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Abstract

Huntington's Disease (HD) is a neurodegenerative disorder caused by a cytosine-adenine-guanine
(CAG) triplet repeat-expansion in the Huntingtin (HTT) gene. Diagnosis of HD is classically
defined by the presence of motor symptoms; however cognitive and depressive symptoms
frequently precede motor manifestation, and may occur early in the prodromal phase. There are
sparse data so far on functional brain correlates of depressive symptoms in prodromal-HD. A
Stroop color-naming test was administered to 32 subjects in the prodromal phase of HD and 52
expansion-negative controls while performing functional magnetic resonance imaging at 3 Tesla.
Networks of functional connectivity were identified using group independent component analysis,
followed by an analysis of functional network interactions. A contrast of temporal regression-
based beta-weights was calculated as a reflection of Stroop-interference related activity and
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correlated with Center for Epidemiologic Studies Depression (CES-D) scores. For secondary
analysis, patients were stratified in two subgroups by median split of CAG repeat-length. Stroop-
performance was independent of HTT mutation-carrier-status and CES-D score. Stroop-
interference related activity of the ventromedial prefrontal cortex-node of the default-mode
network, calculated by temporal-regression beta-weights, was more highly correlated with
depressive symptoms in subjects in the prodromal phase of HD than in controls, differing
significantly. The strength of this correlation and its difference from controls increased when a
subgroup of patients with longer CAG repeat lengths was analyzed. These findings suggest that
depressive symptoms in prodromal-HD subjects may reflect altered functional brain network
activity in the context of early HD related brain alterations.
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1. Introduction

Huntington's Disease (HD) is a neurodegenerative disorder caused by a cytosine-adenine-
guanine (CAG) triplet repeat expansion in the Huntingtin (HTT) gene
(HD_Collaborative_Research_Group, 1993; Ross and Tabrizi, 2011). HD is inherited as an
autosomal dominant condition, with nearly complete penetrance by age 65 (Langbehn et al.,
2004). Prevalence of HD is 4–10 / 100000 in the western hemisphere (Tabrizi et al., 2009).
Clinical manifestation of HD is classically defined by progressive motor dysfunction
accompanied by cognitive decline and psychiatric symptoms (Walker, 2007). The length of
the expanded CAG repeat is inversely correlated with onset age (Penney et al., 1997;
Langbehn et al., 2004). Predictive genetic testing makes possible the identification of
individuals with the expanded CAG repeat length who do not yet have sufficient motor signs
to be diagnosed as affected (Gusella et al., 1983; Duyao et al., 1993;
HD_Collaborative_Research_Group, 1993). Such individuals may have non-specific early
cognitive or psychiatric symptoms (“prodromal-HD”). Depressive symptoms in prodromal
individuals show an incidence more than twice the general population (Marshall et al., 2007)
and have been repeatedly reported as early clinical findings in HD (Folstein et al., 1979;
Paulsen et al., 2005; Duff et al., 2007; Julien et al., 2007; van Duijn et al., 2007). CAG-
repeat length has been reported to be related to severity of psychiatric symptoms in the
prodromal phase (Duff et al., 2007) and a recent study reports increased prevalence of
incompletely penetrant Huntingtin alleles among individuals with major depressive disorder
(Perlis et al., 2010). While the neurobiology of depression in the context of HD remains
unclear, data from recent studies on depression in HD indicates the possible relevance of
regional brain changes (Thu et al., 2010; Hobbs et al., 2011).

Several neuroimaging studies have reported significant abnormalities preceeding the clinical
diagnosis of HD. These include striatal atrophy (Paulsen et al., 2006; Aylward, 2007),
cortical-thinning (Rosas et al., 2005; Nopoulos et al., 2007; Klöppel et al., 2009), white-
matter atrophy (Thieben et al., 2002; Reading et al., 2005; Paulsen et al., 2010; Rosas et al.,
2010) and possibly smaller intracranial volume (Nopoulos et al., 2011). Alterations
observable with blood oxygen level dependence (BOLD) functional magnetic resonance
imaging (fMRI) suggest an association between cognitive changes and alterations in areas of
executive function (Reading et al., 2004; Zimbelman et al., 2007; Wolf et al., 2008b) that
appear to precede structural changes and possibly reflect complex processes involving
neuronal dysfunction in the prodromal phase (Paulsen, 2009). Analysis of functional
connectivity, refering to synchronous neuronal activity of spatially remote brain regions
(Friston et al., 1993; van de Ven et al., 2004), appears to be a promising approach, capable
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of identifying patterns of impaired neuronal interaction. Independent component analysis
(ICA) is a method of blind source signal separation, that can be applied to fMRI-signals to
identify spatially distinct maps and corresponding time courses, representing functional
brain networks (McKeown et al., 1998b; Calhoun et al., 2001; van de Ven et al., 2004;
Beckmann et al., 2005; Calhoun et al., 2008b; Damoiseaux and Greicius, 2009). While loss
of integrity has been reported for functional networks both in the context of depressive
syndromes (Greicius et al., 2007; Grimm et al., 2009; Sheline et al., 2009; Sheline et al.,
2010a) as well as in neurodegenerative diseases (Sorg et al., 2007; Sheline et al., 2010b),
there has been relatively little work assessing functional connectivity in prodromal-HD.
Thus far only one study reported alterations in lateral prefrontal network connectivity
implicated in paradigms of cognitive challenge (Wolf et al., 2008a).

While there exists a broad literature on impairments of emotional processing in subjects in
the prodromal phase of HD (Berrios et al., 2001; Kirkwood et al., 2002; Duff et al., 2007;
Johnson et al., 2007; Julien et al., 2007; van Duijn et al., 2007; Vassos et al., 2007; Henley
et al., 2008; Klöppel et al., 2010), there is an absence of fMRI studies on correlates of
depressive symptomes in the prodrome of HD. The Stroop color-naming task challenges
brain systems involved in executive function (Stroop, 1935; MacLeod, 1991; MacLeod and
MacDonald, 2000). It has been demonstrated to reliably engage diverse spatially
independent networks of functional connectivity, therefore making it a suitable paradigm for
multivariate analysis of BOLD fMRI data using ICA (McKeown et al., 1998a; Harrison et
al., 2008). Furthermore, Stroop task-performance is significantly impaired in patients with
major depression (Benoit et al., 1992; Lemelin et al., 1997), and may serve as a trait marker
for depression (Killian et al., 1984; Trichard et al., 1995; Paradiso et al., 1997; Videbech et
al., 2004). This fits well with a concatenation of studies demonstrating interrelations of
systems involved in cognitive and emotional processing and greater vulnerability of
depressed patients to cognitive stress (Zihl et al., 1998; Ravnkilde et al., 2002; Majer et al.,
2004; Reppermund et al., 2007).

We hypothesized, that depressive symptoms in individuals in the prodromal phase of HD
may relate to altered functional brain network activity as a reflection of early HD related
brain changes. The aim of this study was therefore to use ICA to first identify relevant brain
networks of functional connectivity observable in fMRI data under a Stroop-Interference
task. In a second step, functional activity of the identified networks was correlated with
depressive symptoms, and correlation coefficients were then tested for significant
differences between prodromal-HD and unaffected controls. Additionally an analysis using
subgroups of the prodromal-HD sample based on Huntingtin CAG repeat length was
performed to test significant effects for a possible relationship to the individual genetic load
of the Huntingtin expansion mutation.

2. Methods

2.1. Study population

32 prodromal subjects were recruited through the Huntington’s Disease Center at Johns
Hopkins University School of Medicine, and were subdivided for secondary analysis by
median-split of CAG-repeat length in two groups (CAG ≤ 42 and > 42). The prodromal
participants all had scores on the quantitative neurologic examination (QNE) (Folstein et al.,
1983) < 10 (mean (SD) 3.35 (3.45)), and all scored below 5 on the chorea subscore (mean
(SD) 0.48 (1.06)). Estimated years to onset of motor symptoms (YTO) was calculated based
on CAG-repeat length of the mutated HTT allele and age (Langbehn et al., 2004) and
disease burden score (DBS) was calculated as [(CAG-repeat length −35.5) * age] (Penney et
al., 1997; Langbehn et al., 2004). Additionally 52 control subjects were recruited through
Johns Hopkins University. None of the 84 participants had a history of severe mood-,
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obsessive compulsive-, psychotic disorder or substance abuse, however 5 controls and 7
subjects in the prodromal phase of HD reported antidepressant medication use within the last
four weeks. Consent was obtained according to the Declaration of Helsinki
(World_Medical_Association, 1991) and approved by the Johns Hopkins University
Institutional Review Board.

Clinical personnel, trained in psychiatric patient evaluation, performed the following
interviews and neuropsychological tests on the day of scanning: Center for Epidemiologic
Studies-Depression scale (CES-D) for prevalent depressive symptoms (Radloff, 1977); Mini
Mental State Exam (MMS) to screen for cognitive impairment (Folstein et al., 1975), and
the National Adult Reading Test (NART) as an estimate of premorbid intelligence (Bright et
al., 2002). CES-Depression scores in the prodromal-HD subgroup with CAG-repeat lengths
> 42 were higher than controls (table 1) and correlated with CAG repeat length in the entire
prodromal-HD sample (r=0.43, p=0.03). There were no significant correlations between
CES-D and DBS (r=0.01), YTO (r=0.13), total QNE (r=−0.05) or age (r=−0.17).

2.2. Scan acquisition and structural analysis

Data were acquired at the FM Kirby Research Center for Functional Brain Imaging at
Kennedy Krieger Institute on a Philips Intera 3T scanner (Philips Medical Systems, Best, the
Netherlands) equipped with a multi-element receiver coil and SENSE head coil. Functional
EPI acquisitions consisting of 34 slices were collected in the axial plane, aligned parallel to
the line from the anterior commisure to the posterior commisure using the following
parameters: TR = 2000 ms; TE = 35 ms; flip angle = 70°; 34 slices; FOV=240 mm; nominal
resolution = 1.88×1.88×3 mm; no gap; SENSE factor = 2.0. The fMRI-paradigm was
presented automatically triggered via ePrime19 software.

Whole-brain anatomy was assessed using T1-weighted, three-dimensional Magnetization
Prepared Rapid Gradient Echo (MP-RAGE) using the following parameters: TR = 8.4 ms;
TE = 3.8 ms; flip angle = 8°; 150 slices (no gap); FOV=230 mm; nominal resolution =
0.9×0.9×0.9 mm);

Large Deformation Diffeomorphic Metric Mapping (LDDMM) was used to quantify metric
distances on anatomical structures in medical images (Miller et al., 2002; Huang et al., 2008;
Oishi et al., 2009) for volume estimations (Giedd, 2004; Nopoulos et al., 2011) providing a
measure of intracranial volume (ICV). ICV and ventricle volume per ICV, used as an
indicator of general atrophy (Wolf et al., 2003; Nestor et al., 2008) did not differ
significantly between subjects in the prodromal phase of HD and controls. Consistent with
earlier neuroimaging studies, striatal-volume was significantly lower in the prodromal-HD
sample (Paulsen et al., 2006; Aylward, 2007) (table 1).

2.3. fMRI paradigm

An MRI compatible version of the Stroop color-naming test was performed as described
earlier (Stroop, 1935; MacLeod, 1991; Gruber et al., 2002) by projecting series of four X’s
(baseline) or color word stimuli (congruent and incongruent tasks, respectively) onto a
screen viewed using a mirror mounted to the head coil and using a control box with buttons
representing each color to be named as an input device for the subject scanned. The
interference effect was estimated for each participant as a measure of behavioral task-
performance, by calculating the differences in reaction time and accuracy relating to the
particular incongruent and congruent task, for each subject (figure 1) (Jensen, 1965; Jensen
and Rohwer, 1966). All 84 subjects tested, achieved accuracies above 85%. Trials were
separated by 10 s (5TR) of rest, resulting in a total of 466 s (233TR) for the entire paradigm
(figure 2).
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2.4. Analysis of functional MRI data

2.4.1. Data Preprocessing—Individual fMRI data were preprocessed by an initial
correction for timing differences between slices, realignment, smoothing with a 6mm3 full
width half-maximum Gaussian kernel, spatial normalization to MNI template space via the
anatomical MPRAGE scan as suggested for Group spatial ICA (Van de Moortele et al.,
1997; Calhoun et al., 2001; Jafri et al., 2008) using the Statistical Parametric Mapping
(SPM5) software package (Friston, 1995), (http://www.fil.ion.ucl.ac.uk/spm/), high-pass
frequency filter (128 s) and a correction for temporal autocorrelation.

2.4.2. Component identification—Group spatial ICA (Calhoun et al., 2001) was
conducted for all 84 participants using the GIFT software (version 1.3h, http://
icatb.sourceforge.net/) and Matlab 7.10 (MathWorks, Inc., Natick, Massachusetts, United
States) as described earlier (Bell and Sejnowski, 1995; Beckmann et al., 2005; Calhoun et
al., 2008a; Jafri et al., 2008). In brief, GIFT is an application developed in Matlab to
perform group ICA for blind source signal separation of fMRI-data, resulting in spatially
independent components of synchronous BOLD activity. Using GIFT, the following
processes to perform spatial group ICA were applied to the entire sample of 84 subjects:
After an initial step of data reduction using principal component analysis (PCA), ICA was
used to identify independent components. In this study the Infomax algorithm (Bell and
Sejnowski, 1995) was used in combination with the integrated ICASSO-function (http://
www.cis.hut.fi/projects/ica/icasso) to maximize reliability of the ICA. Minimum description
length (MDL) criteria were applied (Li et al., 2007) for component estimation, resulting in a
total of 35 components. Then back reconstruction using components from ICA and results
from the initial data reduction step was performed to compute the individual subject
components and timecourses, which were scaled using z-scores. Spatial t-maps were
generated indicating relative strength of component contribution and used for visualization.
Using a design-matrix with information about the timing of the Stroop-interference tasks,
the GIFT temporal sorting algorithm was performed to apply a multiple regression. This
resulted in beta-weights representing component specific measures of task related BOLD-
activity for each test condition (incongruent and congruent) and subject, which were used to
calculate a contrast (incongruent – congruent) reflecting component specific Stroop-
interference related activity. (Calhoun et al., 2008a; Jafri et al., 2008). Visualization was
performed using GIFT v1.3h component viewer and xjView (http://www.alivelearn.net/
xjview8). By applying a systematic approach to identify and sort out components related to
physiological noise (Perlbarg et al., 2007; Stevens et al., 2007; Jafri et al., 2008), six
components were selected as potentially relevant in a context of emotional processing and
cognition.

2.5. Statistical analysis

Tests for differences in demographic, clinical or Stroop-performance related variables
between subjects in the prodromal phase of HD and expansion negative controls were
performed by using independent samples t-tests. A possible interaction between CES-
Depression scores and Stroop-interference was tested using ANOVA.

Linear regression analysis was used to estimate the relationship of Stroop-interference
related activity with CES-Depression scores of patients and controls separately. The
following covariates were applied and found not to affect the correlations significantly: ratio
of ventricular volume / intracranial volume as a reflection of relative volume differences
(Wolf et al., 2003; Nestor et al., 2008), age, gender and antidepressive medication status.
Correlation coefficients of patients and controls for each of the six selected components
were tested for significant differences by performing a Fisher r to z transformation and
estimation of standard error of the difference for two independent variables (Significance of
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the Difference Between Two Correlation Coefficients, Richard Lowry 2011, http://
faculty.vassar.edu/lowry/rdiff.html) (Fisher, 1915; Edwards, 1984). A correction for
multiple comparissons by a factor of 7 was performed, taking into account the total number
of tests (Holm, 1979). Differences were considered significant at a level of 5% after
correction (−log(p) > 2.15). In case of significant differences, an additional correlation and
test for significant difference based on Fisher r to z transformation (Fisher, 1915; Edwards,
1984) was performed for the prodromal-HD subgroup with higher genetic load (CAG-repeat
length > 42) versus controls. Additionally, possible relationships between Stroop-
interference related component activity and CAG-repeat length were tested by performing
linear regression analysis for all six components. Between network connectivity was
calculated using correlation coefficients of BOLD-activity between the components
identified with group-ICA (Joel et al., 2011).

Analyzed CES-Depression scores and beta-weights were tested for normal distribution and
applicability of parametric testing by applying a one-sample Kolmogorov-Smirnov test,
resulting in confirmation of the null hypothesis. Statistics were performed using the SPSS
statistical software package for Windows, Version 17.0, between network connectivity was
assessed using the Matlab 7.10 (R2010a) statistical toolbox.

T-maps of the six identified networks were tested in a two sample t-test using SPM5 for
topographical differences in spatial distribution between subjects in the prodromal phase of
HD and controls. A one sample t-test was performed on beta-weights derived from multiple
regression (temporal sorting algorithm, GIFT software package, v1.3h) to test for task
relatedness of the components (Calhoun et al., 2008a; Jafri et al., 2008). As a descriptive
measure indicating general task-relatedness of all components for one specific task, means
of the −log(p-values) were calculated.

3. Results

3.1. Stroop task-performance is similar in subjects in the prodromal phase of HD and
controls, resulting in a significant effect of interference in both groups

A fMRI compatible version of the Stroop color-naming test (Stroop, 1935; MacLeod, 1991)
was completed by 32 subjects in the prodromal phase of HD and 52 controls. A significant
effect of Stroop-interference could be observed both for test-accuracy (p<0.05) and reaction
time (p<0.01), as measured by a decrease in accuracy and increase in reaction time in the
incongruent (prodromal-HD: mean (SD): 96.51 (5.89)%; 693 (90.4) ms; controls: mean
(SD): 95.93 (5.93)%; 701 (134) ms) versus the congruent task (prodromal-HD: mean (SD):
98.7 (1.78)%; 603 (64.4) ms; controls: mean (SD): 98.91 (1.77)%; 602 (112) ms) (figure 1).
Stroop-performance both in terms of test-accuracy and reaction times did not differ
significantly between the populations tested (controls, all prodromal-HD, prodromal-HD
with CAG > 42, prodromal-HD with CAG ≤ 42), when a two sample t-test was applied
(table 1). Also the effect of Stroop-interference was not affected significantly by HTT
mutation-carrier-status: Differences between incongruent and congruent task in acccuracy,
prodromal-HD (mean(SD)): 4.69 (2.59), controls: 2.98 (0.82), F(1,83)=0.56, p=0.46;
differences between incongruent and congruent task in reaction time, prodromal-HD: 90.49
(14.98), controls: 99.33 (11.69), F(1,83)=0.22, p=0.64. There was no significant interaction
of interference with CES-Depression scores (accuracy: F(21,83)=0.45, p=0.98; reaction
time: F(21,83)=1.14, p=0.33).
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3.2. ICA decomposition of Stroop-interference related BOLD signal identifies six
components reflecting functional brain network activity

By performing ICA-decomposition followed by a systematic approach of selection, a total of
six components were identified (figure 2). Comparison of SPM t-maps of the six
components did not reveal significant differences in spatial extent between subjects in the
prodromal phase of HD and unaffected controls (no suprathreshold clusters at T=5.91,
p=0.005). Based on measured between-network-connectivity (Van de Moortele et al., 1997;
Calhoun et al., 2001; Jafri et al., 2008) (matrix correlation of component timecourses using
the Matlab 7.10 (R2010a) statistical toolbox), components were categorized in two groups: a
group of task activated elements (group A: #1, #3, #5, #6) and a group of task
downregulated elements (group B: #2, #4). Using information of synchrony between
networks, in addition to the anatomical information revealed by labelling using GIFT
toolbox, all six components could be matched to previously reported functional networks
(table 2) (Greicius et al., 2003; Beckmann et al., 2005; Fox et al., 2005; Damoiseaux et al.,
2006; Seeley et al., 2007; Buckner et al., 2008; Calhoun et al., 2008a; Joel et al., 2011;
Sämann et al., 2011). Between network connectivity of subjects in the prodromal phase of
HD did not differ significantly from healthy controls (Correlation values were converted to
z-scores using the Fisher r to z transformation, (Fisher, 1915)) (table 2).

One sample t-tests for task relatedness of components (Calhoun et al., 2008a; Jafri et al.,
2008) revealed increasing mean −log(p) values (SD) with increasing difficulty of the applied
task (baseline: 1.24 (1.1); congruent: 2.51 (1.95); incongruent: 3.74 (2.87)) (table 3). Also
differences of Stroop-interference related component activity between prodromal-HD and
controls did not reach level of significance (5%, −log(p)=1.3) when an independent samples
t-test was applied (Comp.#1: −log(p)=0.02, T=0.07; comp.#2: −log(p)=0.52, T=1.05;
comp.#3: −log(p)=0.15, T=0.38; comp.#4: −log(p)=0.64, T=−1.2; comp.#5: −log(p)=0.04,
T=−0.1; comp.#6: −log(p)=0.13, T=−0.33). Linear regression analysis of Stroop-
interference related component activity with CAG-repeat length did not indicate significant
relationships for either of the six identified components (Comp.#1: −log(p)=0.70, r=0.23;
comp.#2: −log(p)=0.62, r=10.21; comp.#3: −log(p)=0.06, r=−0.03; comp.#4: −log(p)=0.32,
r=0.13; comp.#5: −log(p)=0.03, r=−0.02; comp.#6: −log(p)=0.35, r=0.14).

3.3. Activity in a component comprising the ventro-medial prefrontal cortex correlates with
CES-Depression scores in prodromal-HD subjects

To identify components differing in the relation of component activity with depressive
symptoms between patients and controls, a test for difference between correlation
coefficients in two independent samples derived from Fisher r to z transformation was
performed (Fisher, 1915; Edwards, 1984). Significant difference resulted only for the
ventromedial prefrontal cortex component (z=3.02, −log(p)=2.6), r=−0.143 in controls
versus r=0.510 in prodromal-HD (table 4). Strength of this correlation increased, when the
analysis was limited to the prodromal-HD subgroup with CAG-repeat lengths > 42: r=0.731;
in comparison to expansion negative controls z=3.45, −log(p)=3.22 (figure 3). Correlation
between prodromal-HD with CAG-repeat lengths ≤ 42 (r=0.411) and > 42 (r=0.731) did not
differ significantly (z=1.26, −log(p)=0.68).

4. Discussion

Our main finding is a specific correlation in prodromal carriers of the HD mutation between
depressive symptoms and Stroop-interference related BOLD activity in the ventromedial
prefrontal cortex. This relationship was not observable in unaffected controls, indicating
specificity for carriers of the HD mutation. In addition, this finding potentially relates to the
extent of the Huntingtin expansion mutation, as the correlation with depressive symptoms
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increases in strength when a prodromal-HD subgroup with CAG repeat length greater than
42 is analyzed. Depressive symptoms during the prodromal phase of HD may therefore
reflect alterations of brain network activity that involve particularly anterior subparts of the
default-mode network and are associated with early HD related brain alterations. High levels
of behavioral Stroop performance in prodromal-HD subjects may reflect conserved overall
functional network connectivity at a moderate level of cognitive challenge and may also be
consistent with the fact that no general differences in Stroop related network activity were
observable between controls and HD subjects.

Affective symptoms are common in the prodrome of HD and may be a very early
manifestation of the disease (Folstein et al., 1979; Cummings, 1995; Marder et al., 2000;
Duff et al., 2007; Julien et al., 2007; van Duijn et al., 2007; Vassos et al., 2007; Tabrizi et
al., 2011). However, they may be subtle, often not qualifying for a diagnosis according to
DSM-IV (Duff et al., 2007; Tabrizi et al., 2009). In this study, the Center for Epidemiologic
Studies Depression Scale (CES-D) was utilized (Radloff, 1977), as it has has been
developed to measure depressed mood in population based non-clinical samples (Myers and
Weissman, 1980) while other psychometric instruments such as the Hamilton Depression
Rating Scale (HDRS), have been developed to assess severity of major depression in clinical
settings (Hamilton, 1960). The CES-D scale therefore appears capable of quantifying
subdiagnostic affective symptoms (Roberts and Vernon, 1983), thus reducing bias due to
floor effects, which have been indicated as a particular challenge for psychometrics in the
prodrome of HD (Tabrizi et al., 2009). While CES-Depression scores did not differ
significantly between subjects in the prodromal phase of HD and controls, higher scores
were measured in the subgroup with CAG-repeat length > 42. Additionally a relationship
between CAG-repeat length and CES-Depression scores could be observed for the entire
prodromal-HD sample, which is consistent with earlier reports on depressive symptoms in
HD-mutation carriers and possibly reflects first signs of HD-related central nervous system
alterations that precede manifestation of motor symptoms (Folstein et al., 1979; Paulsen et
al., 2005; Duff et al., 2007; Julien et al., 2007; van Duijn et al., 2007; Tabrizi et al., 2009).
Mild general atrophy and reduced striatal volume are consistent findings in prodromal-HD
(Paulsen et al., 2006; Aylward, 2007; Aylward et al., 2010) and striatal atrophy in particular
is clearly observable also in our data, reflecting distinct brain alterations that differ subjects
with the HD mutation from controls (table 1). There were no further differences in
demographic or clinical measures between subjects in the prodromal phase of HD and
controls including Stroop task-performance and the effect of interference (Jensen, 1965;
Jensen and Rohwer, 1966) (figure 1). The significant effect of interference observable on a
behavioral level indicates proper implementation of the test in both samples and is consistent
with earlier reports on high levels of neuropsychological test performance in prodromal-HD
(Brandt et al., 2008).

By performing spatial ICA-decomposition of whole brain fMRI signals followed by a
combined selection-process accounting for physiological nuisance contribution (Perlbarg et
al., 2007; Stevens et al., 2007; Jafri et al., 2008), we identified six components that
correspond to previously reported functional networks and may be relevant in a context of
emotional and cognitive processing (figure 2) (Greicius et al., 2003; Beckmann et al., 2005;
Fox et al., 2005; Damoiseaux et al., 2006; Buckner et al., 2008; Jafri et al., 2008; Sämann et
al., 2011). These were categorized in two groups based on between network connectivity
(Joel et al., 2011): Group A consists of components activated by the Stroop task (component
#1, 3, 5 and 6) and is inverse-correlated to group B (component #2 and 4), which is
consistent with an earlier report, suppressed by the Stroop task (Harrison et al., 2008) (table
2).
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Our finding of correlations between activity in component #4 (which mainly represents the
ventromedial prefrontal cortex) and depressive symptoms appears consistent with a
concatenation of reports on altered emotional processing and impaired functional brain
network activity: The default mode network is a set of brain regions with synchronous
BOLD-activity at rest, which corresponds inversely to cognitive paradigms. It shows
bilateral connectivity that converges on the posterior cingulate and includes the
ventromedial prefrontal cortex as a frontal node (Biswal et al., 1995; Buckner et al., 2008).
While the prefrontal cortex region has been reported to be involved in mood regulation
(Keedwell et al., 2005; Fellows, 2007; Brassen et al., 2008; Koenigs et al., 2008), cognitive
dysfunction is associated with altered default-mode network connectivity (Laxton et al.,
2010; Petrella et al., 2011). Our ICA finding of a relationship between increased Stroop
interference related activity in component #4 and high depression scores in prodromal-HD
subjects might therefore reflect higher levels of effort necessary to successfully complete the
task than controls, possibly indicating a compensatory mechanism for early HD related brain
changes. This may be consistent with earlier reports on altered default-mode network
activity in neurodegenerative diseases in general (Sorg et al., 2007; Buckner et al., 2008)
and particularly with reports on increased activity of anterior brain networks in a context of
depression (Greicius et al., 2007; Sheline et al., 2010a). The fact that there was no
significant relationship between depressive symptoms and Stroop-interference related
activity of component #2 might point towards disruptional disease effects between anterior
and posterior parts of the default-mode network.

Temporal sorting of the identified components indicated a high task-relatedness in most of
the identified functional networks, that increased with the level of challenge (table 3). In the
incongruent condition, which was the most demanding block of the Stroop-interference
paradigm, all components except #2 showed significant task-related modulation both in
patients and controls. The lack of task relatedness observed may be due to an indistinctive
suppression by attention and Stroop-interference, making it difficult to distinguish the
different Stroop tasks and may be consistent with earlier reports (Harrison et al., 2008).
However, this might also indicate a ceiling-effect and thus lack of sensitivity of the
experimental approach used in our study.

The fact, that our finding of correlated ventromedial prefrontal cortex activity and
depressive symptoms is enhanced in a subgroup of expansion positive individuals with
particularly long CAG repeat lengths (figure 3), suggests a relation to individual genetic
burden and may be consistent with a recent report on increased prevalence of incompletely
penetrant HD alleles among individuals with major depressive disorder (Perlis et al., 2010).
However, as the correlation coefficients between the subgroups with CAG repeat lengths ≤
42 and > 42 did not differ significantly and also Stroop-interference related component
activity did not correlate with CAG-repeat length, the effect of CAG-repeat length has to be
interpreted with caution.

A limitation to performing ICA on BOLD fMRI signals is the fact that besides identifying
components representing relevant networks of functional connectivity, artifacts related to
movement and physiological noise will result (Beckmann et al., 2005; Damoiseaux and
Greicius, 2009). For this reason we performed a selection procedure resulting in a set of
components primarily within gray matter and of low temporal frequency (Perlbarg et al.,
2007; Stevens et al., 2007; Jafri et al., 2008). While our methods allowed us to assess effects
of interacting neurobiology of depressive symptoms and HD, no significant differences
between controls and prodromal-HD subjects were detectable by ICA for spatial extent of
the components, between-network connectivity and also Stroop interference related activity
when using the described methods. The fact that we don’t see a general group difference in
brain network activity in response to the Stroop paradigm may be consistent with the similar
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task performance in subjects in the prodromal phase of HD and controls. However, it can not
be excluded that there might be subtle differences which were not detectable with the ICA
methods applied in this study and may require a larger sample for sufficient power to be
identified. Also, results may differ when other cognitive paradigms than Stroop-interference
are applied.

As effects of serotonergic medication on BOLD fMRI signal have been reported (Anand et
al., 2005; Windischberger et al., 2010), antidepressive medication status was used as a
covariate in correlation analysis. While we did not find a significant relationship between
antidepressive medication status and task-related component activity, we can not exclude an
unspecific effect on our fMRI data, possibly affecting power of this analysis.

In this study, we have identified Stroop-interference associated activity in the ventromedial
prefrontal cortex-node of the default-mode network as a correlate of depressive symptoms in
prodromal-HD. The effect is possibly modulated by CAG repeat length of the mutated
Huntingtin allele. Alterations of functional brain networks including systems involved in
emotional processing and cognitive function may be a plausible pathomechanism and appear
consistent with earlier considerations on converging neurobiology of both, with a possible
integrating role of the ventromedial prefrontal cortex region (Zihl et al., 1998; Mayberg et
al., 1999; Fellows, 2007; van Kesteren et al., 2010). Our data underline the potential of
studying the prodromal phase of HD as a model for neurobiology of depressive symptoms
and psychiatric manifestation of neurodegenerative processes in general.
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Figure 1.

Stroop-interference is reflected by decreased accuracy and increased reaction times in the
incongruent versus the congruent tasks for both controls and prodromal-HD.
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Figure 2.

Spatial extent of the identified components is indicated based on t-maps. ICA-timecourses
indicate z-scores of component activation (solid white lines: means, dotted white lines: ± 0.2
SD) in relation to the Stroop-paradigm applied over time (TR). Green bars indicate rests
between Stroop tasks, yellow: Stroop-baseline, orange: Stroop-congruent, red: Stroop-
incongruent, vertical dotted green lines indicate the end of the rest-phases.
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Figure 3.

Linear regression analysis indicates a relationship between Stroop-interference related
activity in the ventromedial prefrontal cortex (VMPFC) with CES-Depression scores in
prodromal-HD but not in expansion negative controls. This effect appears stronger in the
prodromal-HD subgroup with CAG repeat lengths > 42.
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Table 4

Displayed are relationships of Stroop-interference related functional connectivity in all six components with
CES-Depression scores for controls and prodromal-HD, respectively. Significant differences of correlation
coefficients (Fisher, 1915; Edwards, 1984) are indicated in bold.

Comp. Controls
(n=52)

Prodromal
HD (n=32)

Difference of
corr. coeff.

# r r [z] −log(p)

1 0.11 −0.01 0.51 0.21

2 0.15 0.27 0.56 0.25

3 0.20 −0.11 1.31 0.72

4 −0.14 0.51 3.02 2.6

5 −0.11 −0.01 0.44 0.18

6 0.08 0.23 0.65 0.28
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