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Neuroimaging literature in healthy humans has shown that there are sex-

related di�erences in healthy brain’s anatomical structure, associated function

and susceptibility to neurological diseases. This mini-review summarizes

findings derived from the current neuroimaging studies focused on sex-related

brain structural and functional damage in women with multiple sclerosis (MS).

MS is a chronic, multifactorial, immune-mediated disorder of the central

nervous system that a�ects mostly women. Even if recent neuroimaging

studies have shed light on distinctive features of sex-related MS di�erences

in brain structural and functional damage, more research is needed to better

elucidate sex-related MS pathological changes and susceptibility and to

implement sex-tailored treatment strategies in MS.
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Introduction

Neuroimaging studies, in the last decades, have shown that there are sex-related

differences in healthy brain’s anatomical structure, associated function and susceptibility

to neurological diseases (1–3). Conventional magnetic resonance imaging (cMRI) studies

have suggested that men have larger total brain volumes accordingly to their larger body

surface, larger white matter (WM) volume, larger volume of fronto-medial cortex, larger

hippocampus and amygdala, while women seemed to have larger gray matter (GM)

volumes (4). The latest developments of advanced MRI techniques have also shown

sex-related differences in brain connectome and functional connectivity (4). These

differences seem to be present already at birth and strengthen through the entire life span,

under the influences of several factors, mainly hormones and genes.Moreover, increasing

evidence is supporting sex-related susceptibility to diseases including neurological ones

(3, 5).

Multiple sclerosis (MS) is a chronic, multifactorial, immune-mediated disorder

of the central nervous system (CNS) characterized by different clinical courses (6).

The most frequent clinical course is the relapsing remitting (RR), characterized by a

neurological worsening followed eventually by a clinical recovery. Progressive courses

such as secondary progressive (SP) and primary progressive (PP) ones are characterized

by progressive worsening disability overtime (6). Interestingly MS affects mostly women
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at young age, but when touched, men present a worse disease,

mainly a progressive course and more cognitive involvement

(6, 7). Growing evidence is suggesting that sex has a role in

multiple aspects of MS, including epidemiology, risk factors,

clinical course, severity, comorbidities and in the structural and

functional damage of the CNS (3, 7, 8).

Historically considered mostly as a CNS WM disease, lately,

MRI imaging and pathological studies have disclosed that GM

damage in MS is common, starts early in the disease course,

progresses and worsens overtime and better correlates with the

clinical and cognitive deficit (9).

This mini-review summarizes findings derived from the

current neuroimaging studies focused on sex-related WM and

GM brain structural and functional damage in MS. While recent

neuroimaging studies have shown some sex-related distinctive

features of brain structural and functional damage in MS,

more research still is needed to better elucidate sex-related

pathological changes and susceptibility and to implement sex-

tailored treatment strategies in MS.

Post-mortem pathological, hormonal and genetical studies

of sex-related changes in MS are not included in the present

review, nor is a detailed analysis of each MRI modality and post-

processing technique—these are beyond the scope of this review.

Sex-related brain WM damage

This section highlights MRI studies on sex-related brain

WM damage in MS.

At cMRI, WM damage includes WM lesions (WML) (T2

hyperintense, T1 hypointense, and contrast-enhancing lesions)

that have been considered the hallmarks of MS. T2-hyperintense

lesions (T2HL) are non-specific for the underlyingMS pathology

and show unreliable correlations with clinical status, but have

ability to predict conversion from clinically isolated syndromes

to clinically definite (CD) MS (10, 11). T1 hypointense

lesions (T1HL), categorized as transient or chronic black

holes correlate better than T2 hyperintensity with pathological

changes reflecting mostly axonal loss and are more frequent

in the progressive course of the disease (10, 11). Contrast-

enhancing lesions (CEL) usually precede or accompany new T2-

hyperintense lesion formation but disappear after an average of

3 weeks, and occur more frequently in the early stages of the MS

disease. While they show poor correlations with disability, they

are a useful marker for monitoring subclinical disease activity

(10, 11).

Early cMRI studies have shown that womenwithMS (WMS)

are more disposed to inflammatory lesions, while men with

MS (MMS) present more chronic destructive lesions. In a pilot

study of 50 naïve patients with CDMS, WMS were found to

have significantly more CEL than MMS over a period of 3

years (12). Moreover, while no differences were found in T1HL,

T2HL and T1/T2 ratio in a cross-sectional study of 138 CDMS

patients, a trend toward a lower T1HL volume and a lower

T1/T2 ratio was shown for PP WMS (13). In a cMRI study

of 413 CDMS patients (14), WMS showed higher number of

CEL and lower number of T1HL. In a study of 60 naïve RR

patients (35 woman and 25 men) without hormone replacement

therapy compared to matched controls, Tomassini et al. (15)

confirmed that WMS have more CEL than MMS and lower

testosterone concentrations than healthy women. However, in

contrast with Pozzilli et al. (14), the study of Tomassini (15)

failed to show that WMS had lower number of T1 lesions.

In a double-blind, randomized, multicenter, placebo-controlled

study (SPECTRIMS), in which 618 SPMS patients received

IFN-b-1a 22mg, 44mg or placebo subcutaneously three times

weekly for 3 years, a treatment-by-sex interaction effect was

observed at follow-up on the burden of the disease and in the T2

activity measures (16). Indeed, WMS showed highly significant

reductions, at both doses of IFNs, in the number of T2HL

and percentage of active scans (16). In contrast with the above

discussed studies, no sex-related differences were found in T2

and T1HL volumes, CEL and T1/T2 ratio in a large study of

763 undertreatment CDMS patients and 32 clinically isolated

syndrome suggestive of MS (17).

Beyond cMRI, advanced MRI (aMRI) such magnetization

transfer imaging, diffusion tensor imaging (DTI), magnetic

resonance spectroscopy, phase imaging and relaxometry, have

enriched our understanding of pathological correlates and the

natural evolution of MS lesions. These techniques have also

helped to characterize the diffuse abnormalities that escape

detection by cMRI in the so-called normal appearing (NAWM)

(10, 11), showing that NAWM damage is present in all MS

phenotypes, starting from the earliest stage and spreading widely

in the PMS. Nevertheless, despite the progress and availability

of several aMRI techniques (10, 11) for characterizing WM

structure and, despite the relevance of WM damage in MS,

sex-related aMRI studies of WM damage are scarce. Overall,

these MRI studies have confirmed the existence of sex-related

differences in the WM, having less prominent changes in WMS

than MMS, except for the WM atrophy that seemed more

advanced in WMS.

Using DTI, Klistoner et al. (18), showed in a 1-year

longitudinal study that progressive microstructural damage in

lesions of the optic radiation was less prominent in WMS.

Specifically, allowing the characterization of the preferential

diffusion of water in WM, the integrity of tracts in specific

neuronal circuits can be evaluated usingDTI-based tractography

and voxel-wise analysis (10, 11). Thus, in this study, Klistoner

et al. (18) demonstrated in a group of 34 CDMS patients over a

1-year follow-up that WMS had developed less axonal loss and

demyelination in the optic radiation’s lesions than MMS, even

when the comparison was adjusted for total brain lesion volume

and optic radiation lesion volume, since MMS had higher lesion

volume in the optic radiation than WMS at baseline (18).

However, no sex-related differences in diffusivity changes were
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observed in NAWM of the optic radiation (18). In a subsequent

DTI study (19), same researchers analyzed the evolution of

chronic stable WML, peri-lesioned WM and NAWM in a group

of 55 RR patients over 3.5 years. While worsening changes

were observed overtime in the 3 target tissues, with a central

to peripheral decreasing gradient, having worst changes in the

core of the lesions, WMS showed less diffusivity changes in

the lesions’core compared to MMS (19). Using DTI voxel-wise

analysis, a study of 131 patients with CDMS 6 years post-

diagnosis and with mild cognitive dysfunction, showed that

the extent of diffusivity changes was sex-related. Changes were

worse in MMS, especially in the measures of myelin integrity,

and mostly located in posterior periventricular areas (20). Using

a geostatistical approach, sex-related differences in WM lesion

evolution were analyzed longitudinally over 3 years in 53 WMS

and 36 MMS (21), showing that WML evolution can progress

into 2 different patterns over time. The first pattern of WML

evolution was longitudinally quasi-static, while the other one

was worsening. Both sex group had WML with the 2 evolution

patterns. Worse sex-related differences were greatly observed in

the WML of the latter pattern in WMS (21).

High and ultra-high field MRI scans together with

histopathological studies and aMRI techniques, such as phase

imaging combined with dynamic contrast enhancement (22),

that has recently emerged as a valuable method for investigating

cells and microscopic tissues changes, have supported and

expanded the notion that chronic lesions can evolve into an

inactive scar or to a chronic active lesion in which the damage

continues to progress over time (22). Chronic active lesions,

also called smoldering lesions or slowing expanding lesions,

can be identified pathologically and also using MRI, thanks

to the presence of a curvilinear hypointensity along the edge

of the lesion, the so-called paramagnetic rim that has specific

pathological correlates (22, 23).

Chronic active lesions seems to be more frequent in the

progressive course and in MMS, reenforcing the previously

suggested concept that MMS suffer a more destructive disease

than WMS (23). In a study of 39 patients with CDMS, using 7

Tesla susceptibility MRI techniques, WML with rims (14.1% of

846 total visible lesions at the susceptibility sequence) were more

frequent in MMS (23). In the same study, MMS had a 10-times

fold risk of having ≥1 rimmed lesions compared to WMS (23).

Few studies have looked at sex-related differences in WM

volume suggesting that WM atrophy is more advanced in WMS

(17, 24).

Sex-related brain GM damage

This section highlights structural and functional MRI

studies on sex-related GM damage differences. Thanks to

aMRI techniques, such as double-inversion recovery for the

detection of cortical lesions and the implementation of refined

segmentation methods such as voxel based analysis for the

detection of distinct topographical distribution of regional GM

damage and atrophy, GM damage in MS has emerged lately as

a new sensitive marker of disability, progression, and cognitive

impairment, manifesting itself early in the disease course and

affecting all MS phenotypes (25) and progressing over time

(10, 11). Indeed, key indicators of GM diseases are cortical

lesions, global and regional GM atrophy and diffuse GM tissue

damage, involving cortical and subcortical structures beyond

focal lesions (10, 11).

Sex-related MRI studies of GM damage in MS have showed

that the GM is overall less damaged in WMS. In the study

of Antulov et al. (17), normalized global GM volume and

peripheral GM volumes were higher inWMS. Given the regional

heterogeneity of the GM damage in MS, 89MS patients (52

women and 37 men) were compared to 45 (28 women and 17

men) age matched controls in order to evaluate the effect of sex

on regional GM atrophy, using voxel-based analysis approach.

In this study, MMS and WMS were matched for age, disease

duration, disability, T2HL count and volumes and proportion

of treatment. There was also no difference in age between WMS

vs. healthy women andMMS vs. healthy males (24). MS patients

showed regional GM atrophy in the thalamus compared to

matched controls. However, in addition, MMS showed greater

regional GM atrophy in other structures such as putamen,

precuneus, and medial frontal cortex as well as lower cortical

thickness in the right intraparietal sulcus. Indeed, MMS had

more widespread regional GM damage (24). Accordingly, WMS

showed a more localized patter of regional GM when compared

to MMS in the study of Sanchis-Segura (26). In this study,

however, MMS exhibited additional decreased GM volume only

in bilateral frontal areas. Sex-related MRI studies discrepancies

regarding topographical distribution of regional GM atrophy

may be related to sample size and MS clinical and demographics

characteristics (24, 26). Using regional volumetry analysis,

distinct topographical distribution of regional GM atrophy has

been shown to differentiate MS patients also according to

cognitive dysfunction (11). Building on this existing knowledge,

Schoonheim et al. (27) analyzed the relationship between

regional GM volumes of several subcortical GM structures and

cognition in 120 CDMS patients (80 women) 6 years post-

diagnosis and 50 age and educational level matched controls (30

women). No sex-related differences in EDSS, T1 or T2 lesion

volumes, or disease duration were present, while the majority

of the deep GM volumes were reduced in patients compared to

controls, except for bilateral hippocampus, amygdala, and right

nucleus accumbens in men, and right hippocampus and nucleus

accumbens, bilateral amygdala, and putamen in WMS. GM

volume reduction was lower on average in WMS. Furthermore,

MMS also showed, as in previous studies (17), lower normalized

global GM volume compared to WMS, but overall, deep GM

atrophy showed the larger effect size of reduction. All cognitive

domains, except the visuospatial memory, were affected inMMS,
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while none were significantly affected in WMS. Furthermore,

sex, together with thalamic volume and education were overall

the best predictors of cognition.

Sex-related differences also have been assessed over time in

the progression of GM damage. In the study of Dolezal et al.

(28), sex-related differences in MRI lesion and brain volumetric

changes were investigated in a cohort of 181 RRMS patients,

who were part of the Avonex-Steroid-Azathioprine clinical trial

over 5-year follow-up period. No sex-related differences were

observed in baseline and 5-year follow-up clinical characteristics

and MRI lesion, global, tissue specific or regional brain volume.

On note, in this study, at baseline subcortical deep GM, caudate,

putamen, globus pallidus, thalamus and nucleus accumbens

normalized volumes were significantly larger in MMS (28). In

another study of a smaller sample size, after 6 years follow-up,

a decreased regional subcortical frontal volume was observed

in 25 RRMS WMS compared to 20 MMS matched for age,

EDSS at onset, treatment, total brain volumes, GM, WM

volumes and lesions volumes, while MMS showed at follow-

up a decrease in total brain volume and total GM volume

and greater percentage of global atrophy (29). Interestingly,

in a total sample of 2,199MS patients (female/male ratio of

1,651/548) age-matched followed through life, WMS, showed

a greater proportion of RR course, lower lesion volume and

greater GM andWMvolumes from baseline to early andmidlife.

However, these differences were nullified in patients after 60-

year-old, independently of the use or not of treatment (30).

Likewise to Jakimovski et al. (30), another study strengthens the

notion that sex-related differences can disappeared with older

age (31). In this study, WMS in pre- and post-menopausal phase

were compared to age matched men group. Interestingly, pre-

menopausalWMS at the disease onset showed larger normalized

total brain volume, larger normalized cortical volume and larger

brainstem volume compared to MMS, while no sex-related

differences were found in any of the GM volumes betweenMMS

and post-menopausalWMS at the onset of the disease (31). Both

studies (30, 31) suggested an important role of sex hormones on

immune response.

To the best of our knowledge, only few studies have

investigated sex-related changes of brain networks in MS

(26, 32, 33). In more details, brain networks have been

investigated with the use of functional MRI techniques to

investigate brain plasticity as an adaptive or maladaptive

mechanism in response to brain MS damage (34). Increased

functional connectivity between different brain regions as

a compensatory mechanism for their more extensive GM

loss was found in MMS compared to WMS in the study

of Sanchis-Segura et al. (26). In contrast, some other

studies have found worse regional GM damage and related

bigger network reorganization in WMS (32). By modeling

single-subject intrinsic networks and quantifying subfield

volumetric variations, sex-related differences in hippocampal

vulnerability were found in a large 2 years longitudinal

study of early RRMS (disease duration <5 years) patients

compared to age matched controls (32). MMS and WMS

were matched for disease duration, cognitive scores, T2HL

volumes and hippocampal volume. Longitudinally MS patients

remained cognitively preserved even if they accumulated

hippocampal lesions. Functionally, at both baseline and

follow-up, WMS displayed a more clustered hippocampal

network organization and compromised regional integrity

compared to MMS, that worsen over time for WMS.

Furthermore, longitudinally, WMS developed an even more

clustered network organization along with widespread regional

tissue loss. Moreover, changes in hippocampal network and

anatomical organization worsen overtime in WMS and were

tightly related to cognitive performance, suggesting that sex

influences cognition (32). Indeed, despite of the absence of

sex-related differences in cognitive/memory performance over

time, a strong interrelation between hippocampal network

properties and cognitive/memory performance was found only

in WMS (32).

Using resting-state functional MRI and graph

analysis, functional connectivity between brain regions

and network efficiency was explored in 60MS patients

compared to controls. Compared with age, disability,

disease duration and lesion volume and matched

WMS, MMS with reduced visuospatial memory

showed decreased functional connectivity and network

efficiency (33).

Discussion and conclusion

This mini-review summarizes current literature of sex-

related MRI differences in MS. The majority of the MRI studies

seems to confirm the existence of sex-related differences in

brain structure and function in MS, confirming, sex disparity

observed in MS epidemiology, risk factors, genetics, course,

clinical characteristics, hormonal and pathological changes (7,

8). Overall, despite of some discrepancies, WMS seemed to

have less neurodegenerative brain changes than MMS that

can partially explain clinical sex related differences, such as

better prognosis, better relapse recovery, a lower risk for higher

disability, for progressive course and for cognitive deficit.

However, MS MRI sex-related changes still need to be fully

investigated in order to better elucidate clinical implications

and treatment response. Indeed, a recent study has shown that

in healthy female brains, atrophy measures are influenced by

hormonal changes suggesting that hormonal changes should

be incorporate in MS MRI studies to discover better correlates

of clinical changes (35). Interestingly, based on the current

evidence, MS MRI sex-related differences seemed not to

influence treatment response and vice versa (36, 37). However,

till date, interventional trials have not been powered enough
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and have not been enough informative on clinical and MRI

characteristics of sex groups to estimate sex-related clinical and

MRI differences (37). Thus, sex-tailored MRI trials in MS are

overall much needed.

In conclusions, sex-based MRI studies in MS are still scarce

to draw final conclusions. Future studies using a large data

set, a longitudinal design, a machine learning approach and

correlating with hormonal changes, and treatment response,

are warranted to better elucidate the role of sex in brain

MS damage.

Author contributions

AC conceptualized, designed, and wrote the mini-review.

Conflict of interest

The author declares that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Eliot L, Ahmed A, Khan H, Patel J. Dump the “dimorphism”: comprehensive
synthesis of human brain studies reveals few male-female differences beyond size.
Neurosci Biobehav Rev. (2021) 125:667–97. doi: 10.1016/j.neubiorev.2021.02.026

2. Joel D, Garcia-Falgueras A, Swaab D. The complex relationships between sex
and the brain. Neuroscientist. (2020) 26:156–69. doi: 10.1177/1073858419867298

3. Salminen LE, Tubi MA, Bright J, Thomopoulos SI, Wieand A, Thompson PM.
Sex is a defining feature of neuroimaging phenotypes in major brain disorders.
Hum Brain Mapp. (2022) 43:500–42. doi: 10.1002/hbm.25438

4. Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, Ruparel K,
et al. Sex differences in the structural connectome of the human brain. Proc Natl
Acad Sci USA. (2014) 111:823–8. doi: 10.1073/pnas.1316909110

5. Zagni E, Simoni L, Colombo D. Sex and gender differences
in central nervous system-related disorders. Neurosci J. (2016)
2016:2827090. doi: 10.1155/2016/2827090

6. Dobson R, Giovannoni G. Multiple sclerosis - a review. Eur J Neurol. (2019)
26:27–40. doi: 10.1111/ene.13819

7. Coyle PK. What can we learn from sex differences in MS? J Pers Med. (2021)
11:1006. doi: 10.3390/jpm11101006

8. Nytrova P, Dolezal O. Sex bias in multiple sclerosis and neuromyelitis
optica spectrum disorders: how it influences clinical course, MRI parameters and
prognosis. Front Immunol. (2022) 13:933415. doi: 10.3389/fimmu.2022.933415

9. Hulst HE, Geurts JJ. Gray matter imaging in multiple sclerosis: what have we
learned? BMC Neurol. (2011) 11:153. doi: 10.1186/1471-2377-11-153

10. Neema M, Ceccarelli A, Jackson J, Bakshi R. Magnetic resonance
imaging in multiple sclerosis. In: Weiner H, Stankiewicz J, editors. Multiple
Sclerosis: Diagnosis and Therapy. Chichester: John Wiley & Sons, Ltd.
(2011). doi: 10.1002/9781119963714.ch6

11. Ceccarelli A, Bakshi R, Neema M. MRI in multiple sclerosis:
a review of the current literature. Curr Opin Neurol. (2012) 25:402–
9. doi: 10.1097/WCO.0b013e328354f63f

12. Weatherby SJ, Mann CL, Davies MB, Fryer AA, Haq N, Strange RC, et al. A
pilot study of the relationship between gadolinium-enhancing lesions, gender effect
and polymorphisms of antioxidant enzymes in multiple sclerosis. J Neurol. (2000)
247:467–70. doi: 10.1007/s004150070179

13. van Walderveen MA, Nijeholt GJLA, Ader HJ, Jongen PJ, Polman CH,
Castelijns JA, et al. Hypointense lesions on T1-weighted spin echo magnetic
resonance imaging: relation to clinical characteristics in subgroups of patients with
multiple sclerosis. Arch Neurol. (2001) 58:7681. doi: 10.1001/archneur.58.1.76

14. Pozzilli C, Tomassini V, Marinelli F, Paolillo A, Gasperini C, Bastianello S.
‘Gender gap’ in multiple sclerosis: magnetic resonance imaging evidence. Eur J
Neurol. (2003) 10:95–7. doi: 10.1046/j.1468-1331.2003.00519.x

15. Tomassini V, Onesti E, Mainero C, Giugni E, Paolillo A, Salvetti M, et al. Sex
hormones modulate brain damage in multiple sclerosis: MRI evidence. J Neurol
Neurosurg Psychiatry. (2005) 76:272–5. doi: 10.1136/jnnp.2003.033324

16. Li DK, Zhao GJ, Paty DW. Randomized controlled trial of interferon-beta-
1a in secondary progressive MS: MRI results. University of British Columbia
MS/MRI Analysis Research Group. The SPECTRIMS Study Group. Neurology.
(2001) 56:1505–13. doi: 10.1212/WNL.56.11.1505

17. Antulov R,Weinstock-Guttman B, Cox JL, Hussein S, Durfee J, Caiola C, et al.
Gender-related differences in MS: a study of conventional and nonconventional
MRI measures.Mult Scler. (2009) 15:345–54. doi: 10.1177/1352458508099479

18. Klistorner A, Wang C, Yiannikas C, Graham SL, Parratt J, Barnett MH.
Progressive injury in chronic multiple sclerosis lesions is gender-specific: a DTI
study. PLoS ONE. (2016) 11:e0149245. doi: 10.1371/journal.pone.0149245

19. Klistorner A, Wang C, Yiannikas C, Parratt J, Dwyer M, Barton J, et al.
Evidence of progressive tissue loss in the core of chronic MS lesions: a longitudinal
DTI study. Neuroimage Clin. (2017) 17:1028–35. doi: 10.1016/j.nicl.2017.12.010

20. Schoonheim MM, Vigeveno RM, Rueda Lopes FC, Pouwels PJ, Polman
CH, Barkhof F, et al. Sex-specific extent and severity of white matter damage in
multiple sclerosis: implications for cognitive decline. Hum Brain Mapp. (2014)
35:2348–58. doi: 10.1002/hbm.22332

21. Marschallinger R, Mühlau M, Pongratz V, Kirschke JS, Marschallinger S,
Schmidt P, et al. Geostatistical analysis of white matter lesions in multiple sclerosis
identifies gender differences in lesion evolution. Front Mol Neurosci. (2018)
11:460. doi: 10.3389/fnmol.2018.00460

22. Absinta M, Sati P, Gaitán MI, Maggi P, Cortese ICM, Filippi M, et al. Seven-
tesla phase imaging of acute multiple sclerosis lesions: a new window into the
inflammatory process. Ann Neurol. (2013) 74:669–78. doi: 10.1002/ana.23959

23. Tolaymata B, Zhengb W, Chena H, Choia S, Lic X, Harrisona DM.
Sex-specific differences in rim appearance of multiple sclerosis lesions
on quantitative susceptibility mapping. Mult Scler Relat Disord. (2020)
45:102317. doi: 10.1016/j.msard.2020.102317

24. Voskuhl RR, Patel K, Paul F, Gold SM, Scheel M, Kuchling J, et al.
Sex differences in brain atrophy in multiple sclerosis. Biol Sex Differ. (2020)
11:49. doi: 10.1186/s13293-020-00326-3

25. Ceccarelli A, Rocca MA, Pagani E, Colombo B, Martinelli V,
Comi G, et al. A voxel-based morphometry study of grey matter loss
in MS patients with different clinical phenotypes. Neuroimage. (2008)
42:315–22. doi: 10.1016/j.neuroimage.2008.04.173

26. Sanchis-Segura C, Cruz-Gómez AJ, Belenguer A, Fittipaldi Márquez MS,
Ávila C, Forn C. Increased regional gray matter atrophy and enhanced functional
connectivity in male multiple sclerosis patients. Neurosci Lett. (2016) 630:154–
7. doi: 10.1016/j.neulet.2016.07.028

27. Schoonheim MM, Popescu V, Rueda Lopes FC, Wiebenga OT, Vrenken
H, Douw L, et al. Subcortical atrophy and cognition: sex effects in multiple
sclerosis. Neurology. (2012) 79:1754–61. doi: 10.1212/WNL.0b013e3182
703f46

28. Dolezal O, Gabelic T, Horakova D, Bergsland N, Dwyer MG, Seidl Z, et al.
Development of gray matter atrophy in relapsing-remitting multiple sclerosis is

Frontiers inNeurology 05 frontiersin.org

https://doi.org/10.3389/fneur.2022.1057446
https://doi.org/10.1016/j.neubiorev.2021.02.026
https://doi.org/10.1177/1073858419867298
https://doi.org/10.1002/hbm.25438
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1155/2016/2827090
https://doi.org/10.1111/ene.13819
https://doi.org/10.3390/jpm11101006
https://doi.org/10.3389/fimmu.2022.933415
https://doi.org/10.1186/1471-2377-11-153
https://doi.org/10.1002/9781119963714.ch6
https://doi.org/10.1097/WCO.0b013e328354f63f
https://doi.org/10.1007/s004150070179
https://doi.org/10.1001/archneur.58.1.76
https://doi.org/10.1046/j.1468-1331.2003.00519.x
https://doi.org/10.1136/jnnp.2003.033324
https://doi.org/10.1212/WNL.56.11.1505
https://doi.org/10.1177/1352458508099479
https://doi.org/10.1371/journal.pone.0149245
https://doi.org/10.1016/j.nicl.2017.12.010
https://doi.org/10.1002/hbm.22332
https://doi.org/10.3389/fnmol.2018.00460
https://doi.org/10.1002/ana.23959
https://doi.org/10.1016/j.msard.2020.102317
https://doi.org/10.1186/s13293-020-00326-3
https://doi.org/10.1016/j.neuroimage.2008.04.173
https://doi.org/10.1016/j.neulet.2016.07.028
https://doi.org/10.1212/WNL.0b013e3182703f46
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Ceccarelli 10.3389/fneur.2022.1057446

not gender dependent: results of a 5-year follow-up study. Clin Neurol Neurosurg.
(2013) 115(Suppl. 1):S42–8. doi: 10.1016/j.clineuro.2013.09.020

29. Rojas JI, Patrucco L, Besada C, Funes J, Cristiano E. Diferencias en la tasa de
atrofia global y regional y del volumen lesional entre género en sclerosis múltiple
[Sex-related differences in atrophy and lesion load in multiple sclerosis patients].
Neurologia. (2013) 28:389–93. doi: 10.1016/j.nrl.2012.10.008

30. Jakimovski D, Zivadinov R, Bergsland N, Ramasamy DP, Hagemeier J,
Weinstock-Guttman B, et al. Sex-specific differences in life span brain volumes in
multiple sclerosis. J Neuroimaging. (2020) 30:342–50. doi: 10.1111/jon.12709

31. Rojas JI, Sánchez F, Patrucco L, Miguez J, Funes J, Cristiano E. Structural
sex differences at disease onset in multiple sclerosis patients. Neuroradiol J. (2016)
29:368–71. doi: 10.1177/1971400916666560

32. Ciolac D, Gonzalez-Escamilla G, Radetz A, Fleischer V, Person M, Johnen
A, et al. Sex-specific signatures of intrinsic hippocampal networks and regional
integrity underlying cognitive status in multiple sclerosis. Brain Commun. (2021)
3:fcab198. doi: 10.1093/braincomms/fcab198

33. Schoonheim MM, Hulst HE, Landi D, Ciccarelli O, Roosendaal SD, Sanz-
Arigita EJ, et al. Gender-related differences in functional connectivity in multiple
sclerosis.Mult Scler. (2012) 18:164–73. doi: 10.1177/1352458511422245

34. Rocca MA, Schoonheim MM, Valsasina P, Geurts JJG, Filippi M. Task- and
resting-state fMRI studies in multiple sclerosis: from regions to systems and time-
varying analysis. Current status and future perspective. Neuroimage Clin. (2022)
35:103076. doi: 10.1016/j.nicl.2022.103076

35. Hagemann G, Ugur T, Schleussner E, Mentzel HJ, Fitzek C, Witte OW,
et al. Changes in brain size during the menstrual cycle. PLoS ONE. (2011)
6:e14655. doi: 10.1371/journal.pone.0014655

36. Fazekas F, Enzinger C, Wallner-Blazek M, Ropele S, Pluta-Fuerst A, Fuchs
S. Gender differences in MRI studies on multiple sclerosis. J Neurol Sci. (2009)
286:28–30. doi: 10.1016/j.jns.2009.07.025

37. Houtchens MK, Bove R. A case for gender-based approach
to multiple sclerosis therapeutics. Front Neuroendocrinol. (2018)
50:123–34. doi: 10.1016/j.yfrne.2018.07.001

Frontiers inNeurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2022.1057446
https://doi.org/10.1016/j.clineuro.2013.09.020
https://doi.org/10.1016/j.nrl.2012.10.008
https://doi.org/10.1111/jon.12709
https://doi.org/10.1177/1971400916666560
https://doi.org/10.1093/braincomms/fcab198
https://doi.org/10.1177/1352458511422245
https://doi.org/10.1016/j.nicl.2022.103076
https://doi.org/10.1371/journal.pone.0014655
https://doi.org/10.1016/j.jns.2009.07.025
https://doi.org/10.1016/j.yfrne.2018.07.001
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Structural and functional brain damage in women with multiple sclerosis: A mini-review of neuroimaging sex-based studies
	Introduction
	Sex-related brain WM damage
	Sex-related brain GM damage
	Discussion and conclusion
	Author contributions
	Conflict of interest
	Publisher's note
	References


