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Abstract

Background: Mild cognitive impairment (MCI), a prodromal phase of Alzheimer’s disease
(AD), is heterogeneous with different rates and risks of progression to AD. There are significant
gender disparities in the susceptibility, prognosis, and outcomes in patients with MCI, with female
being disproportionately negatively impacted.

Objective: The aim of this study was to identify sex-specific heterogeneity of MCI using
multi-modality data and examine the differences in the respective MCI subtypes with different
prognostic outcomes or different risks for MCI to AD conversion.

Methods: A total of 325 MCI subjects (146 women, 179 men) and 30 relevant features were
considered. Mixed-data clustering was applied to women and men separately to discover gender-
specific MCI subtypes. Gender differences were compared in the respective subtypes of MCI by
examining their MCI to AD disease prognosis, descriptive statistics, and conversion rates.

Results: We identified three MCI subtypes: poor-, good-, and best-prognosis for women and for
men, separately. The subtype-wise comparison (for example, poor-prognosis subtype in women
Versus poor-prognosis subtype in men) showed significantly different means for brain volumetric,
cognitive test-related, also for the proportion of comorbidities. Also, there were substantial gender
differences in the proportions of participants who reverted to normal function, remained stable, or
converted to AD.

Conclusion: Analyzing sex-specific heterogeneity of MCI offers the opportunity to advance the
understanding of the pathophysiology of both MCI and AD, allows stratification of risk in clinical
trials of interventions, and suggests gender-based early intervention with targeted treatment for
patients at risk of developing AD.
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INTRODUCTION

Mild cognitive impairment (MCI) represents as an intermediate stage between normal
cognitive aging and Alzheimer’s disease (AD) in which individuals demonstrate a slight,
measurable decline in cognitive abilities but do not suffer significant impact on their daily
functioning [1]. People with MCI may be three to five times more likely to develop AD
relative to those without MCI [2]. Focusing on MCI allows to examine early disease
symptoms, which may be most responsive to new treatments.

MCI is etiologically heterogeneous with different risks and rates of progression to dementia
[2]. Some MCI patients will stay stable for ten years, or even return to normal cognitive
status by timely interventions [3], whereas others will progress to AD rapidly or succumb
after as little as three years [4]. Medical, environmental, and lifestyle risk factors as well

as genetic variation contribute to such heterogeneity [5-7]. At least one out of three

AD dementia cases can be linked to medical factors such as cardiovascular conditions,
obesity, diabetes, and lifestyle factors such as physical activity, diet, social engagement,
and educational attainment [8-10]. Understanding and characterizing such heterogeneity of
MCI with respect to the trajectory of clinical outcomes including rates of cognitive decline,
progression to AD or reversion to normal is essential as it would enable clinicians and
researchers to identify individuals most in need of early intervention and maximally delay
the progression of the condition. In addition, it would allow stratification of participants in
clinical trials of new drugs aimed at slowing the progression of MCI to AD.

Many of the above-mentioned AD risk factors show gender effects, and, after advanced

age, female sex is the major risk factor for AD [11, 12]. Research on gender-associated
differences at MCI stage has focused on gender-differences in risk profiles [13], progression
to AD [14, 15], and longitudinal rates of cognitive performance [16, 17]. However, the
differences have not been characterized with respect to the heterogeneity of MCI. As

gender differences exist in the disease risk factors, manifestation, and progression to AD,
the study on gender-specific heterogeneity of MCI can be clinically very useful and for
initiating new therapies for gender-based AD prevention trials. The heterogeneity of MCI
can be identified via subtyping approaches [18], and it is useful for implementing precision
medicine approaches for the understanding, prevention, treatment, and clinical trials for AD.

The focus of this study is to identify, quantify, and compare the differences in the subtypes
of MCI between women and men that have distinct patterns of progression of MCI

to AD. We separately classified female and male MCI subjects into clinically relevant
subtypes based on features including AD-related comorbidities, lifestyle risk factors,
demographics, brain imaging features, genetics, cognitive scores, and blood biomarkers

with data that are derived from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
(https://adni.loni.usc.edu). The ADNI data set has been widely used in many research studies
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on subtype analysis [18, 19]; otherwise it has not been used for examining gender-specific
heterogeneity of MCI.

Data used in the preparation of this article were obtained from the ADNI database. The
ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can be combined to measure

the progression of MCI and early AD. For up-to-date information, see https://www.adni-
info.org.

Criteria for ADNI eligibility and diagnostic classifications are described at https://
www.adni-info.org/Scientists/ ADNIGrant/ProtocolSummary.aspx. ADNI criteria for MCI
were: 1) Mini-Mental State Examination (MMSE) scores between 24 and 30; 2) subjective
memory complaints; objective memory loss defined as scoring below an education-adjusted
cut-off score on the Wechsler Memory Scale Logical Memory test (score = 8 for those

with = 16 years of education; score = 4 for those with 8-15 years of education; score = 2
for those with 0-7 years of education); 3) a Clinical Dementia Rating score of 0.5; and 4)
absence of significant levels of impairment in other cognitive domains, essentially preserved
activities of daily living, and an absence of dementia. In this study, all ADNI-1 and
ADNI-2/ADNI-GO MCI subjects with at least one post-baseline visit data were included.
On average, for each subject, 6 post-baseline visit data were available. For each subject,

a total of 30 features were included for gender-specific MCI subtype analysis, including
AD-related comorbidities, lifestyles, and other AD-relevant data modalities at baseline have
been considered and described below.

A total of 8 AD-related comorbidities [9, 10] were considered and the status of

these medical conditions at baseline visit was determined using rating scales, physical
measurements, treatment/medication use, or self-reported medical history based on the data
availability in ADNI. Subjects self-reported medical history was screened based on the
presence of related key words to determine the status of each comorbid condition (for
example, the keywords used for Hypertension are ‘hypertension’, ‘high blood pressure’, and
‘HTN’). The details of how the status of each comorbidity was determined are provided
below.

1. Hypertension — Based on the presence in the self-reported medical history
of related keywords (“hypertension”, “high blood pressure”, or “HTN"), or
treatment with antihypertensive medications.

2. Diabetes — Based on the presence in the self-reported medical history of
related key words (“diabetes”, “type2 diabetes”), or the use of glucose-lowering
medications.

3. High cholesterol — Based on the presence in the self-reported medical history

of related key words (“Hypercholesterolemia”, “high cholesterol”, “elevated
cholesterol”, or “Hyperlipidemia”), or treatment with lipid-lowering medications.

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 12.


https://www.adni-info.org/
https://www.adni-info.org/
https://www.adni-info.org/Scientists/ADNIGrant/ProtocolSummary.aspx
https://www.adni-info.org/Scientists/ADNIGrant/ProtocolSummary.aspx

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Katabathula et al.

Page 4

Depression — Geriatric Depression Scale (GDS-15) of 10, or treatment with
antidepressants.

Obesity — Based on body mass index (BM1)>30.

Cardiovascular disease — Based on the presence in the self-reported medical

history of related key words (“stroke”, “coronary artery disease”, “congestive

heart failure”, “cerebrovascular disease”, “carotid artery stenosis”, “peripheral
vascular disease”, or “Atrial fibrillation”).

Hearing Loss — Based on the presence in the self-reported medical history of
related key words (“hearing loss”, “deaf”, or “presbycusis”).

Traumatic brain injury (TBI) — Based on the presence in the self-reported
medical history of related key words (“concussion” or “head injury™).

In addition to AD-related comorbidities, an additional two lifestyle factors, smoking and
alcohol use, were also considered. Both smoking and alcohol use were determined by
subjective self-report from the medical record. Comorbidities and lifestyle factors were
defined based on current/former/never status. Finally, a total of 7 data modalities were
considered for gender-specific MCI subtype analysis.

Demographic data (Age), Education in years, Family history [5].

APOE gene status: Apolipoprotein E (APOE) £2/£4 carrier status was included
as a genetic marker of AD [7].

The MRI volumetric features: Total ventricular volume, hippocampal volume
(left plus right), middle temporal gyral volume (left plus right), and total
entorhinal and fusiform volume [20, 21]. These MRI volumes were normalized
by total intracranial volume (ICV).

Cognitive tests: The 11-item score and 13-item score from the Alzheimer’s
Disease Assessment Scale (ADAS); total score from the Clinical Dementia
Rating scale Sum of Boxes (CDRSB); total score from the Functional
Assessment Questionnaire (FAQ); total score from the MMSE; and immediate
score, learning score, forgetting score, and percentage forgetting score from the
Rey’s Auditory Verbal Learning Test (RAVLT) [22, 23].

plasma neurofilament light (Nfl) and tau phosphorylated at threonine-181 (P-
taul81) [24, 25].

Lifestyle factors: status of smoking, alcohol use [10].

Comorbidities: status of hypertension, diabetes, high cholesterol, depression,
obesity, cardiovascular disease, hearing loss, and TBI [6].

A total of 325 MCI (146 females, 179 males) subjects from the ADNI study were included
in the current analysis. Mixed-data clustering [26—28] was applied to female and male
subjects separately to discover the MCI clusters within each gender. The clustering is
performed based on all the above mentioned 30 baseline features (covariates) and the
clinical relevance of each cluster was determined by examining the MCI to AD disease
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prognosis of subjects in the cluster based on the Kaplan-Meier survival analysis [29]. A
6-year follow-up window was considered, and the subjects who were lost to follow-up
before the conversion was detected were censored. Log-rank test [30] was used to test for
statistical differences between survivals of different clusters, where survival indicates that
patients maintain a diagnosis of MCI rather than progress to AD. Furthermore, statistical
differences between features of the subtypes were computed using the Fishers exact test for
categorical variables and independent #test for continuous variables. p values lower than
0.05 were considered significant.

Our study includes a total of 325 MCI subjects comprised of 146 women and 179 men.
Table 1 summarizes the characteristics of this MCI cohort. Among MCI subjects in the
study population, women were younger and had less education than men (p < 0.05). There
was no statistically significant difference in APOE &4 carrier status between women and
men. Women performed significantly better with almost all the cognitive measures and had
significantly larger ICV normalized volumes of hippocampus and middle temporal gyrus
than men (p < 0.05). Compared with men, women had lower prevalence of cardiovascular
(60.27% women, 72.62% men) and hearing problems (6.16% women, 26.81% men). These
gender differences were based on characteristics of MCI patients before subtyping.

Three subtypes: poor-, good-, and best-prognosis (PP, GP, BP) were identified for women
and men separately. Figure 1a and 1b provided the Kaplan-Meier plots for female and
male stratifications, respectively. Each gender-based stratification produced statistically
significant survivals for all three subtypes with p < 0.001. These results demonstrated
that there is significant heterogeneity within women and within men with MCI and this
heterogeneity can be categorified into three subtypes with distinct clinical prognosis. The
descriptive statistics of the features for female and male PP, GP, and BP subtypes were
provided in Tables 2—4, respectively.

The gender differences which exhibited before subtyping also appeared after subtyping,

but were restricted to specific subtypes, like gender differences on age and cognitive tests
were significant only for BP subtype, while education and brain volumetric features differed
significantly for GP subtype. Plasma features did not show any gender differences before
subtyping, but differences on plasma Nfl and P-taul81 were found significant for PP and
BP subtypes, respectively. Before subtyping, only cardiovascular and hearing problems
differed between women and men, but after subtyping, along with cardiovascular and
hearing problems (in PP subtype), diabetes (PP subtype), and obesity (GP subtype) showed
significant gender differences.

Table 5 provided the percentages of subjects who reverted to normal (“reverters™), who
stayed at MCI stage (“stablers™), and who progressed to AD (“converters”) in each of the
male and female MCI subtypes. For BP subtype, no MCI converter to AD was observed
for both women and men. For PP subtype, no reverter from MCI to normal was observed
for both women and men. The converters proportions among APOE £4 carriers in both
genders were close (24 % in female, 25% in male), when computed in the whole MCI

J Alzheimers Dis. Author manuscript; available in PMC 2024 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Katabathula et al.

Page 6

population before subtyping. But the number of the converters among APOE &4 carriers

in the female-PP subtype was almost twice that among APOE &4 carriers in the male-PP
subtype (78.57% female, 49.12% male). These results show that the risk of AD onset or
conversion from MCI was higher among women APOE &4 carriers than among men APOE
&4 carriers is apparent after the stratifications, but not in the whole population without
subtyping. Across subtypes, converters/reverters were mostly women compared to men. On
the contrary, a higher proportion of men than women remained stable across each subtype.
There were significant differences between stablers in male-PP and female-PP subtypes
(21.4% versus 50.9%, p < 0.05); between converters in male-PP and female-PP subtypes
(78.6% versus 49.1%, p < 0.05). For both male and female, first AD-conversion time (which
is minimum over AD-conversion times of all MCI converters) among the subjects in PP
group was less than 1 year and for the other group, it was over 1 year. These results
demonstrate that gender-specific subtyping provided clinically relevant male and female
stratifications of MCI subjects and gender-differences across subtypes with different levels
of AD prognosis.

DISCUSSION

Our study investigated gender-specific heterogeneities in patients with MCI using multi-
modal data based on the ADNI database. We utilized 30 AD relevant features including

8 AD-related comorbidities along with 22 others from demographics, APOE genotype,
brain volumetric data, cognitive measurements, plasma biomarkers, and behavioral factors
to understand and compare gender-specific variabilities in progression from MCI to AD.
Using the mixed multi-modal data, we stratified female MCI subjects into three subtypes
(female-PP, female-GP, female-BP) with poor-, good-, and best- AD prognosis; and male
MCI subjects into three subtypes (male-PP, male-GP, male-BP) with poor-, good-, and
best- AD prognosis. Gender differences were explored across female-PP versus male-PP,
female-GP versus male-GP, and female-BP versus male-BP subtypes. Before subtyping,
women were younger than men and had less education than men. After subtyping, age
difference was significant only for BP subtype, and education difference was found for PP
and GP subtypes. Females performed significantly better than men with almost all cognitive
tests in the whole MCI population, i.e., before subtyping. These differences were found
for BP (which is consistent with the study in [31]) and not for PP and GP subtypes. This
may be explained by differences in overall age; subjects in PP and GP subtypes were older
compared to BP; and younger subjects in general have a better overall health condition
and more active lifestyle. Sex differences were found on 3 out of 5 ICV-normalized MRI
volumetric features for GP subtype, with slightly larger normalized volumes for women
than for men. In other subtypes, the differences were not significant, but had slightly
larger normalized hippocampus volumes for women than for men, which is in concordance
with another study in [32]. Before subtyping, only cardiovascular and hearing problems
differed between women and men, but after subtyping, along with cardiovascular and
hearing problems (in PP subtype), diabetes (PP subtype) and obesity (GP subtype) showed
significant gender differences.

From the analysis of the MCI groups identified in both stratifications, we observe that
no MCI subject in the BP subtype progressed to AD during the observation period, and
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conversely, none of MCI subjects in the PP subtype reverted to normal. The converters

with positive APOE 4 in the female PP subtype were almost double when compared with
the converters with positive APOE &4 in the male PP subtype (78.57% female, 49.12%
male). On the other hand, the converters proportions among APOE &4 carriers in both
genders were very close (24 % in female, 25% in male) in the whole MCI population
without subtyping. These results demonstrate that there exists substantial difference between
women and men APOE &4 carriers, which become evident only after subtyping based on
multi-dimensional multi-modal features. The results with PP subtype (poor prognosis of
MCI to AD conversion) are consistent with previous studies [33-35] that reported the higher
incidence of AD in women in their sixties carrying one or two APOE &4 alleles compared

to their male counterparts. Across subtypes, converters/reverters were mostly women. On
the contrary, more men than women were stable during the observation period across each
subtype. In the GP population, more women (30.15%) were obese than men (14.49%). On
poor-prognosis (PP) level, diabetes and cardiovascular conditions showed higher prevalence
in males than their respective female counterparts. Clinical attention to these factors for male
MCI subjects in PP subtype, may be warranted. The existing facts like APOE &4 risk factor
for women, cardiovascular factors for men were restricted to the sub-populations (subtypes)
of MCI subjects, and the necessary preventive care should be considered in these respective
subgroups. Findings from this study demonstrate that gender-based subtyping strategy is
able to separate gender-wise patients with MCI into groups with different clinical outcomes
or prognosis with both high sensitivity and high specificity.

One potentially important application for such gender-specific stratification is in clinical
trials for drugs aimed at preventing or slowing the progression of AD. The number of
participants required to detect improvement in such a trial will be greater the less the decline
in cognitive function. Therefore, starting trials with patients in the PP group or the GP
group, but not the BP group, will allow study of fewer patients for a definitive answer,

and therefore fewer research participants at risk. Moreover, the less the variability in the
outcome measures, the fewer participants are required, which also argues for stratification
of participants. Given the remarkable number of non-productive and expensive clinical trials
for AD and for gender-differences in AD, it is critical to conserve the patient population as
well as to obtain definitive results in minimum time. Stratification could assist in this goal.

Some limitations of the current study are recognized. First, our current study is based

on the ADNI database. Although ADNI is designed to develop clinical, imaging, genetic,
and biochemical biomarkers for the early detection and tracking of AD and is one of the
largest databases for AD research containing multiple types of AD-related data, including
MRI, PET, APOE, age, and blood biomarkers, it is not a population-based study. Our
findings need to be validated in other independent cohorts but current availability of such
multi-modality databases with both MCI and AD subjects are limited. Second, longitudinal
follow up changes were not considered due to the lack of information on follow-up changes
with comorbidities and behavioral factors. The gender-based heterogeneity in patients with
MCI may evolve over time as features including comorbidities, brain volumetric data,
cognitive measurements, plasma biomarkers, and behavioral factors will change over time.
This study showed significant gender-specific heterogeneity in MCI patients with baseline
characteristics; however, it will be important to examine how it evolves over time. Third,
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as our study used multilevel features and which often partially correlate with each other,
for example, age with comorbidities, cognitive functions and brain images, genotypes with
biomarkers and brain images. In future, we will consider such relations while stratifying
the patients. Fourth limitation of this study was lack of consideration of competing risks or
the possibility that a subject might convert to another type of dementia, such as dementia
with Lewy bodies or frontotemporal dementia. Public databases that include multimodal
data such as comorbidities, MRI volumes of patients with dementia with Lewy bodies or
frontotemporal dementia are currently unavailable.

Conclusion

We performed gender-specific multi-modal subtype analysis of the MCI population from the
ADNI database utilizing AD-relevant biomarkers. These results highlight the differences
and importance of considering the gender-based stratification analysis of MCI with

distinct disease prognosis. Both female and male stratifications provided three subtypes
with significantly different trajectories. The subtype-wise comparison (for example, poor-
prognosis subtype in women versus poor-prognosis subtype in men) for gender differences
showed different behaviors having significantly different means for MRI volumetric,
cognitive test-related, plasma features, and by the proportion of comorbidities. Also, there
were substantial gender differences in the proportions of participants who reverted to normal
function, remained stable, or converted to AD. As many of AD risk factors, comorbidities
and disease prognoses are gender based, both stratifications and subsequent clusters
identified by the gender-specific multi-modal subtyping strategy may yield additional new
treatment targets for risk modification and allowing a more personalized strategy for AD
prevention, diagnosis, treatment, and management intervention.
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