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Abstract

Huntington disease (HD) is associated with decline in cognition and progressive morphological changes in brain structures.
Cognitive reserve may represent a mechanism by which disease-related decline may be delayed or slowed. The current study
examined the relationship between cognitive reserve and longitudinal change in cognitive functioning and brain volumes
among prodromal (gene expansion-positive) HD individuals. Participants were genetically confirmed individuals with
prodromal HD enrolled in the PREDICT-HD study. Cognitive reserve was computed as the composite of performance
on a lexical task estimating premorbid intellectual level, occupational status, and years of education. Linear mixed effects
regression (LMER) was used to examine longitudinal changes on four cognitive measures and three brain volumes over
approximately 6 years. Higher cognitive reserve was significantly associated with a slower rate of change on one cognitive
measure (Trail Making Test, Part B) and slower rate of volume loss in two brain structures (caudate, putamen) for those
estimated to be closest to motor disease onset. This relationship was not observed among those estimated to be further from
motor disease onset. Our findings demonstrate a relationship between cognitive reserve and both a measure of executive
functioning and integrity of certain brain structures in prodromal HD individuals. (JINS, 2013, 19, 739–750).
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INTRODUCTION

Huntington disease (HD) is a progressive, autosomal domi-
nant disease caused by an expanded number of CAG repeats
of the HD gene on chromosome 4 and characterized by
alterations in cognition, mood, and motor functioning.
Among the cognitive deficits seen in HD, decrements in
executive functioning (i.e., set shifting, multi-tasking) and
processing speed tend to be the most prominent and manifest
early in the disease process, in some cases many years before
clinical diagnosis based on unequivocal motor symptoms
(Hahn-Barma et al., 1998; Lawrence et al., 1998; Paulsen
et al., 2008, 2001; Snowden, Craufurd, Thompson, & Neary,
2002). As genetic testing procedures are able to identify those
individuals who will eventually develop HD, there is great
interest in identifying potential targets for therapeutic inter-
vention that may be initiated before motor diagnosis.

Cognitive dysfunction is progressive in HD, and long-
itudinal studies have documented cognitive decline over
various intervals in individuals with HD (Bachoud-Levi
et al., 2001; Bamford, Caine, Kido, Cox, & Shoulson, 1995;
Beglinger et al., 2010; Ho et al., 2003; Stout et al., 2012), as
well as in prodromal HD (Lemiere, Decruyenaere, Evers-
Kiebooms, Vandenbussche, & Dom, 2004; Tabrizi et al., 2011).
In these studies, declines have been most commonly observed
on measures of attention, psychomotor speed, and executive
functioning, implicating frontal-striatal dysfunction.

Likewise, longitudinal morphological changes have been
reported in certain brain structures in prodromal HD indivi-
duals. In particular, longitudinal changes in striatal volumes
have been proposed as a potential biomarker of HD (Aylward,
2007). Specifically, significant decreases have been noted in
caudate and putamen volumes over time in prodromal HD
(Aylward et al., 1997, 2011; Hobbs et al., 2010), with evidence
of caudate atrophy at least 14 years before estimated motor
diagnosis (Hobbs et al., 2010). Changes in frontal lobe white
matter and ventricular volumes have also been observed in
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prodromal HD individuals (Aylward et al., 2011; Hobbs et al.,
2010; Reading et al., 2005).

Additionally, significant correlations have been identified
between volumes of basal ganglia structures and cognitive
measures (Brandt, Bylsma, Aylward, Rothlind, & Gow,
1995; Starkstein et al., 1988). Jurgens and colleagues (2008)
found that smaller putamen volumes were associated with
poorer performance on measures of processing speed and
task-switching (i.e., Symbol Digit Modalities Test and Trail
Making Test, Part B). Thus, there is evidence of both decline
in cognitive function and atrophy of brain regions among
individuals with HD, with additional evidence that these two
processes appear to occur in parallel. Furthermore, brain
regions that typically show morphological changes in HD
(e.g., basal ganglia) are those that are known to subserve
cognitive functions that decline in HD (for review, see
Montoya, Price, Menear, & Lepage, 2006).

Cognitive reserve has been advanced as a mechanism by
which decline related to disease may be delayed or slowed
(Stern, 2009). Under the cognitive reserve hypothesis, it is
theorized that individual differences exist in how effectively
people are able to withstand brain pathology. Differences in
both cognitive processing and underlying neural networks
have both been implicated in this process (Stern, 2009).
Cognitive reserve has been used as a research tool to examine
the degree to which innate and environmental factors (parti-
cularly those that are modifiable) are related to progression
and manifestation of disease symptoms. Among the factors
most often studied in this regard are years of education,
general intellectual functioning, and occupational attainment
(Alexander et al., 1997; Benedict, Morrow, Weinstock
Guttman, Cookfair, & Schretlen, 2010; Sumowski, Wylie,
Chiaravalloti, & DeLuca, 2010).

Cognitive reserve has been examined in individuals with
Alzheimer’s disease, among other populations. Some studies
in this area have concluded that those with higher levels of
cognitive reserve remain asymptomatic for longer periods
relative to those with lower levels of cognitive reserve (e.g.,
Fratiglioni & Wang, 2007). Others have reported an inverse
relationship between years of education and rate of cognitive
decline in patients with likely AD, such that Mini-Mental
State Examination scores in more highly educated indivi-
duals declined at slower rates (Fritsch, McClendon, Smyth, &
Ogrocki, 2002). Additionally, neuropathological studies
have found that individuals higher in cognitive reserve are
more likely to remain cognitively intact despite accumulation
of AD neuropathology (Roe, Xiong, Miller, & Morris, 2007).

Despite promising findings in the AD literature, minimal
work has been conducted on this topic in prodromal HD. One
study (Lopez-Sendon et al., 2011) reported a positive asso-
ciation between education levels and scores on clinical
measures of HD (i.e., motor, cognitive, behavioral, functional
capacity). However, this study used a cross-sectional design,
somewhat limiting the conclusions that can be drawn. The
effect of environmental enrichment has also been examined
in HD transgenic mice (Nithianantharajah, Barkus, Vijiaratnam,
Clement, & Hannan, 2009), with results suggesting a positive,

although subtle, effect of enrichment on neuronal plasticity.
Overall, however, this topic has largely gone unexamined in the
HD literature.

The goal of the current study was to examine the rela-
tionship between cognitive reserve and longitudinal change
in cognitive functioning and brain volumes among indivi-
duals with prodromal HD. Specifically, we used linear mixed
effects regression (LMER) for longitudinal data to examine
rate of change in four cognitive variables (Stroop Inter-
ference, Symbol-Digit Modalities Test, and Trail Making
Test, Parts A & B) and brain volumes (caudate, putamen,
frontal lobe white matter) over time in relation to a composite
measure of cognitive reserve. We hypothesized that higher
levels of cognitive reserve would be associated with slower
rates of cognitive decline over time in our sample of pro-
dromal HD individuals. We also predicted no significant
association between cognitive reserve and longitudinal
change in brain volumes, based on previous neuropathological
work in Alzheimer’s disease.

METHODS

Participants

Participants were enrolled in the PREDICT-HD study, a
multi-site, international, longitudinal study of prodromal HD
(Paulsen et al., 2006, 2008). Consent was obtained according
to the Declaration of Helsinki and the study protocol was
approved by the Institutional Review Board at the University
of Iowa as well as institutional review boards at each parti-
cipating study site. All participants included in these analyses
had a family history of HD and were laboratory-confirmed
gene expansion-positive (at least 36 CAG repeats) indivi-
duals. Table 1 shows the descriptive statistics for the pre-
dictors at baseline. Although Beck Depression Inventory
(BDI) score is a time-varying covariate, Table 1 shows results
only for the baseline evaluation. Females represented 64% of
the sample. Exclusion criteria included evidence of unstable
medical or psychiatric illness, alcohol or drug abuse within
the previous year, learning disability or mental retardation,
history of special education, history of other central nervous
system disease or neurological events such as seizures or

Table 1. Descriptive statistics for predictor variables at baseline

Variables N Min Median Mean Max SD

Cognitive Reserve 812 27.77 0.17 0.01 4.98 2.33
Highest Occupation 821 1.00 5.00 5.06 6.00 1.20
Years of Education 820 8.00 14.00 14.39 20.00 2.66
ANART 812 6.00 39.00 37.97 55.00 8.14
CAP 821 111.08 346.52 344.37 845.84 82.78
Age 821 18.11 41.10 41.28 83.73 10.35
BDI Total 812 0.00 4.00 7.25 48.00 8.24

Note. Highest occupation and ANART were reverse scored, see text.
ANART 5 American National Adult Reading Test; BDI 5 Beck
Depression Inventory; CAP 5 CAG-Age Product; N 5 sample size.
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head trauma, pacemaker or metallic implants, age younger
than 18 years, prescription of antipsychotic medications
within the past 6 months, and use of phenothiazine-derivative
antiemetic medications more than 3 times per month. There
was a maximum of N 5 821 participants available based on
these criteria. However, there were missing data, and Table 2
shows descriptive statistics by visit, including the total
number of data points over all visits (NV). Participants were
given a baseline assessment and were then assessed annually at
six follow-up visits, for a maximum total of seven assessment
points. Participants underwent cognitive testing at all time
points. Neuroimaging data were collected at Visit 1 (baseline),
Visit 3, and Visit 5. In addition, imaging data were more diffi-
cult to obtain resulting in approximately 200 fewer participants
compared to the cognitive variables (see Table 2).

Cognitive and emotional measures

Cognitive tests were drawn from the PREDICT-HD cogni-
tive battery and were selected to target common cognitive
deficits observed in HD (e.g., processing speed, set switch-
ing, inhibitory control). Selection of tests was also based
upon the effect sizes of these measures in distinguishing
individuals with prodromal HD from healthy control parti-
cipants (Stout et al., 2011). Tests included in the analyses
were the Stroop Color-Word Interference Task (Interference
condition), Symbol Digit Modalities Test, and Trail Making
Test (parts A and B). Premorbid intellectual functioning was
estimated using measures of single word reading ability that
varied by geographic location (see below). All tasks were
scored by the examiner and rescored by two additional
reviewers, and accuracy of data entry was reviewed separately
by two research assistants to ensure the quality of the cognitive
data. The National Adult Reading Test/American National
Adult Reading Test was audio taped to allow for rescoring.

The American National Adult Reading Test (ANART;
Grober & Sliwinski, 1991) was administered to participants
in the United States, Canada, and Australia, while the
National Adult Reading Test (NART-2; Nelson & Willison,
1991) was administered to participants in the United King-
dom. Both tests require participants to pronounce irregularly
spelled words and are often used to estimate premorbid
intelligence. The ANART has also been used previously
to estimate premorbid IQ in the PREDICT-HD sample

(Carlozzi et al., 2011). Performance on these measures
was based on total number of words correctly pronounced.
Participants in Spain were administered the Word Accentuation
Test (WAT), which assesses pronunciation of low-frequency
Spanish words (Del Ser, Gonzalez-Montalvo, Martinez-
Espinosa, Delgado-Villapalos, & Bermejo, 1997). Participants
in Germany were administered the Wortschatztest (WST),
which requires individuals to discriminate written German
words from non-words (Schmidt & Metzler, 1992).

The Interference subtest of the Stroop Color-Word Inter-
ference Task (Stroop, 1935) measures processing speed and
inhibitory control. Participants are shown color words (e.g.,
‘‘blue’’) written in different colored ink (i.e., red) and are
required to name the ink color aloud and inhibit the dominant
response of reading the word. The score used was the total
number of correct responses within 45s.

The Symbol Digit Modalities Test (Smith, 1991) is a
measure of visual scanning and processing speed in which
participants are required to rapidly transcribe numbers to
match symbols based on a reference key. Performance on this
measure is based on the number of correctly transcribed items
completed in 90s.

The Trail Making Test (Reitan, 1958) assesses processing
speed, visual scanning, response set maintenance, and set
switching and is administered in two parts. In Part A, parti-
cipants are required to connect numbered dots in order from
1 to 25 as quickly as possible. In Part B, participants are
instructed to alternate between connecting numbers and
letters in order. Performance on this measure is based on time
to completion, with higher numbers indicating poorer (i.e.,
slower) performance.

Participants also completed the Beck Depression Inven-
tory, 2nd Edition (BDI-II), a self-report measure of depres-
sion symptoms (Beck, Steer, & Brown, 1996). Participants
respond to questions regarding recent symptoms of depres-
sion. The measure consists of 21 questions, each of which is
rated on a 0–3 scale, based on severity. Total score on this
measure ranges from 0 to 63, with higher scores indicating
more severe depressive symptoms. This measure was inclu-
ded given the prominence of depressive symptoms among
individuals with HD. Total BDI score was included as a
covariate in statistical analyses to control for presence of
depressive symptoms, which could potentially affect cognitive
performance (Smith et al., 2012).

Table 2. Descriptive statistics for response variables summarized over all time points

Variable N NV Min Median Mean Max SD

Stroop Interference 819 4114 9.00 45.00 45.34 100.00 10.51
Symbol-Digit 819 4120 11.00 52.00 51.67 110.00 12.38
Trail Making Part A 817 2604 10.00 25.00 27.61 240.00 12.47
Trail Making Part B 817 2577 15.00 58.00 68.83 300.00 37.60
Putamen 623 1318 0.24 0.58 0.57 0.85 0.11
Caudate 623 1318 0.11 0.41 0.41 0.81 0.09
Frontal White 623 1318 7.95 12.93 12.90 18.67 1.45

Note. Putamen, caudate, frontal white are expressed as ratio to intracranial volume 3 100; NV 5 total number of observations over all visits; N 5 sample size.
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Additional measures

Cognitive reserve was computed as the composite of the task
estimating premorbid intellectual level (ANART/NART/
WAT/WST), highest obtained occupational status, and years
of education. The ANART/NART was coded such that larger
values indicated greater intellectual level. Occupational
status was originally rated on a 1–6 scale (1 5 Professional,
2 5 Manager, 3 5 Craftsman, 4 5 Service, 5 5 Laborer, 6 5 Not
in Labor Force). Occupational status was reverse coded to yield
05Not in Labor Force, y 6 5 Professional. There were very
few responses of ‘‘Not in Labor Force.’’ All of the variables were
separately standardized before compositing, and thus, each vari-
able contributed equally to the Cognitive Reserve score. Higher
scores indicate greater cognitive reserve.

Individuals come into the PREDICT-HD study at different
ages with different CAG expansions meaning the participants
enter with different levels of progression. The variability in
progression must be accounted for in the statistical analysis to
make proper inferences. PREDICT-HD statisticians (Zhang
et al., 2011) developed a proxy variable for disease progres-
sion based on an accelerated failure time (AFT) model having
time to motor diagnosis as the response, and CAG, age at
entry, and their interaction as predictors. The byproduct of
the modeling was a ‘‘CAG-Age Product’’ (CAP) score,
which is computed for an individual as CAP 5 AGE0 3

(CAG – 33.7) where AGE0 is the age at study entry. CAP is a
proxy for the extent of disease progression at time of study
entry, and indicates the likelihood of a near-future HD diag-
nosis (Zhang et al., 2011). CAP can also be interpreted as an
index of the cumulative genetic toxicity of the mutant hun-
tingtin gene, sometimes referred to as ‘‘genetic burden.’’
Zhang et al. (2011) describe a optimization algorithm based
on minimizing an analysis of variance F-value for classifying
all the individuals based on CAP score cutoffs. The resulting
groups are ‘‘low,’’ ‘‘medium,’’ and ‘‘high’’ with the labels
denoting relative levels of probability of receiving a motor
diagnosis in a 5-year period initiated at study entry. Thus, low
CAP group individuals are less progressed at study entry than
medium CAP group individuals, who are in turn less progressed
than high CAP group individuals.

Neuroimaging measures

The imaging variables were derived by MRI scans obtained
using a standard multi-modal protocol that included an axial
three-dimensional volumetric spoiled gradient echo series
and a dual echo proton density/T2 series. Scans were pro-
cessed at the University of Iowa using an automated proce-
dure implemented in BRAINS (Magnotta et al., 2002) and
artificial neural networks (Powell et al., 2008). Volume
measures were determined for caudate, putamen, and frontal
white matter using the automated software, AutoWorkup
(Pierson et al., 2011). After completion of AutoWorkup, all
scans were individually inspected for correct realignment and
coregistration, tissue classification, and accuracy of brain and
subcortical structures. Intra-cranial volume (ICV) was also
calculated to allow for correction of structural volumes for

overall head size. The variable for the analysis was the ratio
of the brain structure to ICV 3 100.

Statistical analysis

Each of the variables was analyzed separately using LMER. The
details of the models are presented in the appendix. Preliminary
analysis not presented indicated that linear change curves were
sufficient. In addition to using cognitive reserve as a predictor,
the following control variables were included: age (at baseline),
gender, CAP (at baseline), and BDI, which was time-varying.

The time metric for the statistical analysis was duration,
defined as current age minus age at baseline. Thus, the
baseline duration score was zero, and change over time was
expressed in years since study entry.

The focus of the analysis was cognitive reserve by CAP
effects; specifically, baseline differences (intercept differences)
and differences in change over time (change curve differences).
It was hypothesized that cognitive reserve differences might
vary as a function of CAP. Therefore, cognitive reserve 3 CAP
interactions were considered for intercept and linear slope.

The analytic strategy was to fit three models for each
response variable and examine relative fit. Model 1 had
cognitive reserve and control variable intercept and slope
effects (there were no CAP effects); Model 2 had all the effects
of Model 1 plus cognitive reserve 3 CAP intercept differences
(baseline differences); Model 3 had all the effects of Model 2
plus cognitive reserve 3 CAP slope differences (differences in
longitudinal trajectory). Each model had random intercepts,
random slopes for duration, and random error. Additional
details of the models are provided in the appendix.

The models were evaluated using a scaling of Akaike’s
information criterion (AIC) and the likelihood ratio test
(LRT). A probability scaling of the AIC, known as the AIC
weight (W), was computed indicating the relative fit of each
model in the group of three (see appendix). W values closer to
one indicate better relative fit, whereas values closer to zero
indicate worse relative fit. For this reason, W is interpreted as
a global relative effect size measure (Burnham & Anderson,
2002; Long, 2011).

Since the three models of the analysis were nested, the LRT
was used to test each model against the next lowest (simpler),
beginning with Model 2. All pairs of nested models were tested
regardless of the statistical significance of a lower order pair.

Parameter estimates and standard errors were inspected to
facilitate the interpretation of the results, but the details are
not presented. Comprehensive results are available from the
authors. Maximum likelihood methods were used to estimate
the models with the lme4 package (Bates, 2011) of the R
program for statistical computing.

RESULTS

The descriptive statistics for the response variables are shown
in Table 2. The results of the LMER model comparisons are
shown in Table 3. As noted, W is the AIC weight indicating
the relative fit of an individual model within the set of three (a
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higher value indicates better fit). The last three columns list
the results of the LRT for the two-at-a-time comparison. The
W column of the table shows that Model 3, containing
the cognitive reserve by CAP change curve interaction, was
the best fitting for Trail Making Test Part B, putamen, and
caudate. The effect size for Trail Making Test Part B was
very strong (W 5 0.98), a bit weaker for putamen (W 5 0.81),
and substantially weaker for caudate (W 5 0.72). The LRT
for Model 2 Versus Model 3 had a relatively small p-value in
each case (i.e., p , 0.02). Model 2, containing the cognitive
reserve by CAP baseline interaction, was the best fitting for
the Symbol-Digit Modalities Test, Trail Making Test Part A,
and frontal white matter.

The specifics of the cognitive reserve by CAP change
curve are illustrated in Figure 1. The graphs show the fitted
curves as a function of two levels of CAP (lower and upper)
and two levels of cognitive reserve (lower and upper).
Although the entire distribution of CAP and cognitive reserve
were used in the LMER analysis, specific values were
substituted into the fitted models to produce predicted
values for graphing. The graphing values were chosen to be
the quantiles cutting off the lower and upper 10% and of the
empirical distributions of the variables. The three variables
(Trail Making Test Part B, putamen, caudate) mark the rows
of the figure, and the two levels of CAP denote the columns.
The levels of cognitive reserve are depicted by different line
types (dashed 5 lower, solid 5 upper).

The first row illustrates the interaction effect for Trail
Making Test Part B. For individuals with higher (upper)

scores on CAP, those who also had lower cognitive reserve
(dashed lines) had a positive slope, indicating a slowing of
performance over time. For individuals with higher cognitive
reserve (upper; solid lines), there was a much slower rate of
decline. Regarding the individuals with lower CAP scores,
the slopes for both cognitive reserve levels were slightly
negative and close to parallel.

The second row of Figure 1 shows the interaction for
putamen, and the third row shows the interaction for caudate.
In both cases, volume decreased over time, with the overall
volume being lower for those with higher CAP scores (right-
hand graphs). For the upper-level CAP scores depicted at
right, there was a faster decrease in volume for those with
lower cognitive reserve compared to those with higher cog-
nitive reserve. The converse was true for lower CAP; those
with higher cognitive reserve tended to deteriorate slightly
faster than those with lower cognitive reserve. The difference
in effect sizes for putamen and caudate (see Table 3) was
reflected by the caudate curves that showed less separation
than the putamen curves for upper CAP.

DISCUSSION

The goal of the current study was to examine the relationship
between cognitive reserve and longitudinal change in cog-
nitive functioning and brain volumes among prodromal HD
individuals who were assessed annually over a period of up to
6 years. Our findings indicate that, after controlling for sev-
eral covariates (i.e., age, gender, depression symptoms),
cognitive reserve was significantly associated with linear rate
of change on one cognitive measure (Trail Making Test, Part
B) and in two brain structures (caudate, putamen) for those
closest to estimated disease onset. Specifically, for indivi-
duals with higher CAP scores (i.e., those closer to estimated
diagnosis), those with higher cognitive reserve showed a
slower decline in TMT-B performance and slower rate of
volume loss in caudate and putamen, relative to individuals
with lower cognitive reserve. This relationship was not
observed among individuals with lower CAP scores (i.e.,
those further from estimated diagnosis).

Although this topic has remained relatively unexplored in
HD, our findings are in line with a recent study (Lopez-
Sendon et al., 2011) demonstrating that higher education
levels were related to better outcomes on clinical and cogni-
tive measures. The authors attributed their findings to a pos-
sible disease-modifying effect of education on clinical
manifestations and symptoms of HD. Our results add support
to this hypothesis and extend it to include possible beneficial
effects of other separate, but related, factors, namely occu-
pation and general intelligence. The longitudinal design of
our study also provides valuable information regarding cog-
nitive reserve and long-term changes in cognition and brain
structure that cannot be captured through studies with cross-
sectional designs.

Our findings are also consistent with longitudinal studies
that have reported a more rapid rate of decline in neurocog-
nitive function over a follow-up period as prodromal HD

Table 3. Model comparison for each outcome variable

Variable Model K W Chisq p

Stroop Int 1 17 0.45
Stroop Int 2 18 0.31 1.31 0.2532
Stroop Int 3 19 0.24 1.47 0.2247

Symbol Digit 1 17 0.16
Symbol Digit 2 18 0.61 4.72 0.0298
Symbol Digit 3 19 0.23 0.05 0.8264

Trails A 1 17 0.30
Trails A 2 18 0.43 2.75 0.0971
Trails A 3 19 0.27 1.14 0.2863

Trails B 1 17 0.00
Trails B 2 18 0.02 8.76 0.0031
Trails B 3 19 0.98 10.26 0.0014

Putamen 1 17 0.08
Putamen 2 18 0.11 2.57 0.1088
Putamen 3 19 0.81 6.08 0.0137

Caudate 1 17 0.19
Caudate 2 18 0.09 0.49 0.4826
Caudate 3 19 0.72 6.34 0.0118

Frontal White 1 17 0.18
Frontal White 2 18 0.56 4.32 0.0377
Frontal White 3 19 0.25 0.46 0.4967

K 5 number of model parameters; W 5 AIC weight; df 5 1 for all chi-
squared (Chisq) tests.
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participants approached estimated disease onset (Campodonico,
Codori, & Brandt, 1996; Rupp et al., 2010; Solomon et al.,
2008). For example, Campodonico and colleagues (1996) found
that individuals closer to estimated HD onset had faster rate of
decline on measures of sustained attention and processing speed
over time than those who were estimated to be further from
diagnosis. Using a cross-sectional research design, Stout and
colleagues (2007) found deficits in attention, working memory,
and executive function, among other domains, in individuals
classified as being near clinical diagnosis, but not in those far
from diagnosis. It is possible that as individuals approach
diagnosis, neuropsychological measures are more likely to
detect deficits in fronto-striatal circuitry. Results of our study
add to a growing body of knowledge in this area and suggest
that the effect of cognitive reserve is most noticeable when
patients are closest to estimated disease onset.

One question raised by our findings is why the relationship
between cognitive reserve and longitudinal cognitive change
did not generalize to all cognitive measures. Although we
initially hypothesized that higher levels of cognitive reserve
would be associated with a slower rate of decline on all

neuropsychological tests, Trail Making Test-B was the only
cognitive measure that showed significant associations with
cognitive reserve over time. Although one could argue that
TMT-B is the most complex task we used (as it requires
sustained attention, motor speed, visual scanning, and rapid
set switching), it remains unclear how (and by what
mechanism) performance on this measure alone interacts
with cognitive reserve. One possibility is that TMT-B was the
most intellectually demanding test administered and suc-
cessful performance of the task is most highly linked with
general intellectual capacity. There is some evidence to sup-
port this notion. Relative to TMT-A, for example, TMT-B is
more strongly associated with fluid intelligence (Salthouse,
2011) and has stronger associations with Full Scale IQ among
healthy controls (Goul & Brown, 1970). TMT-B may also
have a higher sensitivity than the other measures to the types
of executive functioning deficits that are particularly
prevalent in HD (e.g., set switching, cognitive flexibility).
Further investigation is needed on this topic to clarify some
of the subtle relationships between cognitive reserve and
longitudinal variations in cognition.

Fig. 1. Specifics of the cognitive reserve by ‘‘CAG-Age Product’’ (CAP) change curve.
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Results of the analyses for longitudinal brain volume
change were also somewhat surprising. We initially hypo-
thesized that cognitive reserve would show no significant
association with changes in brain volumes over time. This
hypothesis was based on previous findings in studies of
Alzheimer’s disease, demonstrating intact cognitive func-
tioning among patients with higher levels of cognitive
reserve, despite significant accumulation of AD pathology
(Roe et al., 2007). However, our results suggest that higher
levels of cognitive reserve were associated with a slower rate
of caudate and putamen atrophy among those who were
closest to estimated disease onset. Thus, in contrast to pre-
vious AD studies, higher cognitive reserve was associated
with less neuropathology (i.e., atrophy) among prodromal
HD individuals who were near clinical diagnosis. These
results suggest that higher levels of education, higher occu-
pational status, and higher general intelligence may serve as
protective mechanisms to both cognitive function and striatal
atrophy during the period closest to disease onset, when
cognition is known to decline at a more rapid rate. A caveat to
this hypothesis is that the size of the effect for the slower rate
of atrophy is difficult to determine. It is unknown how much
of a reduction in putamen volume, for example, is associated
with manifest signs of disease. Additional research is needed
to address if cognitive reserve has effects specific for HD.

Our findings were also consistent with previous research
that has shown morphological changes in brain structures that
are known to subserve cognitive functions that decline in HD,
including caudate (Brandt et al., 1995; Starkstein et al., 1988)
and putamen (Jurgens et al., 2008). In one study, smaller
putamen volumes correlated with poorer performance on two
cognitive measures, including TMT-B (Jurgens et al., 2008).
Our results suggest that cognitive reserve was associated with
both rate of decline on TMT-B and rate of caudate and
putamen atrophy for those closest to estimated disease onset.
The mechanism by which cognitive reserve affects progres-
sion of cognitive deficits and brain structure changes in HD is
not currently understood. Research in rodents suggests that
environmental enrichment is associated with increased levels
of brain-derived neurotrophic factor (BDNF) and improved
motor and cognitive performance (Mazzocchi-Jones, Dobrossy,
& Dunnett, 2011), suggesting a possible protective effect of
BDNF on symptom progression in HD. However, this rela-
tionship remains unclear and warrants further investigation.

Despite previous reports describing significant changes in
frontal lobe white matter among individuals with prodromal
HD (Aylward et al., 2011; Reading et al., 2005), we found no
evidence that rate of frontal white matter atrophy was related
to cognitive reserve in our study sample. Again, there is very
little empirical data from other studies of HD against which to
compare our findings. Others have described an association
between measures of cognitive reserve and white matter
integrity in studies of MCI and AD (Arenaza-Urquijo et al.,
2011; Teipel et al., 2009). These studies have generally
concluded that white matter integrity is an important aspect of
cognitive reserve and may be related to risk of developing
dementia. However, these studies used diffusion tensor

imaging (DTI) techniques to calculate a measure of white
matter integrity (i.e., fractional anisotropy; FA), whereas our
study examined gross volumes of the frontal lobe white
matter. It is possible that methodological differences account
for the differential findings between the current study and
previous work in this area.

The current study had some limitations. First, the cohort of
participants included in this study may not be an entirely
representative sample, as it was restricted to individuals with
prodromal HD who had undergone predictive genetic testing
and who were willing to participate in an intensive, long-
itudinal study. However, it should be noted that this by far
represents the largest sample of prodromal HD individuals
ever studied. As mentioned previously, the neuroimaging
methodology used may have altered our findings with regard
to white matter. Our study used measures of white matter
volume, which may have lacked the sensitivity to detect more
subtle changes in white matter in this population. Addition-
ally, while we found significant associations between cogni-
tive reserve and rate of change in caudate and putamen
volumes, the effect sizes of these findings were relatively
small, and it is unclear whether this represents a clinically
meaningful outcome. Our cognitive reserve measure also
consisted of a combination of various premorbid intellectual
measures that may provide different estimates of general
cognitive skills, potentially introducing additionally varia-
bility into the cognitive reserve variable and making it more
difficult to achieve significant correlations. In particular, the
use of different measures to estimate premorbid verbal
intelligence in different countries (i.e., NART, ANART,
WAT, WST) may have produced subtle variation in the data
and affected study outcome to some degree. Lastly, neu-
ropsychological tests were administered to participants
annually over the course of 6 years. It is possible that famil-
iarity with the tests (i.e., practice effects) attenuated potential
findings of cognitive decline over time and influenced our
results to some degree.

Overall, the current study demonstrated a relationship
between cognitive reserve and longitudinal changes in cog-
nitive functioning and brain structures. Our results lend
support to the hypothesis that higher levels of cognitive
reserve confer some protection against the cognitive decline that
precedes motor onset of HD. Furthermore, increased cognitive
reserve was associated with a slower rate of atrophy in brain
structures implicated in the development of HD, although the
meaning of the slower rate is difficult to interpret.

Lastly, our findings carry implications regarding disease
development in HD. As described previously, the construct
of cognitive reserve is intended to capture the influence of
both innate ability and cognitively enriching experiences on
disease onset and development. This suggests that cognitive
reserve represents a potentially modifiable factor and a
potential target for future studies looking to delay conversion
to HD. Since the genetic risk of developing HD is known,
interventions to improve reserve may be initiated years
before predicted onset of the disease and may provide
more years of intact functioning and independence. It is also
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possible that earlier intervention via enriching experiences
may be beneficial in limiting some of the precipitous decline
that is characteristic of the years closely preceding symptom
onset in HD. Engagement in cognitively enriching activities
and regular physical exercise delay onset of HD and cogni-
tive decline in rodents (Pang, Stam, Nithianantharajah,
Howard, & Hannan, 2006) and may prove to be protective
factors in humans. An additional possibility is that indivi-
duals who are higher in cognitive reserve initially may take
better care of themselves (e.g., better diet, less alcohol use,
more exercise, etc.), which in turn may lead to less brain atrophy
and reduced cognitive decline. However, additional work is
clearly needed to address these questions. Future investigations
should attempt to further clarify the complex role that cognitive
reserve plays in the development of HD, as well as its specificity
to HD, including possible mechanisms through which cognitive
reserve may affect changes in both cognitive function and brain
structure among those with prodromal HD.
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APPENDIX

Linear mixed effects regression (LMER) models were fit for
each response variable (treated in isolation) to test for cog-
nitive reserve by CAP intercept and linear slope differences.
The time metric was duration (dur), defined as the current age
minus the age at study entry. Suppose ageij is the current age
for the ith participant (i 5 1, y, N) at the jth time point (j 5 1,
y, ni). Then durij 5 ageij 2 agei1.

In addition to cognitive reserve and CAP, intercept and
linear slope effects of control variables were also considered.
The control variables were age at study entry (agei1), BDI
(bdi), and sex (sex; 1 5 male). All the predictors other than
dur and bdi were time-invariant (static) predictors. Single
static predictor effects represent main effects, and interac-
tions with duration represent change curve effects. There
were three random effects in each model, random intercepts,
random slopes for dur, and random slopes for bdi. The
LMER equation for the most complex model (Model 3;
see text) is

Yij ¼ b0þb1 durij

� �
þb2 bdiij

� �
b3 agei1ð Þþb4 sexið Þ

þb5 cupi

� �
þb6 crið Þþb7 durij � bdiij

� �

þb8 durij � agei1
� �

þb9 durij � sexi

� �
þb10 durij � capi

� �

þb11 durij � cri

� �
þb12 cri � capi

� �

þb13 durij � cri � capi

� �
þ �ij

where �ij ¼ b0iþ b1i durij

� �
þ b2i bdiij

� �
þ eij, with the bki

being the random effects, and eij random error. The random
effects are assumed to be correlated with each other, but not
with the random errors. The random effects and random error

are assumed to have zero means and non-zero variance, with
the random error variance being constant over time.

In the above equation, b12 represents the baseline cogni-
tive reserve by CAP interaction, and b13 represents the cog-
nitive reserve by CAP slope interaction. In the three models
compared in the analysis (see text), Model 2 omits b13, and
Model 1 omits b12 and b13.

The models were evaluated using a scaling of Akaike’s
information criterion (AIC) and the likelihood ratio test
(LRT). A probability scaling of the AIC, known as the AIC
weight (W) was computed indicating the relative fit. The W
formula is

Wk ¼
exp 1

2 � DAICk

� �

P3

k¼1
exp 1

2 � DAICk

� � ;

where Wk is the kth model (k 5 1, 2, 3), DAIC5AICk 2 min
(AICk), with min(AICk) being the minimum AIC value of the
set of three. W values closer to one indicate better fit, whereas
values closer to zero indicate worse fit. For this reason, W is
interpreted as a global relative effect size measure.

The LRT was used to test the pairs of nested models,
Model 1 versus Model 2, and Model 2 versus Model 3. Both
tests were carried out regardless the statistical significance
of each. The null hypothesis for each test was that the
simpler model was sufficient. Under the assumption of
a large sample size and some other mild conditions, the LRT
test statistic has a chi-squared distribution with df equal to
the difference in the number of parameters of the pair of
nested models.
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