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Abstract Previous studies have shown abnormal elec-
troencephalography (EEG) in Huntington’s disease (HD).
The aim of the present investigation was to compare
quantitatively analyzed EEGs of HD patients and controls
by means of low-resolution brain electromagnetic tomog-
raphy (LORETA). Further aims were to delineate the
sensitivity and utility of EEG LORETA in the progression
of HD, and to correlate parameters of cognitive and motor
impairment with neurophysiological variables. In 55 HD
patients and 55 controls a 3-min vigilance-controlled EEG
(V-EEG) was recorded during midmorning hours. Power
spectra and intracortical tomography were computed by
LORETA in seven frequency bands and compared between
groups. Spearman rank correlations were based on V-EEG
and psychometric data. Statistical overall analysis by
means of the omnibus significance test demonstrated sig-
nificant (p < 0.01) differences between HD patients and
controls. LORETA theta, alpha and beta power were
decreased from early to late stages of the disease. Only
advanced disease stages showed a significant increase in
delta power, mainly in the right orbitofrontal cortex. Cor-
relation analyses revealed that a decrease of alpha and theta
power correlated significantly with increasing cognitive
and motor decline. LORETA proved to be a sensitive
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instrument for detecting progressive electrophysiological
changes in HD. Reduced alpha power seems to be a trait
marker of HD, whereas increased prefrontal delta power
seems to reflect worsening of the disease. Motor function
and cognitive function deteriorate together with a decrease
in alpha and theta power. This data set, so far the largest in
HD research, helps to elucidate remaining uncertainties
about electrophysiological abnormalities in HD.

Keywords Huntington’s disease (HD) -
Electroencephalography (EEG) - Low-resolution brain
electromagnetic tomography (LORETA) - Power spectral
analysis - Correlation analysis - Stages of the disease

Introduction

Huntington’s disease (HD), a relentlessly progressive
neurodegenerative disorder, is characterized by a clinical
triad of psychiatric, cognitive, and motor disturbances. The
underlying defect of HD is a pathologically elongated gene
resulting from a base triplet elongation (CAG) on chro-
mosome 4. This gene produces a protein called huntingtin
which leads to neural apoptosis, especially in the striatum
of the basal ganglia.

Recent evidence from neuroimaging studies suggests that
neurodegenerative changes in HD extend to cortical gray-
matter and cerebral white-matter regions. This is seen mainly
in later stages of the disease, but findings are equivocal [1-6].
Furthermore, there is a high variability of cortical neuronal
loss and volume changes in HD [1, 2, 5-11]. Several studies
have shown a relation between measures of structural neu-
roimaging and disease duration, severity of dementia,
severity of movement disorder, cognitive performance and/
or functional capacity [5, 7, 8, 12—-14].

@ Springer



J Neurol

The clinical relevance of electrophysiological tests in
patients with HD has already been discussed by previous
authors [15]. In their study, increasing alterations of
somatosensory evoked potentials and blink reflexes were
found in the follow-up of HD patients. But routine EEGs
have also been reported as abnormal [16-25]. EEG patterns
differ extensively among HD patients, but the most fre-
quent electroencephalographic abnormality described in
HD is an amplitude reduction or suppression of alpha
activity [16—19]. Even in the EEG of preclinical mutation
carriers for HD, reduced alpha activity was found [19].

In recent years only four quantitative EEG studies
focused on routine EEG alterations in the course of HD.
Shista et al. [20] reported a reduction of the EEG ampli-
tude, which did not correlate with psychometric findings.
However, other authors found significant correlations
between increased theta and reduced alpha power and the
clinical stage of dementia [16]. In another study disease
duration was not correlated with any quantified EEG power
measures, but the EEG of HD patients was generally
characterized by a reduction in alpha and theta power and
by an increase in delta and beta power [17]. The severity of
neurological impairment was correlated with increased
beta power and faster delta frequency, and poor cognitive
performance was correlated with reductions in delta power,
less theta power, reduced alpha power and increased beta
power over frontal and temporal regions [17]. On the other
hand, using artificial neural networks Tommaso et al. [19]
reported that absolute alpha power was not correlated with
cognitive decline.

In earlier studies, sample size was limited to a maximum
of 16 HD patients. Moreover, the number of HD patients
used to outnumber that of age-matched controls. Due to the
alterations observed in the EEG of aged people [26-28],
EEG evaluations should be conducted with an adequate
number of age- and sex-matched controls.

Previous investigations of EEG in other neurodegener-
ative disorders has also revealed a disturbed functional
brain state. EEG represents a brain imaging tool capable of
identifying the earliest signs of brain dysfunction in sub-
jects who go on to decline to mild cognitive impairment or
convert to dementia, characterized by increased theta
power [29]. Furthermore, previous studies have consis-
tently demonstrated the relationship of increased delta and/
or theta power to the severity and progression of dementia
[e.g., 30-38]. A prominent decrease in alpha and/or beta
power in cognitive decline has also been reported [e.g., 37—
41]. Saletu et al. interpreted their neurophysiological
findings of increased delta/theta power and additional
decreased alpha and beta power as a deterioration of vig-
ilance in dementia [39, 40].

EEG tomography techniques such as LORETA have
been developed in order to identify brain regions involved
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in neuro-psychiatric disorders. Since the progression of
both neurological and cognitive impairment is slow in HD,
general categorization of EEG aberrations may not reach
sufficient sensitivity for the detection and localization of
abnormalities. EEG tomography allows a detection of
dysfunction that is more sensitive than that provided by the
common EEG. LORETA computes a unique three-
dimensional electrical source distribution by assuming that
the smoothest of all possible inverse solutions is the most
plausible, which is consistent with the assumption that
neighbouring neurons are simultaneously and synchro-
nously active [42, 43]. In LORETA the solution space is
restricted to cortical gray matter and the hippocampus—as
determined in the digitized Probability Atlas (Brain
Imaging Center, Montreal Neurological Institute) based on
the Talairach human brain atlas. The localization property
of LORETA and the electrophysiological and neuroana-
tomical constraints used by LORETA have been criticized
by some authors [44—46]. However, numerous studies pro-
vide validation for LORETA [e.g., 47-50]. Thus, LORETA,
a now widely accepted, low-cost and non-invasive diag-
nostic tool, combines the high time resolution of the EEG
with a source localization method that permits three-
dimensional tomography of brain electrical activity. So far,
LORETA has been used only twice in HD. Tommaso et al.
[51] examined the contingent negative variation in 14
mildly demented HD patients, and Beste et al. [52] inves-
tigated executive functions related to response inhibition in
13 HD patients by using event-related potentials and
LORETA.

The aim of the present study was (1) to detect abnor-
malities in spontaneous vigilance-controlled cortical
activity in HD patients as compared with controls using
LORETA, (2) to delineate the sensitivity and utility of
LORETA in the progression of HD, hypothesizing that
LORETA is able to distinguish early from late stages of
HD by identifying and localizing different brain regions
predominantly involved in the progression of the disease,
and (3) to correlate parameters of cognitive and motor
impairment with neurophysiological alterations measured
by LORETA.

Methods
Subjects

Fifty-five patients (33 males, 22 females), aged between 20
and 69 years (M = 45.44, SD = 12.33) with the genetic
diagnosis of HD were included in the study. EEG data on
16 additional patients had been acquired but were not
included in the statistical analysis due to incorrectable
movement artefacts. All patients were inpatients,
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symptomatic, and suffered from mild to severe motor and
cognitive symptoms (Unified Huntington’s Disease Rating
Scale (UHDRS) [53] motor section: M = 36.60,
SD = 17.76; Mini-Mental State Examination (MMSE)
[54]: M = 19.95, SD = 4.69). The mean duration of the
disease was 4.07 years (SD = 3.46). HD stages were gra-
ded according to Shoulson’s clinical stages [55]. At stage
1, patients clinically show minimal impairment and func-
tion at their usual level; at stage 5 patients are severely
affected, suffer from pronounced motor and cognitive
impairment and require institutional care. Twenty-one of
our patients were in stage 1, 13 patients in stage 2, 17
patients in stage 3 and 4 patients were in stage 4. Patients in
stages 3 and 4 were combined for statistical analyses. Due
to severe movement artefacts no EEGs of stage 5-patients
could be included in the study.

Twenty HD patients were drug-free (11 males, 9
females; mean age: 41.37 £ 9.15 years), 35 took medica-
tion (22 males, 13 females; mean age: 49.64 £
13.23 years). Any medication taken by the patients over
the previous months was noted and patients with benzo-
diazepines were not included in the study. To treat severe
choreatic movements, eight patients received antipsychot-
ics (tiapride, risperidone, olanzapine or amisulpride). For
the treatment of symptoms of depression citalopram, ser-
traline, venlafaxine, mirtazapine or trazodone were used in
12 HD patients. Fifteen patients received a combination of
these antidepressants and antipsychotics. The 20 drug-free
patients either suffered only from mild symptoms or
refused medication.

Sample characteristics of the HD patients are summa-
rized in Table 1.

Patients were age- and sex-matched with 55 drug-free
healthy controls (33 males, 22 females), aged between 20
and 69 years (M = 45.51, SD = 12.63), that had been
recruited by advertisements. Controls displayed no physi-
cal, neurological or mental illness.

Table 1 Sample characteristics of the Huntington’s disease patients

The study was approved by the local ethics committee.
Informed consent was obtained.

Recording and analysis of the EEG

During the EEG recordings, subjects were instructed to sit
comfortably and close their eyes. A 3-min vigilance-con-
trolled EEG (V-EEG) was obtained at 11 a.m. with a 21-
channel Nihon Kohden 4421 G polygraph (time constant:
0.3 s, high frequency response: 35 Hertz (Hz); amplifica-
tion: approximately 20,000 times; maximal noise level:
2 uV peak to peak). During the V-EEG recording the
technician kept the patients alert. Gold electrodes were
attached to the scalp according to the international 10/20
system. Nineteen EEG channels (Fpl, Fp2, F7, F3, Fz, F4,
F8, T3, C3, Cz, C4, T4, TS, P3, Pz, P4, T6, O1 and O2 to
averaged mastoids, monopolar montage) as well as the
vertical and horizontal electro-oculographic recordings
were digitized on-line with a sampling frequency of
102.4 Hz. Artefact-free 5 s epochs were selected after
minimizing ocular artefacts by regression analysis in the
time domain by an automatic artefact identification method
with subsequent visual control [56]. Spectral analyses were
performed for 5 s epochs (512 sample points), resulting in
a frequency resolution of 0.2 Hz [57]. Since different EEG
frequencies reflect different functions, data were digitally
filtered into seven frequency bands according to Kubicki
[58]: delta (1.5-6 Hz), theta (6-8 Hz), alpha-1 (8-10 Hz),
alpha-2 (10-12 Hz), beta-1 (12-18 Hz), beta-2 (18-21 Hz),
beta-3 (21-30 Hz).

The first published version of LORETA was used to
estimate the three-dimensional intracerebral current density
distribution [42]. The three-shell spherical head model [59]
was registered to the human brain Talairach atlas [60]
available as a digitized MRI from the McConnell Brain
Imaging Centre, Montréal Neurological Institute, McGill
University. The EEG electrode coordinates were used for

Stage 1 Stage 2 Stage 3 and 4 All patients
Patients (n) 21 13 21 55
Sex (male/female) 11/10 8/5 14/7 33/22
Age in years, mean (SD) 39.62 (10.10) 49.28 (12.82) 48.89 (12.34) 45.44 (12.33)
Duration of disease in years, mean (SD) 1.42 (1.62) 3.32 (1.60) 7.14 (3.18) 4.07 (3.46)
UHDRS (0-124), mean (SD) 19.61 (7.44) 36.73 (7.12) 53.46 (9.77) 36.60 (17.76)
MMSE (30-0), mean (SD) 23.18 (3.81) 20.12 (3.60) 16.55 (3.76) 19.95 (4.69)
AD (n) 5 5 2 12
AP (n) 3 2 3 8
AD and AP (n) 1 3 11 15

AD antidepressants, AP antipsychotics
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registration between spherical and realistic head geometry
[61]. Based on the digitized Probability Atlas correspond-
ing to the digitized MRI and also available from the
McConnell Brain Imaging Centre (Montréal Neurological
Institute, McGill University), a voxel was included in the
solution space if its probability of being gray matter was
higher than 33%, and higher than its probability of being
either white matter or cerebrospinal fluid. Finally, the
solution space was restricted to cortical and hippocampal
gray matter. The EEG lead field was computed numerically
with the boundary element method [43]. For each record-
ing, LORETA spectral powers of six 5 s epochs of artefact-
free, vigilance-controlled EEG were averaged. Thus, the
presented LORETA images represent 2,394 voxels with a
spatial resolution of 7 mm [43].

Statistical analysis

To display the differences between HD patients and con-
trols, independent sample ¢ tests were performed for
log-transformed LORETA power. These voxel-by-voxel
t values were displayed as statistical parametric maps
(SPMs). To correct for multiple comparisons, a non-para-
metric single-threshold test was applied on the basis of the
theory for randomization and permutation tests developed
by Holmes et al. [62] for functional mapping experiments.
Thus, the omnibus null hypothesis of no activation any-
where in the brain was rejected if at least one ¢ value (i.e.
tmax) Was above the critical threshold z.;, for p = 0.01
determined by 5,000 randomizations. Voxels in Talairach
space with ¢ values above this critical 0.01 threshold were
considered as the region of activation [63]. In order to
constitute a significant suprathreshold region, the number
of voxels had to be >138 out of 2,394 (binomial test) [64].
On the basis of the Structure-Probability Maps Atlas, the
number of significant voxels in each lobe (frontal, parietal,
occipital, temporal, limbic and sub-lobar), gyrus, and
Brodmann area (BA) of the left and the right hemisphere
was computed.

The UHDRS motor score and the MMSE score were
selected for correlation analysis between motor impair-
ment as well as cognitive impairment and neurophysio-
logical variables. Spearman rank correlations determined
by means of the SPSS 17.0 software package were based
on V-EEG and psychometric data obtained in HD patients
on the day of the EEG examination. The resulting voxel-
by-voxel correlation coefficients were displayed as SPMs.
To correct for the o-inflation due to multiple tests, an
omnibus significance test based on the binomial theorem
was performed (« = 0.05) [64]. Thus, to reject the global
null hypothesis, more than 33 out of the total of 2,394 test
results had to be significant at p < 0.01. Again, on the
basis of the Structure-Probability Maps Atlas, the number
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of significant voxels in each lobe (frontal, parietal,
occipital, temporal, limbic and sub-lobar), gyrus, and
Brodmann area (BA) of the left and the right hemisphere
was computed.

Results

LORETA differences between 55 HD patients
and controls

Statistical overall analysis by means of the omnibus sig-
nificance test demonstrated significant differences
(p < 0.01) in the V-EEG between patients and controls. In
the delta band 433 out of 2,394 voxels showed significant
current source density differences. In the theta band the
number of voxels showing significant differences was
1,811, in the alpha-1 band 2,394, in the alpha-2 band 2,304,
in the beta-1 band 2,048, in the beta-2 band 2,199 and in
the beta-3 band 2,184 (Table 2, Fig. 1).

In detail, in the V-EEG of HD patients, an increase in
delta LORETA power was observed which affected the
right hemisphere more than the left (346 vs. 87 voxels).
The highest number of significant voxels was found in right
frontal cortical areas, involving more than half of the right
frontal lobe with emphasis on the orbitofrontal area (BA
10, 11, 47). The maximum difference (f,.,x = 4.8) was
seen in the right BA 11 of the inferior frontal gyrus
(Table 2).

Analysis of the other six frequency bands (theta, alpha-
1, alpha-2, beta-1, beta-1 and beta-3 power) showed sig-
nificant (p < 0.01) decreases in LORETA power. The
alpha attenuation was significant all over the cortex and
involved all possible voxels. The decrease in LORETA
theta and beta power was also significant all over the
cortex; however, in frontal, temporal, parietal, limbic and
sub-lobar areas, nearly all possible voxels were involved
(>80%), whereas in occipital cortical areas, only 30% or
fewer of all possible voxels were involved (Fig. 1).

LORETA differences between 20 drug-free HD
patients and controls

To investigate whether medication had a significant effect
on the V-EEG the above analysis was computed again,
including only the 20 drug-free patients and 20 age- and
sex-matched controls. Similar to the results of the com-
parison of all 55 HD patients and controls, a significant
increase in LORETA delta power and a significant
decrease in LORETA theta, alpha and beta power was
found (p < 0.01). Topographic distribution was also simi-
lar to that seen in the comparison between all patients and
controls (Table 2).
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Table 2 Differences between all HD patients and controls (n = 2 x 55) and between drug-free patients and controls (n = 2 x 20) as well as patients with medication and controls

(n=2x 35

Differences between patients with medication and controls

(n =2 x 35)

Differences between drug-free patients and controls

(n=2 x 20)

Differences between all HD patients and controls

(n =2 x55)

Nsig LH/RH Brain region

Imax

Ngig LH/RH Brain region tmax Nsigc LH/RH Brain region

Imax

FR>L

79/238

FR>L

101/446
877/501

32
-59

—6.0

FR>L

87/346

4.8
-7.4

Delta 1.5-6 Hz
Theta 6-8 Hz

F, T,P,L,SI
Total cortex

786/591

F, T,P, L, Sl
Total cortex

F, T, P, L, SI, O*

Total cortex

1,044/767

1,205/1,184
1,115/993

917/781

—6.8

1,157/1,165
674/315

1,205/1,189

-9.0
—8.6
-8.1
-8.1
—10.0

Alpha-1 8-10 Hz

Total cortex

6.6
—6.0

F, T, P, L, SI

5.5

Total cortex

1,175/1,129
1,057/991

Alpha-2 10-12 Hz

F, T, P, L, SI, O*
F, T, P, L, SI, O*
F, T, P, L, SI, O*

F, T, P, L, SI

802/608
897/869

—5.8

F, T, P, L, SI, O*
F, T, P, L, SI, O*
F, T, P, L, SI, O*

Beta-1 12-18 Hz
Beta-2 18-21 Hz
Beta-3 21-30 Hz

1,031/805

7.0
-9.1

-55 F, T,P, L, Sl

1,087/1,112

1,096/1,095

F, T, P, L, Sl

1,017/963

1,091/1,093

The omnibus significance is based on binomial tests for each frequency band. Maximal ¢ values (#,,,x) and the number of significant voxels (Ng;g out of 2,394 voxels) are given for LH (left

hemisphere)/RH (right hemisphere). Predominantly brain regions (¥ frontal lobe, T temporal lobe, P parietal lobe, O occipital lobe, L limbic lobe, S/ sub-lobar; index; indicates left lateral,

indexg right lateral) are given. Positive ¢ values indicate increases of a particular frequency band in HD patients as compared to normal controls, negative ¢ values indicate decreases

* Brain region with less than 30% significant voxels

LORETA differences between 35 HD patients
with medication and controls

The above analysis was performed once again, including
the 35 HD patients with medication and 35 age- and sex-
matched controls. Statistical overall analysis by means of
the omnibus significance test again demonstrated signifi-
cant differences (p < 0.01) in the V-EEG between patients
with medication and controls. An increase in LORETA
delta power and a decrease in LORETA theta, alpha and
beta power was found. Changes in LORETA power and
their topographic distribution were again similar to the
results observed in the comparison between all patients and
controls (Table 2).

LORETA differences between 21 HD patients in stage
1 and controls

Statistical overall analysis by means of the omnibus sig-
nificance test demonstrated significant differences
(p < 0.01) in the V-EEG between patients in stage 1 and
controls in the theta, alpha and beta band. In the V-EEG
there was a widespread decrease in LORETA theta, alpha
and beta power in frontal, temporal, parietal, limbic and sub-
lobar areas. Only the decrease in alpha-1 power also affected
the occipital lobe (Fig. 2). The maximal differences for
LORETA theta, alpha and beta power were seen in frontal
and temporal areas. The decrease in LORETA power was
more prominent over the left hemisphere (Table 3).

LORETA differences between 13 HD patients in stage
2 and controls

Similar to the results of the comparison between HD
patients in stage 1 and normal controls, in stage-2 patients
there was also a significant (p < 0.01) decrease in
LORETA theta, alpha and beta power, which affected
frontal, temporal, parietal, limbic and sub-lobar areas.
Only LORETA alpha-2 power was also decreased in
occipital cortices. The maximal differences for LORETA
theta, alpha and beta power were seen in frontal and
temporal areas. If not almost all voxels were affected, the
decrease in LORETA power was again more prominent in
left hemispheric voxels (Table 3).

LORETA differences between 21 patients in stage 3
and 4 and controls

For statistical analysis, 17 stage-3 patients and 4 stage-4
patients were combined.

Statistical analysis demonstrated significant differences
(p < 0.01) in the V-EEG between patients in stage 3 and 4
and controls in all frequency bands. In the delta band, 333
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Fig. 1 LORETA differences in
7 frequency bands between all
HD patients and controls during
the vigilance-controlled
recording (n = 2 x 55). Images
depicting statistical parametric
maps seen from different
perspectives are based on voxel-
by-voxel ¢ values (p < 0.01) of
differences between the two
groups for delta, theta, alpha-1
and alpha-2, beta-1, beta-2 and
beta-3 bands. Structural
anatomy is shown in gray scale
(A anterior, P posterior,

S superior, [ inferior, LH left
hemisphere, RH right
hemisphere, BH both
hemispheres, LV left view, RV
right view, BV bottom view).
Red colours indicate increases,
blue colours decreases, as
compared with controls (. for
delta: 3.42; theta: 3.23; alpha-1:
3.06; alpha-2: 3.15; beta-1:
3.17; beta-2: 3.16 and beta-3:
3.21). Delta power increases in
frontal regions of the right
hemisphere. Alpha power is
reduced all over the cortex. The
decrease in theta and beta power
is widespread in every lobe,
only occipital areas are less than
30% affected

out of 2,394 voxels showed significant current source
density differences. In the theta band, the number of voxels
showing significant differences was 985, in the alpha-1
band 2,287, in the alpha-2 band 771, in the beta-1 band
163, in the beta-2 band 553 and in the beta-3 band 1,176
(Table 3 and Fig. 2).

In detail, there was an increase in LORETA delta power
in the frontal lobe, involving more right than left hemi-
spheric voxels. In more than half of the right frontal lobe
the increase in LORETA delta power was significant,
whereas the highest number of significant voxels were

@ Springer

[RH)[RV) (RH){LV)) (BH){BV)

found in the right orbitofrontal cortex (OFC) and anterior
cingulate cortex (ACC) (BA 10, 11, 47 and 25). Fewer
significant voxels were found in the right BA 9 and 46 of
the dorsolateral prefrontal cortex (DLPFC). The maximal
difference (¢,.x = 3.6) was seen in the right BA 11 of the
inferior frontal gyrus.

Analysis of the other six frequency bands (theta, alpha-
1, alpha-2, beta-1, beta-2 and beta-3 power) showed sig-
nificant (p < 0.01) decreases in LORETA power. The
decrease in alpha-1 power affected the whole cortex; the
same was true for the decrease in theta and alpha-2 power,
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Fig. 2 LORETA differences in seven frequency bands between HD
patients in stage 1 and normal controls (n = 2 x 21) on the left side
and between HD patients in stage 3 and 4 and normal controls
(n =2 x 21) on the right side during the vigilance-controlled
recording. For a technical description of the statistical parametric
maps see Fig. 1. z.; for patients in stage 1 for delta: 3.57; theta: 3.42;
alpha-1: 3.27; alpha-2: 3.00; beta-1: 3.39; beta-2: 3.40 and beta-3:
3.50 and z,; for patients in stage 3 and 4 for delta: 3.41; theta: 3.40;
alpha-1: 3.23; alpha-2: 3.41; beta-1: 3.51; beta-2: 3.43 and beta-3:
3.55. Delta power is significantly increased in prefrontal regions of

with the exception of occipital areas. LORETA beta-1
power was significantly attenuated over temporo-parietal
cortices, beta-2 power over high-frontal, limbic and
temporo-parietal regions and beta-3 power was decreased
over frontal, temporal, parietal and limbic cortices. The
maximal differences for LORETA theta, alpha and beta
power were seen in temporal and parietal areas. The
decrease in LORETA power was again more pronounced in
left hemispheric voxels (Table 3, Fig. 2).

Correlations between the UHDRS motor score
and LORETA power in 20 drug-free patients

Due to the higher sensitivity of correlation analyses to the
influences of medication, these calculations were computed

the right hemisphere in stage 3 and 4. Theta, alpha and beta power are
significantly decreased in stage 1 and in stage 3 and 4. In both early
and advanced stages, alpha-1 power is reduced over the whole cortex,
while the decrease in theta and alpha-2 power is not seen over the
occipital cortex. In stage-1 patients the decrease in all beta bands is
found in frontal, temporal, parietal and limbic regions. In stage 3 and
4 the decrease in beta power is more localized, with beta-1 power
being decreased only in temporal and parietal regions and beta-2
power in temporal, parietal, limbic and high-frontal regions. Beta-3
power is reduced in all regions except the occipital regions

for the 20 drug-free patients only. Spearman rank corre-
lations between the UHDRS motor score and LORETA
power measured in seven frequency bands demonstrated
significant negative correlation in the theta and alpha-2
frequency bands: the lower the power in these frequency
bands, the higher the UHDRS score. The omnibus signifi-
cance test showed that the number of significant voxels out
of 2,394 possible voxels was 170 for theta and 537 for
alpha-2 (p < 0.01, binomial test). Regarding theta power,
the highest negative correlation coefficient (r = —0.54)
was observed in the medial frontal gyrus in BA 9 (X =
—10, Y =38, Z = 29). Concerning alpha-2 power, the
highest negative correlation coefficient (r = —0.52) was
observed in the ACCin BA25 X=-3,Y=-11,Z=
—6). Significant correlations were found mainly in the
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Table 3 Differences between HD patients in stage 1 and normal controls (n = 2 x 21) and between patients in stage 2 and normal controls (n = 2 x 13) as well as patients in stage 3 and 4
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Nsig LH/RH Brain region

Tmax

Nsigc LH/RH Brain region

Imax

Nsig LH/RH Brain region

Imax

FR>L

74/259

3.6
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678/412
928/896

Alpha-1 8-10 Hz
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1,201/1,189
1,017/933
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Alpha-2 10-12 Hz —5.6
Beta-1 12-18 Hz
Beta-2 18-21 Hz
Beta-3 21-30 Hz

Fior, T, P, L, SI
F, T, P, L, SI

-71
-7.7

T, Pr g, FLor, L, S1

324/229
741/435

33
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1,066/1,044

1,073/1,079
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1,009/986
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F, T,P, L, Sl
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The omnibus significance is based on binomial tests for each frequency band. Maximal ¢ values (#,,,x) and the number of significant voxels (Ng;g out of 2,394 voxels) are given for LH (left

hemisphere)/RH (right hemisphere). Predominant brain regions (F frontal lobe, T temporal lobe, P parietal lobe, O occipital lobe, L limbic lobe, S/ sub-lobar; index;, indicates left lateral,

indexg right lateral) are given. Positive ¢ values indicate increases of a particular frequency band in HD patients as compared to normal controls, negative ¢ values indicate decreases

frontal and limbic lobes of both hemispheres, and for
alpha-2 power also in the occipital lobes (Fig. 3).

Correlations between the MMSE score and LORETA
power in 20 drug-free patients

Spearman rank correlations between the MMSE score and
LORETA power measured in seven frequency bands
demonstrated a significant positive correlation in the alpha-
1 frequency range: the lower the power in this frequency
band, the lower the MMSE score. The omnibus signifi-
cance test demonstrated that out of a total of 2,394 voxels,
232 voxels showed significant correlations in the alpha-1
band (p < 0.01, binomial test). The highest positive cor-
relation coefficient (r = 0.55) was observed in the superior
frontal gyrus in BA 9 (X = 11, Y =59, Z = 29). Corre-
lations were found mainly in the frontal lobe of the right
hemisphere and the limbic lobes of both hemispheres
(Fig. 4).

Discussion

To our knowledge, this is the first application of LORETA
to artefact-free EEG recordings obtained in HD patients
and controls in a vigilance-controlled state with eyes
closed. The present EEG data were analysed by means of
EEG LORETA following three approaches: (1) detection
and computation of spatial distribution of abnormalities in
vigilance-controlled cortical activity in HD, (2) differen-
tiation between patients in early and late stages of the
disease to delineate the sensitivity and utility of LORETA
in the progression of HD, and (3) correlation analysis
between neurophysiological alterations measured by
LORETA and cognitive and motor impairment in HD.

As we are aware of the fact that the solution space of
LORETA is restricted to cortical gray matter and the
hippocampus, we were primarily interested in the utility
and results of LORETA in a subcortical disease such as
HD. HD is characterized by an accumulation of subcortical
and cortical dysfunctions and a disruption of cortico-sub-
cortical circuits. Current neuroimaging findings are not
able to answer the questions as to when and in which exact
area of the cerebral cortex meaningful neuronal loss is first
observed. However, due to the extensive connections
between the frontal lobes and subcortical structures, the
frontal cortex and the basal ganglia are mainly seen as a
functional unit in HD. For this reason it is of minor
importance whether localized EEG power changes are
caused by cortical or subcortical dysfunction. At present it
is not possible to distinguish between an EEG pattern
caused by a cortical lesion and an EEG pattern caused by a
disruption of a cortico-subcortical circuit.
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Fig. 3 LORETA slices on correlations between UHDRS motor score
and alpha-2 power. Horizontal brain slices depicting statistical
parametric maps are based on voxel-by-voxel Spearman rank
correlation analysis between UHDRS motor score and alpha-2 power.

EEG power spectral values

In the whole group of 55 HD patients, a significant increase
was found in LORETA delta power, mainly in the OFC of
the right hemisphere, along with a global decrease in theta,
alpha and beta power. HD patients showed a disturbed
brain function characterized by inhibited frontal areas
(increased delta power), while the whole cortex lacked
normal routine and excitatory activity (decreased theta,
alpha and beta power).

When the patients were separated according to different
clinical stages of the disease, the significant increase in
LORETA delta power in the right OFC was found only in

The colour key shows significant correlation coefficients (blue colours
represent negative correlations at p < 0.01). The lower the alpha-2
power in the frontal, limbic and occipital lobes, the higher the
UHDRS motor score

patients in stages 3 and 4. In addition to the lack of normal
routine activity (decreased theta, alpha and beta power),
which was also found in patients in earlier stages, these
patients showed inhibited prefrontal areas.

Our findings of reduced alpha power confirm similar
findings of previous EEG studies in HD [16-19] and in
vascular (multi-infarct) dementia and Alzheimer’s disease
(AD) [37, 39, 40, 65]. The origin of the alpha rhythm is still
unclear, but the abnormality may be associated with a dys-
function primarily affecting the cortex or a dysfunction of
subcortical structures which modulate cortical activity,
mainly the thalamus. The pathophysiological background in
HD is the bilateral striatal atrophy, which leads to a

@ Springer
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Fig. 4 LORETA slices on correlations between MMSE score and
alpha-1 power. Horizontal brain slices depicting statistical parametric
maps are based on voxel-by-voxel Spearman rank correlation analysis
between MMSE score and alpha-1 power. The colour key shows

disruption of the cortico-striato-thalamocortical circuits
causing a decrease in thalamic alpha activity [66, 67].
Therefore, the results can be interpreted as an effect of an
abnormal subcortical modulation of the alpha rhythm due to
dysfunctional action of the thalamus on the cortical activities
[18, 19, 67]. The decrease in alpha power in our patients was
found all over the cortex, affecting nearly every voxel.
Reduced alpha activity seems to be a typical and widespread
trait marker of HD, from early to late stages of the disease.

The observed decrease in beta power has not yet been
reported in HD, but adds to a possible understanding of our
present findings, suggesting a deterioration of vigilance as
a prominent neurophysiological finding in HD. Vigilance

@ Springer

significant correlation coefficients (red colours represent positive
correlations at p < 0.01). The lower the alpha-1 power in the right
frontal lobe and both limbic lobes, the lower the MMSE score

was defined by Head [68] as the availability and grade of
organization of man’s adaptive behaviour, which in turn is
dependent upon the dynamic state of the neuronal network.
Indeed, the latter became measurable objectively and
quantitatively by computerized analysing methods, initially
by single-lead analysis [69, 70] and subsequently by EEG
topography and tomography [39, 40, 42, 43]. Our results
are in agreement with previous studies in patients with AD
and vascular dementia [37, 39, 40], which also reported a
decrease in alpha and beta power. In AD, the decrease in
beta power was interpreted as a sign of compromised
function of the affected brain areas [37]. Thus, it seems that
dementing disorders generally lead to a decrease in beta
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power, which is just opposite to normal aging where an
increase in beta activity was found [27, 71-73]. The
decrease in beta power in our study was prominent and—
except in occipital cortical areas—highly significant all
over the brain. The structural cause of this result might be a
loss of cholinergic and glutamatergic neurons in the course
of the disease [11].

Topographic distributions

The whole group of HD patients and patients in advanced
stages (3 and 4) showed a localized increase in LORETA
delta power in the right OFC as compared with healthy
controls. An increase in delta power was already found by
previous authors in HD [17] and other neurodegenerative
disorders [29, 33, 37, 39, 74, 75]. The increase was most
pronounced in the OFC (BA 10, 11 and 47), but the ACC
(BA 25) and the DLPFC (BA 9, 46) were also affected.
Several previous neuroimaging studies [7, 12, 76, 77], EEG
studies [17] and necropsy investigations [9, 11] reported a
dysfunction or deterioration of the frontal lobe in HD.
Furthermore, frontal lobe atrophy seems to be character-
istic for moderately affected, but not mildly affected, HD
patients [7].

Neuroimaging studies on brain activation and functional
connectivity suggest that interactions between prefrontal
regions and between the prefrontal cortex and the basal
ganglia are compromised in HD patients [77]. This is
consistent with the existing knowledge on the neuropa-
thology in HD and strongly supports the notion of deficits
in prefrontal circuits [78-81]. Different parts of the frontal
lobe are integrated in different circuits that link cortex,
basal ganglia and thalamus [82, 83]. Main circuits are the
motor circuit, which includes the primary and supple-
mentary motor cortices that project to the putamen, the
associative circuit between the DLPFC and the dorsolateral
part of the caudate nucleus, the orbitofrontal -circuit
between the lateral OFC and the ventromedial caudate area
and the limbic circuit between the anterior cingulate and
the ventral striatum [80, 81].

Neuronal death in the caudate proceeds from dorsal to
ventral and from medial to lateral areas, with the earliest
alterations being seen in the medial paraventricular cau-
date, caudate tail, and dorsal putamen [84, 85]. Thus, in
early HD, the associative loop should be dysfunctional,
while the orbitofrontal loop and the limbic loop should
remain intact. This is in line with our electrophysiological
findings of an inhibited function of the OFC and ACC only
in later stages of the disease. For the following reasons the
previous interruption of the associative circuit may not
become electrophysiologically significant over the DLPFC:
According to Alper et al. [67, 86], the major site of delta
generation is the OFC, which makes this region more

sensitive to changes in delta power. Furthermore, pro-
gressive deterioration and interruption of the reciprocal
interconnections between the basal ganglia and the frontal
cortex together with localized atrophic degenerations [7,
12], which are more prominent in later stages, may finally
lead to the increase in delta power.

The ubiquitous decrease in theta, alpha and beta power
reflects also very likely an accumulation of cortical struc-
tural impairment together with the alterations of the basal
ganglia. Previous neuroimaging studies reported a wide-
spread degeneration and heterogeneous regional thinning
of the cortical ribbon [1, 2, 12] and global atrophy [6, 8] in
the course of HD. To date it remains controversial whether
cortical degeneration precedes or results from subtle stri-
atal alterations in HD. Our results of early and stable
electrophysiological dysfunctions support previous studies
that reported early degeneration of the cerebral cortex [2,
5]. On the other hand, cortical areas of functional changes
need not correspond to those of gray-matter atrophy and in
this case, they are likely to reflect decreased output of the
basal ganglia-thalamo-cortical circuits and compensatory
recruitment of accessory pathways [87].

The occipital lobe seems to be an exception. From all
power frequencies, only alpha power was found to be
significantly reduced in these cortical areas. Alpha power is
known to be the dominant frequency in occipital areas,
which makes this frequency more sensitive to subtle
alterations. The existing literature on the occipital lobe in
HD is rare and equivocal, but our results support the
assumption that occipital areas degenerate less or more
slowly than other cortical areas [5, 11].

Huntington’s disease is not thought to be a lateralized
disease. Interestingly, differences in the results between the
right and the left hemisphere were found. The increase in
LORETA delta power was emphasized over right frontal
regions, but the decreases in theta, alpha and beta power
were more prominent over the left hemisphere. A few
previous studies also reported about lateralized results,
suggesting an earlier and more prominent affection of the
left cortico-striatal system [2, 17, 88].

Correlation analyses

As EEG changes seem to be dynamic in progressive HD,
correlation analyses between the MMSE score as well as the
UHDRS motor score and LORETA power have been
computed. In this study we found a significant negative
correlation between the UHDRS motor score and LORETA
power. The higher the UHDRS motor score, reflecting
progressive motor impairment in HD patients, the less
power in the theta and alpha-2 frequency band was found.
Further analysis showed a significant positive correlation
between the MMSE score and LORETA power. The lower
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the power in the alpha-1 frequency band, the worse was the
mental performance. Correlations were mainly found over
the frontal and limbic lobes, and for alpha-2 power over the
occipital lobes. Motor function and cognitive function
deteriorate together with a decrease in alpha power, which
seems to reflect the process of neurodegeneration. The
correlation between decreased frontal and limbic theta
power and higher motor impairment has not yet been
reported, but the relationship of a decrease in alpha power to
the progression of dementia confirms previous studies in
HD [16, 17] and other neurodegenerative disorders [37—41].

Effect of medication

Twenty of the patients included in our study were drug-
free, 35 patients were taking medication. The results of the
whole group of patients are similar to those of the drug-free
patients. The significant increase in LORETA delta power
in the right OFC was found in 446 out of 2,394 voxels
(drug-free patients) compared to 238 voxels (patients with
medication) and 346 voxels (all patients). In each group the
significant decrease in theta, alpha and beta power affected
more than 1,000 out of 2,394 possible voxels. The topo-
graphic distribution of the significant results was similar in
all groups. Putative effects of psychotropic drugs are dose-
dependent, but sedative antidepressants and antipsychotics
generally induce an increase of slow EEG activity and a
decrease of alpha and beta power, while non-sedative
antidepressants and antipsychotics increase alpha and
alpha-adjacent beta-activity. In our patient sample medi-
cation did not affect the interpretation of the quantitative
EEG differences between the group of HD patients and
controls. EEG abnormalities in HD seem to be so strong
that psychotropic drugs have no notable influences on
them. Nevertheless, the more sensitive correlation analyses
were computed for the drug-free patients only. These
analyses are more susceptible to any faults or influences.
This study supplements previous EEG investigations in
HD with a new method and new findings in a large cohort
of patients. LORETA revealed a disturbed brain function in
HD, characterized by inhibited frontal areas and a lack of
normal routine and excitatory activity over the whole
cortex. As hypothesized, LORETA is also a sensitive and
useful measure for detecting progressive electrophysio-
logical changes in the course of the disease. From early to
late stages of the disease, patients showed a lack of theta,
alpha and beta power. In later stages of the disease, patients
demonstrated additional inhibited frontal areas (increased
delta power). Reduced alpha power seems to be a stable
trait marker of HD, whereas increased frontal delta power
seems to reflect worsening of the disease. Correlation
analyses revealed a decrease of theta and alpha power with
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increasing cognitive decline and deterioration of motor
function.

These data help to eliminate remaining uncertainties and
ambiguities on electrophysiological abnormalities during
HD manifestation and progression. We are aware of the
fact that no preclinical mutation carriers are included in
this study. Further LORETA investigations in gene muta-
tion carriers for HD are of interest.
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