
fMRI Biomarker of Early Neuronal Dysfunction
in Presymptomatic Huntington’s Disease

Jane S. Paulsen, Janice L. Zimbelman, Sean C. Hinton, Douglas R. Langbehn,
Catherine L. Leveroni, Michelle L. Benjamin, Norman C. Reynolds, and Stephen M. Rao

BACKGROUND AND PURPOSE: Functional MR imaging (fMRI) has been used to probe
basal ganglia function in people with presymptomatic Huntington’s disease (pre-HD). A
previous fMRI study in healthy individuals demonstrated activation of the basal ganglia during
a time-discrimination task. The current study was designed to examine the relative sensitivity
of fMRI compared with that of behavioral testing and morphometric measurements in detecting
early neurodegenerative changes related to Huntington’s disease (HD).

METHODS: Pre-HD participants were assigned to two groups based on estimated years to
diagnosis of manifest disease: close <12 years and far >12 years. Age at disease onset was
estimated using a regression equation based on the number of trinucleotide CAG repeats. The
time-discrimination task required participants to determine whether a specified interval was
shorter or longer than a standard interval of 1200 milliseconds.

RESULTS: Participants in the close group performed more poorly on the time-task discrim-
ination than did control subjects; however, no differences were observed between far partici-
pants and control subjects. Similarly, close participants had reduced bilateral caudate volume
relative to that of control subjects, whereas far participants did not. On functional imaging,
close participants had significantly less activation in subcortical regions (caudate, thalamus)
than control subjects; far participants had an intermediate degree of activation. In contrast, far
participants had hyperactivation in medial hemispheric structures (anterior cingulate, pre-
supplementary motor area) relative to close and control subjects.

CONCLUSION: Hyperactivation of medial prefrontal regions compensated for reduced sub-
cortical participation during time discrimination in pre-HD. This pattern of brain activation
may represent an early neurobiologic marker of neuronal dysfunction.

Huntington’s disease (HD) is an autosomal-domi-
nant, neurodegenerative disorder that results from an
expansion of the trinucleotide repeat CAG in gene
IT-15 that encodes the protein called huntingtin on
chromosome 4 (1). The disease is principally charac-
terized by degeneration in the caudate and putamen
(2, 3), although reports suggest neuron loss in cortical
layers 3, 5, and 6 as well (4–6). Clinical features

typically emerge in middle adulthood and include
movement disorder, cognitive deterioration, and psy-
chiatric symptoms. The diagnosis is made at the
emergence of motor symptoms, although structural
and metabolic brain changes, neuropsychological def-
icits, and psychiatric symptoms often precede the
manifestation of neurologic disease in presymptom-
atic individuals who have the HD mutation (7–10).

There is currently no treatment or cure for HD;
however, compounds have been developed that slow
symptom progression in animal models, prompting a
series of human clinical trials currently underway (11,
12). Ideally, potential treatments should target at-risk
individuals at the earliest stage of neural degenera-
tion, before functional decline occurs. The develop-
ment of prevention guidelines, however, depends on
the ability to predict future disease onset and to
detect subtle pathologic changes before consequences
manifest. The current study was performed to deter-
mine whether functional MR imaging (fMRI) can
detect early signs of neural abnormality in pre-HD
individuals.
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Activation tasks that reliably and selectively ac-
tivate the striatum in healthy individuals can poten-
tially provide biologic markers for early change in
pre-HD. Mounting evidence suggests that the ni-
grostriatal dopaminergic system underlies our per-
ception and reproduction of temporal information.
Pharmacologic manipulation of striatal dopamine
neurotransmission disrupts behaviors that involve
precise timing in animals (13) and humans (14). In
addition, impaired temporal processing has been
observed in unmedicated patients with Parkinson’s
disease (PD), with improvement associated with
the initiation of dopamine replacement (15, 16).
Results of an fMRI investigation of time discrimi-
nation in healthy individuals suggested that the
basal ganglia are selectively activated during the
encoding of temporal information (17). To our
knowledge, no formal studies of temporal process-
ing have been conducted in individuals with pre-
HD. Individuals with manifest HD, however, have
impaired timing of a conditioned eyeblink response
(18).

The present study was performed to investigate
functional activation of the basal ganglia in two
groups of pre-HD individuals categorized using an
estimate of their expected number of years until man-
ifest HD onset based on their CAG repeat length
(19). Both groups were compared with a demograph-
ically matched control group of healthy individuals.
The purpose of this investigation was twofold: 1) to
determine if pre-HD patients have a selective perfor-
mance decrement on a time-discrimination task and
2) to determine if fMRI is sensitive to subtle func-
tional brain changes in pre-HD by using the same task
previously shown to activate the basal ganglia in
healthy participants (17). We hypothesized that
pre-HD participants are less proficient than healthy
participants in a time-discrimination task and that this
pre-HD performance decrement is associated with a
corresponding decrease in task-related activation of
the basal ganglia.

Methods

Participants
Participants were 14 individuals who underwent genetic test-

ing that confirmed CAG expansion of the HD gene and seven
age- and education-matched control subjects. Participants were
excluded if they previously or currently met criteria for mani-
fest HD or if they had a history of other neurologic disturbance
(e.g., seizures, head injury), learning disability or mental retar-
dation, major psychiatric disturbance, or substance abuse. All
participants were strongly right handed, as determined by
scores on the Edinburgh Handedness Inventory (20), and they
gave their written informed consent according to guidelines of
the Institutional Review Board of the Medical College of Wis-
consin, Milwaukee.

Predicted age at motor symptom onset was estimated by
using a survival analysis regression equation based on CAG
repeat length. Age-conditional expectations of time to onset
were derived from this equation. The survival model, co-devel-
oped by two of the authors (D.R.L., J.S.P.) expanded on work
originally reported by Brinkman et al (21) and was based on
2298 affected and 615 presymptomatic gene-positive HD cases
registered at 39 care centers. The analysis was limited to CAG
lengths between 41 and 56. Convergent evidence based on
nonparametric survival analysis, goodness-of-fit tests, and pop-
ulation genetic models of anticipation in trinucleotide repeat
mutations suggested that the participants examined were rep-
resentative of the entire population with CAG expansion in
that range. By using this model, pre-HD participants were
assigned to two groups based on estimated proximity to man-
ifest disease onset. Using current ages and CAG expansion
lengths, we estimated that seven participants were �12 years
from predicted diagnosis of manifest HD; they constituted the
close group. Seven participants were estimated to be �12 years
from onset; they formed the far group.

Subject demographics are presented in the Table. As ex-
pected, compared with those in far group, participants in the
close group were significantly older (P � .05), they had larger
mean CAG repeat length (P � .05), and they had earlier
estimated years to symptom onset (P � .001). The mean age of
control subjects did not differ significantly from that of either
pre-HD group. The three groups did not differ with respect to
years of education.

Before imaging, all pre-HD participants underwent screen-
ing for symptoms of manifest HD by using the motor, cognitive,
and behavioral scales from the UHDRS (22). Ratings on the
UHDRS motor scale (Table) confirmed that gene-positive par-
ticipants were presymptomatic with low motor-abnormality

Subject demographics, CAG repeat size, and test scores

Measure

Participants

Far Close Control

Age (years)* 33.0 (5.0) 41.1 (5.9) 38.0 (6.1)
Education (years) 14.6 (2.4) 14.1 (1.7) 14.9 (1.9)
Sex (M/F) (2/5) (4/3) (2/5)
CAG repeat size† 41.3 (2.1) 44.2 (2.5) NA
Estimated years to symptom onset‡ 24.6 (7.9) 8.6 (2.5) NA
UHDRS motor score 0.7 (1.0) 1.4 (0.9) NA
UHDRS verbal fluency 39.9 (11.7) 32.9 (8.7) 39.4 (6.4)
UHDRS symbol-digit 57.3 (10.0) 44.9 (8.8) 52.4 (10.9)
UHDRS stroop interference 50.9 (13.1) 37.1 (12.2) 44.0 (7.5)

Note.—NA indicates not applicable; UHDRS, Unified HD Rating Scale. Data are the mean (standard deviation).
* Close participants were significantly older than far participants (P � .05).
† Close participants had a significantly longer CAG repeat size than that of far participants (P � .05).
‡ In the close group, onset was predicted significantly earlier than in the far group (P � .001).
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scores. Close and far participants did not differ significantly
from each other on the UHDRS motor, cognitive, or behav-
ioral scales. Pre-HD participants did not differ significantly
from control participants on the cognitive screen of the
UHDRS.

Experimental Design
Participants performed three tasks with one imaging run per

task (see reference 17 for details). The order of presentation
was counterbalanced across participants. In the time-discrimi-
nation (T) task, two tones (50 milliseconds) separated by 1200
milliseconds were presented (the standard tone-pair), followed
by a 1-second delay and the presentation of a comparison pair
of tones. Participants indicated whether the interval defined by
the comparison tone-pair was shorter or longer than the first.
To better separate neural systems specific to timing operations,
participants also performed a pitch-discrimination (P) task in
which the auditory events were similar to the T task, except that
participants indicated whether the fourth tone was higher or
lower in pitch than the first three tones. Imaging runs of each
discrimination task were contrasted with a sensorimotor con-
trol (C) task in which participants responded after the presen-
tation of two isochronous tone pairs of identical pitch.

Tone stimuli were presented binaurally by using a computer
playback system. Sounds were amplified near the scanner and
delivered to the participant via air conduction through 180-cm
paired plastic tubes, which were threaded through occlusive ear
inserts that attenuated background scanner noise to a sound
pressure level of approximately 75-dB. Background scanner
noise consisted of pulses occurring every 132 milliseconds
throughout the imaging run; the intensity of the tone stimuli
had an average sound pressure level of 100 dB. For all three
tasks, the standard tones were 700 Hz in pitch separated by a
1200-millisecond interval. In the T task, the eight comparison
intervals were �60-millisecond increments of the standard in-
terval. These were presented twice in random order (16 trials);
the pitch did not vary across the four tones. In the P task, the
eight comparison tone pitches were �4-Hz increments of the
standard 700-Hz tones and presented twice in random order
(16 trials); the duration did not vary during this task. In the C
task, 16 trials of identical standard tones were presented. Par-
ticipants pressed one of two keys with their right index or
middle finger to indicate shorter/lower or longer/higher in the
discrimination tasks. Participants pressed a key by using their
right index finger in the C task. Accuracy and reaction time
were measured with a nonferrous key-press pad. Participants
briefly practiced the three tasks before imaging.

Image Acquisition
Event-related fMRI was performed with a 1.5-T scanner

(Signa; GE Medical Systems, Milwaukee, WI) equipped with a
three-axis, local-gradient head coil and an elliptical end-capped
quadrature radio-frequency coil. Foam padding was used to
limit head motion in the coil. Before functional imaging, high-
resolution, 3D, spoiled gradient-recalled at steady-state images
were collected (TR/TE/NEX � 24/5/1, flip angle � 40°, section
thickness � 1.2 mm, field of view � 24 cm, resolution � 256 �
128) for anatomic localization and coregistration. For func-
tional imaging, echo-planar images were collected by using a
single-shot, blipped gradient-echo, echo-planar pulse sequence
(TR/TE � 2.5/40, flip angle � 90°, field of view � 24 cm,
resolution � 64 � 64). Nineteen contiguous, 7-mm-thick sag-
ittal sections were acquired to provide coverage of the entire
brain. Imaging was synchronized with the onset of the first tone
so that seven images were acquired during each 17.5-second
trial. There were 16 trials per run. An additional four images
(10.0 seconds) were added to the beginning of the run to allow
the MR signal intensity to reach equilibrium, and four images
were added to the end of the run to accommodate the delay of

the hemodynamic response. Overall, 120 images were collected
per run.

fMRI Data Analysis
Functional images were analyzed by using Analysis of Func-

tional NeuroImages (AFNI) software (23). Image time series
were spatially registered to reduce the effects of head motion.
3D registration yielded six movement indices per functional
imaging run: rotation in the superoinferior, anteroposterior,
and left-right planes in degrees, and translation in the supero-
inferior, anteroposterior, and left-right planes in millimeters.
Before movement correction, the root-mean-square difference
between the baseline image and all subsequent images in the
time series was computed as an index of subject head move-
ment. No significant differences were observed in root-mean-
square between the groups, with F(2, 18) � 2.09 and P � .15.

Deconvolution of the fMRI signal intensity was performed
on a voxelwise basis. Deconvolution produces time courses that
estimate the best-fitting hemodynamic response for each task
relative to a baseline resting state. The reference function
consisted of impulses at the start of each trial. These impulses
were used to deconvolve a model hemodynamic time course
without making a priori assumptions regarding its shape, delay
or magnitude of the impulse response function. The T and P
tasks were compared with the C task for the volume collected
7.5 seconds after trial onset (corresponding to the peak of the
evoked hemodynamic response). Anatomic and T, P, and C
functional images were then interpolated to volumes with
1-mm3 voxels, coregistered, converted to stereotaxic coordinate
space (24), and blurred by using a gaussian filter of 4-mm
full-width at half-maximum. Analysis of variance with post-hoc
t tests by using variance pooled across all participants was
performed on a voxelwise basis on the hemodynamic time
course estimates at 7.5 seconds after trial onset to identify
regions showing greater activation in the T or P tasks than the
C task. A t value of 3.061 (P � .01, df � 12, uncorrected) was
used with a minimum 200-�L (2.04 voxel) cluster threshold to
determine statistical significance. A P value of .01 was used
because of the small sample.

Regions of Interest
Regions of interest were defined to analyze activation vol-

umes within each isolated region. These regions included the
thalamus, caudate, putamen, and presupplementary motor
area (pre-SMA)/cingulate and were defined by using the AFNI
Talairach daemon (25). The pre-SMA and cingulate regions
were defined by using Brodmann areas 6, 24 and 32, but
including only those voxels that fell between x � �15 and x �
15 (separating medial from lateral) and from y � 0 (anterior
commissure) to y � 30. The SMA was defined by using Brod-
mann area 6, but including only those voxels posterior to y � 0
and between x � �15 and x � 15. The thalamus, caudate and
putamen were defined by using the Talairach daemon. A mask
of each region was created and blurred by using a 2-mm
full-width at half-maximum gaussian filter. The mask was then
applied to the thresholded functional group dataset at 7.5
seconds after trial onset.

Volumetric Analysis
Two raters blinded to group assignment outlined the volu-

metric measurements of the caudate on the high-resolution
anatomic images. Structures were traced in the axial plane by
using the Gyrus Finder software plug-in program in AFNI (23).
For the caudate head, measurements began 1-mm superior to
the axial plane defined by the anterior and posterior commis-
sures. Tracing continued in a superior direction, and stopped
1-mm below the section upon which the confluence of the
lateral ventricle first became visible. The medial boundary was
defined by the lateral ventricles, and the lateral border of the
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caudate was defined by the external capsule. For the caudate
body, tracing began at the section where the confluence of the
ventricles was first visible and continued in a superior direction
until the caudate was no longer visible. The medial border was
the lateral ventricle, the superolateral border was the external
capsule, and the inferolateral border was the anterior limb of
the internal capsule. Interrater reliability was high (r � 0.91).

Results

Task Performance
Figure 1 shows that participants in the close group

performed significantly worse than participants in the
control group on the T task (t � 1.64, P � .05,
one-tailed test), but they performed comparably to
control group participants on the P task. No signifi-
cant group differences in accuracy were observed be-
tween far participants and control participants on
either the T task or the P task. Likewise, no signifi-
cant group differences were observed in reaction
times for the T or P tasks among the far, close, and
control participants.

Structural MR Imaging Measures
Volumetric measurements of the caudate head are

presented in Figure 2. Significant group differences in
caudate volumes emerged for the left caudate head,
with F(2, 18) � 5.41 and P � .05. Post-hoc analysis
(Tukey Honestly Significant Difference test) indi-
cated that caudate head volumes were smaller in close
participants than in controls. No significant differ-
ences were observed for the right caudate head or for
the right or left caudate body.

fMRI Activation Data
Figure 3 displays the significant clusters of activa-

tion derived from the T-minus-C comparison for the
three groups overlaid on anatomic images. The T task

produced unique clusters of activation in the bilateral
basal ganglia in control participants, consistent with
our previous findings in healthy control participants
(17). The center of activation was located in the
caudate head and extended laterally into the puta-
men. The T task also produced foci of activation in
the bilateral thalamus and pre-SMA/cingulate. A dec-
rement in the volume of activation was observed in
subcortical regions (thalamus, caudate/putamen) as a
function of CAG status, with control participants hav-
ing the largest volume, close participants the smallest,
and far participants an intermediate volume. A dif-
ferent pattern emerged in the pre-SMA/cingulate:
Far participants had the largest volume of activation,
whereas close participants had the smallest volume,
and control subjects had an intermediate volume.
Total group volumes of the activation clusters for the
thalamus, caudate/putamen, and pre-SMA/cingulate
are summarized in Figure 4. Significant group differ-
ences in functional activation patterns did not emerge
for the P-minus-C comparison.

Discussion
The present findings demonstrate that fMRI is sen-

sitive to changes in striatal function long before the
emergence of motor symptoms in pre-HD. This ob-
servation has several important implications. First,
fMRI can potentially be used to identify early neural
degeneration before the onset of clinical symptoms.
In close participants, subcortical structures were acti-
vated significantly less than they were in control par-
ticipants, whereas far participants had an intermedi-
ate level of activation. Neither close participants nor
far participants had cognitive or motor deficits in
behavior, as measured with the UHDRS, although
there were significant differences in performance be-
tween control participants and close participants on
the T task. Despite changes in neural activation in
both groups, structural changes in the caudate were
observed only in close participants. This change in
neural activation in the close group may be attributed
to cell death, since caudate structural atrophy was
observed in this group; however, structural atrophy
was not observed in far participants, although there
was a change in neural activation.

Second, fMRI may be a useful tool for determining
the optimal window for treatments aimed at slowing
disease progression. Compounds that slow disease
progression in animal models are currently undergo-
ing human clinical trials. fMRI may be able to detect
the earliest signs of neural degeneration when these
treatments are most effective, and fMRI could poten-
tially be used to track the effectiveness of such treat-
ments in slowing neural degeneration.

Third, fMRI may improve the prediction of when
HD manifests in an individual. Currently, predictions
of manifest HD are based on CAG repeat length or
on this length combined with parental age of onset
(21). Adding fMRI results to this regression formula
may substantially increase the accuracy with which
the time of symptom onset is predicted.

FIG 1. Mean percentage of correct responses and reaction
times for T and P tasks for the control, far, and close groups.
Asterisk indicates close � control participants (P � .05).
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An interesting finding of the present study is the
hyperactivation in medial hemispheric structures
(pre-SMA and cingulate) in the far group relative to
both the control and close groups. Because behavioral
performance of the far group was comparable to that
of the control group, this hyperactivation may com-
pensate for reduced subcortical activation in this
pre-HD population. Studies of patients with manifest
HD and PD support the notion of compensatory
increased activation in certain brain areas to maintain
normal task performance. For example, positron
emission tomographic studies in manifest HD dem-
onstrate different patterns of neural activation rela-
tive to control participants during paced movements
(26, 27). Most of this activation was reduced relative
to control participants; however, increased activation
in bilateral insula was suggested to be compensatory
(27). Similarly, an fMRI study demonstrated greater
activation in lateral premotor regions in individuals
with PD during a paced finger-tapping task; the acti-
vation partially normalized with dopamine replace-
ment. This lateral premotor hyperactivation in PD was

suggested to compensate for striatal hypofunction dur-
ing motor tasks (28).

Alternatively, hyperactivation in fMRI may reflect
early abnormal cell processes that are direct negative
effects of the HD-causing CAG expansion of the gene
Htt coding for the protein huntingtin (1). Studies of
pathogenic mechanisms for HD have eluded cell bi-
ologists to date (29). There are no data to address the
issue of whether the expanded Htt causes dysfunction
from within the affected cells in the striatum or from
without. Hyperactivation in frontal circuitry seen on
fMRI could signal primary HD dysfunction. This
speculation is supported by early and progressive
electrophysiologic alterations evident in cortical neu-
rons in the R6/2 transgenic mouse model of HD (30).
These findings suggest that HD might cause alter-
ations in neuronal function that render glutamatergic
corticostriatal projection neurons destructive to the
medium spiny neostriatal neurons on which they syn-
apse. However, the mechanisms underlying this pro-
cess are still unclear. Other electrophysiologic evi-
dence comes from the observation that homovanillic
acid Ca2� channels in corticostriatal projection neu-
rons in R6/2 mice have enhanced current attenuation
and increased activity (31). Further clarification of
the physiologic properties of corticostriatal projection
neurons may elucidate the neurodegeneration ob-
served in HD.

Behaviorally, close participants performed more
poorly on the T task than control participants. How-
ever, far participants performed comparably to con-
trol participants. The present results confirm those of
several neuropsychological reports suggesting that
cognitive performance is impaired long before motor
manifestation of HD (32, 33) and worsens as onset
approaches (10). On the basis of the current results,
we cannot determine how early timing performance is
impaired in pre-HD. Longitudinal assessment is im-
portant to confirm the onset estimations.

Caudate volume was reduced bilaterally in close
participants relative to control participants. These
findings are consistent with those of many neuroim-
aging and neuropathologic studies showing striatal

FIG 2. Mean volumes of the left and right
heads of the caudate for the control, far,
and close groups. Asterisk indicates
close � control participants (P � .05).

FIG 3. Activation foci (P � .01) derived from the T-minus-C
comparison for the control, far, and close groups. Top row, Axial
sections are 6 mm superior to the anterior commissure–posterior
commissure line. Bottom row, Sections represent the midsagittal
plane.
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reductions in pre-HD individuals (8, 34–37). Caudate
and putaminal volumes have been correlated with
symptom severity (38, 39), cognitive performance
(40), and estimated years to onset in pre-HD (37).
Aylward et al (8, 36, 37) were the first to demonstrate
atrophy in a sample of pre-HD individuals. The cur-
rent findings replicate their results and confirm a
relationship between volumetric MR imaging indices
and estimated years to disease onset. Although our
morphologic findings replicate those of Aylward et al,
all MR imaging studies of pre-HD published to date
are limited by sample size (e.g., Aylward et al report
putaminal volumes for five pre-HD individuals with
estimated onset �12 years).

The present study extends previous work support-
ing the role of the basal ganglia in time perception
and reproduction. Although pre-HD individuals in
the present study did not demonstrate cognitive or
motor deficits on the UHDRS, deficits in temporal
processing were identified, consistent with previous
studies of individuals with idiopathic PD (15, 16, 41,
42). PD patients, for example, tap at faster rates (16)
and exhibit deficits in temporal discrimination rela-
tive to control subjects (15, 41, 42). Temporal pro-
cessing deficits in PD improve with dopamine re-
placement (15, 16). Close pre-HD individuals were
characterized by poor performance on the T task,
decreased neural activation of subcortical structures,
and volume reductions in the head of the caudate.

The current study was preliminary and could have
been strengthened by including a greater number of
pre-HD participants. The results of this cross-sec-
tional study demonstrated that fMRI was sensitive to
early changes in neural activation in pre-HD popula-
tions, even before the advent of behavioral or struc-
tural changes. Applying fMRI longitudinally to exam-
ine the presymptomatic rate of change in neural
structures may provide further insight into the neu-
rodegenerative processes underlying HD.

Conclusion

To our knowledge, our investigation was the first
task-activated functional imaging study of a pre-HD
sample. This fMRI study demonstrated that pre-HD
individuals �12 years from estimated onset of motor
symptoms had decreased caudate activity and a com-
pensatory increase in activity of the supplementary
motor area and anterior cingulate during perfor-
mance of a T task. These differences were not asso-
ciated with changes in cognitive task performance or
brain structure. In contrast, pre-HD patients �12
years from estimated onset of motor symptoms had
across-the-board abnormalities in brain activation,
task performance, and structural imaging. These
cross-sectional results suggest that functional neuro-
imaging measures may prove useful for tracking the
evolution of changes in neural function during the
earliest stages of pre-HD.
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