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Sleep Deficits But No Metabolic Deficits
in Premanifest Huntington’s Disease

Alpar S. Lazar, PhD," Francesca Panin, PhD,"? Anna O. G. Goodman, PhD,’
Stanley E. Lazic, PhD,® Zsolt I. Lazar, PhD,* Sarah L. Mason, PhD,"
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Objective: Huntington disease (HD) is a fatal autosomal dominant, neurodegenerative condition characterized by
progressively worsening motor and nonmotor problems including cognitive and neuropsychiatric disturbances, along
with sleep abnormalities and weight loss. However, it is not known whether sleep disturbances and metabolic abnor-
malities underlying the weight loss are present at a premanifest stage.
Methods: We performed a comprehensive sleep and metabolic study in 38 premanifest gene carrier individuals and
36 age- and sex-matched controls. The study consisted of 2 weeks of actigraphy at home, 2 nights of polysomnogra-
phy and multiple sleep latency tests in the laboratory, and body composition assessment using dual energy x-ray
absorptiometry scanning with energy expenditure measured over 10 days at home by doubly labeled water and for
36 hours in the laboratory by indirect calorimetry along with detailed cognitive and clinical assessments. We per-
formed a principal component analyses across all measures within each studied domain.
Results: Compared to controls, premanifest gene carriers had more disrupted sleep, which was best characterized
by a fragmented sleep profile. These abnormalities, as well as a theta power (4-7Hz) decrease in rapid eye move-
ment sleep, were associated with disease burden score. Objectively measured sleep problems coincided with the
development of cognitive, affective, and subtle motor deficits and were not associated with any metabolic
alterations.
Interpretation: The results show that among the earliest abnormalities in premanifest HD is sleep disturbances. This
raises questions as to where the pathology in HD begins and also whether it could drive some of the early features
and even possibly the pathology.
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Huntington disease (HD) is a fatal autosomal domi-
nant neurodegenerative condition that affects
approximately 14 to 16 individuals per 100,000 and typ-
ically presents in midlife."* It is caused by an abnormal
expansion of a trinucleotide cytosine—adenosine—guano-
sine repeat (CAG)® in exon 1 of the huntingtin gene
leading to the ubiquitous expression of mutant hunting-
tin (H#9).% Tt is characterized by progressively worsening

motor and nonmotor deficits including cognitive abnor-
malities (which over time lead to dementia), neuro-
psychiatric symptoms,” weight loss,” and sleep and
circadian disturbances (for a review see Videnovic et al’).
Although pathogenic pathways are beginning to be
unraveled offering targets for treatment,® the precise
pathophysiological mechanisms of HD are poorly under-

stood.” Previously we have shown that sleep disturbances
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TABLE 1. Demographic Description of Patient Groups
Group Differences
Demographic Controls, prHD, n = 38, eHD, n=38, Ctrl-prHD Ctrl-eHD prHD-eHD
Data n = 36, Mean (SD) Mean (SD)
Mean (SD)

Sex, No. 18M, 18 F 13M, 25 F 4M, 4 F 0.19 1.0 0.4

Age, yr 44.2 (15) 43.0 (11.2) 56.3 (7.2) 0.99 0.015" 0.002*

BM]I, kg/m2 24.6 (3.0) 26.0 (5.0) 21.5 (2.2) 0.35 0.01* 0.005"
CAGn N/A 41.6 (2.4) 42 (1.7) N/A N/A 0.43

Disease burden N/A 247.2 (65.5) 367.3 (78.9) N/A N/A 0.0008*
score

UHDRS global N/A 1.6 (2.1) 19.3 (7.1) N/A N/A <0.0001*
score

Total functional N/A 12.6 (0.9) 9.8 (1.8) N/A N/A <0.0001%
capacity

Independence N/A 98.2 (5.0) 81.7 (7.5) N/A N/A <0.001*
Group differences are analyzed by Mann—Whitney U test. Age is reported at the time subjects completed their first study in this
project. Disease burden score was calculated using the published formula: (CAGn — 35.5) X age (see Subjects and Methods).
*Significant effect.

eHD = early Huntington disease; Ctrl = control; prHD = premanifest Huntington disease; CAGn = number of cytosine-adeno-
sine—guanosine repeats; BMI = body mass index; UHDRS = Unified Huntington’s Disease Rating Scale; SD = standard deviation;
M = male; F = female; N/A = not applicable.

are present in early manifest disease,'® and several studies
on transgenic animal models of HD have shown that
sleep progressively worsens as the disease develops'' ™'
dependently on age and gene dosage.'” However, we do
not know whether sleep problems are present during the
premanifest stage in individuals carrying the HD gene
mutation. If so, it may be a useful predictor of the onset
of clinical features in gene carriers, and may contribute
to some of the early clinical features of the condition,
including the well-described cognitive deficits.'®

Similarly, altered energy expenditure and balance

17-19

have been shown in HD patients, and might under-

lie the progressive weight loss reported to occur early on

6,20 . . .
This raises questions as to whether

in this condition.
metabolic problems in HD also exist ahead of motor fea-
tures and disease diagnosis and may occur at the same
time as sleep and circadian problems, suggesting a com-
mon neuropathological substrate that may involve the
hypothalamus.*'

In the present study, we aimed to answer these
questions by undertaking a comprehensive metabolic and
sleep investigation both in the field (doubly labeled water
[DLW], actigraphy, sleep diaries) and in the laboratory
(indirect calorimetry, polysomnography [PSG], and mul-

tiple sleep latency tests [MSLTs]) in a large cohort of pre-
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manifest HD (Pre-HD) gene carriers and age- and sex-
matched controls. We hypothesized that sleep and meta-
bolic disturbances would: (1) be present in the premani-
fest stage, (2) relate to estimated disease burden, and (3)

coincide with early alterations in cognition.

Subjects and Methods

Participants

All aspects of the study were approved by the local research
ethics committees and conformed to the Declaration of Hel-
sinki and International Conference on Harmonization—Good
Clinical Practice. After written informed consent was obtained,
38 premanifest participants with a known HD gene mutation
and 36 sex-, age-, and ethnically balanced control participants
took part in the metabolic and/or sleep studies (Table 1). Sepa-
rate informed consent was required for each study. The cogni-
tive assessments and metabolic studies were performed at the
Huntington’s Disease Research Clinic at the John van Geest
Centre for Brain Repair and the Metabolic Research Area
within the National Institute for Health Research/Wellcome
Trust Cambridge Clinical Research Facility, Cambridge, United
Kingdom. The sleep studies were conducted in the sleep unit at
the Respiratory Support and Sleep Centre, Papworth Hospital,
United Kingdom. Altogether 30 patients and 20 controls par-

ticipated in all 3 studies, with a median time difference of 5
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months (interquartile range =12 months) between the studies.
In all cases the sleep study preceded the metabolic studies.
Inclusion/exclusion criteria for the premanifest group were:
(1) a CAG repeat length > 39; (2) not clinically diagnosed as hav-
ing manifest HD as indicated by a diagnostic confidence score < 2
on the Unified Huntington’s Disease Rating Scale (UHDRS); (3)
no known metabolic, endocrine, or sleep disorder; and (4) a non-
smoking/light smoking status. Inclusion/exclusion criteria for the
control group were: (1) no family history of HD or other known
neurological, endocrine, or sleep disorder; (2) no ongoing medical
or psychiatric condition; (3) nonsmoking/light smoking status;
and (4) an age, sex, and body mass index (BMI) match to a Pre-
HD participant. Of the included participants, 12 pre-HD patients
and 6 controls were taking medications that could have had a pos-
sible effect on sleep and/or metabolism, such as antidepressants.
One premanifest participant was excluded from the metabolic
studies due to diabetes. A disease burden score (DBS) was calcu-
lated for all premanifest participants according to a standard for-
mula: (CAGn — 35.5) X age, where CAGn = number of CAG
repeats.”” The studied groups (control and Pre-HD) did not sig-
nificantly differ in terms of age, BMI, and sex (see Table 1). For
comparison with the premanifest group, we included sleep data
from a previously studied (and published) cohort of 8 early mani-
fest patients'® while also undertaking further in-depth sleep analy-
ses of this previously collected data. These patients were
significantly older and had a lower BMI than those in the current
study. They also had as expected a higher DBS and worse scores
across the basic clinical measures as compared to premanifest

patients.

Procedures

Baseline clinical, cognitive, and psychiatric assessments consisted of:

A. The motor and functional sections of the UHDRS.?

B. A selection of standardized tests assessing (1) global
cognitive  performance: Montreal ~Cognitive ~ Assessment
(MoCA)*; (2) learning and verbal memory: Hopkins Verbal
Learning Test—Revised (HVLT-R)?>; (3) executive function: the
Verbal Fluency Test®® and Trail Making Tests B*; (4) psycho-
motor speed: Trail Making Tests A% and Symbol Digit Test*®;
(5) motor skills: the Hand Tapping Test™; (6) olfactory percep-
tion: the Olfactory Discrimination and Identification Test®®; (7)
affect: the Montgomery—Asberg Depression Rating ~ Scale
(MADRS),?" the Beck Depression Inventory II (BDI-II),** and
the Apathy Evaluation Scale®; and (8) impulsiveness: Barratt
Impulsiveness Scale® (Table 2).

The sleep study consisted of:

A. Validated sleep questionnaires to assess (1) diurnal pref-
erence: the Morningness-Eveningness Questionnaire (MEQ) 35,
(2) subjective sleep quality: the Pittsburgh Sleep Quality Index
(PSQI)* and the Functional Outcomes of Sleep Question-
naire’”; (3) daytime sleepiness: the Epworth Sleepiness Scale®®;
(4) habitual self-reported sleep—wake timing: PSQI; (5) preferred
sleep-wake timing: MEQ; and (6) timing of evening tiredness
sufficient to go to sleep: MEQ.
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B. A 2-week-long field/home study to assess sleep—wake
timing as measured by actigraphy in the habitual environment.
Participants wore Actiwatches (Cambridge Neurotechnology,
Cambridge, UK) on the nondominant wrist for 14 consecutive
days preceding the PSG study. Actograms were analyzed accord-
ing to a previously published algorithm."®

C. An inpadent laboratory-based study consisting of 2
consecutive nights of PSG to assess objective sleep quality and
sleepiness using MSLTs following a previously described method-
ology.10 A full clinical electroencephalographic (EEG)-PSG setup
was used, and PSG data were recorded on an Embla S7000
(Embla Systems, Ontario, Canada). The EEG was recorded
using C3 and C4 derivations and reference electrodes placed at
the mastoid area (Al and A2) with a common reference elec-
trode placed at Pz. The second (study) night was used for the
actual analysis. Sleep staging was performed in 30-second epochs
according to standard criteria (Rechtschaffen and Kales criteria)
by scorers blind to the identity of patients. We analyzed multiple
objective sleep parameters (Table 3). Breathing events were
scored using standard criteria according to the American Acad-
emy of Sleep.”” EEG data were stored at 200Hz. The low-pass
filter was set at 70Hz, and the high-pass filter was set at 0.3Hz.

D. Spectral analyses. The active EEG derivations were
rereferenced offline to the mastoid derivation (Al and A2)
from the contralateral hemisphere. All EEG artifacts (eg, muscle
activity/sweating) for each individual EEG channel were visually
identified by an experienced scorer and annotated on a 3-
second basis using the EEG browser software Vitascore version
1.5. Thereafter, all EEG channels were exported and raw EEG
data further analyzed. We applied algorithms based on the
NumPy, SciPy, and Matplotlib libraries for scientific comput-
ing**#! to extract EEG activity—related measures. Analysis was
limited to data recorded between lights out and lights on times.
The 2 sleep stage sets—(1) rapid eye movement (REM) and
(2) non-REM (NREM) 1, 2, 3, and 4—were analyzed inde-
pendently. EEG activity was calculated as the power spectral
density averaged over the whole night. Artifact-free segments
belonging to the sleep stages of interest were concatenated and
power values were calculated as averages over detrended Han-
ning windowed 1,024 bins, that is, 5.12-second long epochs
with 50% overlap using the Welch’s periodogram method
implemented in the Matplotlib package. In the first stage, the
obtained spectral density was coarse grained by calculating aver-
ages over subsequent 1Hz-wide bins between 0.5 and 40.5Hz.
To eliminate the discontinuous dependence of the averages on
band boundaries, the averaging was performed by numerically
integrating over the different regions of the cubic spline inter-
polated spectrum.*? The spectral values in each frequency bin
were normalized to the total power of the studied EEG spectra
0.5 and 40.5Hz. The returned relative spectral values, x, were
logit transformed according to published recommendations fol-

lowing the formula ‘y = log[x/(1 —)].53

The metabolic study consisted of:

A. Dual energy x-ray absorptiometry to assess body com-
position followed by 36 hours of whole body indirect
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2 calorimetry to assess energy expenditure in the laboratory
) e according to published methodology."” Blood samples for tes-
g g ©
&g @ 5 -g' tosterone, cortisol, vitamin D, and leptin were taken at 9 Am
L . .« .
= < 8 E ‘é after the second night sleep, and after a minimum 10-hour fast
»n = . .
==} =4 < = ’:f and the basal metabolic rate assessment, which all occurred
5w 8 2 .. .. .
A < g\-‘g & before the participant got out of bed. Subjectively perceived
s on hunger and satiety were assessed by a visual analogue scale
== & g y g
8 80 o g before and after meals.**
[} v ..
;{% 'i: —E: ; 3 B. A 10-day free living measurement of total energy
g = expenditure (TEE) using DLW according to a standard meth-
g 5 28 £ 45 . . .
g_g g2 2 odology.”” Average daily activity—related energy expenditure
8 6 [5 E g g § (AEE; kJ/day/kg) was calculated as the average 24-hour TEE
o = 2N = . .
O a S § gogg Sy measured by DLW, minus the basal metabolic rate (BMR)
o &) . . . .
8% = T g measured from the indirect calorimetry, whereas the physical
R It .. . .
v 8 E ~ 'Z activity level (PAL) was the ratio of these same variables (TEE/
(SRS = [ . . . ..
~ 3 B g g BMR). Finally, the variance of physical activity (VPA) between
o 8 ¥ -2 the laboratory and the field condition was calculate sub-
O ERF N %‘: he lab y and the field d lculated by sub
@ O =} . . qe .
= E gw—g"‘; QIB tracting the 24-hour TEE measured by indirect calorimetry
Q S 8 %8 S o from the 24-hour TEE as measured by DLW, according to the
g 28 18
a ‘!é ?:D'Fé _§ L‘é study performed by Pratley et al.
e 583 &
\ N
v | = 99 = 8
= . .
SRR o= Y = Statistical Analyses
) 273 o g
E‘ N 2 E g 20 We did not define a primary outcome in this exploratory study
o0 &N o = . ..
o 92 I % of Pre-HD patients because abnormalities on any of the meas-
Q L O w . .
g 2& 8 ~ ured variables are noteworthy and relevant. This posed a prob-
. = .8 m iy e .. .
Zc w €8 - g lem of limiting the number of false positives while
> = . .. . .
o -§ = ] c & simultaneously retaining sufficient power to detect differences
< -9 g 8 . . .
0.2 g 2 between patients and controls, which a priori are expected to
288 £ 5 p p p
g . . .
o= E A é v be small as the patients do not yet have manifest disease. A
(5 o= . . .
— g & aa -3 g principal component analysis (PCA) was therefore used to
e} [} (3] .
2 A 5 E _g g 2 reduce sets of (often highly correlated) measurements to smaller
X | o O . .
A N R _5 = I — sets of uncorrelated variables. This allowed us to create a new
a & ng < . - .
" N = @) g set of variables (the principal components [PCs]), which
=) - . . . . .. .
—é = ig = é’ involved taking a linear combination of the original variables.
= — ] . . .
g % Z ﬁ & %\ I One of the main features of PCA is that the first principal
< O O = .. .
O g QE) E = §5 component (PC1) accounts for most of the variation in the
-
A :: s £ .§ £ Eo data, and each subsequent PC accounts for less and less of the
- P o . .
s a g S remaining variation. Thus by analyzing the first few PCs rather
g = 2= .. . -
2y g S 3 than the original variables, we were able to limit the number of
g o & @y, .. . . . .
Z° S 8 g‘ o 3 2 statistical tests while still capturing the major effects that are
~—" bD ‘o .
2 CDE 5 - é present. A PCA was conducted for each of the 4 studied
= “ . .
g—d ; & g domains of measurements (1 PCA for the data in each of
'g s 3 i -% Tables (2-5)). The first PC had the highest association with
Q = —_ . . .
E*'g 5’3 5‘ & disease and was therefore the only one examined, with the
S .S . . .
800 T =) Don exception of the metabolic data, where PC1 was dominated by
o2 e ) .
&2 E -8 sex differences and therefore PC2 was analyzed. A priori, only
L 23 . . . . .
o & Ay ";°<|C PCs with large eigenvalues (>1.5) were examined, which lim-
B=R =] . .
K N g = _g -% % ited the analysis to the first 2 PCs.
3 8 I &—é 2 = gn The first hypothesis tested was whether the premanifest
. — ‘S 2] . . . . .
b= g g g A3 SRS § patients differed from controls. This was examined by using
< K== . .
8 é‘ B g ST Eﬁa 55 > PC1 (or PC2 for the metabolic data) as the outcome variable
R .- 2 Y o s = 2 s . . .
o 2 s °F& g 8§ &5 o I in a linear model with age, sex, and group (control vs Pre-HD)
o= 3 & oA~ S5 S<v & group
- — (9] — . . ..
w ;_g a8 —g 2 (ﬁ L‘é — |l E as predictor variables. The sleep study had an additional group
o =2 o N . . .
< é & Zj S 8 2 I;:-l <§C of early manifest HD patients who were added to the analysis
[Ty =} -} . . . . .
for comparative purposes (positive control). Pairwise differences
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TABLE 4. Diurnal Preference, Habitual Sleep-Wake Timing, Subjective Sleep Quality, and Sleepiness

Control, n =25 Pre-HD, n =31 Group Main  DBS
Studied Measures Estimate  95% CI Estimate  95% CI Effects, p Effect, p
Diurnal preference (MEQ), 57.0 53.3-60.7 56.3 52.9-59.6 0.761 0.120
range = 16-86¢
Preferred sleep—wake timing
(MEQ), hh:mm
Bedtime® 23:03 22:39-23:28  23:00 22:39-23:22  0.855 0.133
Get-up time® 07:49 07:27-08:11 07:56 07:36-08:16  0.618 0.969
Time in bed® 08:45 08:23—09:07  08:56 08:36-09:16  0.490 0.043¢
Habitual self-reported
sleep—wake timing
(PSQI), hh:mm
Bedtime® 23:11 22:45-23:38  22:55 22:30-23:20 0.381 0.163
Get-up time® 07:15 06:48-07:41  07:31 07:06-07:55  0.390 0.190
Sleep latency, min 15.2 11.4-20.1 19.7 15.2-25.4 0.184 0.150
Time in bed® 08:04 07:40—08:28 08:35 08:13-08:58 0.059 0.912
Sleep duration® 07:03 06:34-07:29  07:39 07:15-08:01  0.051 0.915
Habitual objectively measured
sleep—wake
timing (actigraphy), hh:mm
Bedtime® 23:24 22:59-23:49  23:16 22:54-23:39  0.668 0.152
Get-up time® 07:28 07:04—07:51 07:29 07:09-07:50 0.910 0.200
Time in bed® 07:55 07:37-08:13 08:17 08:01-08:33 0.072 0.832
Self-reported sleep quality
PSQI, range = 0-21¢ 4.1 3.1-5.3 4.4 3.4-5.6 0.688 0.935
FOSQ, range = 5—20d 18.1 16.9-19.3 17.5 16.4-18.6 0.439 0.586
Sleepiness
Time of evening tiredness 22:35 22:12-22:58  22:12 21:52-22:32  0.145 0.013¢
(MEQ)*
Subjective sleepiness (ESS), 5.6 4.0-7.1 7.1 5.7-8.6 0.149 0.292
range = 0-24¢

Estimates (least squares means) and 95% ClIs are indicated for each group adjusted for age and sex. For each measure, the group
effect (controls vs Pre-HD) and the disease burden effect (DBS) are indicated. Group analysis involved a mixed model analysis of
variance controlled for age and sex. Effects of age and sex are not indicated. Effect of DBS is analyzed within the Pre-HD group
using a multivariate regression including DBS and sex. Effect size is indicated only for significant effects.

*Clock time.

®Hours:minutes.

“Significant effects.

Total score.

CI = confidence interval; DBS = disease burden score; ESS = Epworth Sleepiness Scale; FOSQ = Functional Outcomes of Sleep
Questionnaire; MEQ = Morningness-Eveningness Questionnaire; Pre-HD = premanifest Huntington disease; PSQI = Pittsburgh
Sleep Quality Index.

between the control, Pre-HD, and early HD groups were exam- were associated with DBS. This was tested by using the PCs as
ined with Tukey honestly significant difference (HSD) post hoc the outcome variable in a linear model with sex and DBS as
test. The second hypothesis examined whether abnormalities predictor variables (age was not included as it would partial out
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age from the disease burden effect). We then based our conclu-
sions about the presence of abnormalities on the results of the
PCA, which involved only 2 tests for each of the 4 domains (8
statistical tests in total, with the post hoc tests for the sleep
study corrected for multiple testing). We then undertook the
further step of controlling for the “manuscriptwise” false-
positive rate by adjusting the 8 key p-values for multiple testing
across the 4 domains using the Holm-Bonferroni method.

One difficulty with the use of the PCA approach is inter-
preting what the PCs represent in terms of the original varia-
bles. However, we avoided this by examining the loadings of
the variables that have contributed the most to any PC. The
loadings are therefore the correlation between the original varia-
bles and the PC and help interpret the underlying construct or
latent feature that is measured by these original variables. The
main variables contributing to each of the PCs are reported
with their loadings in the results section and are shown in the
figures, and we also present the results for the individual varia-
bles in Tables 2 to 5. The tables contain secondary exploratory
analyses that we have not corrected for multiple testing; as
such, some of the individual variables may therefore be false
positives, but inference about abnormalities in premanifest
patients and the strong control for the false-positive rate are
done at the latent variable level. The results of the individual
variables are thus more descriptive than inferential and are pre-
sented as a reference for other published and future studies.

The relative power spectrum of EEG activity was ana-
lyzed separately for the whole night REM and NREM periods.
The same 2 statistical models described above were used but
the outcome was a 1Hz spectral bin rather than a principal
component. A separate model was fitted for each bin from 1 to
40Hz, using cither disease group as the main predictor variable
and adjusting for age and sex, or DBS as the main predictor
variable and adjusting for sex. To minimize the number of false
positives, we applied a Bonferroni correction (o= 0.05/
40 =0.00125). This is a conservative correction, given that the
EEG power was highly correlated (the median correlation
between adjacent frequency bins was 0.99, and the Lag 1 auto-
correlation within patients was also >0.99.) We also report the
original uncorrected results to avoid false negatives.

Measures of energy expenditure were adjusted for lean
mass and leptin was adjusted for fat mass. The energy intake
was normalized for each participant’s need, based on the BMR
predicted using the Schofield formula.*® The magnitude of the
significant statistical effects was marked by Cohen’s £:

Fr=u/vXF

where # and v are, respectively, the numerator and denominator
degrees of freedom of the F statistic used to determine the
main effect in the analysis. Analyses were performed with SAS
(version 9.2) and R (version 3.1.3).

Results

The cognitive, psychiatric, and motor profile of the stud-
ied premanifest group reproduced the previously reported

638

abnormalities in Pre-HD.*® PCA showed that the first
component (PC1) explained 32% of the variation across
all measures and was significantly different between the
groups (p =0.006, adjusted p =0.041), indicating that
Pre-HD participants had poorer performance independ-
ent of age and sex (Fig 1A). Premanifest patients with
higher DBS scores tended to have higher values on PCI,
but the association was not significant (p = 0.090,
adjusted p = 0.451; see Fig 1B).

PC1 included performance at Trail Making B (PC
loading = 0.69), Trail Making A (PC loading = 0.54),
total scores on the MADRS (PC loading = 0.47), BDI-II
(PC loading = 0.36), phonemic fluency (PC loading =
—0.76), verbal memory (PC loading = —0.75), semantic
fluency (PC loading = —0.66), left hand taps (PC
loading = —0.61), MoCA (PC loading = —0.59), right
hand taps (PC loading = —0.59), olfactory identification
(PC loading =0.56), and olfactory discrimination (PC
loading = —0.38). The higher positive and negative PC
loading values indicate higher positive or negative corre-
lations with PC1. As the groups were clearly differenti-
ated along the PCI axis, the positive PC loading values
indicate higher scores in Pre-HD than controls, whereas
the negative values indicate higher scores in controls than
Pre-HD.

The secondary exploratory and noninferential anal-
yses showed that the global cognitive performance
(MoCA), verbal memory (HVLI-R), and left hand tap-
ping scores discriminated the studied groups independ-
MoCA  score,
discrimination, and verbal memory were associated with

ently of age and sex. olfactory

disease burden independent of sex (see Table 2).

Laboratory Measured Sleep Quality and
Sleepiness

For the PSG-measured sleep parameters, we also included
a small group of early manifest HD patients (early HD)
studied previously'® for comparative purposes. The PC1
component explained 29% of the variation across all
PSG-studied sleep measures (see Table 3), and all partici-
pants, and was significantly different across the 3 groups
(»<0.0001, adjusted p =0.001), showing that the con-
trols had a significantly better overall sleep quality com-
pared to premanifest (Tukey HSD post hoc: p =0.017)
and early HD participants (Tukey HSD post hoc:
£<0.0001) independent of age and sex (see Fig 1C).
Early manifest patients had a significantly worse sleep
quality as compared to premanifest patients as well
(Tukey HSD post hoc: p =0.02). Importantly, the PC1
component was significantly associated with DBS in the
entire premanifest and manifest gene carrier group
(p=0.0074, adjusted p=0.044), presenting a linear
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A P =0.006 (adjusted P = 0.041) B P =0.090 (adjusted P = 0.451)
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FIGURE 1: Principal components (PCs) by Group (A,C,E,G) and by disease burden (B,D,F,H) for each of the studied domains.
The y-axis in each graph is a PC, and the amount of variation it accounts for is indicated in parentheses. The original variables
contributing to each component are shown on the far left, ranked according to their PC loading, which aids interpretation. For
example, premanifest (Pre-HD) patients have high values on PC1 for the neuropsychological and motor performance variables
(A). These correspond to high values on the Trail Making Tests A and B, the Montgomery-Asberg Depression Rating Scale
(MADRS), and the Beck Depression Inventory Il (BDI-Il), which indicate worse executive and psychomotor performance and ele-
vated depression. Similarly, the controls have low values on PC1, and this corresponds to high values on the Verbal Fluency
Test, Hopkins Verbal Learning Test-Revised (HVLT-R), and Hand Tapping Test, which indicate better executive, verbal memory,
and motor performance. The variables are ranked according to their loadings; only the top 3 are indicated; variables at the
ends of the y-axis have higher absolute loadings. For the individual PC loadings, please refer to the results section. The graphs
on the left (A, C, E, G) show group differences between the PCs. Estimates (least squares means) and standard error of the
mean are indicated, controlled for age and sex. The graphs on the right (B, D, F, H) show the association between the PCs and
disease burden score controlled for sex within the gene carrier group; controls (black open circles) are shown for reference
(shaded area) but are not included in the analysis. Grey filled circles = Pre-HD; black triangles = early Huntington disease (HD).
Original and adjusted P-values are shown in parentheses and these are adjusted for all 8 tests shown in the figure using the
Holm-Bonferroni method. As the polysomnography (PSG) data include a small group of early manifest HD (Early HD), p-values
indicate the main effect of group, and pairwise comparisons show that each group is different from every other group (Tukey
honestly significant difference post hoc test: *p<0.05, ****p<0.0001). Results of the individual variables can be found
in Tables 2 to 5. For detailed description of the variables, please refer to Subjects and Methods and Tables 2 to 5. *seconds,
bPtotal score, Stotal correct, dpercentage, °minutes, Tnumber per hours of sleep, 9lock time, hng/mI, ikg, ij/day; kratio.
AEE = average daily activity-related energy expenditure; Hab. = habitual; PAL = physical activity level; Pref.=preferred;
REM = rapid eye movement sleep; SE =sleep efficiency; TIB =time in bed; VPA = variance of physical activity; WASO = wake
time between sleep onset and final awakening.
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HDO14, 45 years, male, Pre-manifest, CAG=43, disease burden score=338
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HDO11, 65 years, female, Pre-manifest, CAG=40, disease burden score=293
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FIGURE 2: Representative sleep profiles of 2 premanifest participants and 2 age- and sex-matched controls showing a more

fragmented sleep profile in the premanifest participants.
movement sleep.

drop in sleep quality with increasing disease burden inde-
pendent of sex (see Fig 1D). PC1 included (for a detailed
description of the variables see Table 3): sleep efficiency
(PC loading = 0.76), length of continuous sleep bouts (PC
loading = 0.70), REM sleep (percentage of total sleep time
[TST]; PC loading = 0.65), TST (PC loading = 0.55),
length of continuous REM bouts (PC loading = 0.39),
number of arousals (shifts to stage 1 sleep, wake, or move-
ment per hour of sleep; PC loading = —0.94), total num-
ber of shifts between sleep stages per hour of sleep (PC
loading = —0.86), wake time between sleep onset and final
awakening (WASO; PC loading = —0.86), number of fast
shifts between sleep stages (periods of 1.5 minutes with 3
different 30-second-long sleep stages per hour of sleep; PC
loading = —0.85), stagel sleep (percentage of TST; PC
loading = —0.75), latency to persistent sleep (10 minutes
of continuous sleep; PC loading = —0.59), apnea—hypo-
pnea index (apnea and hypopnea events per hour of sleep;
PC loading = —0.53), latency to slow wave sleep (SWS;
PC loading= —0.47), and latency to REM sleep (PC
loading = —0.38).

642

CAG = cytosine-adenosine-guanosine repeats; REM =rapid eye

As the groups were clearly segregated along the
PC1 axis, the positive PC loading values indicate higher
score in controls than in premanifest gene carriers and
manifest patients, and the negative values indicate higher
scores in gene carriers than in controls. Importantly, the
variables top ranked according to their PC loading value
were measures of sleep continuity, indicating that this is
the dimension of sleep quality that best correlates with
PC1 and so contributes most to the differentiation of the
studied groups along the PC1 axis.

The secondary exploratory analyses revealed that
the 3 groups were different across a large range of sleep
quality measures, indicating progressively worsening sleep
phenotype from premanifest to manifest stage independ-
ent of age and sex (see Table 3). This was characterized
by an earlier bedtime, longer time in bed, lower sleep
efficiency, increased stage 1 sleep, decreased REM sleep,
and a more fragmented sleep profile across several meas-
ures of sleep continuity. Pre-HD participants presented
longer WASO, increased sleep fragmentation (Fig 2)
across multiple measures, and higher daytime sleepiness

Volume 78, No. 4
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FIGURE 3: Characteristics of the relative electroencephalographic power spectral density (PSD) measured during rapid eye move-
ment (REM; A, C, E) and non-REM (NREM; B, D, F) sleep in controls, premanifest (Pre-HD) patients, and early manifest Hunting-
ton disease (HD; Early HD) patients. (A, B) The average transformed (y = log[x/(1—x)] see Subjects and Methods) relative power
spectrum density measured during REM (A) and NREM (B) sleep for each group is presented as estimates (least squares means)
and standard error of the mean controlled for age and sex. Triangles indicate significant (p<0.05) group differences (2-tailed t
test). Black triangles = controls versus Early HD, gray solid triangles = Pre-HD versus Early HD, gray open triangles = controls ver-
sus Pre-HD. (C, D) Mean difference from controls in the averaged relative power spectrum during REM (C) and NREM (D) sleep
is presented with 99.875% confidence interval (Cl) limits controlled for age and sex. Dashed reference line = Control; blue
lines = Pre-HD; red lines = Early HD. Triangles indicate statistically corrected significant (p<0.00125) differences between Early
HD and controls. (E, F) Association between the relative power spectrum measured during REM (E) and NREM (F) sleep and the
disease burden score (DBS) within the entire premanifest and manifest gene carrier group. Regression coefficients and 99.875%

Cl are indicated. Triangles indicate statistically corrected significant associations (p<0.00125) with DBS.

compared to controls (see Table 3). Pre-HD participants
were sleepier than both controls and early HD partici-
pants, as indicated by a shorter average sleep latency
measured by MSLT. The early HD group presented the
smallest sleep propensity during the day independent of
age and sex. Daytime sleepiness decreased with disease

burden in the premanifest and manifest gene carrier
group.

Sleep-Wake Timing and Self-Reported
Measures of Sleep

As sleep—wake timing and diurnal preference have been
associated with individual differences in sleep quality,®
metabolism,’® and mental health,’’ we also assessed this
aspect of sleep. PC1 component explained 34% of the
variation across all studied measures within this domain
(see Table 4). It was not different between the groups
(p = 0.341, adjusted p = 0.681; see Fig 1E) and was not
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associated with DBS (p = 0.0945, adjusted p = 0.451; see
Fig 1F), although the direction of the effects was consist-
ent with the objective PSG assessments of sleep quality.
PC1 included actigraphy-measured habitual time in bed
(TIB; PC loading = 0.60), diurnal preference measured
by the MEQ total score (PC loading = 0.60), preferred
TIB (PC loading = 0.56), self-reported habitual TIB (PC
loading = 0.44), sleep duration (PC loading = 0.43), and
bedtime (PC loading= —0.92), actigraphy measured
(PC  loading= —0.90) and preferred bedtime (PC
loading = —0.89), time of self-reported evening tiredness
sufficient to go to sleep (PC loading = —0.87), actigra-
phy measured (PC loading = —0.57) and self-reported
habitual getup time (PC loading = —0.51), and preferred
getup time (PC loading = —0.38).

The secondary exploratory analyses did not show
group differences across any of the measures. There was

an association between an earlier timing of evening
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sleepiness sufficient to go to sleep and increasing disease
burden independent of sex (see Table 4). We consider
that reporting these values is important, as in particular
chronotype and diurnal preference are important charac-
teristics of the studied population and allow for system-
atic comparison of different study groups.

EEG Spectral Characteristics

The whole night REM sleep—dependent relative EEG
power showed a major decrease in the frequency range of
4 to 9Hz and an increase at 1 to 2Hz in early HD as
compared to controls independent of age and sex (Fig 3).
The pre-HD group was mostly intermediate between the
2 groups or similar to controls, except for the 2Hz and
7Hz bins, where they were similar to early manifest
patients showing a higher (2Hz) and lower (7Hz) relative
power, respectively, as compared to controls. After con-
servative statistical correction, only the relative power dif-
ferences within the 5 to 7Hz frequency range remained
significant between the early HD and the control group.
The REM sleep—dependent 4 to 7Hz range showed a
robust association with disease burden independent of
sex, and this survived conservative statistical correction.
In NREM sleep, there was a similar decrease in the rela-
tive power in early HD compared to controls and Pre-
HD in the range of 3 to 8Hz, but also an increase in the
32 to 36Hz high-frequency range compared to controls
independent of age and sex. After conservative statistical
correction, only the decrease in the 6 to 7Hz range
remained significant without any significant association
with disease burden.

Metabolic Alterations

For the metabolic analyses, we controlled our analyses
for age, sex, and body mass, fat mass, or lean mass
depending on the studied measures (see Table 5). As
PC1 was dominated by sex effects, we analyzed PC2,
which explained 17% of the variation across all studied
metabolic measures and showed no group effect (adjusted
p=0.21; see Fig 1G) nor association with DBS
(p=0.804; see Fig 1H). PC2 included leptin (PC
loading = 0.70), fat mass Z score (PC loading = 0.61),
total body mass (PC loading=0.50), VPA (PC
loading = —0.61), PAL (PC loading= —0.55), AEE
(PC loading = —0.52), and TEE (PC loading = —0.37)
measured by DLW and testosterone (PC loading =
—0.37).

Secondary exploratory analyses showed no signifi-
cant group differences except a decreased AEE in pre-
manifest patients as compared to controls independent of
age, sex, and body mass (see Table 5).
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Discussion

Sleep is of upmost importance in life, with multiple links
to cognition52 and metabolism.>® In manifest HD, dis-
turbances have been reported in all 3 of these areas, but
have not been systematically studied in patients prior to
motor disease onset. The findings reported here represent
the first comprehensive study of sleep and metabolism in
a group of Pre-HD individuals.

We show that objectively measured sleep quality is
greatly affected ahead of overt disease onset including
various intercorrelated sleep parameters. That sleep conti-
nuity measures such as number of arousals, total number
of shifts between sleep stages, wake time after sleep onset,
and fast changes in sleep stages had the highest contribu-
tion (PC loading) to PC1 indicates that sleep continuity
is the major sleep characteristic differentiating the studied
groups and is significantly associated with disease burden.
This interpretation is supported by the secondary explor-
atory analyses. Whereas the TST and the relative dura-
tion of sleep stages are unchanged, the continuity of
sleep is decreased in premanifest patients. Sleep continu-
ity is thought to be important for the restorative function
of sleep.”® This suggests that even in the presence of suf-
ficient sleep duration, the restorative effects may be com-
promised during the premanifest stage. These results of
fragmented sleep are in line with a recent paper showing
major sleep disturbances in manifest HD patients that
were also characterized by increased arousals and awaken-
ings’”> and data from transgenic animal models of HD
showing that sleep quality as well as oscillatory brain
activity (EEG) and circadian rhythmicity becomes gradu-
ally more disrupted as the disease progresses.'"'*'* Fur-
thermore, it has recently been shown that resting EEG
alterations in pre-HD individuals may be related to the
course of the pathological process and to HD endophe-
notype.”> These results are intriguing, because EEG
activity reflects characteristics of cortical and subcortical
neural activity and has the potential to become a bio-
marker for HD onset and progression in the future.”
Whereas there are a number of quantitative EEG
(qEEG) studies of waking brain activity in HD (for a
review see Nguyen et al’®), there are only a couple of
studies looking at spectral features of EEG during sleep,
and only in transgenic animal models of HD,!!:12:14:57:58
with no studies in humans. Our study therefore is the
first qEEG study performed during sleep in premanifest
and manifest patients with HD and indicates alterations
in the NREM- and particularly the REM-dependent
oscillatory activity of the brain associated with disease
burden in gene carriers. Some of our findings such as the
decrease in the 3 to 8Hz range and the increase in the
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high-frequency (32-36Hz) range in the early HD group
are somewhat similar to findings in transgenic animal
studies reporting a progressive decrease in low-frequency
(delta) and increase in high-frequency (beta—gamma)
activity in sleep.'"'**® The REM-dependent increase in
the 1 to 2Hz range is unexpected and could be related to
increased REM intensity (density of REM), a hypothesis
that remains to be tested. However, all these effects were
small, affecting only the early HD group, with a mar-
ginal association with the disease burden at best. There-
fore, a detailed discussion on this is not justified. It is
important however to emphasize that we did not analyze
EEG segments where increased muscle activity contami-
nated the EEG signal. Therefore, sleep EEG segments
around awakenings when elevated muscle activity was
usually present were excluded from the spectral analyses,
which may have masked to a degree the increase in the
high-frequency EEG activity in the gene carrier group
presenting with more frequent awakenings.

The most robust qEEG finding, however, that sur-
vived conservative statistical correction is a decrease in
the 4 to 8Hz frequency band in REM and in the 6 to
7Hz range in NREM sleep in the early HD group inde-
pendently of age and sex, pointing to a theta frequency
range—specific alteration in HD. Although premanifest
patients were not significantly different from controls,
importantly the REM-dependent theta (4-7Hz) decrease
was significantly associated with disease burden score in
the entire gene carrier group. Theta activity during
NREM and REM sleep has been shown to have a simi-
lar age-dependent decline, indicating probably common
functional correlates, and it has been suggested to play a
role in neural restoration following wakefulness.”® This
is supported by the finding that sleep deprivation
increases EEG activity in the 1 to 7Hz frequency range
during recovery sleep in both NREM and REM sleep
episodes.®” The functional correlates of this specific
EEG pattern and the possible underlying mechanisms in
HD remain to be established.

Now altered sleep continuity in ageing is thought
to be at least in part a consequence of a “weakened” cir-
cadian signal,61 and in HD it is known that melatonin
levels are already reduced at a premanifest stage.’> This
coupled with the unstable sleep phenotype that we
describe in this paper suggests a deficit in neural proc-
esses regulating vigilance stages. Sleep and wakefulness
result from interacting neurotransmitter systems in the
brainstem, hypothalamus, and basal forebrain,®®> with
sleep emerging from the inhibition of wake-promoting
systems by the preoptic area of the hypothalamus.**
Therefore, it may be that one of the earliest sites of
pathology in HD is the hypothalamus.”'
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The results also show that sleep disturbances similar
to the cognitive deficits follow a linear association with
disease burden independent of sex. Although both the
primary cognitive and sleep deficits appear long before
the overt motor disease onset, the mechanistic link
between these factors remains to be established. The sleep
data show that once the discase becomes manifest, many
other sleep problems emerge such as a decrease in sleep
efficiency and REM sleep and an increase in superficial
stage 1 sleep, which are in line with previous studies per-
formed in manifest patients.”>®> We also show that these
effects are independent of age and sex.

Our exploratory analyses show that objectively
measured daytime sleepiness is greater in premanifest
patients than controls, and then decreases with increas-
ing disease burden and is much less in early manifest
patients as compared to both controls and premanifest
individuals, independent of age and sex. This is an
intriguing finding, as one would expect the greater
sleep deficits to lead to greater sleep propensity.
Healthy aging is associated with a reduction in daytime
sleep propensity, sleep continuity, and SWS and may
reflect a lessening in homeostatic sleep requirement,®®
which is related to synaptic strength and plasticity.®”
Therefore, there may be a complex mechanistic link
between the progressive decrease in daytime sleepiness
and increasing sleep deficits in HD involving a gradu-
ally worsening synaptic pathology, which may also
account for some of the early cognitive deficits. It is
also known that patients entering the early manifest
stages of the illness lose a degree of insight.’® Although
we did not explicitly look at this in this study, it may
help explain the discrepancy between the subjective
and objective sleep abnormalities reported previously in
early manifest HD'® and now in premanifest patients.
This further raises questions on the usefulness of
employing subjective measures of sleep quality in HD
clinical practice and research.

In addition, our metabolic study (which is the first
to investigate energy expenditure in Pre-HD patients
using both the field and laboratory environments) did
not find any metabolic abnormality at this stage of the
condition.*”

Although our study has many unique qualities, it
also has a number of limitations. Although this is so far
the only study to systematically investigate sleep, cogni-
tion, and metabolism in a cohort of premanifest patients
using state of the art methodology, the results presented
here are cross-sectional, and so we are not able to estab-
lish any causality between abnormalities. We are therefore
continuing to follow up these patients to evaluate how
the abnormalities identified change as the patient
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transitions into manifest disease states. Furthermore, not
all participants took part in all studies, which were not
all performed at the same time in some participants.
However, the sleep components of the work preceded all
the other studies in all cases, indicating that any time dif-
ference between the studies could not cause the temporal
primacy of the sleep abnormalities. Additionally, some of
our patients and controls were taking medications that
may affect sleep and metabolism, but importantly the
groups were not significantly different in this regard and
our most important results (such as sleep fragmentation)
remained highly significant even after excluding the
medicated participants.

In summary, we have shown for the first time that
the premanifest stage of HD is characterized by sleep
abnormalities at a time when the well-described early
cognitive disturbances begin to emerge. Metabolic abnor-
malities related to body composition and energy expendi-
ture are not present at this stage of the disease,
suggesting that sleep may be one of the earliest homeo-
static processes to go wrong in HD, which in turn may
have other effects such as driving eatly cognitive dysfunc-
tion and even the pathology of HD itself.

Acknowledgment

This study was supported by the CHDI Foundation
(CHDI-RG50786), the National Institute for Health
Research (BRC-RG64473, R.A.B.), and a Medical
Research Council program grant (Physiological Model-
ling and Metabolic Risk; MC_UP_A090_1005, PS.).
Z.1.L. received support from the Romanian National
Authority for Scientific Research (CNDI-UEFISCDI)
through grant PN-II-PT-PCCA-2011-3.2-0895.

We thank the patients, their families, and all the vol-
unteers for their participation in the study; the staff of
the John van Geest Centre for Brain Repair, Respiratory
Support and Sleep Centre at Papworth Hospital,
National Institute for Health Research Wellcome Trust
Cambridge Clinical Research Facility, and Medical
Research Council Human Nutrition Research Unit for
their help and collaboration; M. Levend, E. R. Orford,
and Dr L. J. C. Bluck for their help with the DLW
study; and Dr D.-J. Dijk and ]. Rayner for their com-
ments on an early draft of the manuscript.

Authorship

R.AB., A.O.G.G,, ]JM.S., PRM,, and B.B. designed the
study. A.S.L., EP, and A.O.G.G. ran the study. A.S.L.,
A.O.G.G,, EP, and S.L.M. collected the cognitive and
clinical data. J.M.S. and L.R. collected the sleep data.
PR.M. and L.PE.W. performed the indirect calorimetry

646

and body composition assessment. PS. prepared the
DLW and processed the urine samples. A.S.L., Z.IL,,
and S.E.L. analyzed the sleep EEG data. AS.L., ED,
A.O.G.G,, and S.E.L. managed and analyzed all other
data. AS.L, EP, SEL., SLM, BB. ZIL, and
R.A.B. interpreted the data and wrote the paper. All
authors were involved in the revision of the manuscript.

AS.L. and EP. are equal first authors.

Potential Conflicts of Interest

Nothing to report.

References

1. Morrison PJ. Accurate prevalence and uptake of testing for Hun-
tington’s disease. Lancet Neurol 2010;9:1147.

2. Harper PS. The epidemiology of Huntington’s disease. Hum
Genet 1992;89:365-376.

3. Snell RG, MacMillan JC, Cheadle JP, et al. Relationship between
trinucleotide repeat expansion and phenotypic variation in Hun-
tington'’s disease. Nat Genet 1993;4:393-397.

4. Huntington's Disease Collaborative Research Group. A novel gene
containing a trinucleotide repeat that is expanded and unstable
on Huntington’s disease chromosomes. Cell 1993,72:971-983.

5. Paulsen JS, Ready RE, Hamilton JM, et al. Neuropsychiatric
aspects of Huntington’s disease. J Neurol Neurosurg Psychiatry
2001;71:310-314.

6. Djousse L, Knowlton B, Cupples LA, et al. Weight loss in early
stage of Huntington’s disease. Neurology 2002;59:1325-1330.

7. Videnovic A, Lazar AS, Barker RA, Overeem S. 'The clocks that
time us'—circadian rhythms in neurodegenerative disorders. Nat
Rev Neurol 2014;10:683-693.

8. Ross CA, Tabrizi SJ. Huntington’s disease: from molecular patho-
genesis to clinical treatment. Lancet Neurol 2011;10:83-98.

9. Walker FO. Huntington’s disease. Lancet 2007;369:218-228.

10. Goodman AO, Rogers L, Pilsworth S, et al. Asymptomatic
sleep abnormalities are a common early feature in patients with
Huntington’s disease. Curr Neurol Neurosci Rep 2011;11:211-
217.

11.  Fisher SP, Black SW, Schwartz MD, et al. Longitudinal analysis
of the electroencephalogram and sleep phenotype in the Ré6/2
mouse model of Huntington's disease. Brain 2013;136(pt 7):2159-
2172.

12. Kantor S, Szabo L, Varga J, et al. Progressive sleep and electroen-
cephalogram changes in mice carrying the Huntington's disease
mutation. Brain 2013;136(pt 7):2147-2158.

13. Kudo T, Schroeder A, Loh DH, et al. Dysfunctions in circadian
behavior and physiology in mouse models of Huntington's dis-
ease. Exp Neurol 2011;228:80-90.

14. Lebreton F, Cayzac S, Pietropaolo S, et al. Sleep physiology alter-
ations precede plethoric phenotypic changes in R6/1 Huntington's
disease mice. PloS One 2015;10:e0126972.

15. Loh DH, Kudo T, Truong D, et al. The Q175 mouse model of
Huntington's disease shows gene dosage- and age-related
decline in circadian rhythms of activity and sleep. PloS One 2013;
8:€69993.

16. Paulsen JS, Long JD, Ross CA, et al. Prediction of manifest Hun-
tington’s disease with clinical and imaging measures: a prospec-
tive observational study. Lancet Neurol 2014;13:1193-1201.

Volume 78, No. 4



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Aziz NA, Pijl H, Frolich M, et al. Systemic energy homeostasis in
Huntington’s disease patients. J Neurol Neurosurg Psychiatry
2010;81:1233-1237.

Pratley RE, Salbe AD, Ravussin E, Caviness JN. Higher sedentary
energy expenditure in patients with Huntington’s disease. Ann
Neurol 2000;47:64-70.

Goodman AO, Murgatroyd PR, Medina-Gomez G, et al. The met-
abolic profile of early Huntington’s disease—a combined human
and transgenic mouse study. Exp Neurol 2008;210:691-698.

Mochel F, Charles P, Seguin F, et al. Early energy deficit in Hun-
tington disease: identification of a plasma biomarker traceable
during disease progression. PloS One 2007;2:€647.

Politis M, Pavese N, Tai YF, et al. Hypothalamic involvement in
Huntington'’s disease: an in vivo PET study. Brain 2008;131(pt 11):
2860-2869.

Penney JB Jr, Vonsattel JP, MacDonald ME, et al. CAG repeat
number governs the development rate of pathology in Hunting-
ton’s disease. Ann Neurol 1997;41:689-692.

Huntington Study Group. Unified Huntington’s Disease Rating
Scale: reliability and consistency. Mov Disord 1996;11:136-142.

Nasreddine ZS, Phillips NA, Bedirian V, et al. The Montreal Cogni-
tive Assessment, MoCA: a brief screening tool for mild cognitive
impairment. J Am Geriatr Soc 2005;53:695-699.

Benedict RHB, Schretlen D, Groninger L, Brandt J. The Hopkins
verbal learning test-revised: normative data and analysis of
interform and test-retest reliability. Clin Neuropsychol 1998;12:
43-55.

Lezak MD, Howieson DB, Bigler ED, Tranel D. Neuropsychological
assessment. Oxford, UK: Oxford University Press, 1995.

Reitan RM. The relation of the trail making test to organic brain
damage. J Consult Psychol 1955;19:393-3%94.

Smith A. Symbol digit modalities test: manual. Los Angeles, LA:
Western Psychological Services, 1982.

Collins LM, Lazic SE, Barker RA. A retrospective analysis of hand
tapping as a longitudinal marker of disease progression in Hun-
tington’s disease. BMC Neurol 2014;14:35.

Hummel T, Sekinger B, Wolf SR, et al. ‘Sniffin’ sticks: olfactory
performance assessed by the combined testing of odor identifica-
tion, odor discrimination and olfactory threshold. Chem Senses
1997,22:39-52.

Montgomery SA, Asberg M. A new depression scale designed to
be sensitive to change. Br J Psychiatry 1979;134:382-389.

Beck AT, Steer RA, Brown GK. Manual for the Beck Depression Inven-
tory-Il. San Antonio, TX: Psychological Corporation, 1996.

Clarke DE, Reekum R, Simard M, et al. Apathy in dementia: an
examination of the psychometric properties of the apathy evalua-
tion scale. J Neuropsychiatry Clin Neurosci 2007;19:57-64.

Patton JH, Stanford MS, Barratt ES. Factor structure of the Barratt
impulsiveness scale. J Clin Psychology 1995;51:768-774.

Horne JA, Ostberg O. A self-assessment questionnaire to deter-
mine morningness-eveningness in human circadian rhythms. Int J
Chronobiol 1976;4:97-110.

Buysse DJ, Reynolds CF Ill, Monk TH, et al. The Pittsburgh Sleep
Quality Index: a new instrument for psychiatric practice and
research. Psychiatry Res 1989;28:193-213.

Weaver TE, Laizner AM, Evans LK, et al. An instrument to measure
functional status outcomes for disorders of excessive sleepiness.
Sleep 1997;20:835-843.

Johns MW. A new method for measuring daytime sleepiness: the
Epworth sleepiness scale. Sleep 1991;14:540-545.

Sleep-related breathing disorders in adults: recommendations for
syndrome definition and measurement techniques in clinical

October 2015

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lazar et al: Sleep and Metabolism in HD

research. The report of an American Academy of Sleep Medicine
Task Force. Sleep 1999;22:667-689.

Oliphant TE. Python for scientific computing. Comput Sci Eng
2007;9:10-20.

Hunter JD. Matplotlib: A 2D graphics environment. Comput Sci
Eng 2007;9:90-95.

Lazar AS, Lazar ZI, Biro A, et al. Reduced fronto-cortical brain connec-
tivity during NREM sleep in Asperger syndrome: an EEG spectral and
phase coherence study. Clin Neurophysiol 2010;121:1844-1854.

Ponomareva N, Klyushnikov S, Abramycheva N, et al. Alpha-theta
border EEG abnormalities in preclinical Huntington's disease.
J Neurol Sci 2014;344:114-120.

Flint A, Raben A, Blundell JE, Astrup A. Reproducibility, power
and validity of visual analogue scales in assessment of appetite
sensations in single test meal studies. Int J Obes Relat Metab Dis-
ord 2000;24:38-48.

Moore SA, Hallsworth K, Bluck LJ, et al. Measuring energy
expenditure after stroke: validation of a portable device. Stroke
2012;43:1660-1662.

Schofield WN. Predicting basal metabolic rate, new standards and
review of previous work. Hum Nutr Clin Nutr 1985;3%9(suppl 1):5-41.

Cohen J. Statistical power analysis for the behavioral sciences.
Hillsdale, NJ: Lawrence Erlbaum Associates, 1988.

Tabrizi SJ, Langbehn DR, Leavitt BR, et al. Biological and clinical
manifestations of Huntington’s disease in the longitudinal TRACK-
HD study: cross-sectional analysis of baseline data. Lancet Neurol
2009;8:791-801.

Barclay NL, Eley TC, Buysse DJ, et al. Diurnal preference and
sleep quality: same genes?. A study of young adult twins. Chrono-
biol Int 2010;27:278-296.

Yu JH, Yun CH, Ahn JH, et al. Evening chronotype is associated
with metabolic disorders and body composition in middle-aged
adults. J Clin Endocrinol Metab 2015;100:1494-1502.

Merikanto |, Lahti T, Kronholm E, et al. Evening types are prone
to depression. Chronobiol Int 2013;30:719-725.

Scullin MK, Bliwise DL. Sleep, cognition, and normal aging: inte-
grating a half century of multidisciplinary research. Perspect Psy-
chol Sci 2015;10:97-137.

Briancon-Marjollet A, Weiszenstein M, Henri M, et al. The impact
of sleep disorders on glucose metabolism: endocrine and molecu-
lar mechanisms. Diabetol Metab Syndr 2015;7:25.

Stepanski EJ. Improving the utility of interpreting sleep fragmen-
tation. J Clin Sleep Med 2007;3:275-276.

Piano C, Losurdo A, Della Marca G, et al. Polysomnographic findings
and clinical correlates in huntington disease. a cross-sectional cohort
study. Sleep. 2015 Feb 18. pii: sp-00762-14. [Epub ahead of print]

Nguyen L, Bradshaw JL, Stout JC, et al. Electrophysiological
measures as potential biomarkers in Huntington’s disease: review
and future directions. Brain Res Rev 2010;64:177-194.

Pignatelli M, Lebreton F, Cho YH, Leinekugel X. “Ectopic” theta oscil-
lations and interictal activity during slow-wave state in the R6/1 mouse
model of Huntington'’s disease. Neurobiol Dis 2012;48:409-417.

Jeantet Y, Cayzac S, Cho YH. f oscillation during slow wave sleep
and rapid eye movement sleep in the electroencephalogram of a
transgenic mouse model of Huntington’s disease. PloS One 2013;
8:€79509.

Feinberg |, Campbell IG. Longitudinal sleep EEG trajectories indi-
cate complex patterns of adolescent brain maturation. Am J Phys-
iol Regul Integr Comp Physiol 2013;304:R296-R303.

Marzano C, Ferrara M, Curcio G, De Gennaro L. The effects of
sleep deprivation in humans: topographical electroencephalogram
changes in non-rapid eye movement (NREM) sleep versus REM
sleep. J Sleep Res 2010;19:260-268.

647



ANNALS of Neurology

61.

62.

63.

64.

648

Dijk DJ, Duffy JF, Riel E, et al. Ageing and the circadian and
homeostatic regulation of human sleep during forced desynchrony
of rest, melatonin and temperature rhythms. J Physiol 1999;516(pt
2):611-627.

Kalliolia E, Silajdzic E, Nambron R, et al. Plasma melatonin is
reduced in Huntington’s disease. Mov Disord 2014;29:1511-1515.

Brown RE, Basheer R, McKenna JT, et al. Control of sleep and
wakefulness. Physiol Rev 2012;92:1087-1187.

Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep
and circadian rhythms. Nature 2005;437:1257-1263.

65.

66.

67.

68.

Arnulf |, Nielsen J, Lohmann E, et al. Rapid eye movement sleep
disturbances in Huntington disease. Arch Neurol 2008;65:482-488.

Dijk DJ, Groeger JA, Stanley N, Deacon S. Age-related reduction
in daytime sleep propensity and nocturnal slow wave sleep. Sleep
2010;33:211-223.

Tononi G, Cirelli C. Sleep and the price of plasticity: from synaptic
and cellular homeostasis to memory consolidation and integra-
tion. Neuron 2014;81:12-34.

Ho AK, Robbins AO, Barker RA. Huntington's disease patients have
selective problems with insight. Mov Disord 2006;21:385-389.

Volume 78, No. 4



	l

