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Abstract: This study investigates the sex-specific role of the Hypothalamic–Pituitary–Gonadal axis in
Alzheimer’s disease progression, utilizing ADNI1 data for 493 individuals, analyzing plasma levels
of gonadotropic and sex hormones, and examining neurodegeneration-related brain structures. We
assessed plasma levels of follicle stimulating hormone (FSH), luteinizing hormone (LH), progesterone
(P4), and testosterone (T), along with volumetric measures of the hippocampus, entorhinal cortex, and
hypothalamic subunits, to explore their correlation with Alzheimer’s disease markers across different
cognitive statuses and sexes. Significant cognitive status effects were observed for all volumetric
measures, with a distinct sex-by-cognitive status interaction for hypothalamic volume, indicating a
decrease in males but not in females across cognitive impairment stages. Regression analyses showed
specific hypothalamic subunit volume related to hormone levels, accounting for up to approximately
40% of the variance (p < 0.05). The findings highlight sex differences in neurodegeneration and hor-
monal regulation, suggesting potential for personalized treatments and advancing the understanding
of Alzheimer’s disease etiology.

Keywords: Alzheimer’s disease; hypothalamic–pituitary–gonadal axis; neurodegeneration; cognitive
status; gonadotropic hormones; sex hormones; hypothalamic volume; neuroendocrine dysfunction

1. Introduction

In addition to serving as a central regulatory system for the production and sex
hormone modulation, the hypothalamic–pituitary–gonadal (HPG) axis exerts both orga-
nizational and activating effects across a variety of neural substrates [1]. Impairment of
regulatory mechanisms of the HPG axis has been implicated in the pathophysiology of
Alzheimer’s disease (AD), although the nature and extent of this relationship remain enig-
matic [2]. The prevalence and pathology of AD exhibit marked sex differences, raising the
question of whether alterations in the HPG axis have different effects on male and female
brains, particularly hormone secretion [3].

The hypothalamus coordinates numerous physiological processes, including hormone
secretion [4], circadian rhythms [5], and energy balance [6], that are disrupted in AD. As
a result of its connection to hormones through the hypothalamic–pituitary–gonadal axis,
neuroendocrine dysfunction may interact with the neurodegenerative cascade in AD. In
response to the growing interest in brain-based imaging biomarkers for Alzheimer’s disease,
it is imperative to examine the hypothalamus and its subregions further, as identifying
volumetric changes may reveal new biomarkers to examine in conjunction with established
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markers for diagnosis and prognosis [7]. By closely monitoring hypothalamic structural
integrity, researchers can gain a valuable insight into neuroendocrine disturbances and
disease trajectory in patients with Alzheimer’s disease and potentially understand sex
differences that occur within the disease.

Each of the hypothalamic subnuclei plays a distinct role in a variety of physiological
processes, including the regulation of stress, the regulation of food intake, and the regu-
lation of circadian rhythm [8]. The relationship between these subnuclei and circulating
plasma hormonal markers could inform targeted therapeutic approaches. For instance,
if the inferior tuberal region, involved in stress and metabolic regulation, is found to be
associated with specific hormonal changes, interventions could be tailored to modulate this
region or the associated hormonal pathways [2]. The negative feedback mechanisms involv-
ing circulating plasma levels of hormones are crucial for maintaining homeostasis. In the
context of AD, dysregulated feedback could exacerbate neurodegenerative processes [3,7,9].
For instance, elevated levels of cortisol, a stress hormone, have been associated with in-
creased amyloid-beta deposition, a hallmark of AD. In addition, studies have observed that
aberrant levels of luteinizing hormone (LH) may contribute to the dysregulation of amyloid
precursor protein processing, thereby exacerbating the amyloidogenic pathway [9]. There-
fore, a well-functioning feedback system could serve as a protective mechanism, helping to
maintain neural integrity and potentially slow down neurodegenerative processes.

Understanding the neuroendocrine factors contributing to AD symptoms may provide
insights into why there are disparities in AD manifestation amongst women, downstream
effects on cognition and potential interventions related to hormone function for prevention,
risk aversion, or delayed progression. Previous work has indicated a potential link between
sex hormones and cognitive decline, with LH also being found to be associated with
plasma amyloid-beta in men in a small sample [10,11]. Recently, it was shown that the
hypothalamus volume can distinguish between stages of AD [7]. However, there are no
studies linking differences in hypothalamus volume with circulating hormones across sexes.
We aimed to examine the assessment of hypothalamic volume compared to AD-relevant
neurodegenerative (N+) magnetic resonance imaging (MRI) markers across cognitive
normal (CN), mild cognitive impairment (MCI), and AD for males and females. We also
examined the relationship between hypothalamic subunit volume and plasma LH, follicle
stimulating hormone (FSH), progesterone (P4), and testosterone (T). We expect a distinct
biological sex-by-cognitive status group relation for males and females for hypothalamic
volume. There will be different subunit volume measures that will be related to hormone
levels in males and females.

2. Methods and Materials
2.1. Participants

A cohort of 493 individuals from the Alzheimer’s Disease Neuroimaging Initiative 1
(ADNI1) was enlisted for the study. The cohort comprised individuals across a spectrum of
cognitive functioning including CN, MCI, and Alzheimer’s Disease (AD). Demographic
information including age, biological sex, and education alongside clinical assessments
were collected. All participants underwent a comprehensive hormonal screening and a
high-resolution T1-weighted magnetic resonance imaging (MRI) scan. All participants had
assessments which included a Clinical Dementia Rating-Sum of Boxes (CDR-SB) [12,13],
Mini-Mental State Exam (MMSE) [14], and Rey’s Auditory Verbal Learning Testing (RAVLT)
at baseline [13].

The data that informed this article’s preparation came from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database, which can be accessed at adni.loni.usc.edu.
Initiated in 2003 as a collaborative venture between the public and private sectors led by
Principal Investigator Michael W. Weiner, MD, the ADNI aims to investigate whether a
combination of serial MRI, PET, other biomarkers, and clinical plus neuropsychological
assessments can serve to monitor the progression of mild cognitive impairment (MCI)
and the early stages of Alzheimer’s disease (AD). For the latest details, see www.adni-

www.adni-info.org
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info.org (15 May 2023). The criteria for ADNI eligibility and diagnostic classifications are
described at http://www.adni-info.org/Scientists/ADNIGrant/ProtocolSummary.aspx
(15 May 2023).

2.2. Cognitive Status Groups

Cognitively Normal (CN): Participants demonstrated normal memory function as
evidenced by scores on the Logical Memory II subscale of the Wechsler Memory Scale—
Revised, with specific cutoffs based on education level. These individuals must have a
Mini-Mental State Exam (MMSE) score ranging from 24 to 30. A Clinical Dementia Rating
(CDR) of 0 was required, indicating no significant impairment.

Mild Cognitive Impairment (MCI): Participants with mild cognitive impairment must
also report memory complaints confirmed by a study partner. They were differentiated
from cognitively normal individuals by abnormal memory function, falling below the
education-adjusted cutoffs on the Logical Memory II subscale. Their MMSE scores were
between 24 and 30. A Clinical Dementia Rating of 0.5 with a Memory Box score of at least
0.5 was also required.

Alzheimer’s Disease (AD): For individuals with Alzheimer’s disease, inclusion criteria
included the presence of memory complaints, confirmed by an informant, and significantly
impaired memory performance on the Logical Memory II subscale according to their
educational attainment. Their MMSE scores should ranged between 20 and 26, with
potential adjustments for educational level at the director’s discretion. A Clinical Dementia
Rating of 0.5 or greater was indicative of their cognitive impairment.

2.3. Image Acquisition and Preprocessing

The MRI acquisition protocols were described in a previous report [15]. In brief,
high-resolution T1-weighted magnetic resonance DICOM images were obtained using
1.5-Tesla MRI machines employing a sagittal three dimensional magnetization-prepared
rapid gradient-echo sequence. This technique featured an approximate repetition time
of 2400 ms, a minimum full echo time, an inversion time of 1000 ms, and a flip angle of
8◦. It is important to note that scan parameters differed across sites, scanner models, and
software versions.

2.4. Hypothalamic Segmentation

The automated segmentation tool in FreeSurfer 7.2 was employed to segment the
hypothalamus and its subunits. The 5 subunits were (1) the anterior–superior hypothala-
mus; (2) the anterior–inferior hypothalamus; (3) the superior tuberal hypothalamus; (4) the
inferior tuberal hypothalamus (4); and (5) the posterior hypothalamus [7]. This approach
ensures precise identification and analysis of these critical brain regions. The tool lever-
aged a convolutional neural network to compute segmentation maps of the hypothalamus
encompassing five distinct subregions. The segmentation maps were visually inspected
to ensure accuracy and precision in delineation. Any misregistration of volumes was
manually adjusted and reran through the segmentation tool.

2.5. Volumetric Analysis

Volumetric measures for the segmented hypothalamic subunits alongside entorhinal,
hippocampal, and fusiform regions were computed with FreeSurfer 7.2. The final volumet-
ric data used were derived by taking the actual volume of the selected region of interest
and dividing by the intercranial volume to normalize across various head sizes.

2.6. Hormonal Metrics

Plasma levels of key gonadotropic hormones including follicle stimulating hormone
(FSH), LH, and sex hormones testosterone (T) and progesterone (P4) were assayed using
standardized hormonal assays [16]. The hormonal metrics were collated and readied for
statistical analyses. We obtained plasma hormonal levels via the ADNI website based

www.adni-info.org
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on recommendations from the Biomarkers Consortium Plasma Proteomics Project and
extracted our sample using the ADNImerge package. To briefly go over the multi-tiered
ADNI process: (1) blood samples were collected and interrogated in accordance with ADNI
standard operating procedures detailed in the procedural manual (http://adni.loni.usc.
edu/methods/ (15 May 2023)). (2) Plasma hormones were quantified in overnight fasting
blood samples, obtained from participants before breakfast. A majority of blood samples
were frozen under 120 min from collection; (3) whole-blood samples were collected into
10-mL BD lavender top K2EDTA-coated Vacutainer tubes and centrifuged within one hour
after collection; (4) blood plasma was moved to a polypropylene transfer tube in dry ice
then to the ADNI Biomarker Core Laboratory at the University of Pennsylvania; (5) 0.5 mL
aliquots were prepared from plasma samples and stored in polypropylene aliquot tubes at
−80 ◦C until they were analyzed.

Rules-Based Medicine, Inc. (Myriad RBM, located in Austin, TX, USA) conducted
an analysis on plasma samples to measure the levels of 190 different analytes using a
comprehensive multiplex immunoassay panel known as the Human Discovery Multi-
Analyte Profile (MAP), which is based on the Luminex xMAP technology developed by
RBM. This service, aimed at exploring the plasma samples using the human discovery
map, is offered on a fee-for-service basis. Myriad RBM implements three tiers of quality
control (QC) for each analyte, with the QC outcomes, the assays’ detection limits, and
the dynamic ranges for each plasma analyte presented in the data primer. The variability
between assays, or coefficients of variation (CVs), was calculated for each analyte across
all plates. Any analyte that showed a CV greater than 25% in one or more QC checks was
flagged, although this did not apply to the plasma cortisol levels. Comprehensive assay
details and quantification techniques are outlined in the data primer available at the ADNI
website, with additional in-depth documentation and validation reports accessible through
Myriad RBM’s website and related reports [17]. The selection process targeted assays that
accurately mirror the functioning of the hypothalamus.

2.7. Statistical Analysis

Demographic information was run with one-way ANOVA for the Age, Education,
CDR-SB, MMSE, RAVLT, and estimated intracranial volume (eTIV). Chi-square analyses
were run to determine any association between sex and cognitive status group. The
significance was determined at the α = 0.05 level. Separate linear regression analyses were
performed to ascertain the relationships between volumetric measures of hypothalamic
subunits and plasma hormonal metrics (LH, FSH, T, and P4) across biological sex and
cognitive status groups with SPSS v28.0.11. Independent variables included volumetric
measures of specific hypothalamic subunits, while dependent variables were the plasma
levels of the hormones LH, FSH, T, and P4. Grouping variables included biological sex
(male, female) and cognitive status (CN, MCI, AD). The regression models were checked
for assumptions of normality, linearity, and homoscedasticity. Statistical significance was
determined using α = 0.05. The coefficient of determination (R2) was reported for each
model to quantify how well the independent variables explained the variance in the
dependent variables.

3. Results
3.1. Demographic and Clinical Information

Participants (n = 493) were categorized into three diagnostic groups: cognitively
normal (CN, n = 54), mild cognitive impairment (MCI, n = 343), and Alzheimer’s disease
(AD, n = 96). The mean age across groups was approximately 75 years (See Table 1).
The biological distribution varied between groups, with the CN group comprising ~50%
females, the MCI group 35% females, and the AD group with 45% males. On average,
participants had completed 15.5 years of formal education. A trend was observed CDR-SB
scores, with a significant increase from the CN group to the MCI group, peaking in the AD
group. MMSE scores exhibited a decline from CN to MCI to AD, indicating deteriorating

http://adni.loni.usc.edu/methods/
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cognitive function. A similar downward trend was seen in RAVLT scores across the groups.
The estimated total intracranial volume remained relatively consistent between groups.

Table 1. Demographic and clinical information across cognitive status.

Group N Age (Years) Sex (%
Female)

Education
(Years) CDR-SB MMSE RAVLT eTIV

(Liters)

Cognitive
Normal 54 75.3 ± 5.9 28/26 (48%) 15.6 ± 3 0.1 ± 0.3 29.1 ± 1.2 35.6 ± 34.9 1.51 ± 0.15

Mild Cognitive
Impairment 343 74.9 ± 7.3 223/120 (35%) 15.7 ± 3 2.2 ± 1.4 26.4 ± 2.9 67.6 ± 31.4 1.58 ± 0.15

Alzheimer’s
Disease 96 75.1 ± 7.9 53/43 (45%) 15.2 ± 3 5.6 ± 2.7 21.3 ± 4.6 85.2 ± 25.6 1.57 ± 0.20

Totals &
Statistics - F = 0.09,

p = 0.92
χ2 = 5.5,
p = 0.06

F = 1.2,
p = 0.30

F = 223.1,
p < 0.001

F = 132.5,
p < 0.001

F = 44.6,
p < 0.001

F = 3.0,
p = 0.049

CDR-SB = Clinical Dementia Rating-Sum of Boxes, eTIV = estimated intracranial volume, MMSE = Mini Mental
State Exam, SD = Standard Deviation. Age values are mean.

3.2. Volumetric Findings

Our multivariate ANCOVA revealed a cognitive status effect on entorhinal, fusiform,
hippocampal and hypothalamus volume (p’s < 0.01). The volume decreased with worsening
cognitive status. A biological sex-by-cognitive status was only found for hypothalamus
volume (p < 0.01, See Figure 1). The hypothalamus volume stayed relatively the same in
women across cognitive status; however, hypothalamic volume decreased with worsening
cognitive status for men. The hypothalamic differences between biological sex groups were
in the MCI and AD groups.

3.3. Plasma Hormone Regression Analyses Findings

Our multiple linear regression analyses revealed distinct subunit volumes were associ-
ated with hormone plasma levels of FSH, LH, P4, and T across biological sex groups (see
Tables 2 and 3). For females within CN & MCI groups, posterior hypothalamus, anterior–
superior hypothalamus and tuberal regions were found to be significantly associated with
FSH, LH, P4, and T (See Table 2) and inferior tuberal hypothalamus regions were asso-
ciated with FSH and LH hormone levels in AD females. Table 2 outlines the significant
predictors among hypothalamic sub-units for different stages of cognitive status in females,
specifically focusing on their relationship with levels of various hormones: FSH, LH, P4,
and T. Each hormone is associated with specific hypothalamic sub-units that serve as
significant predictors (with p < 0.05) for changes in cognitive status, as determined through
multiple regression analyses. The squared multiple correlation coefficient (R2) is provided
for each significant predictor, indicating the proportion of variance in cognitive status that
can be explained through the respective hypothalamic subunit’s activity in relation to the
hormone level. It appears cognitive status worsens the relation of the hypothalamic units
and circulating hormonal status. Inferior tuberal regions have a moderate impact on the
variance of progesterone (38%) and testosterone (20%) hormonal levels in cognitive normal
females. The posterior hypothalamus was also revealed to have a moderate impact on the
variance of LH (21%) hormonal levels. In AD females, inferior tuberal regions have a small
yet significant impact account for 11% and 12% of the variance in FSH and LH levels.
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Figure 1. Box plots of hypothalamic (A) and entorhinal volume (B) across cognitive status on the
x-axis. Green boxes are male plots and orange boxes are female plots. Numerical values in box plots
are the % of intracranial volume reflective of the unique condition. A red x indicates a male (M)
point and a blue x indicates an individual female (F) point. The asterisk indicates the significance at
p < 0.05 of the sex-by-cognitive status interaction.
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Table 2. Significant hypothalamic sub-unit predictors (p < 0.05) from multiple regression analyses
across cognitive status for females.

Cognitive Normal MCI AD

Follicle Stimulating Hormone N/A Anterior-superior (R2 = 0.05) Inferior Tuberal (R2 = 0.11)

Luteinizing Hormone Posterior Hypothalamus
(R2 = 0.21) N/A Inferior Tuberal (R2 = 0.12)

Progesterone Inferior Tuberal (R2 = 0.38) Superior Tuberal (R2 = 0.08) N/A

Testosterone Inferior Tuberal (R2 = 0.20) N/A N/A

AD = Alzheimer’s disease, MCI = mild cognitive impairment, N/A= not available, R2 = coefficient of determination.

Table 3. Significant hypothalamic sub-unit predictors across cognitive status for males.

CN MCI AD

Follicle Stimulating Hormone N/A Inferior Tuberal & Posterior
Hypothalamus (R2 = 0.06) N/A

Luteinizing Hormone Posterior Hypothalamus (R2 = 0.21) Posterior Hypothalamus (R2 = 0.06) N/A

Progesterone Inferior Tuberal (R2 = 0.18) N/A N/A

Testosterone Superior Tuberal (R2 = 0.21) Inferior Tuberal (R2 = 0.05) N/A

R2 = coefficient of determination, N/A = not available, CN = cognitive normal, MCI = mild cognitive impairment,
AD = Alzheimer’s disease.

For males, the posterior hypothalamus and tuberal regions were found to be signifi-
cantly associated with FSH, LH, P4, and T across just CN and MCI groups, where the AD
process seems to diminish the effect of hypothalamic subunits’ associations of hormonal
plasma levels, with no hypothalamic units predicting levels in AD males (see Table 3).
Table 3 contains similar representative information as Table 2. For males, the posterior
hypothalamus had a moderate association with LH, accounting for 21% of the variance.
The inferior tuberal hypothalamus had a moderate association with P4, accounting for 18%
of the variance and the superior tuberal hypothalamus had a distinct moderate impact
on T plasma hormone levels. The association decreased in MCI males, with the posterior
hypothalamus region having a lower association (6%) with LH plasma levels, while the
inferior tuberal hypothalamus with testosterone accounted for 5% of the variance and the
combination of the inferior tuberal and posterior hypothalamus accounted for 6% of the
variance in FH plasma levels.

4. Discussion

Consistent with previous literature, we observed a significant effect of cognitive status
on hippocampal and entorhinal cortex volumes [18,19]. Furthermore, our data revealed a
biological sex-by-cognitive status interaction for hypothalamic volume, with reductions
observed across cognitive groups in males but not in females. In males within CN and
MCI groups, volumes of the posterior hypothalamus significantly predicted gonadotropin
levels, while the inferior tuberal region was predictive of sex hormone levels. Conversely, in
females, different hypothalamic subregions were associated with circulating sex hormones
across different cognitive statuses [20]. It also appeared that the strength of the association of
hypothalamic subregions with plasma hormone levels decreased with worsening cognitive
status groups, especially in males with no significant hypothalamic subunit predictors in
the AD males.

Recent investigations have unveiled associations between volumetric changes in spe-
cific hypothalamic subregions and alterations in hormone levels, with notable distinctions
across cognitive states and biological sex [21,22]. In CN males, increased volumetric values
within the superior tuberal regions, comprising the dorsomedial nucleus, paraventricular
nucleus, and lateral hypothalamus, have been positively correlated with increased T levels.
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This relation underscores the pivotal role of these regions in neuroendocrine homeostasis
and their potential as biomarkers for cognitive health [23]. Conversely, males within MCI
groups exhibit an inverse relationship between the volume of inferior tuberal regions, in-
cluding the infundibular nucleus and ventromedial nucleus, and T levels, implicating these
sites in the neuroendocrine dysregulation associated with cognitive decline [23,24]. This is
also demonstrated with the decrease in the strength of association with worsening cognitive
status with no predictors found in AD males. In cognitively normal individuals, optimal
testosterone levels may enhance the posterior hypothalamus region’s functionality, support-
ing alertness and cognitive processing efficiency. However, in conditions like MCI and AD,
alterations in testosterone levels could disrupt these processes, contributing to cognitive
symptoms such as disorientation, memory impairment, and disrupted sleep-wake cycles.

Males also exhibited enlarged posterior hypothalamic volumes, encompassing the
mamillary bodies and lateral hypothalamic areas, correlating with decreased LH levels in
both CN and MCI subjects. This phenomenon suggests a putative compensatory adjust-
ment or pathological decline in hormonal regulation associated with changes in regions
traditionally implicated in memory and arousal functions [25,26].

Paralleling these findings, females across various cognitive status groups have exhib-
ited distinct neuroendocrine profiles. In CN females, increased inferior tuberal volumes are
associated with elevated P4 and T levels, revealing a moderate association ranging from
approximately 20 to 40% of the variance, reinforcing the notion of a sex-specific regulatory
mechanism operative in cognitively intact females [27]. However, in the context of AD, a
similar increase in inferior tuberal volume correlates with increased LH and FSH levels
with approximately 5% of the variance, potentially reflecting an adaptive neuroendocrine
response to progressive neurodegeneration [28].

Further, multifaceted effects emerge when evaluating the posterior hypothalamic
volume in females with CN, where reductions are paradoxically linked with increased
LH, indicating potential feedback dysregulation [29]. In biological sex females with MCI,
the landscape shifts; expansions in anterior superior volumes, which include the preoptic
area and PVN, are related to FSH decrements, whereas increments in superior tuberal
volume align with reduced P4 levels, hinting at a disrupted neuroendocrine homeostasis as
cognitive impairment advances.

Our findings also suggest that distinct units may interact with circulation plasma
hormones to promote cognitive function in males and females. Specifically, the differ-
ential associations between various hypothalamic subregions and hormone levels across
groups point to a complex, sex-specific orchestration of neuroendocrine regulation that
impacts cognitive abilities. For example, in females, the significant correlation between
the anterior, superior and inferior tuberal regions with FSH and LH, respectively, across
different cognitive statuses, underscores the role these hormones and hypothalamic regions
may play in cognitive maintenance and decline. Similarly, in males, the involvement of
the posterior hypothalamus and inferior tuberal regions in relation to LH and FSH lev-
els, respectively, across cognitive states, suggests a tailored neuroendocrine interaction
that supports cognitive functions. These observations imply that targeted modulation of
specific hypothalamic-hormonal pathways may offer new avenues for cognitive enhance-
ment and neuroprotection, with potential implications for personalized interventions in
neurodegenerative diseases and cognitive impairments.

Collectively, these findings propel our understanding of the hypothalamic roles in
neuroendocrine function across cognitive statuses in AD continuum. There are moderate
associations among distinct hypothalamic subregions, mostly the posterior hypothalamus
and tuberal hypothalamus regions, and distinct sex and gonadotropic hormones in the
cognitive normal group across males and females. These associations, although significant,
decreased in MCI and AD with males showing no association with the hypothalamus
subregions and any of the hormones utilized in this study. Interestingly, hypothalamus
volume in AD was able to distinguish differences between males and females. Future work,
necessitating longitudinal analyses, functional imaging, and mechanistic explorations,



Brain Sci. 2024, 14, 276 9 of 10

promises to elucidate the complexities of these relationships. This may set the groundwork
for future precision related work in AD care and treatment.

Author Contributions: Conceptualization, E.O.; methodology, E.O. and A.S.; formal analysis, E.O.
and A.S.; sources, E.O., A.S. and N.P.; writing—original draft preparation, A.S. and E.O.; writing—
review and editing, E.O., A.S. and N.P.; visualization, E.O.; supervision, E.O. and N.P.; project
administration, E.O. All authors have read and agreed to the published version of the manuscript.

Funding: E.O. is partly supported off of NIA 5P30AG072980-03. AS was supported off of NIGMS
RL5GM118969, TL4GM118971, and UL1GM118970. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes of Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Consent was not necessary as these data were generated from sec-
ondary data analyses sources and consent was obtained through ADNI (https://adni.loni.usc.edu/
methods/documents/ (15 May 2023)).

Data Availability Statement: Data used in preparation of this article were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the
investigators within the ADNI contributed to the design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this report. A complete listing of
ADNI. investigators can be found at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/
ADNI_Acknowledgement_List.pdf (accessed on 15 May 2023).

Acknowledgments: Data collection and sharing for this project was funded by the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) (National Institutes of Health Grant U01 AG024904) and DOD
ADNI (Department of Defense award number W81XWH-12-2-0012). ADNI is funded by the National
Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, and through
generous contributions from the following: AbbVie, Alzheimer’s Association; Alzheimer’s Drug
Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun;
F. Hoffmann-La Roche Ltd. and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare;
IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; Johnson & John-
son Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso
Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharmaceuticals
Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition
Therapeutics. The Canadian Institutes of Health Research is providing funds to support ADNI
clinical sites in Canada. Private sector contributions are facilitated by the Foundation for the Na-
tional Institutes of Health (www.fnih.org (15 May 2023)). The grantee organization is the Northern
California Institute for Research and Education, and the study is coordinated by the Alzheimer’s
Therapeutic Research Institute at the University of Southern California. ADNI data are disseminated
by the Laboratory for Neuro Imaging at the University of Southern California.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sisk, C.L.; Zehr, J.L. Pubertal hormones organize the adolescent brain and behavior. Front. Neuroendocr. 2005, 26, 163–174.

[CrossRef] [PubMed]
2. Vest, R.S.; Pike, C.J. Gender, sex steroid hormones, and Alzheimer’s disease. Horm. Behav. 2013, 63, 301–307. [CrossRef]
3. Li, R.; Singh, M. Sex differences in cognitive impairment and Alzheimer’s disease. Front. Neuroendocr. 2014, 35, 385–403.

[CrossRef]
4. van der Velpen, I.F.; de Feijter, M.; Raina, R.; Özel, F.; Perry, M.; Ikram, M.A.; Vernooij, M.W.; Luik, A.I. Psychosocial health

modifies associations between HPA-axis function and brain structure in older age. Psychoneuroendocrinology 2023, 153, 106106.
[CrossRef]

5. Van Drunen, R.; Eckel-Mahan, K. Circadian Rhythms of the Hypothalamus: From Function to Physiology. Clocks Sleep 2021, 3,
189–226. [CrossRef]

6. Doorduijn, A.S.; de van der Schueren, M.; van de Rest, O.; de Leeuw, F.A.; Hendriksen, H.M.; Teunissen, C.E.; Scheltens, P.; van
Der Flier, W.; Visser, M. Energy intake and expenditure in patients with Alzheimer’s disease and mild cognitive impairment: The
NUDAD project. Alzheimer’s Dement. 2020, 16, e042429. [CrossRef]

https://adni.loni.usc.edu/methods/documents/
https://adni.loni.usc.edu/methods/documents/
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
www.fnih.org
https://doi.org/10.1016/j.yfrne.2005.10.003
https://www.ncbi.nlm.nih.gov/pubmed/16309736
https://doi.org/10.1016/j.yhbeh.2012.04.006
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1016/j.psyneuen.2023.106106
https://doi.org/10.3390/clockssleep3010012
https://doi.org/10.1002/alz.042429


Brain Sci. 2024, 14, 276 10 of 10

7. Billot, B.; Bocchetta, M.; Todd, E.; Dalca, A.V.; Rohrer, J.D.; Iglesias, J.E. Automated segmentation of the hypothalamus and
associated subunits in brain MRI. NeuroImage 2020, 223, 117287. [CrossRef]

8. Stewart, C.A.; Finger, E.C. The supraoptic and paraventricular nuclei in healthy aging and neurodegeneration. Handb. Clin.
Neurol. 2021, 180, 105–123. [CrossRef]

9. Verdile, G.; Laws, S.M.; Henley, D.; Ames, D.; Bush, A.I.; Ellis, K.A.; Faux, N.G.; Gupta, V.B.; Li, Q.X.; Masters, C.L.; et al.
Associations between gonadotropins, testosterone and β amyloid in men at risk of Alzheimer’s disease. Mol. Psychiatry 2014, 19,
69–75. [CrossRef]

10. Gurvich, C.; Le, J.; Thomas, N.; Thomas, E.H.X.; Kulkarni, J. Sex hormones and cognition in aging. Vitam. Horm. 2021, 115,
511–533. [CrossRef]

11. Verdile, G.; Yeap, B.B.; Clarnette, R.M.; Dhaliwal, S.; Burkhardt, M.S.; Chubb, S.A.; De Ruyck, K.; Rodrigues, M.; Mehta, P.D.;
Foster, J.K.; et al. Luteinizing hormone levels are positively correlated with plasma amyloid-beta protein levels in elderly men. J.
Alzheimer’s Dis. JAD 2008, 14, 201–208. [CrossRef]

12. Coley, N.; Andrieu, S.; Jaros, M.; Weiner, M.; Cedarbaum, J.; Vellas, B. Suitability of the Clinical Dementia Rating-Sum of Boxes as
a single primary endpoint for Alzheimer’s disease trials. Alzheimer’s Dement. J. Alzheimer’s Assoc. 2011, 7, 602–610.e602. [CrossRef]

13. Morris, J.C. The Clinical Dementia Rating (CDR): Current version and scoring rules. Neurology 1993, 43, 2412–2414. [CrossRef]
14. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive state of patients for

the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]
15. Jack, C.R., Jr.; Bernstein, M.A.; Fox, N.C.; Thompson, P.; Alexander, G.; Harvey, D.; Borowski, B.; Britson, P.J.; LWhitwell, J.; Ward,

C.; et al. The Alzheimer’s Disease Neuroimaging Initiative (ADNI): MRI methods. J. Magn. Reson. Imaging 2008, 27, 685–691.
[CrossRef]

16. Ofori, E.; DeKosky, S.T.; Febo, M.; Colon-Perez, L.; Chakrabarty, P.; Duara, R.; Adjouadi, M.; Golde, T.E.; Vaillancourt, D.E.
Free-water imaging of the hippocampus is a sensitive marker of Alzheimer’s disease. NeuroImage Clin. 2019, 24, 101985. [CrossRef]

17. Kim, S.; Swaminathan, S.; Inlow, M.; Risacher, S.L.; Nho, K.; Shen, L.; Foroud, T.M.; Petersen, R.C.; Aisen, P.S.; Soares, H.; et al.
Influence of genetic variation on plasma protein levels in older adults using a multi-analyte panel. PLoS ONE 2013, 8, e70269.
[CrossRef]

18. Mu, Y.; Gage, F.H. Adult hippocampal neurogenesis and its role in Alzheimer’s disease. Mol. Neurodegener. 2011, 6, 85. [CrossRef]
[PubMed]

19. Chu, W.T.; Wang, W.E.; Zaborszky, L.; Golde, T.E.; DeKosky, S.; Duara, R.; Loewenstein, D.A.; Adjouadi, M.; Coombes, S.A.;
Vaillancourt, D.E. Association of Cognitive Impairment With Free Water in the Nucleus Basalis of Meynert and Locus Coeruleus
to Transentorhinal Cortex Tract. Neurology 2022, 98, e700–e710. [CrossRef] [PubMed]

20. Oyola, M.G.; Handa, R.J. Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: Sex differences in regulation
of stress responsivity. Stress 2017, 20, 476–494. [CrossRef]

21. McEwen, B.S.; Milner, T.A. Understanding the broad influence of sex hormones and sex differences in the brain. J. Neurosci. Res.
2017, 95, 24–39. [CrossRef] [PubMed]

22. Ebner, N.C.; Kamin, H.; Diaz, V.; Cohen, R.A.; MacDonald, K. Hormones as “difference makers” in cognitive and socioemotional
aging processes. Front. Psychol. 2014, 5, 1595. [CrossRef]

23. Popp, J.; Wolfsgruber, S.; Heuser, I.; Peters, O.; Hüll, M.; Schröder, J.; Möller, H.J.; Lewczuk, P.; Schneider, A.; Jahn, H.; et al.
Cerebrospinal fluid cortisol and clinical disease progression in MCI and dementia of Alzheimer’s type. Neurobiol. Aging 2015, 36,
601–607. [CrossRef] [PubMed]

24. Adedeji, D.O.; Holleman, J.; Juster, R.P.; Udeh-Momoh, C.T.; Kåreholt, I.; Hagman, G.; Aspö, M.; Adagunodo, S.; Håkansson, K.;
Kivipelto, M.; et al. Longitudinal study of Alzheimer’s disease biomarkers, allostatic load, and cognition among memory clinic
patients. Brain Behav. Immun. Health 2023, 28, 100592. [CrossRef] [PubMed]

25. Hiller, A.J.; Ishii, M. Disorders of Body Weight, Sleep and Circadian Rhythm as Manifestations of Hypothalamic Dysfunction in
Alzheimer’s Disease. Front. Cell Neurosci. 2018, 12, 471. [CrossRef] [PubMed]

26. Liguori, C. Orexin and Alzheimer’s Disease. Curr. Top. Behav. Neurosci. 2017, 33, 305–322. [CrossRef]
27. Gegenhuber, B.; Tollkuhn, J. Sex Differences in the Epigenome: A Cause or Consequence of Sexual Differentiation of the Brain?

Genes 2019, 10, 432. [CrossRef]
28. Murta, V.; Ferrari, C. Peripheral Inflammation and Demyelinating Diseases. Adv. Exp. Med. Biol. 2016, 949, 263–285. [CrossRef]
29. Starrett, J.R.; Moenter, S.M. Hypothalamic kisspeptin neurons as potential mediators of estradiol negative and positive feedback.

Peptides 2023, 163, 170963. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuroimage.2020.117287
https://doi.org/10.1016/b978-0-12-820107-7.00007-0
https://doi.org/10.1038/mp.2012.147
https://doi.org/10.1016/bs.vh.2020.12.020
https://doi.org/10.3233/JAD-2008-14208
https://doi.org/10.1016/j.jalz.2011.01.005
https://doi.org/10.1212/WNL.43.11.2412-a
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1002/jmri.21049
https://doi.org/10.1016/j.nicl.2019.101985
https://doi.org/10.1371/journal.pone.0070269
https://doi.org/10.1186/1750-1326-6-85
https://www.ncbi.nlm.nih.gov/pubmed/22192775
https://doi.org/10.1212/WNL.0000000000013206
https://www.ncbi.nlm.nih.gov/pubmed/34906980
https://doi.org/10.1080/10253890.2017.1369523
https://doi.org/10.1002/jnr.23809
https://www.ncbi.nlm.nih.gov/pubmed/27870427
https://doi.org/10.3389/fpsyg.2014.01595
https://doi.org/10.1016/j.neurobiolaging.2014.10.031
https://www.ncbi.nlm.nih.gov/pubmed/25435336
https://doi.org/10.1016/j.bbih.2023.100592
https://www.ncbi.nlm.nih.gov/pubmed/36820052
https://doi.org/10.3389/fncel.2018.00471
https://www.ncbi.nlm.nih.gov/pubmed/30568576
https://doi.org/10.1007/7854_2016_50
https://doi.org/10.3390/genes10060432
https://doi.org/10.1007/978-3-319-40764-7_13
https://doi.org/10.1016/j.peptides.2023.170963

	Introduction 
	Methods and Materials 
	Participants 
	Cognitive Status Groups 
	Image Acquisition and Preprocessing 
	Hypothalamic Segmentation 
	Volumetric Analysis 
	Hormonal Metrics 
	Statistical Analysis 

	Results 
	Demographic and Clinical Information 
	Volumetric Findings 
	Plasma Hormone Regression Analyses Findings 

	Discussion 
	References

