
Vol.:(0123456789)1 3

J Neurol (2017) 264:2215–2223 
DOI 10.1007/s00415-017-8613-x

ORIGINAL COMMUNICATION

Hypothalamic dysfunction is related to sleep impairment and CSF 
biomarkers in Alzheimer’s disease

Claudio Liguori1 · Agostino Chiaravalloti2,3 · Marzia Nuccetelli4 · Francesca Izzi1 · 
Giuseppe Sancesario5 · Andrea Cimini2 · Sergio Bernardini4 · Orazio Schillaci2,3 · 
Nicola Biagio Mercuri1,5,6 · Placidi Fabio1 

Received: 23 May 2017 / Revised: 14 August 2017 / Accepted: 4 September 2017 / Published online: 12 September 2017 
© Springer-Verlag GmbH Germany 2017

association linking the reduction of both sleep efficiency 
and REM sleep to the reduction of hypothalamic [18F]
FDG PET uptake in the AD group, which in turn negatively 
correlated with the total-tau/beta-amyloid42 ratio (index of 
more marked neurodegeneration). Moreover, controls but 
not AD patients showed [18F]FDG PET interconnections 
between hypothalamus and limbic system. We documented 
the in vivo dysfunction of hypothalamus in AD patients, 
which lost the physiological connections with limbic system 
and was correlated with both nocturnal sleep disruption and 
CSF AD biomarkers.

Keywords  Hypothalamus · Alzheimer’s disease CSF 
biomarkers · REM sleep · Polysomnography · [18F]FDG 
PET · Orexin

Introduction

The hypothalamus is one of the older and smaller brain 
areas. It contains highly conserved neural circuitries exert-
ing basic life functions such as energy metabolism, fluid and 
electrolyte balance, thermoregulation, reproductive control, 
and the sleep–wake cycle [1]. In particular, hypothalamus 
has a critical role in controlling the sleep–wake rhythm [1]. 
In keeping with this observation, key regions regulating the 
sleep–wake cycle are sited in the hypothalamus: suprachi-
asmatic nucleus (SCN), tuberomammillary nucleus (TMN), 
and orexinergic and melanin-concentrating hormone (MCH) 
neurons [1]. The mutual interconnections between these 
areas ensure the physiological sleep–wake cycle [1]. Alz-
heimer’s disease (AD) pathology affects the hypothalamic 
region, which shows a substantial decrease in the neuronal 
population in post-mortem AD brains [2–5]. AD neuropa-
thology is marked by the deposition of extracellular plaques 

Abstract  Hypothalamus is a key brain region regulat-
ing several essential homeostatic functions, including the 
sleep–wake cycle. Alzheimer’s disease (AD) pathology 
affects nuclei controlling sleep–wake rhythm sited in this 
brain area. Since only post-mortem studies documented the 
relationship between hypothalamic atrophy and sleep–wake 
cycle impairment, we investigated in AD patients the pos-
sible hypothalamic in vivo alteration using 2-deoxy-2-(18F) 
fluoro-d-glucose ([18F]FDG) positron emission tomography 
([18F]FDG PET), and its correlations with sleep impairment 
and cerebrospinal-fluid (CSF) AD biomarkers (tau proteins 
and β-amyloid42). We measured sleep by polysomnography, 
CSF AD biomarkers and orexin levels, and hypothalamic 
[18F]FDG PET uptake in a population of AD patients com-
pared to age- and sex-matched controls. We documented the 
significant reduction of hypothalamic [18F]FDG PET uptake 
in AD patients (n = 18) compared to controls (n = 18) 
(p < 0.01). Moreover, we found the increase of CSF orexin 
levels coupled with the marked alteration of nocturnal sleep 
in AD patients than controls. We observed the significant 

 *	 Claudio Liguori 
	 dott.claudioliguori@yahoo.it

1	 Sleep Medicine Centre, Neurophysiopathology Unit, 
Department of Systems Medicine, University of Rome “Tor 
Vergata”, Viale Oxford 81, 00133 Rome, Italy

2	 Department of Biomedicine and Prevention, University 
of Rome ‘Tor Vergata’, Rome, Italy

3	 IRCSS Neuromed, Pozzilli, Italy
4	 Clinical Biochemistry and Molecular Biology, University 

of Rome “Tor Vergata”, Rome, Italy
5	 Neurology Unit, Department of Systems Medicine, 

University of Rome “Tor Vergata”, Rome, Italy
6	 IRCCS Fondazione Santa Lucia, Rome, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-017-8613-x&domain=pdf


2216	 J Neurol (2017) 264:2215–2223

1 3

of β-amyloid42 (Aβ42) peptides and intracellular neurofi-
brillary tangles (NFT) of abnormally hyperphosphorylated 
tau (p-tau) proteins [6]. AD is clinically characterized by 
memory loss and deterioration of cognition, but also sleep 
impairment and daytime napping represent symptoms owing 
to AD pathology [7–13]. Sleep impairment has been recently 
associated with pathological changes of cerebrospinal-fluid 
(CSF) biomarkers (Aβ42 and tau proteins) in AD patients, 
as well as post-mortem studies documented that sleep–wake 
cycle alteration is related to orexinergic system, SCN and 
ventrolateral preoptic/intermediate nucleus dysfunction 
in AD patients [5, 8, 14–16]. Therefore, the association 
between hypothalamic neuronal circuitries dysfunction 
and sleep impairment has been widely documented in AD 
pathology. However, studies aimed at evaluating the hypo-
thalamic activity and the association between hypothalamic 
function and sleep architecture in AD patients are miss-
ing. Brain 2-deoxy-2-(18F) fluoro-d-glucose ([18F]FDG) 
positron emission tomography ([18F]FDG PET) actually 
represents a valid instrument for measuring brain, and thus 
hypothalamic, functional activity [17]. On these bases, to 
evaluate the possible in vivo alteration of hypothalamus and 
its correlation with sleep impairment and CSF biomarkers 
changes in AD patients, in this study we investigated sleep 
measured by polysomnography (PSG), CSF AD biomarkers 
and orexin levels, and hypothalamic [18F]FDG PET uptake 
in a population of AD patients compared to non-demented 
elderly controls.

Methods

Participants and study design

We included in our study consecutive drug-naïve AD 
patients admitted to the Neurology Clinic of the University 
of Rome “Tor Vergata”. All patients underwent a standard 
dementia screening including history, neurological exami-
nation, laboratory tests, EEG, neuropsychological testing 
counting Mini Mental State Examination (MMSE), brain 
MRI, [18F]FDG PET, and lumbar puncture (LP) for CSF 
analysis. All patients included in this study received the 
diagnosis of AD according to the recently proposed version 
of the diagnostic guidelines [18]. The biomarkers were con-
sidered positive for AD when decreased CSF levels of Aβ42 
and the following abnormalities were observed: medial tem-
poral lobe atrophy on MRI, cortical temporo-parietal hypo-
metabolism on [18F]FDG PET, and increased CSF levels of 
total tau (t-tau) or p-tau [18].

We enrolled a group of non-demented controls similar 
for age and sex with AD patients, who underwent PSG, 
[18F]FDG PET, and LP for diagnostic purposes. In particu-
lar, those patients were admitted for suspected cognitive 

impairment, ruled out after diagnostic investigations. 
Accordingly, PSG did not document sleep disorders, LP did 
not show alteration of the CSF biomarkers analyzed, [18F]
FDG PET did not detect pathological focal brain hypome-
tabolisms, and neuropsychological testing resulted normal 
in those patients, who were then considered non-demented 
controls.

Patients and controls were required to fulfil the follow-
ing entry criteria: no additional neurological or psychiatric 
disease; no intake of CNS active drugs; no use of caffeine, 
tobacco and/or alcohol at the time of the sleep laboratory 
investigation. On the other hand, exclusion criteria for 
patients and controls were: systemic and/or neurologic infec-
tious, inflammatory or autoimmune diseases; diabetes; diag-
nosis of primary sleep disorders or other conditions inter-
fering with sleep quality, such as symptomatic obstructive 
pulmonary disease and uncontrolled seizures; abnormal cell 
count (>4 cells/mcL) at the CSF sample analysis.

Patients and controls provided their informed consent 
to the study, which was approved by the Independent Ethi-
cal Committee of the University Hospital of Rome “Tor 
Vergata”.

Polysomnographic recordings

AD patients and controls underwent two consecutive PSG 
studies to evaluate nocturnal sleep (SOMNOscreen, SOM-
NOmedics GmbH, Randersacker, Germany) [19]. Elec-
trodes were positioned according to the International 10–20 
System. The montage consisted of two electrooculography 
channels, three electromyographic channels (chin and ante-
rior tibialis muscles) and eight EEG channels (F4, C4, O2, 
A2, F3, C3, O1, A1). Cardiorespiratory parameters were 
assessed by recording oronasal flow, thoracic and abdominal 
movements (plethysmography), pulsoximetry and electro-
cardiography. Patients were also instructed to maintain the 
usual sleep schedule and report it in a sleep diary during the 
week before the test. The first night-sleep study was consid-
ered an adaptation period. The second PSG monitoring was 
considered for sleep analysis, which was performed accord-
ing to standard criteria [20]. The following standard param-
eters were computed: time in bed (TIB, time spent in bed 
between lights off and lights on), sleep onset latency (SL, 
the time-interval between the lights off and the first sleep 
epoch), total sleep time (TST, the actual sleep time without 
SL and awakenings), sleep efficiency (SE, the ratio between 
TST and TIB), REM sleep latency (LREM, the time-inter-
val between the sleep onset and the first epoch of REM), 
stage 1 of non-REM sleep (N1), stage 2 of non-REM sleep 
(N2), stage 3 of non-REM sleep (N3), REM sleep (REM), 
WASO. Sleep stages percentages were calculated during the 
TST. PSG scorers (CL, FP, FI) identified apnoea/hypopnoea 
events based on the international standard criteria of the 
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American Academy of Sleep Medicine [20]. Leg movements 
were scored according to standard criteria [20]. Patients and 
controls with an apnea–hypopnea index (AHI) >15/h and 
periodic leg movement index (PLMI) >15/h at PSG record-
ing were excluded.

CSF collection and analysis

CSF samples were obtained by LP performed in the decu-
bitus position with an atraumatic needle, between 8:00 and 
9:30 a.m, within 1–2 h after morning awakening, the day 
after the second PSG recording [21]. Blood specimens were 
obtained at the same time of the LP procedure. CSF samples 
were collected in polypropylene tubes using standard sterile 
techniques. The first 4 ml of CSF sample was used for total 
cell count. Another 4 ml of CSF sample was centrifuged to 
eliminate cells and cellular debris, and immediately frozen 
at −80 °C to measure orexin, t-tau, p-tau and Aβ42 levels. 
CSF Aβ42, t-tau and p-tau levels were determined accord-
ing to previously published standard procedures, using 
commercially available sandwich enzyme-linked immuno-
sorbent assays (ELISA) (Innotest β-Amyloid 1-42, Innotest 
h-T-tau, Innotest Phospho-T-tau 181; Innogenetics, Ghent, 
Belgium) [22]. The t-tau/Aβ42 ratio was also calculated, 
and the cut-off >0.52 was considered to represent the CSF 
AD profile [23]. CSF orexin levels were detected accord-
ing to previously published standard procedures with com-
mercially available ELISA kit (Orexin A/Hypocretin-1 EIA 
Kit; Phoenix Pharmaceuticals, Burlingame, CA), based on 
the principle of competitive enzyme immunoassay [22, 24]. 
The two researchers (MN, SB) who performed the analy-
sis were blinded to the clinical status of participants. All 
the samples in the study were analyzed each time on the 
same ELISA plate, in duplicate and in random order. Experi-
ments were replicated two times to confirm the values and 
to demonstrate the reliability of the assay. An external posi-
tive control included in the assay kit and internal positive 
controls (patients affected by narcolepsy type 1) were used 
as reference samples [24, 25].

[18F]FDG PET scanning analysis

According to other similar reports of our group in this field, 
[18F]FDG PET was performed after overnight fasting the 
day before PSG recordings. [18F]FDG i.v. injection was per-
formed in each subject after controlling serum glucose level, 
which has to be in the range proposed by the guidelines 
of the European Association of Nuclear Medicine. All sub-
jects were injected i.v. with 185–210 MBq of [18F]FDG and 
were hydrated with 500 ml of NaCl 0.9%. The PET system 
Discovery VCT (GE Medical Systems, Tennessee, USA) 
has been used to assess [18F]FDG brain distribution in all 

patients. More details concerning PET acquisition param-
eters are described in our previous studies [26].

Data and statistical analysis

PSG and CSF data analysis

Demographic, clinical CSF, and PSG data were analyzed 
using the commercial software Statistica 10.0 program; Stat-
soft Inc, Tulsa, OK, USA. All data achieved in AD and con-
trol groups were first tested for normality using the Kolmog-
orov–Smirnov test, after which appropriate statistical tests 
were applied to compare AD and control groups (Student t 
test for normally distributed data, Mann–Whitney U test for 
nonparametric data). In the AD and control groups, correla-
tions between all the CSF biomarkers levels (orexin, Aβ42, 
t-tau, p-tau) and hypothalamic [18F]FDG PET uptake were 
performed separately considering the distribution of data 
using both Pearson (normal distribution) or Spearman (non-
normal distribution) correlation tests. Finally, the additional 
multiple regression analysis among normally distributed 
data was performed. In particular, clinical (age and MMSE 
scores), CSF (orexin, t-tau/Aβ42 ratio), [18F]FDG PET bilat-
eral hypothalamic uptake, and PSG data (TIB, TST, SE, SL, 
LREM, N1, N2, N3, REM, WASO) were considered for the 
multiple regression analysis. p value <0.05 was considered 
to be statistically significant.

[18F]FDG‑PET analysis

We used statistical parametric mapping (SPM8, Wellcome 
Department of Cognitive Neurology, London, UK) imple-
mented in Matlab R2012b (Mathworks, Natick, MA, USA) 
for the analysis of [18F]FDG PET data. Non-linear spatial 
normalization allows us to transform the [18F]FDG PET data 
into the Montreal Neurological Institute space. A specific tem-
plate for spatial normalization was used [27]. The spatially 
normalized set of images was then smoothed with an 8 mm 
isotropic Gaussian filter to blur for individual variations in 
gyral anatomy and to increase the signal-to-noise ratio. Images 
have been globally normalized to 50 using proportional scaling 
to remove confounding effects to global cerebral glucose con-
sumption changes, with a masking threshold of 0.8. The result-
ing statistical parametric maps, SPM[t], have been transformed 
into normal distribution (SPM[z]) unit. Correction of SPM 
coordinates to match the Talairach Coordinates was achieved 
by the subroutine implemented by Matthew Brett (http://www.
mrc-cbu.cam.ac.uk/Imaging). Cerebral areas have been identi-
fied at a range from 0 to 3 mm from the corrected Talairach 
coordinates of the SPM output isocentres, after importing 
the corrected coordinates, by Talairach client (http://www.
talairach.org/index.html). According to Bennett and colleagues 
SPMt-maps have been set at p < 0.05, corrected for multiple 

http://www.mrc-cbu.cam.ac.uk/Imaging
http://www.mrc-cbu.cam.ac.uk/Imaging
http://www.talairach.org/index.html
http://www.talairach.org/index.html
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comparisons with the False Discovery Rate option at voxel 
level, and at p < 0.01 corrected for multiple comparisons at 
cluster level [28]. Those clusters containing more than 100 
(5 × 5 × 5 voxels, i.e., 11 × 11 × 11 mm) contiguous vox-
els have been accepted as significant [28]. The comparison 
between AD and control groups was performed by means of 
the ‘two-sample t test’ study design model, using an inclusive 
mask of the hypothalamus (WFU pickatlas tool implemented 
in SPM 8) [29]. We used age and sex as covariates in this 
analysis. The relationships between [18F]FDG hypothalamic 
distribution and the CSF orexin levels was evaluated using a 
‘regression analysis’ design model with an inclusive mask of 
the hypothalamus (WFU pickatlas, see above [29]). Sex, age 
and CSF AD biomarkers data were used as covariates in the 
regression analysis. The cluster obtained by this latter analysis 
was then exported by means of WFU Pickatlas tool and further 
analyzed after a normalization process. In particular, the mean 
signal intensities computed by each cluster were normalized 
within each subject to the average intensities of the cerebel-
lum volume of interest, as defined by other similar reports of 
our group in this field [26, 30]. The use of a normalization 
based upon activity in the cerebellum, instead of whole brain 
counts as in the reference region, was reported to result in 
a higher accuracy in distinguishing patients from controls in 
neurodegenerative diseases [31]. As proposed previously by 
Pagani et al. [32], a dataset including normalized [18F]FDG 
PET values relevant to the examined cluster has been exported. 
To determine if cerebellum-normalized [18F]FDG values 
for the cluster examined were of Gaussian distribution, the 
D’Agostino K squared normality test has been applied (where 
the null hypothesis is that the data are normally distributed).

The comparison of [18F]FDG brain glucose consumption 
of hypothalamic region between AD patients and controls 
was assessed with an inclusive mask of the hypothalamus 
obtained using the WFU PickAtlas [29, 31]. As reported 
previously by our group, a connectivity relationship analysis 
was performed based on voxel-wise interregional correla-
tion analysis (IRCA) of SPM within 18F[FDG] PET data 
using population-based cytoarchitectonic seed brain regions 
as previously proposed [33]. For IRCA analysis, extracted 
mean regional VOI counts were then normalized (see above) 
and used as covariate to find regions showing significant 
(corrected <0.05) voxel-wise correlations across scans (sub-
jects) using SPM8 [34].

Results

Demographic and clinical data

Thirty-six consecutive AD patients were screened from Sep-
tember 2015 to September 2016. Among these AD patients, 
18 presented some exclusion criteria for this study and were 

excluded. In particular: 6 patients showed an AHI >15/h 
OSA at PSG recording, 2 patients showed PLMI >15/h at 
PSG recording, 1 had abnormal cell count at CSF analy-
sis, 4 reported intake of CNS active drugs, 5 were diabetic. 
Therefore, 18 AD patients were included in the study and 
compared to 18 age- and sex-matched controls (Table 1).

CSF data

We found higher CSF orexin levels in AD patients compared 
to controls (165.33 ± 58.07 vs 145.26 ± 36.91, p < 0.05, 
see Table 1). As expected, higher CSF t-tau and p-tau levels 
and lower CSF Aβ42 levels were found in the AD group 
compared to control group. In addition, AD patients showed 
higher CSF t-tau/Aβ42 ratio with respect to controls.

CSF data of AD patients and controls were reported in 
Table 1.

PSG data

Reduced TST, SE, and N3 were documented in AD patients 
compared to controls (see Table  2). Moreover, higher 
WASO, SL, and N1 were found in AD patients than con-
trols (see Table 2). Finally, REM sleep dysregulation was 
documented in the AD group, as shown by the reduction 
of REM sleep and the increase of LREM with respect to 
controls (Table 2).

[18F]FDG PET data

We documented the significant reduction of global hypo-
thalamic [18F]FDG PET uptake in the AD group com-
pared to the control group (0.81 ± 0.08 vs 0.90 ± 0.04, 

Table 1   AD patients and controls clinical, demographical, and CSF 
data

AD Alzheimer’s disease, SD standard deviation, NS not significant, 
NA not admitted, F female, M male, MMSE mini mental state exami-
nation, T-tau total tau, P-tau phosphorylated tau, Aβ42 β-amiloid1–42

AD (n = 18)
(mean ± SD)

Controls (n = 18)
(mean ± SD)

p value

Clinical and demographical data
 Age 71.56 ± 3.92 74.11 ± 2.78 NS
 Sex 10F 8M 11F 7M NS
 MMSE 22.58 ± 1.26 28.92 ± 2.15 <0.01
 Disease duration 2.42 ± 0.94 NA NA

CSF data (pg/ml)
 Orexin 165.33 ± 58.07 145.26 ± 36.91 <0.05
 T-tau 693.28 ± 245.67 217.09 ± 66.05 <0.0001
 P-tau 101.44 ± 51.58 36.64 ± 12.22 <0.0001
 Aβ42 246.89 ± 106.61 870.45 ± 267.66 <0.0001
 t-tau/Aβ42 3.63 ± 2.90 0.26 ± 0.10 <0.0001
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p < 0.05, see Table 3; Fig. 1). We also documented both 
the right and left hypothalamic [18F]FDG PET uptake 
reduction in the AD group compared to the control group 
(Table 3).

When comparing AD and control groups by SPM analy-
sis (see methods section), we found a significant reduction 
of brain glucose consumption in the left and right hypo-
thalamus of AD patients: cluster p(FWE-corrected) = 0.001; 
cluster p(FDR-corrected) = 0.003; cluster extent = 764; Z 
score of maximum = 5.44; Talairach coordinates: −8 −6 −5 
and 4 −4 −2, respectively.

Connectivity Analysis of [18F]FDG PET data

The connectivity analysis performed in the control group 
showed a significant positive correlation between [18F]FDG 
glucose consumption in hypothalamus and in the bilateral 
Brodmann area (BA) 24, owing to the limbic system (see 
Table 4; Fig. 2). Notably, these interconnections were not 
documented in the AD group. We did not find other signifi-
cant positive or negative correlations between brain glucose 
consumption in hypothalamus and [18F]FDG uptake in the 
rest of the brain in both AD and control groups.

Correlations in the AD group

Considering the correlation analysis between CSF and [18F]
FDG PET data in the AD group, we documented the sig-
nificant negative correlation between the t-tau/Aβ42 ratio 
and the hypothalamic [18F]FDG PET uptake (R = −0.47, 
p < 0.05). Conversely, we did not find significant correla-
tions in the control group. Remarkably, CSF orexin levels 
did not correlate with the hypothalamic [18F]FDG PET 
uptake in both AD and control groups.

The additional multivariate regression analysis was per-
formed in the AD group among clinical (age and MMSE 
scores), CSF (orexin, t-tau/Aβ42 ratio), [18F]FDG PET bilat-
eral hypothalamic uptake, and PSG data (TIB, TST, SE, SL, 
LREM, N1, N2, N3, REM, WASO), and showed a signifi-
cant interplay between the reduction of both SE and REM 

Table 2   Comparison between PSG data between AD patients and 
controls

PSG polysomnography, AD Alzheimer’s disease, TST total sleep 
time, SE sleep efficiency, SL sleep latency, LREM REM sleep latency, 
WASO wakefulness after sleep onset, N1 stage 1 of non-REM sleep, 
N2 stage 2 of non-REM sleep, N3 stage 3 of non-REM sleep, REM 
REM sleep, NS not significant, SD, standard deviation

PSG data AD (n = 18)
(mean ± SD)

Controls (n = 18)
(mean ± SD)

p value

TST (min) 351.56 ± 73.15 375.14 ± 77.09 <0.05
SE (%) 71.40 ± 13.13 81.24 ± 10.92 <0.001
SL (min) 24.03 ± 30.81 12.25 ± 10.98 <0.01
LREM (min) 135.53 ± 99.91 116.79 ± 42.63 <0.01
WASO (min) 150.33 ± 86.90 104.39 ± 75.37 <0.01
N1 (%) 30.52 ± 24.52 21.09 ± 8.44 <0.01
N2 (%) 39.36 ± 30.06 44.81 ± 8.98 NS
N3 (%) 12.35 ± 12.83 18.02 ± 1.94 <0.01
REM (%) 7.29 ± 3.95 15.98 ± 3.31 <0.001

Table 3   [18F]FDG PET hypothalamic uptake comparison between 
AD patients and controls

AD Alzheimer’s disease, SD standard deviation, NS not significant, 
[18F]FDG PET 18-fluorodeoxyglucose positron emission tomogra-
phy

[18F]FDG PET Data AD (n = 18)
(mean ± SD)

Controls (n = 18)
(mean ± SD)

p value

Bilateral hypothalamus 0.81 ± 0.08 0.90 ± 0.04 <0.05
Right hypothalamus 0.85 ± 0.09 0.91 ± 0.04 <0.05
Left hypothalamus 0.76 ± 0.09 0.89 ± 0.05 <0.05

Fig. 1   T1-weighted brain MRI sequences superimposition showing 
the significant reduction of glucose consumption in the right (a) and 
left (b) hypothalamus of AD patients compared to controls (Talairach 

coordinates −8 −6 −5 for left hypothalamus and 4 −4 −2 for right 
hypothalamus). An inclusive mask with WFU pickatlas was gener-
ated (see text). R right; L left
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sleep and the reduction of [18F]FDG PET hypothalamic 
uptake (β = 0.63 and p < 0.0001, β = 0.92, p < 0.0001, 
respectively). We did not find other significant mutual rela-
tionships among the data analyzed in the multiple regression 
model performed in the AD group.

Discussion

The present study documented the in vivo hypothalamic 
dysfunction in AD patients. Moreover, the reduced hypo-
thalamic [18F]FDG uptake was associated with both sleep 
impairment and higher t-tau/Aβ42 ratios (sign of a more 

marked AD neurodegeneration). Hence, the present find-
ings supported the suggestion that hypothalamus is altered 
by AD pathology and its dysregulation may be related to 
sleep impairment in AD patients.

Hypothalamus controls several homeostatic functions 
such as growth, metabolism, autonomic homeostasis, repro-
duction, and the sleep–wake cycle [1, 3]. These essential 
functions are frequently altered in AD patients; indeed, 
hypothalamus is significantly affected by AD pathology [3]. 
The hypothalamic alteration owing to AD neurodegeneration 
may be responsible for several non-cognitive deficits pre-
sent in AD patients. In particular, weight loss, sleep–wake 
disorders and neuroendocrine alterations are attributable to 

Table 4   Regression analysis showing the cortical areas positively related to [18F]FDG brain uptake in the hypothalamus in the control group

In the ‘cluster level’ section on left, the number of voxels, the corrected p value of significance and the cortical region where the voxel is found, 
are all reported for each significant cluster. In the ‘voxel level’ section, all of the coordinates of the correlation sites (with the Z-score of the 
maximum correlation point), the corresponding cortical region and BA are reported for each significant cluster. L, left; R, right; BA, Brodmann’s 
area. In the case that the maximum correlation is achieved outside the gray matter, the nearest gray matter (within a range of 5 mm) is indicated 
with the corresponding BA

Analysis Cluster level Voxel level

Cluster 
p(FWE-corr)

Cluster 
p(FDR-corr)

Cluster extent Cortical region Z score of 
maximum

Talairach 
coordinates

Cortical region BA

Hypothalamus 0.000 0.000 2836 R Limbic 5.50 8, 24, 20 Anterior Cingulate 24
L Limbic 5.19 0, 18, 24 Anterior Cingulate 24
R Limbic 4.83 4, 38, 4 Anterior Cingulate 24

Fig. 2   Multiple axial views of T1-weighted brain MRI sequences 
superimposition showing the significant positive relationship between 
brain glucose consumption in hypothalamus and in both left and right 

Brodmann area 24 (anterior cingulate cortex; Talairach coordinates: 
8, 24, 20 and 4, 38, 4 for right Limbic cortex and 0, 18, 24 for left 
limbic cortex) in controls. Coordinates are reported in Table 4
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the hypothalamic dysfunction caused by AD pathology [3]. 
Several post-mortem studies have reported β-amyloid plaque 
deposition and NFT of tau pathology in the hypothalamus 
of AD patients [3]. In particular, recent studies demon-
strated that the reduction of neuronal populations of both 
SCN and ventrolateral/intermediate nucleus are associated 
with sleep impairment and rest–activity circadian rhythm 
alteration in AD patients [14, 15]. Nevertheless, also the 
reduction of orexinergic nucleus and TMN populations has 
been documented in the hypothalamus of AD patients [4, 
5]. However, although several post-mortem studies reported 
the significant atrophy of hypothalamus in the brain of AD 
patients, fewer studies investigated the in vivo alteration of 
the hypothalamic function in AD patients [35]. Furthermore, 
evidence of the interplay between hypothalamic dysfunction 
and both sleep and CSF biomarkers levels have not been 
currently reported. Recent studies coupling CSF and poly-
somnographic recordings have reported that increased CSF 
orexin levels, expression of an upregulated orexinergic tone, 
are related to REM sleep impairment and nocturnal wake-
fulness in patients affected by AD pathology [8, 16]. Con-
sistently, the increment of CSF orexin levels has been also 
associated with the impairment of sleep dysregulation in 
patients showing biomarkers consistent with AD pathology 
[8, 16]. Moreover, CSF orexin levels have been negatively 
correlated with wake fragmentation and diurnal nappings 
in AD patients [36]. Since several hypothalamic nuclei are 
considered regulating the sleep–wake cycle in AD patients 
[8, 14–16], this study was focused in evaluating the rela-
tionships between sleep and hypothalamic [18F]FDG PET 
uptake. Both PSG and [18F]FDG PET are considered gold 
standard tools to study sleep structure and brain functional 
activity, respectively [37].

PSG remains the gold standard for measuring sleep, 
since it is a well-validated approach to study and define 
sleep architecture, also in neurodegenerative diseases [37]. 
Accordingly, PSG-based studies documented REM sleep 
dysregulation, reduced sleep quality, increased nocturnal 
wakefulness, and diurnal napping in AD patients [8–13, 38]. 
Moreover, REM and slow wave sleep impairment are related 
to CSF AD biomarkers and orexin levels in AD patients [8]. 
In the present study, we confirmed sleep dysregulation and 
CSF orexin levels increase in AD patients.

[18F]FDG PET has been widely used during the last 
decade to study the physiopathology of AD [17]. In keep-
ing with its intrinsic features, [18F]FDG PET is actually 
considered a sensitive biomarker to support the diagnosis 
of AD [39, 40], since it recognizes neurons disconnection, 
synaptic dysfunction and neurotransmission deregulation 
[41]. However, it can also represent an instrument able to 
investigate the steady-state integrity of different neuronal 
circuitries, including hypothalamic interconnections [40, 
41]. A single study, investigating the interactions between 

brain axons tract integrity and glucose metabolism in a 
selection of brain areas, documented the reduction of [18F]
FDG uptake in the hypothalamus of patients affected by mild 
cognitive impairment who progressed to AD [35]. Therefore, 
studies primarily focused at investigating hypothalamus in 
AD patients by means of [18F]FDG PET are missing. In the 
present report, we found the reduced hypothalamic [18F]
FDG uptake in AD patients and its correlation with the t-tau/
Aβ42 ratio. This ratio has been largely considered as a marker 
of more severe neurodegeneration [23]; thus we showed that 
hypothalamic dysregulation correlates with a more severe 
degree of neurodegeneration in AD patients.

The novelty of this study lies in the observation that the 
reduced hypothalamic [18F]FDG uptake is related to the 
alteration of sleep, and in particular REM sleep. This finding 
is not unexpected since several hypothalamic nuclei con-
cur to the generation of REM sleep [42]. REM sleep may 
be early affected by AD, since the cholinergic inefficiency 
caused by the AD pathological process impairs its regula-
tion [11]. Nevertheless, also orexinergic and MCH-ergic 
nuclei participate in the regulation of REM sleep [43, 44]. 
In particular, MCH-ergic nucleus has been recently asso-
ciated with the induction of REM sleep; conversely, orex-
inergic activity suppresses REM sleep [44]. We recently 
documented that REM sleep suppression is associated with 
an increased orexinergic tone in AD patients [8, 16]. How-
ever, in this study we did not find association between CSF 
orexin levels and hypothalamic [18F]FDG uptake. This lack 
of correlation could be explained by the fact that orexinergic 
neurons represent a very limited region of the hypothalamus. 
In agreement with this observation, studies investigating 
the alteration of orexinergic neurons in narcolepsy, a sleep 
disorder caused by the orexinergic system inefficiency, did 
not find hypothalamic [18F]FDG PET modifications [45, 
46]. A possible explanation of this lack of correlation is the 
small dimension of hypothalamus (< 5 mm), which hampers 
the [18F]FDG PET detection. Future studies, possibly with 
advanced PET detector characteristics or by means of PET/
MRI systems may improve this analysis. A further finding 
of the present study is the physiological interconnections 
found in the control group between the hypothalamic region 
and the bilateral BA 24, brain regions owing to the limbic 
system. However, the connectivity analysis performed in AD 
patients did not document these interconnections. This find-
ing is in agreement with several studies documenting the 
significant alteration of the limbic system circuitries in AD 
patients [47]. Further studies will establish the direction of 
causation of these missing interconnections in AD patients, 
since both limbic and hypothalamic atrophies may cause 
this disconnection.

We are aware that this study presents several limitations. 
The sample size is small and did not allow further investi-
gations, thus limiting potential associations in the multiple 
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regression model. Future analyses should better address the 
association found between the hypothalamic dysfunction and 
CSF biomarkers of neurodegeneration in AD patients, also 
testing the possible influence of sleep impairment on this 
relationship. Moreover, the control group is not constituted 
by healthy volunteers, but by patients admitted for suspected 
cognitive impairment, which was ruled out after diagnostic 
investigation. Finally, we analyzed our data using the mean 
signal intensities of each cluster to normalize participant to 
the average intensities of the cerebellar VOI, and not using 
other more validated analysis procedures [48].

In conclusion, based on the results of this study show-
ing the influence of hypothalamic dysfunction on sleep in 
AD patients, we documented once again the importance of 
hypothalamic dysregulation in the AD neurodegeneration. 
Therefore, we suggest the expansion of the current knowl-
edge about the role of hypothalamus in the non-cognitive 
clinical symptoms of AD. In particular, hypothalamic and 
orexinergic circuitries alteration and its relationships with 
sleep dysregulation needs further investigations, to pro-
vide new directions in biomarkers research and therapeutic 
approaches.
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