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As Alzheimer’s disease (AD) is diagnosed more frequently in women, understanding
the role of sex has become a key priority in AD research. However, despite aging being
the primary risk factor for AD, it remains unclear whether men and women differ in
the extent of brain decline with age. Using 12,638 longitudinal brain MRIs from 4,726
participants aged 17 to 95 y across 14 cohorts, we examined sex differences in structural
brain changes over time, controlling for differences in head size. Men showed greater cor-
tical thickness (CT) decline in the cuneus, lingual, parahippocampal, and pericalcarine
regions; surface area decline in the fusiform and postcentral regions; and in older adults,
greater subcortical decline in the caudate, nucleus accumbens, putamen, and pallidum.
In contrast, women only showed greater surface area decline in the banks of the superior
temporal sulcus and greater ventricular expansion in older adults. These results suggest
that sex differences in age-related brain decline are unlikely to contribute to the higher
AD diagnosis prevalence in women, necessitating research into alternative explanations.
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Sex differences in Alzheimer’s disease (AD) diagnosis prevalence, where women account
for most cases globally (1, 2), underscore the widely recognized importance of considering
sex in AD research (3, 4). However, although age is the primary risk factor for AD (5),
and both aging and AD are associated with progressive brain atrophy (6), it remains unclear
whether men and women differ in the extent of brain decline with age. Longitudinal
studies have shown mixed results: While most larger studies (>600 participants) have
demonstrated steeper decline of total gray matter (7-9) and hippocampal volume in men
(7, 9), others have reported steeper total gray matter decline in women (10). Importantly,
the explorations across the cortex have produced a wide range of outcomes (7, 9, 10). We
addressed these inconsistencies by assembling a dataset of 12,638 longitudinal brain MRIs
from 4,726 cognitively healthy participants across the adult lifespan. Our analyses
addressed two key questions: (1) Do structural brain changes in aging differ by sex, and
if so, (2) do such differences increase with age?

Results

Sample Characteristics. The sample consisted of 2,181 men and 2,545 women, aged 17
to 95 v, all cognitively unimpaired, from 14 cohorts (Fig. 14) (11). Each participant had
at least two scans [mean (SD) interval = 3.3 (2.4) y, range = 0 to 16 y, women: 3.4(2.5),
men: 3.2(2.3)]. Participants had higher education than the general population, especially
older men, indicating potential representativity bias (Fig. 1B). Women demonstrated the
expected greater projected life expectancy than men, with the gap narrowing with age

(Fig. 10).

Primary Analyses. We used generalized additive mixed models to examine sex differences
in structural brain changes across the lifespan in 87 brain indices, including global, lobar,
and subcortical volumes, regional cortical thickness (CT), and surface area (SA). Sex
differences in change were tested through a sexxtime interaction and age-dependent sex
differences by a sexxtimexage interaction. To aid interpretation, we also tested sexxtime
specifically in older participants (age >60). Participants, scanner, and cohort were included
as random intercepts to account for individual variability, site-related differences, and
cohort-specific effects.
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Fig. 1. (A) Age distribution, (B) education, and (C) life expectancy by sex. Sex differences in (D) cortical thickness (CT) and (E) surface area (SA) (latter head-size
corrected). (F) Age-dependent sex differences in subcortical volumes (head-size corrected). Hippocampus across (G) age and (H) estimated remaining lifespan in
10-y intervals. Hippocampal decline did not differ in older age (G), but with more decline in women when corrected for life expectancy (H), driven by the apparent

less decline in men further from estimated death.

Since head size varies with sex, we used a stepwise strategy for

analysis: 1) Uncorrected decline—reflecting raw change, which
may be influenced by brain size; 2) Proportional change—adjust-
ing for regional size, but not overall head size; 3) adding an ICV
x time term—controlling for effects of head size for volume and
SA analyses.
Uncorrected. Seventeen measures (20%) showed a steeper decline in
men than women (FDR P < 0.05), including global decline in total
brain, gray matter, and white matter volume, and all lobar volumes.
SA declined more in fusiform, inferior temporal, insular, lingual,
and caudal anterior cingulate regions. CT declined more in cuneus,
lingual, parahippocampal, and pericalcarine regions (Fig. 1D). The
pericalcarine cortex showed the largest difference, with men declining
from 1.68 mm to 1.64 mm over a decade (~0.24% annually) vs.
women 1.67 mm to 1.65 mm (-0.14% annually).

Sex differences varied with age for all subcortical volumes and
cingulate SA. Older men showed greater ventricular expansion,
and stronger decline in hippocampus, amygdala, thalamus, cau-
date, nucleus accumbens, putamen, and cingulate SA.
Proportional change. Consistent patterns except no sex differences
in frontal lobe volume and no age-dependent effects for ventricular
volume and posterior cingulate SA.

ICV correction. Men showed more decline in occipital lobe volume
and fusiform and postcentral SA (Fig. 1E). Women showed
stronger decline in frontal lobe volume and in the banks of the
superior temporal sulcus SA. The postcentral cortex showed the
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largest difference, with men declining from 8279.55 mm” 08,116
mm? (~0.20% annually) vs. women 8,076 mm’ to 7,982 mm®
(-0.12% annually).

Age-dependent effects remained for subcortical volumes

(Fig. 1F) and rostral anterior cingulate SA. In older adults, men
showed a stronger decline in caudate, nucleus accumbens, putamen,
and pallidum (women increased in the pallidum over time), while
women showed greater ventricular expansion. Hippocampal vol-
ume showed no sex differences (Fig. 1G).
Sensitivity analyses. Education correction removed men’s steeper
decline for fusiform and postcentral SA. Life-expectancy correction
removed men’s steeper decline for lingual, parahippocampal, and
pericalcarine CT, frontal lobe volume, and introduced steeper decline
in women for insular, medial orbitofrontal, and parahippocampal
SA and for hippocampal volume in older adults (Fig. 14).

Discussion

We found modest but systematic sex differences in age-related brain
decline. Men showed decline in a greater number of brain regions,
including multiple cortical regions such as the parahippocampal
cortex and several subcortical structures in older adults, while
women showed a decline in fewer regions with limited cortical
changes and greater ventricular expansion. These findings suggest
that the higher prevalence of AD diagnoses in women likely stems
from factors beyond differential rates of age-related brain atrophy.
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While longitudinal studies have tended to demonstrate steeper
total gray matter loss (7-9) and hippocampal volume decline in
men (7, 9), cortical investigations have yielded mixed results (7,
9, 10), including higher atrophy rates, particularly in frontal
regions in women (10), or no differences in AD-implicated regions
such as the entorhinal and parahippocampal cortices (7). We iden-
tified a larger decline in men for both CT and SA, including the
parahippocampal cortex, as well as a greater decline in subcortical
structures in older age, although not in the hippocampus.

The observed pattern of greater brain aging in men aligns with
broader biological aging patterns, including advanced epigenetic
aging and greater metabolic dysregulation (12) in men, suggesting
sex differences in the biology of aging. However, the interpretation
of these sex differences is complicated by our life expectancy anal-
yses, which removed several cortical decline effects in men while
revealing effects in women, including greater hippocampal decline.
Whether this reflects the removal of proximity-to-death artifacts
(13) or elimination of biological aging differences, cannot be
determined, and these findings should be interpreted with caution,
especially considering representativity bias in our sample with
potentially healthier men.

Key limitations include multisite heterogeneity, short follow-up
intervals, uneven age distribution across the lifespan, and limited
sample representativeness. We acknowledge that observed sex differ-
ences in AD diagnosis risk may reflect both biological and sociocul-
tural influences that cannot be disentangled here. Our findings in
cognitively normal individuals may not reflect patterns in prodromal
stages. Although age is the main risk factors for AD, it is conceivable
that sex differences in atrophy could differ between cognitively
healthy vs. impaired older adults, leading to differences in AD risk.
This could arise if risk factors or neuropathology affects men and
women differently (3, 4). For example, APOE €4 is suggested to
relate differently to several AD markers in women vs. men (14),
including tau accumulation (15), which could lead to downstream
differences in prodromal atrophy rates.

This observation calls for investigations of mechanisms
beyond structural brain changes to explain women’s higher levels
of AD diagnosis. Future research should further examine sex
differences in longevity and survival bias, detection and diag-
nosis patterns, the nature of risk and protective factors, such as
APOE €4, and differential vulnerability to pathological processes
(3, 4, 12).
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Methods

The preregistration for this study, along with any documented deviations, is avail-
able on the Open Science Framework (https://doi.org/10.17605/0SF.I0/MGTQR).
All participants gave written informed consent. Each substudy was approved by
the relevant institutional review board(s) or ethics committee(s). Data are availa-
ble through open access repositories or upon reasonable request from principal
investigators. Complete methods, data access procedures, and ethics approvals
are provided in S/ Appendix.

Data, Materials, and Software Availability. This study analyzed data from
14 longitudinal cohorts. The data is not publicly deposited due to institutional
ownership and varying access requirements. Data availability information for each
individual dataset, including access procedures, contact information, and direct
URLs where applicable, is provided in the S/ Appendix. Analysis code is available
at: https://github.com/anneravndal/sex_differences_brain_change (16).

ACKNOWLEDGMENTS. The Lifebrain consortium is funded by the EU
Horizon 2020 Grant agreement no. 732592 (Lifebrain), for other funding, see
Sl Appendix.

Author affiliations: *Center for Lifespan Changes in Brain and Cognition, Department of
Psychology, University of Oslo, Oslo 0317, Norway; "Computational Radiology and Artificial
Intelligence, Department of Radiology and Nuclear Medicine, Oslo University Hospital, Oslo
0372, Norway; ‘Department of Medicine, Faculty of Medicine and Health Sciences and
Neurosciences Institute, University of Barcelona, Barcelona 08036, Spain; “Institut Guttmann,
Institut Universitari de Neurorehabilitacié adscrit a la Universidad Auténoma de Barcelona,
Badalona 08916, Spain; “Fundacié de Recerca Clinic Barcelona, Institut d'Investigacions
Biomédiques August Pi i Sunyer, Barcelona 08036, Spain; Hinda and Arthur Marcus Institute
for Aging Research and Deanna and Sidney Wolk Center for Memory Health, Hebrew
SeniorLife, Boston, MA 02131; 8Department of Neurology, Harvard Medical School, Boston,
MA 02115; "Center for Lifespan Psychology, Max Planck Institute for Human Development,
Berlin 14195, Germany; 'Department of Psychology, MSB Medical School Berlin, Berlin
14197, Germany; 'Max Planck University College London Centre for Computational
Psychiatry and Ageing Research, Berlin 14195, Germany; “Max Planck University College
London Centre for Computational Psychiatry and Ageing Research, London WC1B SEH,
United Kingdom; 'Department of Psychiatry and Psychotherapy, University Clinic Hamburg-
Eppendorf, Hamburg 20251, Germany; "Center for Environmental Neuroscience, Max
Planck Institute for Human Development, Berlin 14195, Germany; "Umea Center for
Functional Brain Imaging, Umea University, Umea 901 87, Sweden; °Department of
Medical and Translational Biology, Umea University, Umea 901 87, Sweden; PDepartment
of Diagnostics and Intervention, Umea University, Umeé 901 87, Sweden; “Oslo Delirium
Research Group, Institute of Clinical Medicine, Campus Ahus, University of Oslo, Oslo 0318,
Norway; "Department of Geriatric Medicine, Akershus University Hospital, Larenskog 1478,
Norway; and *Medical Research Council Cognition and Brain Sciences Unit, Department of
Psychiatry, University of Cambridge, Cambridge CB2 7EF, United Kingdom

Author contributions: AR., AM.F, D.V.-P, D.B.-F.,, AP.-L, AM.B,, S.D., SK, UL, LN,
LOW., RN.H, KB.W., and H.G. designed research; AR, AM.F, D.V.-P,, @.S., ES.F, ] K,
P.F.G, J.M.R, J.-LA-W., M.H.S,, D.B.-F., AP.-L., AM.B,, S.D., S.K, U.L, L.N,, LOW.,, R.N.H.,
K.B.W., and H.G. performed research; A.R., AM.F., @.S., and H.G. analyzed data; and A.R,,
AM.F,D.V.-P,, @S, ESF, K, P.F.G, ]MR, J.-LA-W., M.H.S,, D.B.-F., AP.-L., AM.B., S.D.,
S.K., U.L, LN, LO.W., R.N.H., K.B.W., and H.G. wrote the paper.

10. F. Crivello, N. Tzourio-Mazoyer, C. Tzourio, B. Mazoyer, Longitudinal assessment of global and
regional rate of grey matter atrophy in 1, 172 healthy older adults: Modulation by sex and age.
PLoS One 9, ¢114478(2014),10.1371/journal.pone.0114478.

11. D.Vidal-Pifieiro et al., Reliability of structural brain change in cognitively healthy
adult samples. bioRxiv [Preprint] (2024). 10.1101/2024.06.03.592804 (Accessed 20 February
2025).

12. D.B.Dubal, C.T. Murphy, Y. Suh, B. A. Benayoun, Biological sex matters in brain aging. Neuron. 113,
2-6(2025),10.1016/j.neuron.2024.12.005.

13. G.Muniz-Terrera, A. van den Hout, A. M. Piccinin, F. E. Matthews, S. M. Hofer, Investigating terminal
decline: Results from a UK population-based study of aging. Psychol. Aging 28, 377-385(2013),
10.1037/a0031000.

14. E.E.Sundermann, M.Tran, P.M. Maki, M. W. Bondi, Sex differences in the association between
apolipoprotein E €4 allele and Alzheimer's disease markers. Alzheimers Dement (Amst). 10,
438-447(2018),10.1016/j.dadm.2018.06.004.

15. X.Xuetal,, Sex differences in Apolipoprotein E and Alzheimer disease pathology across ancestries.
JAMA Netw. Open. 8,€250562 (2025), 10.1001/jamanetworkopen.2025.0562.

16. A.Ravndal, sex_differences_brain_change (analysis code). GitHub. https://github.com/
anneravndal/sex_differences_brain_change. Deposited 24 September 2025.

https://doi.org/10.1073/pnas.2510486122 3 of 3


https://doi.org/10.17605/OSF.IO/MGTQR
http://www.pnas.org/lookup/doi/10.1073/pnas.2510486122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2510486122#supplementary-materials
https://github.com/anneravndal/sex_differences_brain_change
http://www.pnas.org/lookup/doi/10.1073/pnas.2510486122#supplementary-materials
https://doi.org/10.1002/alz.12068
https://doi.org/10.1016/j.jalz.2018.04.008
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1093/cercor/bhs379
https://doi.org/10.1016/j.neurobiolaging.2019.05.020
https://doi.org/10.1002/hbm.22959
https://doi.org/10.1016/j.neurobiolaging.2018.07.001
https://doi.org/10.1371/journal.pone.0114478
https://doi.org/10.1101/2024.06.03.592804
https://doi.org/10.1016/j.neuron.2024.12.005
https://doi.org/10.1037/a0031000
https://doi.org/10.1016/j.dadm.2018.06.004
https://doi.org/10.1001/jamanetworkopen.2025.0562
https://github.com/anneravndal/sex_differences_brain_change
https://github.com/anneravndal/sex_differences_brain_change

	Sex differences in healthy brain aging are unlikely to explain higher Alzheimer’s disease prevalence in women
	Results
	Sample Characteristics.
	Primary Analyses.
	Uncorrected.
	Proportional change.
	ICV correction.
	Sensitivity analyses.


	Discussion
	Methods
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 20



