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Background and purpose: Recent studies from the Alzheimer’s Disease Neu-
roimaging Initiative show that, in the USA, 75% of patients with Alzheimer’s
disease are female. To date, there have rarely been any attempts to analyze
data by sex or gender, which limits the potential for discovering the effects of
sex or gender on disease. Little evidence is available regarding the effect of
gender and apolipoprotein E (APOE) &4 on white matter (WM) connection
from the functional perspective due to the lack of appropriate techniques for
detecting blood-oxygen-level-dependent signals in WM.

Methods: We took advantage of a new framework known as functional ten-
sor imaging to investigate the effect of sex and APOEg4 on WM cortical func-
tional connectivity throughout the brain.

Results: In a group of female patients with amnestic mild cognitive impair-
ment, we found a significantly reduced functional connectivity in the left pos-
terior limb of the internal capsule, left superior fronto-occipital fasciculus,
bilateral temporopolar area and right somatosensory association cortex in
APOEe4 carriers in contrast to non-carriers. We also found a significant
APOE¢e4 by sex interaction effect on the right somatosensory association cor-
tex, left temporopolar area and left superior temporal gyrus. The clinical Mon-
treal Cognitive Assessment score was significantly negatively associated with
the right somatosensory association cortex with APOEe4 by sex interaction in
males.

Conclusions: These results indicate that increased APOE-related risk in
women may be associated with decreased activity in both gray matter and
WM in patients with amnestic mild cognitive impairment compared with men.
The finding suggests accounting for sex differences in neuroimaging biomark-
ers, diagnostics and treatment strategy.
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Alzheimer’s disease (AD) is a highly prevalent, pro-
gressive neurodegenerative disorder. The overall dura-
tion of the pre-clinical, prodromal and dementia
stages of AD varies from 15 to 24 years [l]. Early
identification and intervention are crucial during the
prodromal stage of AD rather than attempts to
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reverse AD at dementia stage. Amnestic mild cogni-
tive impairment (aMCI) is a prodromal stage of AD
in which about 10-15% of cases will eventually pro-
gress to AD. Apolipoprotein E (APOE) &4 allele is a
genetic risk factor for AD. A commonly ignored criti-
cal feature of APOEe4 is that females are more sus-
ceptible to APOEed-related pathogenic changes in
aMCI compared with males [2,3]. Most studies in the
field of clinical AD treated sex or gender as a covari-
ate in the statistical analysis, which limits the potential
for discovering the effects of sex or gender on disease
[4]. Moreover, recent studies from the Alzheimer’s
Disease Neuroimaging Initiative show that 75% of
patients with AD are female in the USA and females
appear to progress to AD more often than males [5].

Further research has been carried out to assess the
effect of sex and APOE4 on specific brain changes,
but the mechanisms remain controversial. A tau posi-
tron emission tomography imaging study reported
that female APOEe4 carriers exhibited a significant
tau deposition with mild cognitive impairment (MCI)
compared with males [3]. Baseline hippocampal vol-
ume and APOE4 status were the most important pre-
dictors in women with MCI converting to AD [6]. By
contrast, two clinical cohort studies (Alzheimer’s Dis-
ease Neuroimaging Initiative and Karolinska imaging
dementia study) reported that male APOEe4 carriers
with aMCI had a greater risk than female carriers for
the contribution of white matter (WM) microbleeds to
AD [7]. A multimodal neuroimaging study indicated
no significant interaction between gender and
APOEeg4 on the default mode network in cognitively
normal older adults [8].

In particular, little evidence is available regarding
the effect of gender and APOEe&4 on WM connection
from the functional perspective. It is well known that
the nature of WM nourishes much less oxygenated
blood and generates much weaker blood-oxygen-level-
dependent (BOLD) signals than gray matter (GM) [9—
11]. Recently, there have been a growing number of
studies describing reliably detected BOLD signals in
WM [12,13]. Ding et al. [12] proposed a new graph-
based framework to measure WM functional connec-
tivity by constructing functional tensors and segment-
ing WM bundles with specific parcellated GM
volumes. Further to this, some research found WM
functional connectivity and BOLD signal changes due
to task loading or disease conditions [11,14]. Further-
more, WM functional networks were reliably identi-
fied in a recent report [15]. In addition, independent
component analysis showed increased expression in
WM functional activity during the resting state in
migraine with aura [16]. These results demonstrated
the detectability of WM BOLD signals and, more

importantly, reveal the reliability of the analysis
method in exploring WM neural activity.

In the present study, we took advantage of the new
graph-based imaging analyses framework to investi-
gate the effect of sex and APOEe4 on WM cortical
functional connectivity throughout the brain. This
study provides new insights suggesting that a full-scale
functional framework of the entire brain may be of
help in understanding AD progression and improving
AD clinical trials.

Methods

Participants

All participants in the current study were collected
from Xuanwu Hospital of Capital Medical University.
Inclusion criteria for patients with aMCI were as fol-
lows [17,18]: (i) concern about subjective memory
decline; (i) abnormal memory performance in single
or multiple domains including memory based on
review of test (<1.5 SD); (iii) total Clinical Dementia
Rating score of 0.5 or higher; and (iv) independent
activities of daily living. The exclusion criteria were as
follows: (i) Hamilton Depression Rating Scale score
>24 points; (i) suffered from stroke; (iii) other dis-
eases causing cognitive impairment; (iv) contraindica-
tions for magnetic resonance imaging; and (v) a
history of psychosis or congenital mental growth
retardation.

All individuals underwent a standard examination
including a clinical screening survey, series of neu-
ropsychological tests, blood test and functional and
structural magnetic resonance imaging scans. APOE
genotyping was performed as described previously
[19]. APOEe4 carriers (APOEe4+) were defined as
subjects with at least one &4 allele (either €4/e4 or &4/
€3). Non-carriers (APOEe4—) were defined as individ-
uals with an €3 homozygote (e3/€3). Individuals with
the €2 allele were excluded. We obtained a sample of
75 subjects. The study was registered on ClinicalTri-
als.gov (identifier NCT02225964). The protocol was
approved by the medical research ethics board of
Xuanwu Hospital of Capital Medical University.
Written informed consent was completed from all sub-
jects before study.

Region of interest definitions and image analysis

Image acquisition and pre-processing are available in
Appendix S1. In this study, WM and GM regions of
interest definitions were based on the framework pro-
posed by Ding et al. [12]. A total of 48 bundle
regions were constructed from the JHU ICBM-DTI-
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81 WM atlas [20], including 21 bundles in each hemi-
sphere and six commissure bundles (Table 1). Mean-
while, the GM was segmented into 82 regions (41 in
each hemisphere) according to Brodmann’s defini-
tions. Furthermore, all bundle regions were restricted
within each subject’s WM mask threshold tightly at
0.95, for the sake of avoiding partial volume effects
from nearby GM regions. Finally, across voxels
within each of the WM bundles and GM regions
defined above, BOLD signals were averaged to pro-
duce a mean time series, which was subsequently used
to derive pairwise temporal correlations between these
WM bundles and GM regions.

Statistical analysis

All statistical analyses were carried out with SPSS
(v24.0, IBM, Armonk, NY, USA). Demographic vari-
ables and clinical cognitive scores were compared
between males and females using two-tailed ¢-test or
chi-squared test. A stratification analysis was used to
explore the sex differences in APOEe4 risk in correla-
tion coefficients of BOLD signals in the WM bundle
and GM region. A two-way ANCOVA was then

Table 1 Abbreviation list of white matter (WM) bundles

Abbreviation  Full name of WM bundles

CST Corticospinal tract

ML Medial lemniscus

ICp Inferior cerebellar peduncle

SCP Superior cerebellar peduncle

CP Cerebral peduncle

ALIC Anterior limb of internal capsule

PLIC Posterior limb of internal capsule

RLIC Retrolenticular part of internal capsule

ACR Anterior corona radiata

SCR Superior corona radiata

PCR Posterior corona radiata

PTR Posterior thalamic radiation (includes optic
radiation)

SS Sagittal stratum (includes inferior longitudinal
fasciculus and inferior fronto-occipital fasciculus)

EC External capsule

CGC Cingulum (cingulate gyrus)

CGH Cingulum (hippocampus)

Fx/ST Fornix (cres)/stria terminalis (cannot be resolved
with current resolution)

SLF Superior longitudinal fasciculus

SFO Superior fronto-occipital fasciculus (could be a part
of anterior internal capsule)

UNC Uncinate fasciculus

TAP Tapetum

BCC Body of corpus callosum

SCC Splenium of corpus callosum

Fx Fornix (column and body of fornix)
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performed to detect the sex by APOE interaction in
functional connectivity in WM bundles and GM
regions with age, years of education and scanner type
as covariates. A partial correlation analysis was con-
ducted between the imaging data and neuropsychiatric
variables. P < 0.05 was considered significant.

Results

Behavioral results

A total of 75 patients with aMCI were obtained,
including 38 females (e4 carriers vs. non-carriers: 20
vs. 18) and 37 males (&4 carriers vs. non-carriers: 18
vs. 19). There were no significant differences in age,
gender, years of education or APOEe4 prevalence
between females and males in patients with aMCI (all
P > 0.1). There were also no significant differences in
Mini Mental State Examination and Montreal Cogni-
tive Assessment (MoCA) scores (all P > 0.1). Detailed
information is summarized in Table 2.

Effect of sex differences in apolipoprotein E on
functional connectivity in white matter bundles

In the group of males with aMCI, there were no signif-
icant differences in WM tract functional signals across
the whole brain between APOEe4 carriers and non-
carriers (Figs la—d and 2a, all P > 0.05). However, in
the group of females with aMCI, aMCI with APOEe4
allele showed decreased signals in the left inferior cere-
bellar peduncle, external capsule, uncinate fasciculus,
genu of corpus callosum, posterior limb of internal
capsule, superior fronto-occipital fasciculus, right cin-
gulum and uncinate fasciculus (Figs le-h and 2b, all
P <0.05). When a more stringent correction was
applied [21], we still observed a significant reduction in

Table 2 Demographic and neuropsychological assessments for all
patients with amnestic mild cognitive impairment (aMCI)

t-test/chi-
Male Female squared test P-

aMCI (n = 37) (n = 38) value value
Age 67.73 £ 8.63 66.84 + 8.98 0.436 0.664%
(years)

Education  11.73 +£3.45 10.79 + 391 1.102 0.274*
(years)

APOEge4 18/19 20/18 0.119 0.730°
(+/-)

MMSE 2540 + 0.44 24.82 +£0.43 0.869 0.354°¢
score

MoCA 20.70 £ 0.55 19.58 + 0.54 2.086 0.153¢

score

*Two-sample r-test; "Pearson chi-squared test; “One-way ANCOVA.
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the left posterior limb of internal capsule and left supe-
rior fronto-occipital fasciculus in APOEe4 carriers
compared with non-carriers. However, the interaction
of sex by APOEe4 was not found.

Effect of sex differences in apolipoprotein E on
functional connectivity in gray matter regions

There were no significant differences in cortical func-
tional connectivity between male APOEe4 carriers and
non-carriers (Fig. 2¢, corrected). Nevertheless, in the
group of females with aMCI, the difference of cortical
functional connectivity was significant in APOEe4 car-
riers compared with non-carriers (Fig. 2d, corrected).
The findings demonstrated that the cortical connectiv-
ity was decreased in the bilateral temporopolar area
and superior temporal gyrus and left primary
somatosensory cortex, subgenual area, ventral entorhi-
nal cortex, right auditory cortex, associative visual
cortex, visuo-motor coordination and somatosensory
association cortex in APOEe4 carriers compared with
non-carriers. The differences in the bilateral tem-
poropolar area and right somatosensory association
cortex were still significant after correction.

We then further detected an interaction for gender
and APOE genotype in GM and the result showed a
significant interaction effect in the right somatosensory
association cortex, right temporopolar area and left
superior temporal gyrus. Post hoc comparison showed
that APOEe4+ females with aMCI had reduced corti-
cal functional connectivity relative to male e4— and
&4+ and female ¢4— (Fig. 3a—).

Relationship between cortical function and
neuropsychological variables

In patients with aMCI, there was a significant nega-
tive correlation between MoCA score and the right

(a) Male APOEc4+
i -

Male APOEed-

somatosensory  association  cortex in  males
(r=-0.474, P=0.003). However, there was no sig-
nificant correlation between MoCA score and the
right somatosensory association cortex in females
(r=-0.285, P = 0.082).

Discussion

The sex-stratified analyses showed that the effect of
APOEe4 on functional connectivity of GM and WM
was not significant in men, whereas it was significant
in women who were prominently influenced by
APOEe4 genotype. The interaction of sex and
APOE¢e4 revealed that the cortical functional connec-
tivity was reduced in female APOEe4 carriers with
aMCI, suggesting that female APOEe4 carriers are at
greater risk of AD progress.

Some studies have reported a higher incidence of
AD among women [22,23] Clinical studies have
reported that female APOEe4 carriers had a higher
risk of AD than male carriers [24]. In addition, an
autopsy study found that women had more senile pla-
ques and the association was stronger among &4 carri-
ers [25]. Another study reported that the association
of APOEe4 with neurofibrillary tangles was weaker in
men than in women, whereas the association with
senile plaques was significant in both sexes [26]. A
recent study suggested that women are more suscepti-
ble to APOEe4-associated accumulation of neurofib-
rillary tangles in MCI compared with men [3].
Overall, different associations of APOEe4 and AD
pathologic biomarkers were seen in females and males
in accordance with previous evidence.

The sex-dependent role of APOEe4 in the risks of
developing MCI and in MCI conversions to AD has
recently been investigated and there is evidence that
women are at greater risk than men [2,27]. However,
only a few studies have directly investigated the risk

(c) Male ¢4+ less than €4-

Figure 1 Sex modifies the apolipoprotein E (APOE)e4 effect on the temporal correlations in blood-oxygen-level-dependent signals
between gray matter regions and white matter bundles. Average maps (a, b, e and f) and divergence maps (c, d, g and h) are shown

with hot colors (red and yellow) denoting positive differences.
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Figure 3 Post hoc comparison results in gray matter regions.

factors of sex and APOEe4 and their additive influ-
ences on brain functional degeneration in patients
with MCI, which may accelerate the progression to
dementia. Here, we observed significant functional
connectivity reduction in the left posterior limb of
internal capsule and left superior fronto-occipital fas-
ciculus in female APOEe4 carriers compared with
non-carriers using a stratified analysis. Moreover, a
significant interaction effect of sex and APOEe4 on
functional connectivity in the right somatosensory
association cortex, left temporopolar area and left
superior temporal gyrus was found. Interestingly, the

connectivity of the above regions and fibers was also
reduced in APOEe4 carriers with aMCI compared
with non-carriers in our previous study, indicating
that these regions were susceptible to genetic factors
and potentially modified by sex. In line with our
results, the multicenter European diffusion tensor
imaging study on dementia has suggested that elderly
APOE ¢4 carriers had lower fractional anisotropy val-
ues in the inferior fronto-occipital, corpus callosum
and internal and external capsule compared with
APOE &4 non-carriers. Sex differences have not been
established in the study [28].

© 2020 European Academy of Neurology
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Finally, we found a significant negative correlation
between MoCA scores and the right somatosensory
association cortex only in men. In men, greater effects
of APOEe4 were shown in longitudinal decline in mem-
ory and executive function, whereas in women, greater
APOE¢g4 effects were shown in longitudinal decline in
attention [29]. Male €4 carriers are at a behavioral
advantage in midlife on a sensitive task of short-term
memory [30]. Thus, the negative association between
global cognitive performance and the somatosensory
association cortex in men compared with women may
be due to compensation and highlights the interaction
of gender on the influence of APOE in cognition.

The present study presents some limitations. Firstly,
this study used cross-sectional data. The ongoing mul-
ticenter longitudinal study, SILCODE, plays an
important role in verifying the current assumptions.
Second, with respect to interpretation of the results,
the limited sample size should be taken into consider-
ation. Third, in this study we only used Mini Mental
State Examination and MoCA scores to evaluate the
association with brain function alterations. It would
be important to include wider psychological tests to
capture the neuropsychiatric performance in a more
comprehensive manner.

The current study focused on the regulation of
APOEg4 risk allele on resting-state brain function in
male and female patients with aMCI. APOE-related
vulnerability in women with aMCI may be associated
with decreased activity in both GM and WM com-
pared with men. This APOE by sex interaction may
contribute to refining the most at-risk population and
should be considered in clinical trials where APOEe4
status is a selection criterion.
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