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Abstract
Background and Objectives
Sleep dysfunction is common in patients with neurodegenerative disorders; however, its neural
underpinnings remain poorly characterized in genetic frontotemporal dementia (FTD). Hy-
pothalamic nuclei important for sleep regulation may be related to this dysfunction. Thus, we
examined changes in hypothalamic structure across the lifespan in patients with genetic FTD
and whether these changes related to sleep dysfunction.

Methods
Data from the observational multisite Genetic Frontotemporal Dementia Initiative (GENFI) study
were used. GENFI participants were adultmembers of a family with known pathogenic variants in the
microtubule-associated protein tau (MAPT) or progranulin (GRN) genes or an expansion in the
chromosome 9 open reading frame 72 (C9orf72) gene. Familymemberswithout a pathogenic variant
served as controls. GENFI participants were followed annually, with up to 7 visits, and underwent
clinical characterization, neuropsychological testing, biological sampling, and brain MRI. For our
analyses, participants were included if they had at least 1 T1-weighted structural MRI scan available.
Linear mixed-effect models were used to examine changes in sleep dysfunction, measured using the
Cambridge Behavioural Inventory-Revised sleep subscale, volumetric changes in hypothalamic
regions, and the associations between cortical and hypothalamic atrophy and sleep dysfunction.

Results
Participants included 491 adults with pathogenic genetic variants of FTD (27.9% symptomatic;
median age: 49.4 years, 56.4%F) and 321 controls (median age: 44.2 years, 57.3%F). Patho-
genic variant carriers showed greater sleep dysfunction across the adult lifespan (β =
[0.25–0.34], q < 0.005) withMAPT carriers alone showing presymptomatic sleep changes (β =
0.34, q = 0.005). Cortical thinning in frontal and parietal regions was associated with greater
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Universität München, Munich, Germany; Department of Neurology (M.O.), University of Ulm, Germany; Department of Neurofarba (S.S.), University of Florence, Italy; Department of
NeurodegenerativeDisease (A.B.,D.M.C., L.L.R.,M.B., J.D.R.), UniversityCollege London,UnitedKingdom;andDepartmentof Psychiatry (G.A.D.,M.C., S.D.),McGill University,Montréal,Canada.
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sleep disturbances in C9orf72 and GRN carriers (q < 0.05). MAPT carriers showed consistently significant volume loss over
time across all sleep-relevant hypothalamic subunits (β = [−0.56 to −0.39], q < 0.005), and reduced volumes in these subunits
were related to increased sleep dysfunction (β = [−0.20 to −0.16], q < 0.05).

Discussion
These findings suggest that sleep dysfunction in patients with genetic FTD may be attributable to atrophy in sleep-relevant
hypothalamic subunits, with the most severe and consistent deficits observed inMAPT carriers. While biologically plausible, our
statistical approach cannot confirm a causal link between atrophy and sleep disturbances.

Introduction
Sleep disturbances are common and have been widely
reported in frontotemporal dementia (FTD) with an esti-
mated 33%–76% of patients with FTD experiencing some
sort of sleep disturbance.1 Sleep dysfunction is associated with
reduced cognitive performance across the lifespan2 and may
contribute to caregiver distress.3 Patients with genetic FTD,
largely caused by pathogenic mutations in 1 of 3 fully pene-
trant autosomal dominant variations, chromosome 9 open
reading frame 72 (C9orf72), progranulin (GRN), or
microtubule-associated protein tau (MAPT),4 may be at
particular risk of experiencing sleep dysfunction. In MAPT
carriers, severe sleep symptomatology has previously been
observed in patients with FTD and animal models of the
pathogenic mutations.5,6 Furthermore, preclinical MAPT
carriers have endorsed significantly greater sleep dysfunction
relative to noncarriers, and these symptoms may precede the
onset of core clinical symptoms.7 Notably, rapid eye move-
ment (REM) sleep behavior disorder has previously been
associated with C9orf72 expansions.8,9

Hypothalamic atrophy is related to sleep dysfunction in neu-
rodegenerative diseases. The hypothalamus contains several
nuclei critical to the regulation of sleep and wakefulness, in-
cluding the suprachiasmatic nucleus (SCN), the lateral hypo-
thalamic area (LHA), and the ventrolateral preoptic nucleus
(VLPO), and projects widely to the cortex.10 The SCN serves
as the circadian pacemaker, controlling the timing of sleep and
wakefulness.11 The LHA, by contrast, subserves feeding and
sleep.12 The LHA and adjacent zona incerta contain the cell
bodies of neurons containing melanin-concentrating hormone
(MCH).12 MCH neurons are known to be activated during
rapid eye movement sleep.13,14 The LHA also contains wake

promoting orexin ([OX]; also known as hypocretin) neurons,
which are only found in the LHA and perifornical area.12 Fi-
nally, the VLPO plays an important role in the maintenance of
sleep and regulating sleep-wake cycles.15 Given the importance
of the hypothalamus in the coordination of sleep and wake-
fulness, damage to it should have an outsized impact on sleep
performance. This structure has been implicated in disordered
sleep in Alzheimer disease (AD),16 Parkinson disease,17 and
sporadic FTD,18,19 and reducedOX-A levels in CSF in patients
with FTD have been directly correlated with increased daytime
somnolence.20

Previous work on sleep dysfunction in FTD has primarily
been focused on patients with sporadic FTD. Previous
investigations, however, have shown unique mutation-specific
changes in brain structure with distinct relations to behavioral
and psychiatric features in those with FTD-related muta-
tions.21 Comparatively, little work has been performed to
examine the neural correlates of sleep disturbances in genetic
FTD. This study aims to examine disordered sleep and the
associations between hypothalamic structure and sleep dys-
function in genetic FTD.

Methods
Participants
All data were taken from data freeze 5 of the Genetic Fronto-
temporal Dementia Initiative (GENFI) study,22 which includes
participants tested between January 30, 2012, and May 31,
2019. A total of 1,108 participants have been recruited from 25
sites across the United Kingdom, the Netherlands, Belgium,
France, Spain, Portugal, Italy, Germany, Sweden, Finland, and
Canada. Participants were recruited at each site either through

Glossary
FTD = frontotemporal dementia; C9orf72 = chromosome 9 open reading frame 72; GRN = progranulin; MAPT =
microtubule-associated protein tau; AD = Alzheimer disease; REM = rapid eye movement; SCN = suprachiasmatic nucleus;
SupTub = superior tubular; LHA = lateral hypothalamic area; MCH = melanin-concentrating hormone; MNI = Montreal
Neurological Institute;OX = orexin; GENFI = Genetic Frontotemporal Dementia Initiative; CBI-R = Cambridge Behavioural
Inventory-Revised; T1-w = T1-weighted; FDR = false discovery rate; CTh = cortical thickness; MMSE = Mini-Mental State
Examination;TIV = total intracranial volume;VCP = valosin-containing protein;VLPO = ventrolateral preoptic nucleus;TBK-
1 = TANK-binding kinase 1.
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clinical contacts or through those independently reaching out
to study teams. Participants included adults with known
pathogenic mutations causative of FTD alongside family
members who did not carry a pathogenic variant who served as
controls.

Symptom Assessment and Cambridge
Behavioural Inventory
All participants underwent a standardized clinical and neuro-
psychological assessment as previously described.23 A binary
variable of symptomatic vs nonsymptomatic was defined by
expert clinicians at the time of visit. Individuals were deemed
“nonsymptomatic” should they not exhibit typical FTD
symptoms or “symptomatic” should they exhibit these symp-
toms. Of particular interest to this project is the Cambridge
Behavioural Inventory-Revised (CBI-R).24 The CBI-R is a val-
idated, informant-based questionnaire designed to assess and
quantify behavioral and psychiatric symptoms common in
neurodegenerative disorders within the previous 4 weeks.24

Cognitively normal informants who know the participant well
completed the CBI-R. Items were evaluated on a 5-point scale,
from 0 to 4. This study focused on the CBI-R sleep subscale
containing 2 items that assess (1) sleep disruption during the
night (sleep is disturbed at night) and (2) excessive daytime
somnolence (sleepsmore by day than before [cat naps, etc]). A
composite score, ranging from 0 to 8, of these 2 items was used
as the measure of sleep dysfunction in this study.24

Image Processing

Acquisition
Participants were recruited and scanned at a GENFI2 site. All
participants underwent whole-brain 1.1-mm isotropic reso-
lution volumetric T1-weighted (T1-w) magnetic resonance
imaging. MRI scans were acquired using a 3T scanner or 1.5T
should 3T not be available. Scan protocols were designed at
the outset of the study to harmonize across scanners and
imaging sites as much as possible to ensure adequatematching
between the scanners.23 Volumetric T1-w MRI scans were
acquired for 983 participants, of which 47 were acquired at
1.5T. Acquisition parameters were as follows: slice thickness
1.1 mm (1–1.2 mm), repetition time 2000 ms (6.6–2,400),
echo time 2.9 ms (2.2–9 ms), flip angle 8 deg. (8–11), and
number of slices 208 (140–208).

Raw Image Quality Control
Involuntary subject motion during MRI acquisition can cause
imaging artifacts that can negatively affect the quality of the
data.25 Reduced image quality can bias derived cortical vol-
umes and thickness estimates and reduce their reliability. To
control for these imaging artifacts, quality control of the raw
images was assessed using the guidelines developed in the
Computational Brain Anatomy Laboratory.26,27

Preprocessing
Preprocessing of the raw T1-w images was completed using
the minc-bpipe-library pipeline28 to improve image quality and
standardize the images that were used as inputs to the volumetric

and cortical thickness (CTh) analyses. The minc-bpipe-pipeline
allows supervision of each step through providing quality control
images at several preprocessing stages and performs the fol-
lowing steps: (1) N4 bias field correction,29 (2) registration of
the image into Montreal Neurological Institute (MNI) space
using bestlinereg,30,31 (3) field-of-view standardization and brain
orientation into MNI space using an inverse-affine trans-
formation of anMNI space head mask, and (4) extraction of the
brain using the BEaST technique.32

Cortical Thickness
Skull-striped preprocessed brain images derived from the
minc-bpipe-library pipeline were used as inputs into the
CIVET 2.1.1 pipeline33 to extract CTh using the average
ICBM152 model as the target of registration and a 30-mm
surface-based blurring kernel. Outputs were quality controlled
to ensure that the gray and white matter surface tissue clas-
sification and surface extraction were successful.

Volumetric Measurement of the Hypothalamus
The N4 bias field–corrected preprocessed brain images de-
rived from the minc-bpipe-library were used as inputs for the
hypothalamus segmentation. We used a convolutional neu-
ral network–based automated hypothalamus segmentation
algorithm34 to obtain volumes in 5 hypothalamic subunits:
anterior-inferior (SCN and supraoptic nucleus), anterior-
superior (preoptic area and paraventricular nucleus), pos-
terior (mamillary body, posterior lateral hypothalamus,
tuberomammillary nucleus), tubular inferior (infundibular
nucleus, ventromedial nucleus, supraoptic nucleus, lateral
tubular nucleus, tuberomammillary nucleus), and the tubu-
lar superior subunit (dorsomedial nucleus, paraventricular
nucleus, anterior lateral hypothalamus). Compared with
a sample of images manually segmented by an expert rater,
given the relatively small size of the hypothalamus
(;800 mm3), the algorithm showed comparatively high
Dice coefficients for the whole hypothalamus (0.83) and the
posterior and tubular subunits (<0.80) and moderate Dice
coefficients for the anterior subunits (<0.54).34 While not as
accurate as manual segmentation, this algorithm can provide
reliable and accurate segmentation of the hypothalamus and
its subregions in large data sets. Bilateral volumes, in mm3, of
the 5 hypothalamic subunits were extracted, and subunit
volumes for each hemisphere were summed for subsequent
analysis. Visual inspection of the segmentations was then
performed to ensure adequate segmentation.

Statistics

CBI-R Statistical Analyses
Linear mixed-effect models (lmer from the lme4 1.1–14
package R 4.1.0) were used to test whether there were dif-
ferences in the trajectories of sleep disturbances across the
lifespan, as measured by scores on the CBI-R sleep subscale, in
carriers of pathogenic variants causative of FTD compared
with controls. This model (eq. 1) included pathogenic variant
status, the participant’s age at visit (to account for mutation-
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specific changes across the lifespan), the interaction between
these terms, and sex as fixed effects. Participant and family
IDs, to account for potential clustering effects based on family
membership, were included in the model as random effects.

CBI‐R   Sleep;Pathogenic  variant  status*Age  at  visit

+ Sex+ð1jIDÞ + ð1jFamily   IDÞ (1)

To confirm that these findings were not solely driven by
symptomatic mutation carriers, additional analyses conducted
separately for presymptomatic and symptomatic mutation
carriers relative to controls were performed. These models,
alongside the statistical models used for the hypothalamic
analyses, were corrected for multiple comparisons, using the
false discovery rate (FDR) with a threshold of q ≤ 0.05 to
control for the expected proportion of discoveries that are
falsely rejected,35,36 and as such, we will be reporting q-values.

Cortical Thickness Statistical Analyses
To examine how changes in CTh related to measures of sleep
disturbances, vertexwise linear mixed-effect models were used
(vertexLmer from RMINC_1.5.2.2 package from R 3.6.3).
This model (eq. 2) included pathogenic variant status,
z-scored CBI-R sleep subscale scores, the interaction between
the preceding terms, the participants’ baseline age, sex, and
z-scored Mini-Mental State Examination (MMSE) scores, as
a global measure of disease severity, as fixed effects. Random
effects included the participant ID and scanning site. Owing to
nonconvergence, family ID was omitted from the CThmodel.
The resulting maps were corrected for multiple comparisons
using FDR with a threshold of ≤ 0.05.

CTh;Sex + Age  at  baseline +MMSE

+ Pathogenic  variant  status*CBI‐R   sleep+ð1jIDÞ
+ ð1jScanning  siteÞ

(2)

Volumetric Hypothalamus Statistical Analyses
To examine changes in hypothalamic volume over time in
mutation carriers compared with controls, linear mixed-effect
models were used. This model (eq. 3) included pathogenetic
variant status, participants’ age at visit, the interaction be-
tween the preceding terms, sex, and total intracranial volume
(TIV), to control for differences in brain size, as fixed effects.
Random effects included the participant ID and scanning site.
Again, owing to nonconvergence, family ID as a factor was
omitted from the volumetric models.

Volume;Sex +TIV +Age  at  Visit*Pathogenetic  variant  status

+ð1jIDÞ + ð1jScanning  siteÞ
(3)

To examinewhether sleep dysfunction can be related to atrophy
in the hypothalamus and its subunits in mutation carriers, linear
mixed-effect models were used. This model (eq. 4) included
pathogenetic variant status, z-scored CBI-R sleep subscale

scores, the interaction between the preceding terms, baseline
age, sex, z-scored MMSE scores, and TIV as fixed effects.
Random effects included the participant ID and scanning site.

Volume;Sex + Baseline  age +MMSE+TIV

+ Pathogenetic  variant  Status*CBI‐R   sleep+ð1jIDÞ
+ ð1jScanning  siteÞ

(4)

Standard Protocol Approvals, Registrations,
and Patient Consents
All aspects of this study were approved by institutional review
boards at each of the GENFI sites. Our site received the full
approval from the McGill University Health Centre review
ethics board (MPE-CUSM-15-942). Research was conducted
according to the principles of the Declaration of Helsinki. All
participants provided written informed consent.

Data Availability
Data access to GENFI is managed by a central data access
committee that can be contacted through the study website.37

Results
Participants
From the 983 participants with at least 1 T1-weighted MR
image, scans from 130 participants were discarded because of
poor image quality. Eleven participants were excluded because
they had a rarer mutation causative of FTD (i.e., valosin-
containing protein or TBK-1). Additional 14 participants were
excluded because of MR image preprocessing failure, leaving
828 participants (scans = 1,818), of whom 39 participants were
scanned at 1.5T (scans = 52). These scans were processed to
obtain volumes for the hypothalamic subunits and for CTh.
Fifty scans from 16 participants were excluded because of poor
segmentation of the hypothalamus, leaving 812 participants
(scans = 1,768), of whom 33 were scanned at 1.5T (scans =
45). These data were used for all behavioral and hypothalamic
analyses. Seven hundred and ninety-five participants (scans =
1,735; 49 scans from 36 participants at 1.5T) were included for
CTh statistical analyses, because of 83 scans from 33 partic-
ipants being excluded due to insufficient-quality surface ex-
traction or tissue classification. While more scans at 1.5T failed
the segmentation and cortical thickness pipelines, most of these
scans passed our rigorous visual quality control measures to
ensure adequate segmentation, tissue classification, and sur-
face extraction. A summary of this process can be found in
eFigure 1. Details regarding demographic and clinical in-
formation of the samples are listed in Tables 1 and 2.

CBI-R Sleep Analyses
Group comparisons on the CBI-R sleep subscale across the life-
span revealed significant differences between controls and all
mutation carrier groups (C9orf72, β = 0.32, q = 1.99 × 10−4;
GRN, β = 0.25, q = 0.003;MAPT, β = 0.34, q = 0.003) (Figure 1).
Increased age was significantly associated with increased sleep
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scores compared with controls, suggesting greater sleep dysfunc-
tion across all mutation carrier groups relative to controls, with
MAPT carriers exhibiting greater mean sleep scores across the
lifespan. Furthermore, when examining presymptomatic and
symptomatic participants separately, we observed significantly
greater sleep dysfunction across all symptomatic mutation carrier
groups, relative to controls (β = [0.94–1.02], q < 0.001) (eTa-
ble 1); however, only MAPT mutation carriers exhibited subtle
albeit significantly greater sleep dysfunction in the pre-
symptomatic cohort (β = 0.34, q = 0.005) (Table 3).

Hypothalamus Analyses
Group comparisons of hypothalamic volumes across the life-
span in mutation carriers and controls revealed significant
differences between mutation carriers and controls. These
results are presented in Figure 2. There were significant dif-
ferences in the trajectories of bilateral hypothalamic volumes in
all mutation carrier groups when compared with controls.
Volumes in the anterior-superior subunit were significantly
reduced in both C9orf72 expansion and MAPT mutation
carrier groups (β = [−0.52 to −0.26], q < 0.001); however, the

differences in GRN mutation carriers were not significant
(β = −0.13, q = 0.087). We observed greater volume loss in the
anterior-inferior subunit in C9orf72 expansion (β = −0.17, q =
0.029) andMAPTmutation (β = −0.39, q = 5.2 × 10−4) carriers
compared with controls. Again, there were no significant dif-
ferences between the trajectories in GRNmutation carriers and
controls (β = −0.08, q = 0.321). We observed greater volume
loss in the posterior (β = [−0.56 to −0.30], q < 0.001) and
SupTub (β = [−0.55 to −0.20], q < 0.005) subunits in all
mutation carrier groups relative to controls. In contrast to other
subunits, trajectories of volumes in the inferior tubular subunit
in C9orf72 expansion and MAPT mutation carriers were not
statistically different from those in controls (β = [−0.10
to −0.02], q > 0.05) while the subunit volume in GRN carriers
were greater relative to controls (β = 0.19, q = 0.013).

Neural Correlates of CBI-R Sleep Scores
Associations between cortical thinning and scores on the CBI-
R sleep scale are presented in Figure 3. In brief, greater scores
on the CBI-R sleep scale, indicative of greater sleep dys-
function, are associated with increased atrophy in C9orf72

Table 1 Baseline Demographic and Clinical Characteristics in Pathogenic Variant Carriers and Healthy Controls Used for
Behavioral and Hypothalamus Analyses

Characteristic Controls, N = 321 C9orf72, N = 209 GRN, N = 196 MAPT, N = 86 p Value

Symptomatic, n (%) — 68 (32.5) 46 (23.5) 23 (26.7) 0.122

Female, sex, n (%) 184 (57.3) 109 (52.2) 124 (63.3) 44 (51.2) 0.097

Age, y 45.9 (13.2) 50.2 (14.0) 50.0 (13.1) 45.0 (13.3) <0.001

Education, y 14.3 (3.53) 13.8 (3.38) 14.0 (3.71) 14.1 (3.24) 0.359

MMSE, M 29.4 (1.09) 27.4 (4.23) 27.6 (4.64) 27.9 (3.88) <0.001

CBI-R sleep 0.44 (0.98) 1.20 (1.90) 0.95 (1.64) 1.38 (1.90) <0.001

Abbreviations: CBI-R = Cambridge Behavioural Inventory-Revised; C9orf72 = chromosome 9 open reading frame 72; GRN = progranulin;MAPT =microtubule-
ssociated protein tau; MMSE = Mini-Mental State Examination.
Values are listed as means (SD) unless otherwise specified. Chi-squared or one-way analysis of variance was used to examine group differences for relevant
variables.

Table 2 Baseline Demographic and Clinical Characteristics in Pathogenic Variant Carriers and Healthy Controls Used for
Cortical Thickness Analyses

Characteristic Controls, N = 323 C9orf72, N = 191 GRN, N = 193 MAPT, N = 88 p Value

Symptomatic, n (%) — 56 (29.3) 41 (21.2) 24 (27.3) 0.188

Female sex, n (%) 184 (57.0) 102 (53.4) 124 (64.2) 45 (51.1) 0.103

Age, y 45.5 (13.1) 49.0 (13.7) 49.3 (13.0) 44.7 (13.3) <0.001

Education, y 14.3 (3.52) 13.9 (3.18) 14.0 (3.69) 14.0 (3.34) 0.262

MMSE, M 29.3 (1.13) 27.7 (3.99) 28.0 (3.84) 28.1 (3.49) <0.001

CBI-R sleep 0.43 (0.97) 1.14 (1.84) 0.86 (1.50) 1.33 (1.79) <0.001

Abbreviations: CBI-R = Cambridge Behavioural Inventory Revised; C9orf72 = chromosome 9 open reading frame 72; GRN = progranulin; MAPT =microtubule-
associated protein tau; MMSE = Mini-Mental State Examination.
Values are listed as means (SD) unless otherwise specified. Chi-squared or one-way analysis of variance was used to examine group differences for relevant
variables.
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expansion carriers in the left prefrontal, parietal, posterior
cingulate cortex, and lateral temporal lobe, alongside some
right prefrontal involvement. In GRN mutation carriers,
greater scores on the CBI-R sleep scale are associated with
cortical thinning in the right posterior frontal lobe and parietal
lobe and with some posterior temporal lobe involvement.
There were no significant associations between sleep meas-
ures and cortical thinning in MAPT mutation carriers.

Figure 4 presents associations between hypothalamic volumes
and scores on the CBI-R sleep scale. In brief, both C9orf72 and
MAPT carriers had significant associations between volumes in
the SupTub region and scores on the CBI-R sleep scale, where
lower volumes were associated with greater CBI-R sleep scores
(β = −0.17, q = 0.002, and β = −0.16, q = 0.021, respectively).

MAPT mutation carriers showed trends of associations between
anterior-inferior volumes and scores on the CBI-R sleep scale,
with greater scores being associated with reduced hypothalamic
volumes (β = −0.16, q = 0.06). This association was not signifi-
cant in C9orf72 expansion or GRN mutation carriers. Further-
more, greater CBI-R sleep scores were associated with reduced
volumes in the posterior hypothalamic subunit across all mutation
carrier groups (β = [−0.20 to −0.14], q < 0.003). Finally, there
were no significant associations between anterior-superior subunit
or tubular-inferior subunit volumes and scores on theCBI-R sleep
scale that survived correction for multiple comparisons.

Discussion
The main findings of this project were threefold. First, we ob-
served an increase in the prevalence and severity of sleep dis-
turbances across the lifespan in all mutation carrier groups,
particularly MAPT carriers. Furthermore, these differences be-
tween carriers and noncarriers precede onset of clinical symp-
toms inMAPT carriers. Second, we found significant differences
in the trajectories of hypothalamic volumes. MAPT carriers
showed pronounced volume differences across all hypothalamic
subunits, save for the tubular inferior region. Measures of sleep
dysfunction correlated with cortical thinning in frontal, parietal,
and temporal lobes, but only in C9orf72 expansion and GRN
mutation carriers. Finally, reduced hypothalamic volumes were
related to sleep dysfunction in both C9orf72 andMAPT carriers,
with MAPT carriers showing the strongest associations.

Our results indicate a differing evolution of sleep dysfunction
across the lifespan in all mutation carrier groups compared with
controls. As expected, we observed increased sleep disturbances
as participants aged across all mutation carrier groups, with

Figure 1 Trajectories and Group Differences in CBI-R Sleep Subscale Scores in Genetic FTD

(A) Scores on the CBI-R sleep subscale across
the adult lifespan: Model = CBI-R Sleep; Sex
+ Age at visit * Genetic Group + (1|Id) + (1|
blinded family). (B) Scores on the CBI-R sleep
subscale in symptomatic mutation carriers:
Model = CBI-R Sleep ; Sex + Age at visit +
Genetic Group + (1|Id) + (1|blinded family).
The dotted line represents 95% CIs, ***q <
0.001. CBI-R = Cambridge Behavioural
Inventory-Revised; FTD = frontotemporal
dementia.

Table 3 Linear Mixed-Effect Model of CBI-R Scores as
a Function of Genetic Status and Demographic
Variables in Presymptomatic Mutation Carriers

Predictor β 95% CI q Value

Intercept 0.02 −0.11 to 0.14 0.43

C9orf72 −0.11 −0.28 to 0.06 0.26

GRN −0.005 −0.14 to 0.13 0.95

MAPT 0.34 0.12–0.57 0.005

Age at visit 0.11 0.05–0.17 0.001

Sex (male) 0.12 0.01–0.24 0.04

Abbreviations: β = standardized regression coefficient; C9orf72 = chromo-
some 9 open reading frame 72; GRN = progranulin; MAPT = microtubule-
associated protein tau.
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increases in sleep symptomatology after onset of clinical
symptoms. It is important to note that sleep dysfunction was
more prominent in MAPT carriers compared with other mu-
tation carriers and controls, corroborating previous suggestions
that sleep dysfunction is more salient in MAPT carriers.5,7 Only
MAPT carriers alone exhibited greater sleep dysfunction than
controls before the onset of clinical symptoms.

We found significant differences in the trajectories of hypo-
thalamic volumes, with significant reductions in most of the

measured subunits across the lifespan in mutation carriers
compared with controls (Figure 2), including subunits con-
taining nuclei (i.e., the SCN, LHA, and VLPO) relevant to the
regulation of sleep and wakefulness. MAPT carriers showed
the greatest volumetric changes across these subunits. This is
in line with previous work demonstrating reduced hypotha-
lamic volumes in symptomaticMAPT carriers in anterior and
posterior regions, when compared to other mutation carrier
groups.38,39 Of interest, histopathologic work in bvFTD
found that participants with tau pathologies had greater

Figure 2 Hypothalamic Subunit Volumes Across the Adult Lifespan in Genetic FTD

The dotted line represents 95% CIs. ***q < 0.001, **q < 0.01, *q < 0.05. Models = Vol; Sex + Total Intracranial Volume + CBI-R Sleep *Genetic Group + (1|Id) +
(1|Scanning site). CBI-R = Cambridge Behavioural Inventory-Revised; FTD = frontotemporal dementia. a-iHyp = anterior inferior, a-sHyp = anterior superior,
posHyp = posterior, subTub = superior tubular, infTub = inferior tubular.
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abnormal protein deposition in the hypothalamus compared
with those with TDP-43 pathologies. Furthermore, they
found that increased atrophy and neuronal loss in these
regions,40 suggesting tau pathology, as seen inMAPT carriers,
may differentially affect hypothalamic integrity. Another study
had found no TDP-43 deposition in the SCN in C9orf72
expansion carriers; however, dipeptide repeat protein inclu-
sions were observed, suggesting a differential mechanism of
hypothalamic atrophy unique to C9orf72 expansion carriers.
The inferior tubular subunit, the sole preserved region in this
study, has been shown to be preserved in sporadic bvFTD and
FTD associated to MAPT mutations and C9orf72 expan-
sions,39 although it seems to be implicated later in the disease
course in MAPT mutation carriers.38 Further in vivo imaging
combined with ex vivo histopathologic work would be useful
to elucidate the differential underpinnings of the observed
hypothalamic atrophy.

We observed a significant association between cortical thin-
ning and sleep symptomatology in C9orf72 expansion carriers
and GRN mutation carriers, however not in MAPT
(Figure 3). Adverse sleep symptomatology has been associ-
ated with atrophy patterns largely overlapping with those
observed in GRNmutation and C9orf72 expansion carriers,41

namely in the medial and lateral prefrontal cortex. The frontal
cortex is suspected to be one of the key regulatory structures
of non-REM sleep.41 Reduced slow wave activity during non-
REM sleep has also been associated with structural changes in
the medial frontal cortex, and this may be driven by reduced
frontal lobe-hippocampal connectivity.42 This study cannot
speak to this hypothesis, and thus, future work should seek to
encompass a wider spectrum of subcortical structures in their
analyses to address this lingering question. The absence of
association between CTh and CBI-R sleep scores in MAPT
carriers was unexpected because MAPT carriers endorsed the
most severe sleep symptomatology and showed cortical
thinning in regions previously linked with sleep disturbances,
namely the medial prefrontal cortex, anterior cingulate cortex,
and anterior medial lobes.41-43 This discrepancy suggests that
the sleep symptomatology observed in MAPT carriers may be
driven primarily by hypothalamic alterations.

We observed significant associations between hypothalamic
structure and our measure of sleep dysfunction in C9orf72
and MAPT carriers. 3 hypothalamic subunits, posterior,
anterior-inferior, and SupTub, containing nuclei important
to the regulation of sleep and wakefulness, that is, the SCN
and LHA,11,12 were significantly correlated with sleep

Figure 3 Cortical Thinning Patterns Associated With Increased CBI-R Sleep Subscale Scores in C9orf72 and GRN Carriers
Relative to Controls

Model = CTh ; Sex + Age at Visit + MMSE + CBI-R Sleep * Genetic Group + (1|Id) + (1| Scanning Site). FDR = false discovery rate; GRN = progranulin.
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disturbances. However, despite significant volumetric
changes in the anterior-superior subunit, which contains the
VLPO, there were no significant associations between these
volumes and sleep dysfunction. Furthermore, the subunit
with no expected association with sleep dysfunction
(i.e., inferior-tubular subunit) was not significantly related to
sleep disturbances. Together, these findings suggest that
structural changes in the SCN and LHA may be driving the
adverse sleep symptoms observed in these mutation carriers.
This is further corroborated through MAPT mutation car-
riers exhibiting the greatest hypothalamic atrophy and the

most severe sleep symptomatology. Of interest, atrophy in
the posterior subunit of the hypothalamus, which contains
the posterior regions of the LHA, was significantly associated
with sleep dysfunction across all mutation carrier groups.
This suggests a role of orexigenic neurons in sleep symp-
tomatology in FTD-related mutation carriers. Reduced OX-
A levels in plasma and CSF have previously been associated
with sleep disturbances in sporadic FTD.19,20 Orexin has
been a neuropeptide of interest regarding sleep in FTD,44,45

and its dysregulation may instigate downstream alterations
in other neurotransmitter pathways affected in the condition

Figure 4 Associations Between Hypothalamic Subunit Volumes and Scores on the CBI-R Sleep Subscale

The dotted line represents 95% CIs. ***q < 0.001, **q < 0.01, *q < 0.05, +q = 0.06. Models = Volume; Sex + Age at visit + Total Intracranial Volume + MMSE +
CBI-R sleep subscale *Genetic Group + (1|Id) + (1| Scanning Site). a-iHyp = anterior inferior, posHyp = posterior, subTub = superior tubular.
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contributing to other symptoms.45 As such, these findings
highlight the need for more in-depth research on orexigenic
systems in FTD-related mutation carriers and as a potential
target for pharmacologic interventions.

We acknowledge that there are limitations to this study. First,
the CBI-R sleep subscale provides a limited and aggregate
assessment of sleep dysfunction derived from the informant
report rather than objective measures such as poly-
somnography or actigraphy. Given the limited nature of the
behavioral assessment, where sleep dysfunction may mean
too much or too little sleep, for this study, we were unable to
provide a precise assessment of the neurobiological correlates
of specific sleep deficits in patients with genetic FTD. As such,
future projects should aim to assess objective measures (e.g.,
polysomnography) of sleep dysfunction in this population.
Several medications commonly used in FTD, such as sertra-
line and quetiapine, may also affect sleep dysfunction.46 We
were unable to account for these in our analyses; however, it
would be beneficial for future work to examine the role of
medications in sleep dysfunction in genetic FTD.

It is important to note that this study contained a limited
number of MAPT mutation carriers, representing approxi-
mately 17.5% of the mutation carriers in this sample. This is
expected given that MAPT mutations seem to be the least
frequently observed worldwide (23.2%) compared with GRN
mutations (34.6.1%) and C9orf72 expansions (42.1%).47

Future work with a larger sample of MAPT mutation carriers,
however, would be needed to confirm the observations made
in this study.

Finally, although we have examined volumetric changes in
individual subunits of the hypothalamus, due to the limi-
tations of structural MR imaging, examining volumetric
change in individual nuclei was outside the scope of this study.
The hypothalamus comprised a number of cytoarchitectoni-
cally distinguishable nuclei, within a very small structure,
roughly 4 cm3, and accounting for 0.3% of the human brain.48

As such, imaging and subsequent segmentation of these nuclei
are outside the purview of this study. This methodological
limitation could be addressed in future studies, through im-
aging these structures at a higher field strength (e.g., 7T),
allowing for better spatial resolution and integrating high-
definitionMR imaging with postmortem histologic analysis of
these subunits.

In summary, this study has shown that the hypothalamic
structure is involved in sleep dysfunction in FTD-related
mutation carriers. Sleep dysfunction was common
across mutation carrier groups but may be more severe in
MAPT mutation carriers and increases after the onset of
clinical symptoms. While cortical thinning in C9orf72 ex-
pansion and GRN mutation carriers correlates with in-
creased sleep dysfunction, the increased severity of sleep
dysfunction observed in MAPT carriers may be attributable
to increased hypothalamic atrophy. These findings highlight

the potential role of the orexigenic system in sleep dys-
function in carriers in genetic FTD. This study provides
evidence that underlying neurodegenerative changes in the
hypothalamus relate to sleep dysfunction in those with
these mutations. This may inform the neurobiology of sleep
disturbances in other related neurodegenerative disorders
such as AD and Parkinson disease where sleep disturbances
are common.49
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32. Eskildsen SF, Coupé P, Fonov V, et al. BEaST: brain extraction based on nonlocal
segmentation technique. Neuroimage. 2012;59(3):2362-2373. doi:10.1016/
j.neuroimage.2011.09.012

Appendix 1 (continued)

Name Location Contribution

Sandro Sorbi,
MD

Department of
Neurofarba, University of
Florence, Italy

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Harro Seelaar,
MD, PhD

Department of Neurology,
Erasmus Medical Centre,
Rotterdam, Netherlands

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Arabella
Bouzigues, MSc

Department of
Neurodegenerative
Disease, University College
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

David M. Cash,
PhD

Department of
Neurodegenerative
Disease, University College
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Lucy Louise
Russell, PhD

Department of
Neurodegenerative
Disease, University College
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Martina
Bocchetta, PhD

Department of
Neurodegenerative
Disease, University College
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Jonathan
Daniel Rohrer,
MRCP

Department of
Neurodegenerative
Disease, University College
London, United Kingdom

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data

Gabriel A.
Devenyi, PhD

Department of Psychiatry,
McGill University,
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