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: Many neurodegenerative diseases, such as Alzheimer’ s

disease, may exhibit changes in brain and cognitive
functions years before formal diagnosis. Therefore, this
project recruited healthy older adults and older adults
with mild cognitive impairment (MCI), collecting
multidimensional data (e.g., neuropsychological
assessments, collection of dementia-related risk factor
data, brain imaging data) to explore sex differences in
normal and abnormal aging processes. Through a memory
paradigm, we found that in healthy older individuals,
females have advantages in immediate item and associative
memory, and the advantage in associative memory persists
even after controlling for item memory. In contrast, in
individuals with amnestic MCI (aMCI), females did not show
this advantage; these females were more prone to
associative memory errors compared to males with aMCI.
Furthermore, the decline in item memory, associative
memory, and cortical thickness in individuals with aMCI
versus their gender-matched controls was more pronounced in
females, especially in the perirhinal and entorhinal
regions. The connection between brain structure and
associative memory function was evident only for females,
suggesting cognitive and neural mechanism differences
between males and females in processing associative memory.
Through the analysis of resting-state functional magnetic
resonance imaging data, we also found that older males and
females have different brain regions with distinct
discriminative power in distinguishing normal from abnormal



aging. These findings contribute innovative insights to the
relevant literature; however, due to the relatively small
sample size, further research is needed to validate the
results.

# 2 B 43 © Normal aging, mild cognitive impairment, cognitive
function, sex, brain



Amnestic mild cognitive impairment (aMCI), characterized by episodic memory deficits and medial
temporal regional atrophy, is a well-established risk factor for the development of dementia, particularly
Alzheimer disease (AD) ®. Studies have examined several factors explaining interpersonal differences in the
episodic memory decline of individuals with aMCI or between individuals with aMClI and cognitively
healthy older adults (HOs). Among these various factors, considerable attention has been given to
sex-specific differences in MCI. Studies have revealed a sex effect on cognitive function and the trajectory of
cognitive decline 2°. For example, although the results have been inconsistent, some studies have revealed
that compared to men with aMCI, women with aMCI exhibited greater cognitive and functional decline and
progressed to AD more rapidly when age was adjusted * ©. These findings are consistent with the concept of
cognitive reserve ’, which predicts that once brain pathology depletes brain resources past a threshold level,
cognitive impairments become apparent and are more accelerated in persons with high reserve than those
with low reserve because the pathology is more advanced at that point. Similarly, consistent with the pattern
observed in patients with AD ®, cognitive differences in memory between female HOs and women with MCI
were reportedly greater than those between male HOs and men with MCI &, suggesting that such declines are
more rapid in women than in men after an aMCI diagnosis. Given that aMCI may represent an early-stage
deviation from the normal aging process, investigating the extent of memory deficits associated with sex
differences may be crucial to understanding individual differences in cognitive deficits during the
development of dementia and evaluating dementia risks among individuals with aMCI.

Verbal episodic memory research has demonstrated a female advantage in verbal episodic memory tasks
among HOs ® 1% and studies have revealed that men had greater age-related declines than women in verbal
episodic memory tests * %, Evidence for female benefits in verbal episodic memory is largely based on
findings from word list recall tests, and in these tests, such benefits have been identified across multiple
studies 281215 However, divergent findings have been observed in studies that have used word pair
associative tasks; some studies have provided findings supporting these female benefits 7, whereas others
have not identified a sex difference '8 1°. In contrast to the many studies on HOs, studies concerning sex
differences in verbal memory among people with aMCI are relatively scarce, and the results have been
inconsistent. Some studies have reported that individuals with MCI had a female advantage indicated in word
list recall tests > 14, Other studies, however, have reported no sex differences in word list recall tests 8 %20,
Only one study, which had a small sample size, examined sex differences in the associative memory of
people with MCI by using a face—name associative task, but no difference was observed *°.

The reasons for the different results between HOs and people with MCI remain unclear, and studies on
MCI have had several design limitations that hinder the interpretation of results. First, studies have revealed
that compared with HOs, individuals with amnestic MCI due to atrophy in the hippocampal formation,
including in the entorhinal regions, which are critical for establishing associations between components of
memory episodes 2!, had greater deficits in associative memory relative to item memory 2% 23, This difference
between associative and item memory is particularly evident when tests employ a recognition format, given
that associative memory recognition, unlike item memory recognition, cannot be performed through a
familiarity process 4. However, all these studies involving people with MCI have not conjunctionally
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measured or compared item and associative memory performance in the same individual; thus, whether the
relative changes in item versus associative memory are associated with sex differences in populations with
MCI remains unknown. Second, individuals with aMCI may experience impaired immediate learning and
delayed recall %, but evidence suggests that individuals with aMCI may be vulnerable to memory
consolidation deficits because delayed recall deficits in individuals with MCI relative to healthy controls
remained even when groups were carefully matched based on initial learning 2% 2, The effect of sexual
dimorphism on differences in immediate versus delayed recall in individuals with MCI has been examined by
using word list learning 28 1419 but the results have been inconsistent. For example, one study reported that
compared to men with MCI, women with MCI exhibited greater impairment in both immediate and delayed
word list recalls relative to their sex-matched controls, and the gap in delayed recall performance was larger
compared to immediate recall performance 8. Other studies, however, have indicated that women with MCI
outperformed men with MCI in both immediate learning and delayed recall in word list recall tests % 14; in
another study, women with MCI outperformed men with MCI in immediate recall, but no sex effect was
observed in delayed recall performance °. No study has investigated sex differences in immediate versus
delayed recall in associative memory tasks. Third, although the link between medial temporal atrophy and
memory decline is well established in individuals with MCI, it remains unknown whether sexual dimorphism
modulates this effect.

To address the aforementioned research gaps, this study investigated the sex-specific differences in
item and associative memory of HOs and individuals with aMCI. The present study had two aims. First, we
examined potential sex differences in verbal episodic memory through a word associative memory task.
Specifically, we assessed patterns of item versus associative memory performance in HOs and individuals
with MCI in a sex-dependent fashion. We also examined the effect of immediate and delayed recall given
that delayed recall measures may be more sensitive for detecting differences between HOs and individuals
with MCI 22, We hypothesized that a female advantage would be observed in item and associative memory of
HOs. On the basis of previous studies * ® 8, we further hypothesized that the female advantage in both item
and associative memory would be absent in women with aMCI and that memory differences between women
with MCI and female HOs would be greater than those between men with MCI and male HOs, indicating that
women with aMCI would have greater memory impairments, relative to controls, than would men with aMClI.
We also expected that the aforementioned group differences would be greater for associative memory relative
to item memory as well as for delayed memory relative to immediate memory because evidence has
suggested that individuals with aMCI have poorer associative memory relative to item memory 223 as well
as poorer delayed recall or memory retention relative to immediate learning 2> 2° due to medial temporal
atrophy. Second, we examined the associations between morphometric measures of medial temporal
structures (i.e., hippocampus, parahippocampus, and perirhinal/entorhinal regions) and potential sex effects
on item and associative memory. Because it is well established that the hippocampus is crucial for binding
and recollecting new item—item associations in associative memory 24, we expected that variations in the gray
matter morphometric measures of medial temporal regions, particularly the hippocampus, may account for
the greater interpersonal differences in associative memory compared with item memory in older adults with
and without MCI.
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Materials and methods
Participants
The study sample initially consisted of 60 older adults (30 women and 30 men) with MCI and 60 HOs
(30 women and 30 men). However, 11 participants with MCI and 5 HOs were excluded from the current
study due to the following reasons: 1) unable to complete the behavioral sessions; 2) contraindications for
magnetic resonance imaging (MRI) scan. The final sample consisted of 49 MCI (25 women, 24 men) and 55
HOs (34 women, 21 men). Participants were classified into four groups: Female HO (F-HO), Male HO
(M-HO), Female MCI (F-MCI), and Male MCI (M-MCI). The participants with MCI were recruited from
Table 1 memory clinics at local hospitals, and
Demographic and clinical characteristics of female (F) and male (M) participants the HOs were recruited from neal’by

in the healthy older adult (HO) and mild cognitive impairment (MCI) groups. . . .. .
i (HO) gnifive 'mp (MCD group residential communities. Potential

F-HO (n M-HO F-MCI M-MCI P value

_ 34) (n— =25 (n=24) participants were thoroughly screened
Mean 21) Mean Mean H :
D) Nean D) D) through interviews to exclude
(SD) individuals with a current or past
Age (years) 71.59 73.29 73.84 74.67 22 dlagn05|s Of a neurological or
(4.59) (5.28) (7.20) (5.98) i i .
Education (years) ~ 12.71 14.05 12.28 13.46 11 psychiatric disorder, a known head
(2.30) (2.27) (2.61) (3.38) .. . h | f .
MMSE 2810 28.99 26,35 2700 Fes o = injury with loss of consciousness,
(1.86) aen (229 (1.56) 46323“? = contraindications for magnetic
aMCI single - - 10/15 10/14 .57 resonance imaging (MRI), alcohol or
domain/aMCI .
multidomain substance abuse, any severe visual or
(13.25) (7.71) (15.44) (9.31) o ] ] .
Hypertension 46 56 50 68 50 participation in neuropsychological
history (%) . . .
ApoE e4 + (%) a9 35 53 47 47 testing, or extensive white matter
Geriatric 2.76 3.81 2.84 3.17 67 hyperintensities on structural MRI.
depression scale (2.72) (4.12) (2.61) (3.60)
CDR-SB 0.50 0.35 125 0.81 F3,103) = The present study was approved by the
(0.67) (0.33) (1.36) (0.92) 4.35,p = . . . .
007 F Institutional Review Board of National

Notes: ApoE, apolipoprotein E; CDR-SB, sum of boxes scores on the Clinical 1 aiwan University Hospital. Written
Dementia Rating scale; FSRP, Framingham Stroke Risk Profile; HOs, healthy informed consent was obtained from
older adults; MCI, mild cognitive impairment. MMSE, Mini-Mental State Ex- o

amination. Note: All scores are raw scores for cognitive measures. For brain all participants. Table 1 presents

measures, all regions were averaged across right and left hemispheres. P in- participants’ demographi ¢ and clinical
dicates the results of overall (four-group) comparisons; a indicates a significant

difference between the F-HO group and the two aMCI groups; b indicates a characteristics.
significant difference between the M-HO and the two MCI groups; c indicates a The participants were classified

significant difference between the two HO groups and the F-MCI group. ] ] o
as having MCI according to criteria

adapted from Petersen and Morris 28, The criteria were as follows: (1) normal activities of daily living, (2)
absence of dementia, and (3) mild quantifiable cognitive impairment in one or more domains. The criterion
of objective cognitive impairment was operationally defined as a performance score > 1 standard deviation
(SD) lower than the age-appropriate norm on at least two measures in at least one cognitive domain?,
According to the aforementioned criteria, the MCI sample in the present study was comprised of 20
participants (10 women, 10 men) with impairment in only episodic memory [i.e., single-domain amnestic
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MCI (S-aMCl)] and 29 participants (15 women, 14 men) with impairments in memory and other cognitive
function domains [i.e., multidomain amnestic MCI (M-aMCI)].
Neuropsychological evaluation

All the participants underwent a neuropsychological battery test assessing cognitive functioning in four
domains, namely attention/visuomotor processing speed, language, episodic memory, and executive function.
The four neuropsychological domains were assessed using the following tests: (1) attention: standardized
Taiwanese versions of the Digit Span Forward length and Digit Symbol Substitution (DSS) of the Wechsler
Adult Intelligence Scale, Third Edition (WAIS-3) %; (2) language: the category fluency test (animal) and the
30-item Boston Naming Test 3%; (3) learning and memory: the logical memory (LM) and visual reproduction
(VR) subtests of the Wechsler Memory Scale-111 (WMS-3) *? and the California Verbal Learning Test-I1
(CVLT-11)*; and (4) executive function: the Design Fluency Test (switching condition) of the Delis—Kaplan
Executive Function System (D-KEFS) ** and the letter-number sequencing subtest of the WAIS-3. In
addition to these cognitive test scores, the Mini-Mental State Examination (MMSE), Clinical Dementia
Rating Scale (CDR) *°, Geriatric Depression Scale (GDS) *, and the Framingham Stroke Risk Profile (FSRP)
37 scores of all participants were obtained to evaluate their overall cognitive function, global functional status,
depressive symptoms, and cerebrovascular risk burden, respectively.
Word association task

Details on the word association task used were described in our previous work 2. In brief, this task
involves a visual presentation of a list of eight semantically unrelated Chinese character pairs. Each pair was
presented for a total of 4 seconds over three learning trials. After the learning phase, immediate item and
associative recognition tests with a yes (target)/no (foil) forced choice format were administered, followed by
a 30-minute delayed item recognition test and an associative recognition test. The recognition tests were
self-paced. The item recognition trial consists of 16 target items and 16 foils. The associative recognition test
had 48 trials, comprising 8 trials for original pairs and 8 trials for each of the following 5 foil types: (1)
recombined pairs: characters from the learned pairs that have been recombined; (2) orthographically related
pairs: a visually similar character with the same structure and common component 38 3° was substituted for
one of the originally paired characters; (3) phonologically related pairs: a homophone Chinese character 4°
was substituted for one of the originally paired characters pairs; (4) semantically related pairs: a character
with a strong semantic relationship (i.e., a synonym) with an originally paired character was substituted for it
1. and (5) novel pairs: one character in the original pairs was replaced by a new character that had not been
presented previously and did not belong to the aforementioned categories of foils. Relevant features (i.e.,
word frequency, level of concreteness, strokes counts, neutral emotional valence) were matched among the
character pairs. Different sets of foils for immediate and delayed recognition tests were used, and the order of
the foil substitution for each set of paired stimuli was counterbalanced among the trials.

Word association task index calculations

The discriminability (<), hit rate, and total false alarm (FA) rate generated from both the item and
associative recognition tests were used for analyses. To calculate d’, the hit rate and FA rate were first
converted into z-scores and subsequently calculated using the formula d’ = Z (hit rate) — Z (false alarm rate),
with an adjusted score used for extreme values (i.e., hit rate = 100%; FA rate = 0%).

S
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MRI data acquisition and processing

The brains of all the participants were scanned using a 3-T MRI system (Magnetom Trio; Siemens,
Erlangen, Germany) featuring a 32-channel phased-array head coil. The section orientation of the
T1-weighted images was parallel to the anterior—posterior commissure line. High-resolution T1-weighted
images were obtained using a 3D magnetization-prepared rapid gradient echo sequence (coronal slicing;
repetition time/echo time = 2000/2.98 ms; flip angle = 9°; field of view = 256 x 192 x 208 mm?3; matrix size
=256 x 192 x 208; voxel size =1 x 1 x 1 mm®).

The T1-weighted images were reviewed for quality. The imaging data of seven participants (3 F-HO, 1
M-HO, 1 F-MClI, and 2 M-MCI) were excluded from further data analysis due to head motion. The data of all
other participants were then processed using the FreeSurfer analysis suite (\Version 6.0; Martinos Center for
Biomedical Imaging, Charlestown, MA, USA). The processing comprised cortical reconstruction and
subcortical segmentation 4> 3, as well as parcellation of the cerebral cortex into regions of interest (ROIs) **
% The ROIs were confined to medial temporal structures given that our primary focus was on memory
function. In these ROIs, we measured bilateral hippocampal volumes, parahippocampus thickness, and
perirhinal/entorhinal (PRC/EC) thickness. Additionally, we also collected resting-state functional MRI, the
imaging parameters were echo planar imaging volumes = 180, TR/TE = 2000/24 ms, flip angle = 90°, FOV =
256 x 256 mm2, matrix size = 64 x 64, slice thickness = 3 mm, voxel size = 4 x 4 x 3 mma3. All participants
were instructed to remain still with their eyes closed to complete a 6-min resting-state fMRI scan.

Statistical analyses

Analyses of variance (ANOVA) or chi-squared tests were used to compare group demographic (i.e., age
and education attainment) and clinical data (i.e., MCI subtype distribution, CDR sum of boxes scores, FSRP
scores, hypertension history, proportion of apolipoprotein E e4 carriers, and GDS scores) at an a level of .05.
For group comparisons on standardized neuropsychological variables, we used univariate ANOVAS, reported
as significant at the threshold of p <.0042 (Bonferroni correction). Using Cohen’s d, effect sizes were
calculated for pairwise comparisons of significant neuropsychological variables “.

For the word association task performance, separate ANOVAS with repeated measures were performed
to determine the d’, hit rate, and FA rate for each of the item and associative memory tasks, with time
(immediate and delayed) treated as a within-subject variable and group treated as a between-subject variable.
Moreover, to determine whether associative memory was disproportionately impaired relative to item
memory between groups, the immediate and delayed item d’ were regressed out from associative d’ for the
immediate and delayed recall conditions, respectively, before repeated measures ANOVAS were conducted.
To further evaluate changes relative to sex-matched healthy controls, the item and associative memory
performance scores of each individual in the two MCI groups were converted into z-scores based on the
mean and SD obtained from their sex-matched controls. The o level concerning association task performance
was set at p < .05 for each mixed ANOVA model.

To assess group differences in morphometric variables, the effect of age was first regressed from all
thickness and volumetric measures. Additionally, we corrected hippocampal volume for differences in head
size by regressing out the estimated total intracranial volume (eTIV) #’. Because the current study did not
propose hypotheses on hemispheric effects and to decrease the number of comparisons, the volumes and
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cortical thickness variables were averaged across right and left hemisphere values to decrease the number of
comparisons. Standardized residual values (z-scores) were employed for all relevant analyses, with the o
level set at .017 (Bonferroni adjustment). The association between item and associative memory performance
and the medial temporal lobe brain variables were examined through Pearson product-moment correlations

for all participants and separately for the two sex groups. The a level was set at p <.0125 based on
Bonferroni corrections by using the per-family error rate (apr = .05) divided by the number of correlational
comparisons as the significance threshold for analyses concerning each brain variable.

Results

Demographic, clinical, and cognitive characteristics by group
The four groups did not significantly differ in age, education level, FSRP score, hypertension history,

Table 2

Cognitive and brain morphometric characteristics of female (F) and male (M)
participants in the healthy older adult (HO) and mild cognitive impairment

(MCI) groups.

F-HD M-HO F:-MC MEMEE F value
Bean Mean Mlesan Mean (twer
(1)) (80 (80 (8D tailed)
Digit span formand 7.76 7.38 752 746 .67
length [1.1&) (1.16) (1.42) (1.22)
Digit symbsal 62.21 S57.BB 4d.bd 46.71 Fia10m
substitution [15.01) (15.54) (14.07) (15.500 943,
P
o1 *
Category verbal 31.00 3119 27 6d 2633 .07
Fluency (5.68) (7.10) (6.20) (7.400
Boston naming test 2B.44 2E67 2660 I7.E8 -ooE
short [(1.78) (1.71) (3.19) (213
LM immediate 41.56 4052 2580 2533 Fiz,103)
recall [10.94) (10.44) (11.1E) (1207
13.30,
»
ool
LM delayed recall 26.35 2548 1552 15.67 Fianom
(8.29) 9.38) [B.B5) [9.32)
14.60,
P
ool
VE immediate T6.74 TEAEL S5T.E3 6259 Fianom
recall [18.68) (10.83) [17.44) (14.B5) 7.93,
o
ool
VE delayed recall 62.36 SE.d4 ZRTE 3178 Fianom
[14.99) (26.04) (27.45) (2273
10.88,
o
ool
CVLT-II ratal 52.44 45.71 3200 767 Fia,10m
learning (B.82) (10.11) (7.93) (7.41)
50.50,
P
o1 *
CVLT-II bong 12.03 10.29 4.32 7o Fiz,10m
delayed free (241} (3.33) (4.07) (2.78)
recall 48.04,
»
on1 *
Letter number 9,18 B.90 638 BAS Fia10m
sequencing (253) (2.30) (2.42) (3.19) EAT.
»
ool ®
Design fluency 6.38 f.38 4.80 46T Fiz0m
switching [1.69) (1.72) (2.72) (.97) 550,
»
ool *
Raw hipposcampal 33E3.68 365169 3194.61 1297.36 Fia10m)
valume (mm™) (366.01) (35B.02) [470.28) (363.23) 371,
o
015
Hippocampal 0.20 0.46 0.31 033 Fiy10m;
wolume [LLE:5 )] (0.83) (1.13) (0.72) a7,
contralled for o
#TIV and age (= 015"
score)
Rawr 2.66 256 250 250 A7
parshippocampal [0.26) [0.18) [0.18) [0.31)
thickne=ss (mm]
Raw PRC/EC 328 ENT 313 319 15
thickne=s (mm) (.21} (0.29) (0.27) (0.30)

# CMO03

proportion of apolipoprotein E (ApoE) e4 carriers, or GDS
score (Table 1). As expected, the two HO groups had
significantly higher MMSE scores than did the two MCI
groups. The two MCI groups had comparable CDR sum of
boxes scores, and the F-MCI group, but not the M-MCI
group, had higher scores than did the two HO groups (both
p <.005). The frequency distribution of subtypes of
amnestic MCI (e.g., single domain vs. multidomain) did not
differ between the two MCI groups.

On the standardized neuropsychological measures
(Table 2), the four group comparisons reached significance
in the DSS test, all six memory related measures, and the
two executive function measures (all p <.0042).
Specifically, the post hoc analyses revealed a risk factor
(i.e., with vs. without MCI) effect (i.e., F-HO = M-HO >
F-MCI = M-MCI) across all these measures, and no sex
difference was noted within the HO or MCI cohorts. The
F-HO group outperformed both the F-MCI and M-MCI
groups in DSS score (p <.001, Cohen’s d = 1.21 vs. p
<.001, Cohen’s d = 1.02), LM immediate score (p <.001,
Cohen’s d =1.42 vs. p<.001, Cohen’s d = 1.06), LM
delayed score (p <.001, Cohen’s d = 1.50 vs. p <.001,
Cohen’s d = 1.21), VR immediate score (p <.001, Cohen’s
d =1.05vs. p=.006, Cohen’s d = 0.85), VR delayed score
(p <.001, Cohen’s d = 1.52 vs. p <.001, Cohen’s d = 1.54),
CVLT-II total learning (p <.001, Cohen’s d = 2.44 vs. p
<.001, Cohen’s d = 3.04), CVLT-II long delayed free recall
score (p <.001, Cohen’sd =2.31vs. p<.001, Cohen’s d =
3.17), letter-number sequencing score (p <.001, Cohen’s d
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=1.21vs. p<.001, Cohen’s d = 1.02), and design fluency switching condition score (p = .004, Cohen’s d =
0.70 vs. p=.002, Cohen’s d = 0.93).

Similarly, the M-HO group outperformed both the F-MCI and M-MCI groups in the DSS score (p
<.001, Cohen’s d =0.96 vs. p <.001, Cohen’s d = 0.77), LM immediate score (p <.001, Cohen’s d = 1.36 vs.
p <.001, Cohen’s d = 0.99), LM delayed score (p <.001, Cohen’s d = 1.31 vs. p <.001, Cohen’s d = 1.05),
VR immediate score (p < .001, Cohen’s d = 1.43 vs. p =.006, Cohen’s d = 1.25), VR delayed score (p <.001,
Cohen’s d = 1.11 vs. p <.001, Cohen’s d = 1.05), CVLT-II total learning score (p <.001, Cohen’s d = 1.51 vs.
p <.001, Cohen’s d = 2.04), CVLT-II long delayed free recall score (p <.001, Cohen’s d = 1.60 vs. p <.001,
Cohen’s d = 2.12), letter number sequencing score (p <.001, Cohen’s d = 1.07 vs. p <.001, Cohen’s d =
0.89), and design fluency switching score (p =.004, Cohen’s d = 0.69 vs. p =.002, Cohen’s d = 0.93).

In summary, the four groups exhibited similar demographic (i.e., age, education level) and clinical
(i.e., cerebrovascular risk burden, ApoE status, depressive symptoms) characteristics, except for their
cognitive status. Furthermore, the two MCI groups demonstrated a similar level of cognitive function across
standardized neuropsychological measures that evaluate global cognitive function, attention/ visuomotor
processing speed, language, episodic memory, and executive function.

Word association task performance
Item memory

We observed a significant group effect (F, 99) = 14.90, p < .001, partial #? = 0.32), time effect (F, 99) =
16.50, p < .001, partial #? = 0.15), and group-by-time interaction (Fs, 99) = 4.32, p = .007, partial #? = 0.12)
for item d’ (Figure 1A). Specifically, the F-HO group had better item memory under the immediate recall
condition compared with the M-HO (p = .014, Cohen’s d = 0.68), F-MCI (p <.001, Cohen’s d = 1.40), and
M-MCI (p =.001, Cohen’s d = 0.90) groups; the M-HO group also outperformed the F-MCI group (p = .019,
Cohen’s d = 0.72), but not M-MCI group, and the two MCI groups had similar performance. After a
30-minute delay, the F-HO group outperformed the F-MCI (p <.001, Cohen’s d = 1.47) and M-MCI (p
<.001, Cohen’s d = 1.35) groups; the M-HO groups outperformed the F-MCI (p <.001, Cohen’s d = 1.13)
and M-MCI (p =.001, Cohen’s d = 1.02) groups, and no sex difference was noted within the HO or MCI
cohorts. The M-MCI group, but not the F-MCI group, showed significantly greater reduction in item memory
discriminability over time compared to the F-HO (p = .01, Cohen’s d =0.70) and M-HO (p =.001, Cohen’s d
= 1.30) groups. Relative to their sex-matched controls, the F-MCI group exhibited greater impairment in
immediate item d’ (T@a7) = —4.30, p <.001, Cohen’s d = —1.24) than did the M-MCI group, but the two MCI
groups exhibited similar impairment in delayed item memory (Figure 1B).

In terms of item memory hit rate (Table 3), a main effect of time (F (1, 99) = 8.08, p = .005, partial 52 =
0.78) was observed, with a lower hit rate in the delayed recall condition than in the immediate recall
condition; no main effect of group or group-by-time interaction was observed. Relative to their sex-matched
controls, the F-MCI group had a poorer item hit rate compared with the M-MCI group (T =—2.39, p
=.021, Cohen’s d = —0.69) in the immediate recall condition, but no difference between the two groups was
detected in the delayed recall condition.
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Fig. 1. Word association task performance among groups for immediate and delayed recall conditions: (A) Item memory discriminability (d”) for four groups, (B)
relative item memory d’ for the two mild cognitive impairment (MCI) groups compared with their sex-matched controls indicated by z-scores, (C) associative d* for
four participant groups, (D) relative associative d” for the two MCI groups compared with their sex-matched controls indicated by z-scores, (E) associative d' based on
residual values (z-scores) after the effect of the corresponding item recognition d° was removed for four groups, (F) relative associative d' for the two MCI groups
compared with their sex-matched controls (z-scores) after control for corresponding item d'. Error bars denote standard deviations.*p < .05; ***p < .005. F-HO =
female-health older adults; M-HO = male-healthy older adults; F-MCI = female-MCI; M-MCI = male-MCL. * denotes the slope of item memory decays in the M-MCI
group significantly differ from that in the two HO groups. * denotes slopes of associative memory decays in the M-HO and F-MClI significantly differ from that in the
F-HO group.

With respect to FA rate, significant main effects of group (F (1, 99) = 7.80, p < .001, partial #? = 0.20) and
time (F @, 99) = 10.32, p = .002, partial > = 0.097) were discovered, but no significant group-by-time
interaction was identified. The results suggested that both MCI groups had a higher FA rate compared with
the two HO groups, and all groups increased their FA rate over time. Relative to their sex-matched controls,
the F-MCI group had a higher item FA rate compared with the M-MCI group (T@7) = 2.11, p = .04, Cohen’s d
= 0.61) in the immediate recall condition, but no difference between the two groups was detected in the
delayed recall condition.

Together, for item memory, a female advantage was evident in HOs under the immediate recall

Table 3 condition, but absent in older adults with MCI
Item and associative memory performance of the four groups.
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analyses revealed that under the immediate recall condition, the F-HO group outperformed both the F-MCI (p
=.018, Cohen’s d = 0.71) and M-MCI (p = .032, Cohen’s d = 0.53) groups, whereas the M-HO, F-MClI, and
M-MCI groups did not differ from one another. Under the delayed recall condition, the F-HO group
outperformed the M-HO (p <.001, Cohen’s d = 1.13), F-MCI (p <.001, Cohen’s d = 1.08) and M-MCI (p
<.001, Cohen’s d = 0.76) groups, and the M-HO, F-MCI, and M-MCI groups did not differ from one another
(Figure 1C).

The F-HO group exhibited significantly lower associative memory decay scores (difference between
delayed and immediate recall) compared to the M-HO (p =.004, Cohen’s d = 0.83) and F-MCI (p = .008,
Cohen’s d = 0.75) groups. The difference between the associative memory decay scores of the F-HO and
M-MCI groups was marginally significant (p = .058, Cohen’s d = 0.50), and the M-HO, F-MCI, and M-MCI
groups did not have score differences. Compared to their sex-matched controls, although the two MCI groups
had a comparable immediate recall performance , the F-MCI group exhibited significantly worse
performance in delayed associative memory (Tu7) = —4.06, p <.001, Cohen’s d = —1.17) compared with the
M-MCI group (Figure 1D).

For the associative memory hit rate, a main effect of time was observed (F (1, 99) = 15.47, p < .001,
partial #2 = 0.14), with a lower hit rate in the delayed recall condition than in the immediate recall condition;
no main effect of group or group-by-time interaction was observed. Relative to their sex-matched controls,
the F-MCI group had a lower hit rate for the delayed associative memory task than the M-MCI group in the
delayed recall condition (T@7 = —3.26, p=.002, Cohen’s d = —0.94) but not in the immediate recall
condition.

Regarding the total FA rate, a significant main effect of group (F (3, 99) = 11.83, p < .001, partial #* = 0.26)
and time (F (1, 99) = 43.60, p < .001, partial #> = 0.31) and a significant group-by-time interaction (F (3, 99) =
26.20, p = .014, partial #* = 0.10) were discovered. Follow-up analyses revealed that in both immediate and
delayed recognition conditions, the two MCI groups had higher FA rates compared with the two HO groups
(all p <.05); under the immediate recall condition, the F-MCI group also had a higher FA rate relative to the
M-MCI group (p =.017, Cohen’s d = 0.58). Furthermore, a faster increase in the number of FAs was
observed over time in both the F-MCI (p = .036, Cohen’s d = 0.52) and M-MCI (p = .003, Cohen’s d = 0. 84)
groups compared with in the F-HO group; the M-MCI group also exhibited a faster increase in the number of
FAs over time compared with the M-HO group (p = .034, Cohen’s d = 0.69). Relative to their sex-matched
controls, the F-MCI group had a higher FA rate compared with the M-MCI group under the immediate recall
condition (T@7) = 2.03, p =.04, Cohen’s d = 0.58), whereas the FAs between two MCI groups did not differ
under the delayed recall condition.

To further determine whether associative memory was disproportionately impaired relative to item
memory between groups, the immediate and delayed item 4~ were regressed out from associative ¢’ under the
immediate and delayed recall conditions, respectively. The results of a two-way ANOVA revealed a
significant group-by-time interaction (Fs, 99) = 4.92, p = .003, partial #? = 0.13), but no significant main effect
of group or time was observed. The post hoc analyses revealed similar associative memory scores in all four
groups when the item memory score was considered under the immediate recall condition. However, under
the delayed recall condition, the F-HO group significantly outperformed the M-HO (p <.001, Cohen’s d =
1.12) and F-MCI (p = .015, Cohen’s d = 0.68) groups and marginally outperformed the M-MCI group (p
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= .08, Cohen’s d = 0.43) in associative memory when delayed item memory performance was controlled. The
scores of the M-HO, F-MCI, and M-MCI groups did not differ from one another. A disproportionately greater
associative memory decline (i.e., the difference between the delayed and immediate recall conditions)
relative to item memory was observed in the M-HO (p <.001 Cohen’s d = 1.01) and F-MCI (p = .023
Cohen’s d = 0.64) groups compared with the F-HO group (Figure 1E).

Relative to their corresponding sex-matched controls, the F-MCI group had greater associative memory
impairment even after item memory performance was controlled than did the M-MCI group in the delayed
recall condition (Ta7 =—3.72, p=.001, Cohen’s d = —1.11), but not in the immediate recall condition
(Figure 1F).

In summary, for associative memory, a female advantage was evident in HOs but was not present in
older adults with MCI based on absolute value comparisons. Specifically, the F-HO group outperformed the
M-HO group by demonstrating less associative memory decay over 30 minutes, and the female advantage
remained even when controlling for item memory performance. On the contrary, the two MCI groups
performed similarly in the associative memory task, except that more FAs were made in the F-MCI group
than in the M-MCI group under the immediate condition based on absolute value comparisons. Furthermore,
relative to their controls of the same sex, the F-MCI group, but not the M-MCI group, exhibited a
disproportionately greater associative memory decline relative to item memory.

Brain morphometric variations between groups

The raw data on the three medial temporal ROIs are presented in Table 2. The group analysis of these
brain morphometric variables revealed a main effect of hippocampal volume (F 3, 103) = 3.09, p = .015), but
no group differences were observed for the cortical thickness of parahippocampal regions or PRC/EC regions.
The F-HO group exhibited a greater hippocampal volume than the F-MCI (p =.047, Cohen’s d = 0.51) and
M-MCI (p =.043, Cohen’s d = 0.66) groups. Similarly, the M-HO group had a greater hippocampal volume
than the F-MCI (p = .01, Cohen’s d = 0.78) and M-MCI (p = .01, Cohen’s d = 1.02) groups, whereas no sex
differences in hippocampal volume were observed within the MCI and HO cohorts.

Relative to their sex-matched controls, the F-MCI group exhibited a greater decrease in cortical gray
matter thickness in the PRC/EC regions compared with the M-MCI group (T@7) =—2.12, p = .04, Cohen’s d =
0. 65), but no difference in hippocampal volume or parahippocampal thickness was detected between the two
MCI groups (Figure 2A).

In summary, the two MCI groups were characterized by significant hippocampal atrophy compared to
the two HO groups, supporting the validity of our group classification based on neuropsychological measures.
Furthermore, the two MCI groups were comparable in volume or cortical thickness across the three medial
temporal ROIs (i.e., the hippocampus, parahippocampus, and PRC/EC regions) when the analyses were
based on absolute value comparisons. Compared to their sex-matched controls, however, the F-MCI group
revealed more atrophy in PRC/EC regions than that in the M-MCI group, suggesting that the F-MCI group
may be in a more advanced stage of the disease continuum compared with the M-MCI groups by the time
they were diagnosed with MCI according to conventional standards.

Associations between memory test performance and hippocampal volume
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We computed Pearson’s correlations between memory performance (i.e., item and associative memory
d’ variables) with the standardized residual values (controlling for age for all variables, and additionally
controlling for head size for the hippocampal volumetric variable) related to the three ROIs. For the entire
study group, the results revealed that larger hippocampal volumes were significantly associated with better
performance in delayed item memory (r = .37, p <.001) and delayed associative memory (immediate: r = .28,
p = .004) tests. A marginal association of hippocampal volume with immediate item memory (r =.22, p
=.018) and immediate associative memory (r = .19, p = .038) was also observed. No significant associations
between parahippocampal thickness and memory variables were observed. Furthermore, greater cortical
thickness in the PRC/EC regions was positively correlated with performance in item memory (immediate: r
=.31, p =.002; delayed: r = .27, p = .005) and immediate associative memory (r = .37, p <.001) tests.

When the analysis was restricted to female participants across the HO and MCI groups, significant
associations were revealed between hippocampal volume and delayed item memory (r = .42, p =.001) as
well as between hippocampal volume and delayed associative memory (r = .42, p = .001). Greater cortical
thickness in the parahippocampal regions was marginally associated with delayed item memory performance
(r =.25, p =.04). Greater cortical thickness in the PRC/EC regions was significantly correlated with delayed
associative memory test performance (r = .33, p =.01) and marginally correlated with item memory test
performance (immediate: r = .29, p =.018; delayed: r = .31, p = .015) and immediate associative memory test
performance (r = .25, p = .036; Figure 2B). When the analysis was restricted to male participants across the
HO and MCI groups, no significant brain—memory association was found, and only a marginally significant
association between hippocampal volume and delayed item memory test performance was observed (r = .31,
p =.03).

In summary, we found significant correlations between medial temporal structures, especially the
hippocampus and PRC/EC regions, and item memory, as well as associative memory. However, the brain
structure—behavior associations were particularly relevant for delayed recall conditions and were driven
primarily by the older women sample rather than the older men sample.
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Flg- 2 (A) Medial temporal lobe (MTL) gray matter morphometry for the regions of interest [volumetric measures for the hippocampus (HC); cortical thickness
measures for the parahippocampus (PHC) and perirhinal/entorhinal (PRC/EC) thickness] for women and men with mild cognitive impairment (MCI) indicated by z-
scores relative to their sex-matched controls. Bilateral hippocampal volumes were corrected for differences in head size by regressing out the estimated total cranial
vault volume. Error bars denote standard errors of the mean. F-MCI = female with MCI; M-MCI = male with MCL*p < .05. (B) Three correlation plots between
delayed item and associative memory discriminability (d") with MTL structures for the full female (red) and male (blue color) samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Discussion

The present study investigated sex differences in item and associative memory of older adults with and
without aMCI. The association between item and associative memory task performance and medial temporal
morphometric variations were also examined. Through conjointly examining item and associative memory
scores for the same task, the present study revealed several novel findings. First, in HOs, a female advantage
was observed for both item and associative memory. The female advantage was salient for item memory
under the immediate recall condition and associative memory under the delayed recall condition, even when
item memory performance was controlled. Second, in the aMCI cohort, the female advantage was absent for
both item and associative memory; women with aMCI performed similarly to men with aMCl in the
associative memory task, with the exception of more FAs observed in women with aMCI relative to men with
aMCI. Relative to their sex-matched controls, however, women with aMCI had greater impairment than men
with aMCI on both item and associative memory, and this associative memory impairment persisted even
after item memory performance was controlled. Third, although the two MCI groups were comparable in
terms of medial temporal regional measures, relative to their sex-matched controls, women with aMCI had
greater atrophy in the PRC/EC regions compared with men with aMCI. Fourth, the measurements (volumes
or thickness) of both the hippocampus and PRC/EC regions were associated with item and associative
memory, but the brain—behavioral association was significant only for female participants.

In support of our hypothesis, a female advantage was observed for both item and associative memory in
HOs. Our findings are consistent with studies demonstrating better item memory 2 8 ®12-17 and associative
memory 11, 15-17
indicated after we accounted for baseline cognitive status, age, education level, vascular burden, and ApoE e4
carrier status. Notably, the female item memory advantage was evident only in the immediate recall condition,
not in the delayed recall condition. By contrast, the female advantage in associative memory was evident
only for the delayed recall condition, even after controlling for item memory. Because no studies have jointly
compared item and associative memory for both immediate and delayed recall conditions, it was difficult to
compare our findings directly with those of other studies. Several studies have attributed the female
advantage in verbal memory to women having greater spontaneity than men in using encoding strategies,
particularly semantic or phonological strategies, for verbal materials % %80, Although the employment of
encoding strategies may account for our findings on item memory under the immediate recall condition, such
strategies did not appear to account for female advantages in associative memory identified in the present
study because the female associative memory benefit was only observed in the delayed recall condition, not
the immediate recall condition. Moreover, the female advantage in verbal memory has been linked to
advantages in verbal ability °; however, this factor did not appear to account for our results because the
F-HO and M-HO groups did not have different scores in standardized neuropsychological tests assessing
verbal abilities, namely the Category Fluency Test and Boston Naming Test. Furthermore, these findings
cannot be directly linked to macrostructural differences in medial temporal gray matter regions because the
two HO groups were comparable in volumes or thickness across the three medial temporal ROIs (i.e.,
hippocampus, parahippocampus, and PRC/EC regions).

Although the mechanisms of the effects of sex on item and associative memory remain unclear, our
results suggest that sex is an important factor in cognitive aging. In the present study, we found that older

in women, and a verbal memory reserve advantage for women with advanced age was
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men, but not older women, had greater decay in associative memory compared with item memory after a
30-min delay, which may put older men at a heightened risk of developing MCI. Studies have reported that
men were more likely to develop MCI (both aMCI and nonamnestic subtypes) than women °2 3, although
conflicting reports exist, likely due to methodological differences among the studies 4. Overall, our study
extended findings from previous studies and revealed that the female advantage was particularly remarkable
in item learning and associative information retention in older adults without MCI.

In the aMCI cohort, in support of our hypothesis, the female advantage was not present in the
associative memory task. In fact, women with aMCl relative to men with aMCI had more FAs for the
associative memory task. Moreover, through a comparison with sex-matched healthy controls, we found that
women with aMCI had fewer hits, more FAs, and worse overall immediate item memory and delayed
associative memory than men with aMClI. Additionally, the decline in associative memory over time in
women with aMCI was greater than that in men with aMClI, even after item memory performance was
controlled.

Although the present study was the first to report such results, our findings of a larger performance gap
between cognitively healthy women and those with aMCI compared with cognitively healthy men and those
with aMCI men accord with findings from the literature concerning item memory or story memory in
populations with aMCI 8% or AD %657 The findings also suggest that the female aMCI group had greater
cognitive decline in verbal memory than the male aMCI group by the time they were diagnosed as having
aMCI by conventional standards; this finding was consistent with those of other studies & . Notably, the
female disadvantage was not evident when the analyses were based on absolute score comparisons between
the female and male MCI groups. Similarly, the two aMCI groups performed equivalently on the MMSE and
standardized neuropsychological tests, including those assessing language and episodic memory abilities, and
were also similar in age, education level, vascular burden, and apolipoprotein status. Taken together, these
findings suggest that when a fixed threshold is used without considering sex differences for defining
impairment, a true diagnosis of aMCI may be delayed in women because the female advantage in verbal
memory may mask underlying neurodegeneration, particularly in the earlier disease stages. In contrast to our
findings, some studies have reported a female advantage in word list tests in aMCI cohorts % 14 or indicated
no sex effect in associative memory tests in MCI cohorts relative to their sex-matched healthy controls ° 2 14
194,16, 21(Beinhoff, et al., 2008; Murphy, et al., 2020; Sundermann, et al., 2016)(Beinhoff U et al. 2008;
Sundermann EE et al. 2016; Murphy KJ et al. 2020). Some potential explanations for the discrepancy
between our findings from those in these aforementioned studies are that these studies had either a small
sample size (i.e., six women and nine men with MCI)*®, did not control for education levels between the two
sex groups 2, or did not control for clinical variables 2 1*1°, For example, several studies have indicated a
higher prevalence of cerebrovascular burden in older men than in older women, which may partially account
for female advantages in cognition %8 %,

In line with our behavioral findings, a similar pattern was also observed in the brain-related variables;
men and women with aMCI appeared to be comparable in volumes or cortical thickness across the three
medial temporal ROIs when the two sex groups were compared. Relative to their sex-matched healthy
controls, however, the F-MCI group had greater atrophy in PRC/EC regions than the M-MCI group,
indicating that the F-MCI group may be in a more advanced stage of the disease continuum compared with
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the M-MCI group. Our findings on CDR sum of boxes scores also support this argument; relative to their
sex-matched healthy controls, the F-MCI group exhibited greater functional impairment based on the CDR
index compared with the M-MCI group.

Overall, our findings related to MCI cohorts echo those of other studies suggesting that cognitive
reserve in verbal memory better allows women to mask their verbal memory impairment and brain pathology
until a later disease state 8 %2 Consequently, males may be diagnosed with aMCI at a younger age than
females. Once a diagnosis has been made, however, women with aMCI may have greater functional decline
compared with men with aMCI. In the present study, because our aMCI sample might have comprised
individuals with milder cognitive impairment compared with those in prior studies due to the operational
definition of objective cognitive impairment for MCI (i.e., —1 SD rather than —1.5 SD lower than the norms)
used, we provide further evidence that the masking effect for cognition and brain pathology could be detected
in the early stages of prodromal dementia through proper assessment.

In the brain structure—behavior associations, we found that the integrity of the hippocampus and
PRC/EC regions was positively associated with memory performance, especially with the delayed associative
memory score, of older women but not older men. Medial temporal structures, especially the hippocampus,
are believed to play a key role in associative memory by supporting the binding and recollection of novel
relational associations 3%°, and a positive correlation between medial temporal structural measures and
memory performances for older women suggests that greater gray matter volumes or cortical thickness of the
medial temporal structures improves memory performance when binding items are required during novel
associative memory encoding and retrieval.

Although the underlying mechanisms to account for the absence of a significant association between
medial temporal structures and memory performance in older men remains unclear, such findings are
consistent with those of related studies 8 %. A possible explanation for older men not exhibiting significant
brain—memory correlations may be that their novel associative memory relied more on strategic processes,
which are less medial temporal dependent, than on binding or recollection processes, given that both
associative and strategic components may contribute to associative memory performance in older adults " %8,
In our associative memory task, verbal materials were presented visually. Although the stimuli were
considered verbal materials containing unique phonological and semantic information, processing the visual
graphemes of these Chinese characters may require visuospatial strategies or visuospatial working memory
processing 8, which are associated with a male advantage % ’°, and such processing may rely on structures
outside of the medial temporal regions %" "% 72, Future studies are required to investigate the underlying
mechanisms of sex differences in strategic versus recollection processes for associative memory as well as
their relationship with the broader brain network.

Some limitations of our study should be noted. First, although the findings remain controversial, studies
have indicated that undergoing menopause hormone therapy may have negative cognitive effects on
postmenopausal women, particularly women with low cognitive function at baseline *-°. Because we did not
obtain information on hormone therapy on female participants, particularly those with MCI, the potential
confounding effects of this therapy on our results cannot be ruled out.

Second, because the large number of homophones in the Chinese language makes the lexical mapping
impossible without further context or written information, we presented all stimuli visually instead of in
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audio-mode. Although the use of visually presented verbal stimuli in other similar, English language—based
studies is not uncommon (e.g., '), the logographic characteristics of the Chinese language may have
confounded our sex-specific findings due to participants potentially using a mixture of visual memory and
verbal memory. Nevertheless, we observed a robust female advantage in item and associative memory among
HOs, which was consistent with studies in which tests were conducted verbally in English °, indicating that
our task manipulation was valid. Future studies could further assess whether the female advantage observed
in HOs and the female disadvantage observed in women with MCI relative to their counterparts may be even
more pronounced when audio-based verbal stimuli are used instead of visual-based verbal stimuli. Third, we
did not consider biomarkers such as amyloid beta burden in our sample, which may account for some of our
behavioral results; some studies have reported that greater cortical amyloid beta burden was related to poorer
immediate item memory performance in both men and women with MCI 676, Fourth, this study’s
cross-sectional design limited our ability to determine the temporal or causal relationship between associative
memory and medial temporal structures as well as to directly evaluate the sex-specific effect associated with
cognitive reserve theory ’. Population-based longitudinal analyses could offer a more definitive evaluation of
the hypothesis that the female advantage in verbal memory may serve as a form of cognitive reserve.

Conclusion

The present study revealed that the female advantage in both item and associative memory was evident
in HOs, and this advantage was particularly salient for delayed associative memory performance even when
item memory performance was controlled. By contrast, despite the comparable gray matter in medial
temporal structures when women and men with aMCI were compared, we found that women with MCI may
be in a more advanced stage of the disease continuum because women with aMCl, relative to men with aMCl,
exhibited greater impairments in the associative memory task relative to healthy control baseline, greater
atrophy in PRC/EC regions, and poorer global cognitive function based on sex-matched norms. These
findings support the hypothesis that cognitive reserve accounts for the female advantage in verbal memory;
this advantage observed in normal aging appears to continue into the early prodromal stage of dementia and
delay the detection of MCI in women. Future longitudinal studies are required to confirm this hypothesis.
The different brain structure—memory associations in women and men may also indicate different
mechanisms in completing associative memory tasks. Further investigations of sex effects on prodromal AD
could elucidate dementia risk assessment that improve diagnostic accuracy at early disease stages as well as
increase the accuracy of outcome evaluations when interventions have been provided.
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