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Objective: Cortical morphology was
evaluated in subjects with known gene
expansion for Huntington’s disease and
no manifest disease.

Method: Magnetic resonance imaging
scans were obtained for 24 subjects with
preclinical Huntington’s disease and were
compared to those for 24 matched
healthy subjects by means of novel imag-
ing methods to quantify aspects of corti-

Disease

Results: In relation to the comparison
subjects, those with preclinical Hunting-
ton’s disease showed altered cortex
morphology with enlargement of gyral
crowns and abnormally thin sulci. These
changes were manifested in global alter-
ations of gyral and sulcal shape.

Conclusion: These findings lend support
to the notion that, in addition to the de-
generative process, abnormal neural de-

cal structure.

Jane S. Paulsen, Ph.D.

velopment may also be an important pro-
cess in the pathoetiology of Huntington’s
disease.

(Am J Psychiatry 2007; 164:1428-1434)

Huntington’s disease is described as a triad of motor,
cognitive, and emotional abnormalities. The onset of this
dominantly inherited disease is defined clinically by the
presence of motor abnormalities, including dyskinesias,
oculomotor signs, rigidity, bradykinesia, difficulty with al-
ternating movements, gait changes, and hyperreflexia.
However, many subjects experience cognitive and/or psy-
chiatric symptoms before the onset of abnormal move-
ments (1). Much of the neuroimaging research done to
further the understanding of the neurobiology of this dis-
ease has focused on abnormalities of the striatum, partic-
ularly the caudate and the putamen. Although fewer in
number, the imaging studies that have evaluated the
structure of extrastriatal regions in subjects with Hunting-
ton’s disease have consistently shown the cerebral white
matter volume to be significantly lower than normal while
the cerebral gray matter is relatively spared (2-5).

The ability to accurately test for the expanded CAG re-
peat in the gene that causes Huntington’s disease has pro-
vided a unique opportunity to study the illness in the ear-
liest stages of the disease. That is, we now have the ability
to study subjects who are gene positive (i.e., have the CAG
expansion) but have not yet manifested motor symptoms
of the disease and have therefore not yet been clinically di-
agnosed as having Huntington’s disease. These subjects
are known as having presymptomatic or preclinical Hun-
tington’s disease. In a study designed to examine the mor-
phology of the entire brain in individuals with preclinical
Huntington’s disease, Thieben et al. used voxel-based
morphometry and identified only two cortical regions—
the insula and the intraparietal sulcus—that showed sig-
nificantly lower gray matter intensity in subjects with pre-
clinical Huntington’s disease than in healthy comparison
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subjects (6). Taken together, the neuroimaging studies in
patients with Huntington’s disease and those with pre-
symptomatic illness suggest that early in the course of the
disease, cortical degeneration is limited and most likely
regionally specific.

In concurrent studies in our neuroimaging laboratory,
results have both confirmed and extended the current
body of literature on imaging in Huntington’s disease. In a
study of subjects with early disease (soon after clinical di-
agnosis), patients had significantly lower cerebral white
matter volume than matched healthy subjects, while the
volume of the cerebral cortex did not differ between the
two groups (3). Moreover, in a study of subjects with pre-
clinical Huntington’s disease, their cerebral white matter
volume was substantially lower, and their cerebral cortex
volume was significantly higher, than those of matched
comparison subjects (7). These findings support the the-
ory of a possible neurodevelopmental component to the
pathophysiology of Huntington’s disease in which the pro-
cess of brain development is altered, producing morpho-
logic abnormalities (enlargement of the cortex) before the
onset of the neurodegenerative processes of the disease.

The cerebral cortex is a complicated structure with a
high degree of gyrification, especially in contrast to other
species. It presents its own distinctive and intricate mea-
sures of structure, including surface area, cortical thick-
ness, and sulcal and gyral shape. Quantitative measures of
cortical morphology can potentially provide important in-
formation in regard to both normal brain processes (de-
velopment, aging) and pathologic processes. The current
study was designed as a follow-up study of our previous
study in preclinical Huntington’s disease (7). Specifically,
we sought to evaluate the detailed morphology of the ce-
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rebral cortex by using a unique postprocessing method
that generates quantitative measures of cerebral surface
anatomy. These measures were obtained in a group of
subjects with preclinical Huntington’s disease previously
shown to have abnormally large volumes of the cerebral
cortex in relation to those of healthy comparison subjects.

Method

Subjects

The current study is an extended analysis of a previous imaging
study reported by our group (7). The previous study reported on
general and regional quantitative brain measures of the cerebrum
and subcortical regions. The current study used the same group
of subjects and comparison subjects, using an additional image-
processing method that allows for quantitative measures of cere-
bral cortex morphology. Participants who had previously under-
gone elective presymptomatic genetic testing and been found to
have the Huntington’s disease gene expansion (39 or more CAG
repeats) were recruited from the Huntington’s Disease Registry at
the University of Iowa. Subjects were excluded if they had a diag-
nosis of manifest Huntington’s disease, a history of learning dis-
order or mental retardation, unstable medical illness, a history of
alcohol or drug abuse within the previous year, or history of other
CNS disease. Magnetic resonance imaging (MRI) scans of healthy
subjects were obtained from a database of the Mental Health
Clinical Research Center at the University of lowa. Healthy volun-
teers in this database are recruited from the community by news-
paper advertising and screened according to exclusion criteria
that are identical to those just described for the participants with
preclinical Huntington’s disease. All participants signed a written
informed consent statement approved by the University of lowa
institutional review board before enrollment and completion of
the study.

The determination of diagnosis for this study adhered to the
traditional neurological definition (emergence of chorea) and
was based on the motor assessment summary item from the Uni-
fied Huntington’s Disease Rating Scale (8), administered by a neu-
rologist (H.P). Diagnostic confidence is rated as 0 (normal; no ab-
normalities), 1 (nonspecific motor abnormalities), 2 (motor
abnormalities that may be signs of Huntington’s disease), 3 (mo-
tor abnormalities that are likely signs of Huntington’s disease), or
4 (motor abnormalities that are unequivocal signs of Hunting-
ton’s disease). The mean diagnostic confidence rating for the cur-
rent study group was 1.1 (SD=0.8). The definition of a presymp-
tomatic subject (symptom free) versus a subject with preclinical
Huntington’s disease (before the onset of diagnosis) is an impor-
tant distinction. The subjects in the current study had preclinical
Huntington’s disease, a diagnosis based on the presence of a CAG
repeat expansion of 39 or above and the absence of significant
motor signs that would suggest current manifestation of disease.
As evidenced by the average motor rating of the study group
(mean=1.1), some patients had very mild, nonspecific motor
symptoms, yet no patient manifested enough symptoms to fulfill
the criteria for a diagnosis of Huntington’s disease. Table 1 sum-
marizes demographic data for both study groups.

MRI Acquisition

Images were obtained on a 1.5-T GE Signa MR scanner (GE
Medical Systems, Milwaukee). Three different sequences were ac-
quired for each participant: T1- and T2-weighted images and im-
ages weighted for proton density (PD). The T;-weighted images,
made by using a spoiled GRASS (gradient-recall acquisition in the
steady state) sequence, were acquired with the following condi-
tions for the comparison subjects: 1.5-mm coronal slices, 40° flip
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TABLE 1. Demographic Characteristics of Healthy Compar-
ison Subjects and Subjects With Preclinical Huntington’s
Disease

Comparison Subjects With Preclinical
Subjects Huntington’s Disease
(N=24) (N=24)
Characteristic Mean SD N Mean SD N
Age (years) 36.6 9.1 36.8 9.7
Education (years) 14.8 1.7 14.4 23
Gender
Male 8 8
Female 16 16

angle, 24-msec TR, 5-msec TE, two excitations, 26-cm field of
view, and 256x192 matrix. As the comparison scans were ob-
tained from an existing database, the scanning sequence for the
subjects with preclinical Huntington’s disease differed slightly,
but only for the T;-weighted sequence. This sequence was identi-
cal except that it was collected in an axial orientation under the
following conditions: 20° flip angle, 18-msec TR, 3-msec TE, and
24-cm field of view. The PD-weighted and Tz-weighted images
were acquired for all 48 subjects with the following variables: 3.0-
mm coronal slices, 36-msec TE (for PD-weighted images) or 96-
msec TE (for To-weighted images), 3000-msec TR, one excitation,
26-cm field of view, 256x192 matrix, and echo train length of 1.
The comparability of these two sequences was studied by using a
group of healthy subjects (N=5), each scanned with the sequence
used for the comparison scans and again with the sequence used
for the subjects with preclinical Huntington’s disease. In a simple
comparison of measures (comparison sequence — preclinical
Huntington’s disease sequence), surface area, depth, and sulcal
curvature were, on average, slightly larger in the comparison se-
quence than in the sequence used for the subjects with preclini-
cal Huntington’s disease (difference in cerebral surface area:
mean=+0.22%, SD=1.35; difference in sulcal depth: mean=+0.078
mm, SD=0.222; difference in gyral depth: mean=+0.139 mm, SD=
0.046; difference in sulcal curvature: mean=+4.09%, SD=3.58; dif-
ference in gyral curvature: mean=-0.55%, SD=0.91). However, the
differences are small enough to consider the two sequences
highly comparable.

Processing of the images after acquisition was done by using a
family of software programs called BRAINS2 (9). The T;-weighted
images were spatially normalized and resampled to 1.0-mm? vox-
els so that the anterior-posterior axis of the brain was realigned
parallel to the anterior commissure/posterior commissure line
and the interhemispheric fissure aligned on the other two axes.
The T»- and PD-weighted images were aligned to the spatially
normalized T;-weighted image. The data sets were then seg-
mented into gray matter, white matter, and cerebral spinal fluid,
by using the multispectral data and a discriminant analysis
method based on automated training class selection (10). The im-
ages were then processed with the BRAINSURF program, which
generates a visual map and quantitative measures of brain sur-
face anatomy. The segmented image is used to extract a triangle-
based polygonal model of an iso-surface, representing the para-
metric center of the gray matter tissue class (11).

Measurements

The resulting three-dimensional iso-surface approximates the
spatial center of the cortex and is used to provide estimates of val-
ues that are direct or indirect quantitative measurements of gyri-
fication.

Curvature index. The gyral curvature index measures the de-
gree of convexity with greater absolute numbers indicating
tighter curvatures; thus, higher gyral curvature measures repre-
sent gyri with more “peaked” apices while lower gyral curvature
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TABLE 2. Cerebral Cortex Measures in Healthy Comparison Subjects and Subjects With Preclinical Huntington’s Disease

Comparison Subjects (N=24)

Subjects With Preclinical Hun-

tington’s Disease (N=24) Analysis (df=1, 47)

Measure Mean SD Mean SD F p
Cerebral surface area? (mm?) 169,257 17,898 172,946 18,627 2.76 0.11
Gyral® (mm?) 97,834 10,312 102,122 11,358 9.52 0.003
Sulcal® (m mz) 71,422 9,157 70,823 7,987 0.16 0.70
Cerebral cortical depth (mm) 1.765 0.143 1.791 0.106 0.50 0.49
Gyral (mm) 1.907 0.175 2.007 0.143 4.68 0.04
Sulcal (mm) 1.567 0.110 1.476 0.104 8.65 0.005
Curvature index
Gyralb 0.078 0.003 0.073 0.004 19.72 <0.0001
Sulcal® -0.084 0.006 -0.071 0.006 59.84 <0.0001

@ Intracranial volume used as covariate in analysis.
b Measure of convexity; higher values indicate tighter curvature.

¢ Measure of concavity; more negative values indicate tighter curvature.

indices indicate flatter or broader gyral apices. The sulcal curva-
ture index is a measure of concavity, and absolute values of this
measure also indicate increasingly tighter curves. High sulcal cur-
vature indices represent sulcal valleys with steep walls, while
lower sulcal indices represent sulcal valleys with flatter, looser
bases and sloping, rather than steep, walls.

Surface area. This value is the straightforward sum of the areas
of the triangles making up the surface of the brain.

Cortical depth. This measure is the minimum distance be-
tween the 100% gray matter triangle surface and the 50%/50%
gray/white matter surface. This measure is an index of cortical
thickness; it represents the parametric center of the cortex, or ap-
proximately one-half the cortical thickness.

The methods used to quantify these aspects of surface anat-
omy have been extensively evaluated and validated (11).

Statistical Analysis

All analyses were performed by using the SAS language with
SAS STAT procedures (SAS Institute, Cary, N.C.). All brain mea-
sures were analyzed by using the General Linear Models Proce-
dure with group as an independent variable and cortical mea-
sures as the dependent variables. The measure of cerebral surface
area is directly correlated with intracranial volume (Pearson cor-
relation for the total 48 subjects: 1=0.90, p<0.001). Therefore, in-
tracranial volume was used as a covariate for the surface area
measures. However, the remaining measures, cortical depth and
combined sulcal/gyral curvature, are independent of intracranial
volume (in this study group, Pearson correlation between intrac-
ranial volume and cortical depth: r=-0.17, p=0.24; for sulcal/gyral
curvature: 1=-0.06, p=0.70); therefore, no covariate was used for
these measures.

Results

Table 2 displays the results from the analysis evaluating
each cortical measure in the subjects with preclinical Hun-
tington’s disease and in the comparison subjects. There
were no significant differences between the two groups in
total cerebral surface area. However, when this was divided
into gyral surface area and sulcal surface area, the subjects
with preclinical Huntington’s disease showed a signifi-
cantly larger gyral surface area than the comparison sub-
jects. There was no significant difference between the
groups in sulcal surface area. Again, for total cortical depth,
the two groups showed no significant differences, yet when
regionally specific measures of gyral and sulcal depth were
1430
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evaluated, both measures differed between the groups. In
relation to the comparison subjects, those with preclinical
Huntington’s disease had significantly thicker gyri while
having significantly thinner sulci. Figure 1 is a visual repre-
sentation of differences in cortical morphology between
the two groups.

Finally, the shape of the cerebral gyri and sulci differed
substantially between groups, with the gyral and sulcal
curvature indices both being smaller in the subjects with
preclinical Huntington’s disease. The analysis of shape in-
dicated that the subjects with preclinical Huntington’s dis-
ease had gyral crowns that were broader and flatter than
those of the comparison subjects and sulci that were
broader and flatter than those of the comparison subjects.

Discussion

In a concurrent study evaluating volumes of brain re-
gions in the same group of subjects with preclinical Hun-
tington’s disease and comparison subjects, the volume of
the cerebral cortex was found to be significantly larger in
those with preclinical Huntington’s disease than in the
comparison subjects (7). The current study extends this
work by evaluating the detailed morphology of the cere-
bral cortex in these subjects by means of a novel image
analysis technique. The findings indicate that in subjects
with preclinical Huntington’s disease, the morphology of
the cerebral cortex is different from that of the comparison
subjects. In fact, every aspect of cortical surface anatomy
was abnormal, including surface area, cortical depth, and
sulcal/gyral curvature.

What is the etiology of these differences? The patho-
physiology of Huntington’s disease has classically been
conceptualized as degeneration of the brain. These sub-
jects were, at the time of scanning, in a preclinical state
and had not yet demonstrated the significant motor
symptoms needed to fulfill the clinical diagnosis. How-
ever, cognitive and/or behavioral symptoms frequently
predate the onset of motor symptoms, making the defini-
tion of “disease onset” somewhat unclear. Low basal gan-
glia volumes have been detected before the onset of motor
symptoms, leading some to speculate that degenerative
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FIGURE 1. Three-Dimensional Images of the Cortical Surface in the Brains of a Healthy Comparison Subject and an Age-
and Sex-Matched Subject With Preclinical Huntington’s Disease?

Comparison Subject

Subject With Preclinical Huntington's Disease

2 The color represents cortical thickness; thin cortex is represented in hues of blue, and thicker cortex is represented by yellow and red.

processes begin long before clinical diagnosis (12-14). Yet
there are several facts about the types of changes seen in
the cortex of subjects with preclinical Huntington’s dis-
ease that do not support the theory that these changes are
degenerative in nature. For example, with the exception of
sulcal thinning, the cortex morphology of abnormally
large gyral surface area and thickness are likely not due to
degeneration. These findings instead suggest develop-
mental aberration or abnormalities in the process of corti-
cal growth and maturation. These findings are supported
by a growing number of studies indicating that neurode-
velopmental aberration may be a key component to the
pathophysiology of Huntington’s disease. Studies showing
that the mutant gene product in the disease, Huntingtin, is
expressed throughout brain development (15-17) raise
the possibility that the altered gene product is responsible
for minor alterations in brain development that may be
manifested in abnormalities of brain structure. In support
of this theory, a couple of postmortem studies have re-
ported neuropathological findings, including higher than
normal oligodendrocyte density in both subjects with pre-
clinical Huntington’s disease and symptomatic patients,
which were likely due to abnormal development rather
than degeneration (18, 19).

In the normal human brain, the cytoarchitecture of gyri
differs substantially from that of sulci. At a cellular level,
when compared to the cortex found in sulci, the crown
(top of gyrus) cortex is thicker, having denser myelinated
fiber tracts, denser neuropil, and more prominent cellular
columns (20). Thicker cortex in gyral crowns than in sulci
has also been shown by using neuroimaging techniques
(MRI) (21). This can also be seen in the current group of
healthy comparison subjects, in whom the average depth
of the gyri was 1.907 mm, whereas the average depth of the
sulci was 1.567 mm. The architectural differences between
gyri and sulci indicate that they are structurally, connec-
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tionally, and therefore functionally different from one an-
other. Further, their unique structures are most likely di-
rectly related to their differential functions. Stated another
way, the fact that sulci and gyri differ in structure is most
likely not random and therefore biologically important.

How does this relate to the pathoetiology of Hunting-
ton’s disease? From the current study, we see that the pat-
tern of cortical morphology in the subjects with preclinical
Huntington’s disease is a disruption of the normal archi-
tecture. To understand potential pathology, it is first help-
ful to review the normal mechanisms by which gyri and
sulci are formed. Several theories have been proposed to
explain how the cerebral cortex becomes folded and fis-
sured during development, with the most recent being a
tension-based theory of morphogenesis (22). This theory
proposes that tension along axons in the white matter
specifies how the cortex folds in a characteristic species-
specific pattern. The differential orientation of fibers in
sulci versus gyri is the basis for the creation of concave and
convex structures. That is, fibers in the sulci are oriented
tangential to the surface and make connections to rela-
tively distant brain regions. Tensile forces along these fi-
bers cause an inward fold in the cortex, resulting in the
fundus of a sulcus. Conversely, fibers in the gyri run verti-
cally and form connections with local neurons in nearby
gyri. Tensile forces along these neural pathways result in
an outward fold, forming the crown of a gyrus.

Therefore, the tensile forces along the axons in the white
matter underlying the cortex seem to play a key role in the
normal development of cortical structure. This is espe-
cially important when considering the pathoetiology of
Huntington’s disease, since cerebral white matter has
been consistently documented as being abnormal in af-
fected subjects (2-5, 23), in other groups with preclinical
Huntington’s disease (6), and in the current subjects with
preclinical disease (7). This hypothesis that white matter
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pathology is an important feature of Huntington’s disease
is further supported by neuropathology studies that show
abnormalities in the density of oligodendrocytes, cells in-
timately involved in white matter formation, in the brains
of subjects with Huntington’s disease (18, 19).

Further supporting the view that larger cortical mea-
sures in subjects with preclinical Huntington’s disease
represent abnormal neurodevelopment is the growing
body of literature showing that a larger volume of brain
tissue, more specifically the cerebral cortex, is a phenom-
enon common to several neurodevelopmental brain dis-
orders, including autism (24, 25), neurofibromatosis (26),
persistent developmental stuttering (27), nonsyndromic
clefts of the lip and/or palate (28), and attention deficit
hyperactivity disorder (29). In some of these studies, large
cortex volume was found to be directly related to cogni-
tive impairment, suggesting that the greater volume of
the cortex is pathologic and not benign or compensatory
growth (26, 28).

Studies on the function of Huntingtin, the gene that,
when mutated, is responsible for Huntington’s disease,
may support the theory of abnormal brain development. A
current hypothesis is that the extended CAG of the Hun-
tingtin protein results in a gain in activity that is toxic and
causes the neural damage seen in Huntington’s disease.
However, there is also compelling evidence that in addition
to this mechanism, loss of function of normal Huntingtin
may also be an important mechanism in the disease (30,
31). Normal Huntingtin is necessary for brain develop-
ment, as embryos of knockout mice monozygous for Hun-
tingtin die soon after birth (32). It is also known that Hun-
tingtin is expressed in the brain throughout development
(16, 17) and plays a vital role in neuronal survival and sta-
bility (33). Therefore, given Huntingtin’s key role in devel-
opment, a partial loss of function of this protein may po-
tentially manifest in abnormal neural development.

One other possibility is that the larger cortex seen in the
current study is due not to abnormal development, but in-
stead to a degenerative process. For instance, in the pro-
cess of disease, there could potentially be a change in the
morphology of the neurons and/or glial cells as they be-
come dysfunctional and later die. Although this theory
would have to posit that the process of degeneration is ex-
ceedingly long, the notion that the cortex of individuals
with preclinical Huntington’s disease swells in size as a re-
action to the initial phases of a degenerative process must
also be considered.

How do the current findings relate to previous reports of
cortical abnormalities in subjects with preclinical Hun-
tington’s disease? The findings of large cortical size per se
have not previously been reported. However, several MRI
studies of patients with Huntington’s disease have indi-
cated that relative to white matter volume, cerebral gray
matter volume is not abnormally low in relation to that of
comparison subjects (2-5). Gray matter that is spared in
volume in Huntington’s disease subjects is a concept that
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is consistent with the notion that in preclinical Hunting-
ton’s disease, the cortex is larger than normal and that with
disease onset, degeneration occurs, lowering the volume
of the cortex but not to a level below that of normal sub-
jects until later in the disease process.

More recent work in evaluating cortical morphology in
preclinical Huntington’s disease has been much more in-
consistent, with two studies (one in patients with early
Huntington’s disease [5] and one in subjects with preclini-
cal Huntington’s disease [34]) showing widespread cortical
thinning in analyses based on regions of interest and with
four studies using voxel-based morphometry (both cross-
sectional [6, 35, 36] and longitudinal [37] studies) that
showed very little or only regionally specific gray matter
loss in preclinical Huntington’s disease. It is important to
note that although our findings show abnormally large gy-
ral measures, it is critical to highlight that we also found
widespread, significant thinning of the cerebral sulci, con-
sistent with the reports by Rosas et al. (34). Varying meth-
ods of image processing among all of these studies (in-
cluding the current one) is a vital factor and has already
been raised as a serious concern in regard to the inconsis-
tent findings in different study groups (38). Further work
to collaborate and validate methods as well as to repro-
duce and confirm early findings will be vital in the future.

The limitations of this study include the small number
of subjects and the slightly different imaging sequences
for the comparison subjects and those with preclinical
Huntington’s disease. Our findings of larger gyral mea-
sures are unique and somewhat counterintuitive. These
results no doubt need replication in a larger study group.
In regard to the slightly different imaging sequences for
the two groups, it is important to note that the validation
study of the two sequences showed that the two methods
produce highly reproducible values. However, there is a
consistent (albeit small) bias for the sequence for the com-
parison subjects to overestimate gyral surface area, gyral
thickness, and sulcal curvature, and to underestimate gy-
ral curvature, in relation to the sequence for the subjects
with preclinical Huntington’s disease. Thus, if the differ-
ences between the two groups were due to the artifact of
having two slightly different imaging sequences, we would
expect the comparison subjects to have substantially
larger gyral surfaces, greater gyral depths, larger sulcal
curvatures, and smaller gyral curvatures than the subjects
with preclinical Huntington’s disease. Instead we see the
opposite, suggesting that the differences between the two
sequences cannot account for our findings. On the other
hand, the comparison sequence, in relation to that for the
preclinical Huntington’s disease, overestimates sulcal
depth, which is consistent with the finding that the indi-
viduals with preclinical Huntington’s disease had substan-
tially thinner sulci, suggesting that sequence variation
may contribute some to this finding.

Finally, the current study was limited to a global deter-
mination of cortical morphology with no assessment of
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regional specificity. Future studies will focus on using
methods that can measure the cortical structure of func-
tionally distinct regions of the cortex.
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