
(black) the 3a allele from a mixed linear model. The bands around the regression lines are 95% confidence intervals. Data points show the raw data 
residualized against age, site, sex and use of antipsychotic medication and have been jittered to minimize overlap. In B, significant clusters are 
overlaid on the ICBM152 template mesh (top). Maps are thresholded at P < 0.001 uncorrected at voxel level and P < 0.05 family-wise error 
corrected at cluster level. Shown in violin plots (bottom) are the extracted values averaged across the significant clusters for carriers (red) and 
non-carriers (black) of the 3a allele. Individual data points are shown in black dots. Data points show the raw data residualized against age, DBS, 
site, sex and TIV. RFusG and LFusG, right and left fusiform gyrus; LIFG and RIFG, left and right inferior frontal gyrus; LPrec, left precuneus; RMFG, 
right middle frontal gyrus.
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BDNF with intellectual enrichment was significant but small 
on both caudate and total GM volume rate of change (both 
pbon < 0.03 corrected for two tests; Supplementary Tables 
15–17). The difference in the rate of volume change between 
individuals with high and low intellectual enrichment was 
positive in Met66 allele carriers but negative for non- 
carriers. In more detail, Met66 allele carriers with high 
(1SD above mean) and low intellectual enrichment (1SD be
low mean) estimate (95% CI) = −0.0094 (−0.0105, 
−0.0082) and −0.0110 (−0.0123, −0.0097), respectively; 
contrast estimate (SE) = 0.0017 (0.0009), t(228) = 1.900, 
P = 0.059. Met66 allele non-carriers with high (1SD above 
mean) and low intellectual enrichment (1SD below mean) 
estimate (95% CI) = −0.0103 (−0.0112, −0.0094) and 
−0.0094 (−0.0102, −0.0085), respectively; contrast esti
mate (SE) = −0.0010 (0.0007), t(205) = −1.480, P = 0.140. 
The difference between high and low intellectual enrichment 
was positive for Met66 allele carriers, but negative for non- 
carriers, suggesting that the Met66 allele moderates the effect 
of intellectual enrichment on caudate atrophy rate [contrast 

estimate (SE) = −0.0026 (0.0011), t(221) = −2.406, P = 
0.017; Supplementary Fig. 8].

This was similar to total GM volume. Met66 allele carriers 
with high (1SD above mean) and low intellectual enrichment 
(1SD below mean) estimate (95% CI) = −0.129 (−0.167, 
−0.090) and −0.206 (−0.248, −0.1635), respectively; contrast 
estimate (SE) = 0.0769 (0.0289), t(214) = 2.658, P = 0.008. 
Met66 allele non-carriers with high (1SD above mean) and 
low intellectual enrichment (1SD below mean) estimate (95% 
CI) = −0.179 (−0.209, −0.1484) and −0.132 (−0.161, 
−0.1020), respectively; contrast estimate (SE) = −0.0469 
(0.0218), t(192) = −2.154, P = 0.0324. The difference between 
high and low intellectual enrichment was positive for Met66 al
lele carriers but negative for non-carriers, suggesting that the 
Met66 allele moderates the effect of intellectual enrichment 
on total GM atrophy rate [contrast estimate (SE) = −0.124 
(0.0362), t(207) = −3.421, P = 0.008; Supplementary Fig. 9].

Exploratory whole-brain VBM analyses examined the 
interaction between BDNF and intellectual enrichment on 
GM volume at baseline and change over time, but we did 
not identify any significant clusters.

Discussion
The aim of our study was to examine the role of intellectual 
enrichment and genetic polymorphisms on cognitive func
tion and brain structure in Huntington’s disease. Our results 

Table 4 Interaction between intellectual enrichment 
and genetic polymorphisms on cognitive function

Model DF AIC χ2 P-value
P-value 

Bonferroni cor.

MSH3
Null model 24 2931.8

MSH3 by intellectual 
enrichment

25 2933.1 0.7 0.404 1

MSH3 by intellectual 
enrichment by visit

26 2933.9 1.1 0.286 1

FAN1
Null model 24 2910.6

FAN1 by intellectual 
enrichment

25 2912.4 0.2 0.679 1

FAN1 by intellectual 
enrichment by visit

26 2914.4 0.0 0.833 1

MAPT
Null model 24 2911.5

MAPT by intellectual 
enrichment

25 2913.5 0.0 0.895 1

MAPT by intellectual 
enrichment by visit

26 2915.5 0.0 0.894 1

COMT
Null model 24 2910.2

COMT by intellectual 
enrichment

25 2912.2 0.0 0.960 1

COMT by intellectual 
enrichment by visit

26 2914.0 0.2 0.630 1

BDNF
Null model 24 2907.6

BDNF by intellectual 
enrichment

25 2902.1 7.5 0.006 0.031

BDNF by intellectual 
enrichment by visit

26 2903.8 0.2 0.627 1

The null model included intellectual enrichment, the genetic polymorphism, age at 
baseline, site (three dummy variables), DBS at baseline with their interaction with visit, 
sex and use of antipsychotic medication. A quadratic term was also included for visit, as 
well as its interaction with DBS. P-values were corrected for five independent 
comparisons using Bonferroni correction.

Figure 3 BDNF, intellectual enrichment and cognitive 
function. Association between the BDNF predictor and 
intellectual enrichment with global cognitive function [t(203.5) = 
2.760, P = 0.006]. Regression lines show the predicted effect of 
carrying (red) and not carrying (black) the Met66 allele. The bands 
around the regression lines are 95% confidence intervals. Data 
points show the raw data residualized against age, site, sex and use 
of antipsychotic medication.
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highlight the complexity of the interplay between environ
mental and genetic factors on behaviour and brain structure. 
Intellectual enrichment and genetic variation in MSH3 are 
independently associated with global cognitive function 
and brain structure, whereas intellectual enrichment inter
acts with BDNF to attenuate the deleterious effect of the 
Met66 polymorphism.

In more detail, we replicated previous findings showing that 
intellectual enrichment was associated with better global cog
nitive function at earlier (pre-manifest) stages of the disease.12

In the present work, we further show that the composite intel
lectual enrichment score explains additional variance in edu
cation. We also show that in participants with high DBS (in 
our study, mean DBS was 333.2), those with high intellectual 
enrichment had a faster rate of decline over 3 years (0.36 SD 
annualized change in global cognitive function) than those 
with lower intellectual enrichment (Fig. 1A). The faster rate 
of decline in participants with high DBS narrowed the differ
ence in baseline cognitive performance between individuals 
with low and high intellectual enrichment. Similarly, we found 
that high intellectual enrichment predicted accelerated atro
phy in the posterior cortical regions of the right hemisphere 
in participants with high DBS. Therefore, it appears that as 
DBS increases, the protective effect of intellectual enrichment 
on cognition decreases. However, when replacing DBS with 
group, the three-way interaction between intellectual enrich
ment, group and visit was not significant in relation to cogni
tive function or brain volume. Given the very strong 
association between DBS and group, it is therefore unclear 
what is driving the significant interaction between intellectual 
enrichment and DBS and whether it is a reliable finding.

Further insights regarding the mechanism by which intel
lectual enrichment affects cognitive function are provided 
by the interaction between intellectual enrichment and 
BDNF gene variation. The difference in cognitive function 
between individuals with low and high intellectual enrich
ment was greater in Met66 allele carriers than in non-carriers. 
Previously, comparing the blood expression levels of BDNF 
between 22 controls and 62 manifest gene carriers from this 
cohort using RNAseq, we found that Huntington’s disease 
gene carriers had lower levels of BDNF expression than con
trols (P = 0.04266).48 Post-mortem studies have also identi
fied reduced BDNF levels in the striatum of Huntington’s 
disease patients. However, it is unclear whether this is due 
to defects in the delivery of cortical BDNF49 or to the response 
in the striatum.33 It is possible that carrying the Met66 allele 
exacerbates existing defects in the BDNF pathway. Previous 
research in animal models of Huntington’s disease showed 
that such defects can be rescued by environmental enrich
ment.50 Our results are in broad agreement with these find
ings and suggest that intellectual enrichment potentially 
counteracts the detrimental effect of the Met66 allele in 
both cognitive function and brain structure (striatum and to
tal GM). Our findings are also in agreement with previous 
studies in ageing showing a significant interaction between in
tellectual enrichment and BDNF to predict cognitive func
tion and decline in healthy older adults.7,34

Intellectual enrichment did not interact with any of the 
other genetic polymorphisms we examined, whereas the 
only genetic predictor with a significant effect on cognitive 
function was variation in MSH3. A recent study16 has identi
fied MSH3 as a modifier of cognitive function in 
Huntington’s disease rather than motor function, while we 
have previously shown in this cohort that variation in 
MSH3, specifically carrying a 3a allele, has a protective effect 
on a composite score of disease progression, which included 
cognitive and psychomotor function.24,27 It is currently hy
pothesized that MSH3 is introducing an expansion of the 
HTT CAG repeat in the process of repair. Greater expansion 
is associated with earlier disease onset and faster progres
sion,51,52 whereas carrying the 3a allele is associated with re
duced expression of MSH3 and therefore reduced somatic 
expansion and slower progression.27 In agreement with this 
finding, in the present work, we further show that carrying 
the 3a allele in MSH3 was associated with slower GM atro
phy across different regions in the cortex, including the infer
ior temporal and inferior frontal gyri. The absence of a 
significant effect in the striatum is notable given previous 
work, which showed that there is large somatic expansion 
in both the cortex (temporal, occipital and prefrontal cortex) 
and the striatum.53 This finding could be explained by the fact 
that all analyses were adjusted for differences in DBS and sug
gests that carrying the 3a allele does not explain additional 
variance in striatal atrophy. Lastly, it is important to note 
that the protective effect of carrying the 3a allele in MSH3 
is a result of reducing the expression of MSH3 and there is 
no evidence that it supports neuroprotective mechanisms. 
The effect of MSH3 on cognitive function and brain volume 
cannot therefore be interpreted as brain maintenance.

Similar to MSH3, variation in FAN1 (rs3512) has also been 
implicated in somaticinstability52 and has been previously 
shown to predict delayed age of onset in Huntington’s dis
ease.26,36 FAN1 overexpression reduces CAG repeat expansion 
in human cell modes54; however, in our study, there was no sig
nificant effect of rs2140734 (or rs3512) on cognitive function. 
The reason for the contradictory findings is unclear. It could be 
due to a lack of statistical power given the relatively small sam
ple size, but recent work suggests a differential effect of FAN1 
on motor rather than cognitive function.16

Lastly, in contrast to previous studies in Huntington’s dis
ease, we did not find any evidence for an association between 
the genes COMT and MAPT and cognitive function. A previ
ous study15 showed that COMT Val158 allele carriers had 
slower cognitive decline compared with Met158 homozy
gotes in manifest Huntington’s disease patients. The number 
of Met158 homozygotes was low in our cohort (43 out of 
229; 19%) and our cohort included both pre-manifest and 
patients at early stages of the disease, which could explain 
the contradictory findings. Variation in the MAPT gene has 
also been previously shown to predict cognitive decline in 
Huntington’s disease,17 such that H1 homozygotes had a 
slower decline in cognitive function compared with H2 car
riers. However, this effect was the opposite to what has 
been previously reported for Parkinson’s disease,55 and had 
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a small effect size (r = −0.14). In our study, we did not find 
strong evidence for an association between MAPT and cogni
tive function; it is therefore currently unclear whether MAPT 
plays a role in cognitive function in Huntington’s disease.

Conclusion
In summary, we have shown that cognitive function in 
Huntington’s disease is affected by an interplay between gen
etic and environmental factors. We have replicated previous 
findings that cognitive decline is slower in carriers of the 3a 
allele in the gene MSH3, and further showed that slower cog
nitive decline is supported by the slowing of GM volume at
rophy in the cortex, in agreement with the role of MSH3 in 
somatic instability. Intellectual enrichment also appears to 
have a protective effect on cognitive function at pre-manifest 
stages of the disease, but as the disease progresses, this 
effect is attenuated and there is faster neurodegeneration 
and cognitive decline. Importantly, we also observed a sig
nificant interaction between intellectual enrichment and the 
BDNF gene, whereby intellectual enrichment counteracted 
the detrimental effect of carrying the Met66 allele on cogni
tive function and brain structure, in agreement with the role 
of intellectual enrichment in enhancing brain trophic sup
port. Future research is now needed to develop and evaluate 
intellectual enrichment interventions in Huntington’s dis
ease and measure their impact on both behaviour and brain 
structure.
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