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Editorial on the Research Topic
Considering Biological Sex in Neurological Research

Biological sex, gender, and gonadal hormone status have a substantial influence on
the incidence, prevalence, presentation, treatment response, and outcome of diverse
neurological/neuropsychological disorders and pathologies. Despite increasing recognition
of the importance of these variables, demographic data collected from patients and participants
in clinical trials and basic research do not routinely include information on gonadal hormone
status (e.g., puberty, stage of menstrual cycle, menopause, or andropause) and results are often not
stratified by sex or gonadal hormone status. In this special Issue, investigators and practitioners
engaged in research and treatment of diverse neuropsychological issues in human subjects and
animal models share their experimental results and observations regarding the impact of biological
sex and gonadal hormones on cognitive performance in the context of diabetes, HIV, menopause,
obesity and Parkinson’s disease. Other contributions examine the role of biological sex and
hormonal status in Huntington’s disease, early-stage Alzheimers disease, migraine, epilepsy,
stroke, and traumatic brain injury.

Neurocognitive function in the context of prediabetes is addressed by Sundermann et al. who
examined sex differences in how pre-diabetic status relates to trajectories of Alzheimer’s-related
clinical (verbal memory, executive function and language performance and dementia incidence)
and biological (brain metabolism, hippocampal volume, cerebrospinal fluid p-tau;g; /AP ;4 ratio)
markers among cognitively normal and mildly cognitively impaired (MCI) older adults from the
Alzheimer’s Disease Neuroimaging Initiative (N = 911, 46% women). Whereas, pre-diabetes shows
adverse effects on brain metabolism across sexes, only women with MCI showed associations
between pre-diabetes and poorer executive function and language performance across time
suggesting that women may be more susceptible to the negative effects of pre-diabetes on cognition.
Using machine learning methods, Rubin et al. investigated how profiles of neurocognitive
dysfunction among persons with HIV and their associated risk/protective factors differ by sex.
Whereas, men with HIV showed an unimpaired profile and even a cognitively advantageous profile,
women with HIV only showed impairment profiles that included global and domain-specific
impairment. Meanwhile, the most discriminative risk/protective factors (e.g., reading level, age, and
HIV disease characteristics) were similar across sexes. Results suggest that sex is a major contributor
to the heterogeneity in cognitive impairment profiles in HIV.

In a study focusing on menopause, Maki and Thurston review the emerging literature on
importance of examining menopausal symptoms, in addition to estradiol effects, as a mechanism
contributing to cognitive and brain aging in women. The authors highlight the utility of objective
measures of menopause symptoms, particularly vasomotor symptoms, in assessing associations
with memory performance, brain structure and brain function.

Two papers describe the cognitive effects of gonadal hormone withdrawal and replacement in
animal models: Zimmerman et al. examined cognitive performance and hippocampal volume in
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menopausal macaques fed a high-fat, high sugar diet and
exposed to either immediate or delayed treatment with estradiol.
The authors find beneficial effects of the delayed estradiol
treatment on spatial memory and hippocampal volume relative
to placebo. Conner et al. examined the effects of sex and
gonadal hormones on episodic-like memory in a rat model
of early (premotor) Parkinson’s disease and report that male
gonadectomy ameliorated memory deficits induced by the
model in a domain-specific manner. The effect of orchiectomy
was completely reversed by testosterone but estradiol had
no effect, suggesting direct effects testosterone acting via
androgen receptors.

Effects of sex and gonadal hormones on disease presentation
are addressed in an opinion piece by Zielonka
Stawinska-Witoszynska, where the importance of research in the
underexplored topic of sex/gender differences in non-sex linked
disorders is brought to light. As an example, they discuss the
emerging evidence of sex/gender differences on the progression
rate and clinical features pattern of Huntington’s disease.

In a systematic review, Al-Hassany et al. surveyed existing
findings regarding sex and gender differences in migraine and
synthesized findings across domains of biological/pre-clinical,
clinical, and population-level research. Important knowledge
gaps are identified and priorities are set for further research in sex
and gender differences in migraine and in therapeutic options.

The impact of sex and hormonal status on clinical
management is addressed by Spiegel and Merius in the context of
epilepsy, reviewing accumulating knowledge on the teratogenic
effects of anti-seizure medications and the effects of gonadal
hormones on the pharmacokinetic profile of these drugs and how
itis translated into specific guidelines for the treatment of females
before and after puberty and during pregnancy.

Two papers focus on sex differences in outcome following
ischemic or traumatic injury to the brain: Scrutinio et al.
address sex differences in long-term mortality and functional
outcome after severe stroke. In this British cohort of 1,316
subjects (mean age 72, 44% women), they find lower stroke—
related mortality in women relative to men but no advantage
in functional recovery. A mortality advantage in women over
50 (presumably post-menopausal) relative to men in the same
age group is also described in a minireview of sex differences
in traumatic brain injury (Biegon). Studies reviewed also suggest

and

that young (presumably pre-menopausal) women do not share
this advantage and actually tend to have a worse outcome
following mild concussive injuries to the brain. This minireview
also highlights the very slow adaptation of sex as a biological
variable in the design and analysis of clinical trials: Between 1996
and 2020, the percentage of women in key clinical trials in TBI
was consistently below 30% and only one study, published in
2014, stratified outcome by sex.

This collection of studies and reviews exemplifies the
continuity of sex/gender differences across different types of
neurological disease and the importance of accounting for
these differences in research. These findings also illustrate how
endocrine events throughout the lifespan (e.g., menstrual cycle,
menopause, pregnancy) may influence these sex differences
in disease outcomes. As the field shifts toward personalized
medicine, findings such as these create a platform for future
studies to advance the development of risk assessments and
diagnostic and therapeutic strategies that are optimized and
personalized by sex and hormonal status. Moreover, discovery
of differences in disease outcomes by sex and gonadal hormone
status can serve as a window into causal pathways of disease and
therapeutic targets, thus, enhancing our overall understanding of
disease and their treatment in all.
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Sex Differences in Long-Term
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Severe Stroke
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Objective: We sought to determine sex differences in outcomes in patients with severe
stroke who had been admitted to inpatient rehabilitation.

Methods: We studied 1,316 patients aged 18 to 99 (mean 72) classified as case-mix
groups 0108, 0109, and 0110 of the Medicare case-mix classification system. These
groups encompass the most severe strokes. Three outcomes were analyzed: (1) 3-year
mortality from admission to rehabilitation; (2) combined outcome of transfer to acute
care or death within 90 days from admission to rehabilitation; (3) functional outcome,
including proportional recovery in motor functioning and good functional outcome as
defined by achievement of a Functional Independence Measure (FIM)-motor score >65
points at discharge. Multivariable regression analyses were used to assess sex-difference
in each outcome between women and men. The covariates examined included age,
marital status, comorbidities, time from stroke onset to rehabilitation admission <30
days, ischemic stroke, dysphagia, neglect, motor FIM score at admission, and cognitive
FIM score at admission.

Results: Kaplan-Meier estimated 3-year mortality rate was 20.7% in women and 22.0%
in men. The crude hazard ratio (HR) of death for women compared with men was
0.94 (95% Cl 0.74-1.20). After adjustment for significant covariates, the HR of 3-year
mortality was 0.73 (95% Cls 0.56-0.96; p = 0.025). Comorbidity, including diabetes,
anemia, coronary artery disease, atrial fibrillation, and chronic obstructive pulmonary
disease, significantly increased mortality risk by 49-88%. The incidence of the combined
outcome was 8.3% in women and 8.4% in men. The crude HR of the combined end-point
for women compared with men was 1.05 (95% CI 0.72—1.53). After adjustment for
significant covariates, the HR was 0.95 (95% Cils 0.65-1.40; p = 0.810). Likewise, no
significant difference in proportional recovery or in the rate of achievement of a good
functional outcome between women and men was observed.

Conclusion: Among patients admitted to inpatient rehabilitation after severe stroke,
women and men had comparable crude mortality rates at 3 years. After multivariable
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Scrutinio et al.

Sex Differences in Severe Stroke

adjustment, however, women had lower mortality risk. No sex-differences in the risk of
being transferred to acute care or dying within 90 days from admission to rehabilitation
or in responsiveness to rehabilitation were observed.

Keywords: sex, stroke, mortality, functional outcome, rehabilitation

INTRODUCTION

Stroke is a leading cause of death and disability worldwide
(1). According to the most recent report from the Global
Burden of Disease Stroke Collaboration, there were 1-03 million
incident strokes in Western Europe and 0-81 in North America
in 2016 (1). Despite a substantial decline in stroke mortality
in recent decades, stroke is the second leading cause of
cardiovascular death worldwide (2). Approximately 20-25% of
stroke survivors present severe disability (3). Comorbidity is
prevalent in stroke patients and affects both life expectancy and
disability (4).

Understanding  sex  differences in  epidemiology,
pathophysiology, outcomes, and treatment effectiveness is
important since could provide evidence for reducing potential
sex disparities. Previous studies of sex differences in post-stroke
outcomes provided conflicting findings (5). Two recently
published systematic reviews from the International Stroke
Outcomes Study (INSTRUCT) research group suggest that sex
differences in mortality and functional outcomes are eliminated
after adjustment for age, pre-stroke functional limitation, and
stroke severity (6, 7). The higher mortality risk for women was
even reversed after adjustment (6). However, as noted by the
Authors, the variability in measures of stroke severity used in
individual studies may have introduced some bias in adjusted
estimates (6). Furthermore, Gall et al, considering patient-
reported outcomes, showed that women had worse functional
outcomes than men, which persisted after accounting for a range
of covariates (8). However, the role of rehabilitation was yet
not addressed in any of the above-mentioned studies. Despite
the large number of studies on sex differences in stroke, only
few data are available on the relative responsiveness of women
and men to rehabilitation (6). Early rehabilitation is effective in
fostering functional recovery and may positively affect mortality
(9, 10). An association between functional gain achieved with
rehabilitation and mortality risk also has been demonstrated
(11, 12). Another aspect to consider is that most individual
studies have been based on patient populations with prevalent
mild or moderate stroke and the relevance of research findings to
the critical population with severe stroke remains elusive. Severe
stroke is associated with increased burden of mortality and
disability, wider interindividual variation in responsiveness to
rehabilitation, and higher healthcare and social costs compared
with less severe strokes (12, 13). Better understanding of sex
differences in this challenging patient population could provide
new insightful information and opportunities to reduce potential
sex disparities. To address this issue, we studied 1,316 patients
classified as case-mix groups (CMGs) 0108, 0109, and 0110
of the Medicare case-mix classification system (14), which
was specifically developed to account for “the level of severity

of a given case” (15). Case-mix groups 0108, 0109, and 0110
encompass the most severe strokes.

MATERIALS AND METHODS

Participants

Patients were recruited from the specialized stroke rehabilitation
units of the Maugeri inpatient rehabilitation facilities (IRFs)
of Cassano Murge (Bari), Telese Terme (Benevento), and
Montescano (Pavia) in Italy. Enrolment periods varied among the
participating centers but ran from February 2002 to September
2016 overall. A total of 3,646 patients admitted for stroke
rehabilitation were identified using a computer-generated list
obtained from our administrative database and by reviewing
electronic medical records. We included patients admitted to
stroke rehabilitation units <90 days from stroke occurrence
and classified as CMG 0108 (weighted Functional Independence
Measure [WFIM] motor score <26.15 and age >84.5), 0109
(WFIM motor score >22.35 and <26.15, and age <84.5), or 0110
(WFIM motor score <22.35 and age <84.5) of the Medicare
case-mix classification system (14). Patients classified as CMGs
0101 to 0107, admitted to rehabilitation >90 days from stroke
occurrence, or discharged against medical advice were excluded.
Of the 3,646 patients, 1,316 fulfilling the selection criteria were
included in the study. Figure 1 shows the flowchart of patient
selection. The Medicare classification system distinguishes 10
CMGs for stroke rehabilitation. Patients are assigned into one
of the 10 distinct CMGs, based on age, the sum of weighted
ratings for 12 FIM-motor items (transfer to tub or shower item
is excluded), and the sum of FIM cognitive ratings (14). The FIM
is currently the most widely used measure to describe the degree
of impairment in activities of daily living in clinical practice. The
motor-FIM score consists of 13 items assessing four domains of
function (self-care, sphincter control, transfers, and locomotion).
The cognitive-FIM score consists of five items assessing two
domains (communication and social cognition). Each item is
scored on a 7-point Likert scale, from 1 (total dependence) to 7
(total independence).

The characteristics of the three participating stroke
rehabilitation units have been described previously (11, 12).
The participating rehabilitation units are certified ISO9001
Quality Management Systems for activities of rehabilitation and
share common rehabilitation programs. The interdisciplinary
stroke rehabilitation teams comprise the following professionals
with expertise in stroke rehabilitation: neurologist, physiatrist,
physiotherapist, occupational therapist, speech and language
therapist, neuropsychologist, and nurse. Trained therapists
recorded admission and discharge FIM scores, as part of
our formal rehabilitation program. Individual rehabilitation
programs were structured to provide as much scheduled
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3,646 admissions for stroke rehabilitation

Excluded

1,442 patients

Excluded

1,316 patientsincluded in the study

FIGURE 1 | Flowchart of patient selection.

CMG <0108 and/or too late referral (>90 days
from stroke occurrence: 2,164

Time from stroke occurrence to rehabilitation
admission not recorded: 40

Discharge against medical advice: 92
Lost to follow-up after discharge: 34

rehabilitation therapy as possible, with the objective of providing
therapy for 3h per day for 5 days and for 1h for 1 day of each
week. Conformity to this standard is subject to periodic external
audit by independent auditors of the Regional Health Agencies.
The study was approved by our Institutional Review Board.
Patients’ data were deidentified.

Data Collection

All data were extracted from the electronic Hospital Information
System networked between the participating centers. Vital
status was ascertained by linking with the regional Health
Information System.

Definitions

Coronary artery disease (CAD) was diagnosed based on a
documented history of myocardial infarction, percutaneous
coronary angioplasty, or coronary artery bypass grafting, or
a previous hospitalization for CAD. Renal dysfunction was
defined as estimated glomerular filtration rate <60 mL/min/1.73
m?2. Anemia was defined as hemoglobin <12 g/dL in women
and <13 g/dL in men. Atrial fibrillation (AF) was diagnosed
based on admission electrocardiogram. Chronic obstructive
pulmonary disease (COPD) was diagnosed based on patient’s
medical records documenting a past diagnosis of COPD, chronic
medication use for COPD, and/or previous hospitalizations for
exacerbation of COPD. The Bedside Swallowing Assessment
Scale, administered by a trained speech therapist, was used
to diagnose dysphagia. If concerns regarding the safety and
efficiency of swallow function emerged from the scale, a
fiberoptic endoscopic evaluation of swallowing was performed.
The Semi-Structured Scale for the Functional Evaluation of
Hemi-inattention was used to diagnose personal neglect.

Outcomes

The following clinical and functional outcomes were analyzed:
(1) all-cause mortality up to 3 vyears from admission to
rehabilitation; (2) combined outcome of transfer to acute care
or death within 90 days from admission to rehabilitation,
whatever came first; (3) functional outcome. Two measures of
functional outcome were used: (1) proportional recovery in
motor functioning, as expressed by motor-FIM effectiveness,
and (2) good functional outcome as defined by achievement of a
FIM-motor score >65 points at discharge. Proportional recovery
in motor functioning is calculated by the formula: (discharge
motor-FIM score-admission motor-FIM score)/(maximum
motor-FIM score-admission motor-FIM score) x 100 (16).
Proportional recovery expresses the achieved proportion of
available improvement in motor functioning (16). According to
Stinear, “measuring proportional recovery enables the detection
of treatment effects despite interindividual variability in absolute
recoveries and outcomes” (17). To facilitate the interpretation
of functional improvement, we also calculated the proportion
of women and men who achieved a good functional outcome as
defined by FIM-motor score >65 points at discharge. Based on
Rasch analysis, patients with a score >65 “usually require either
supervision or minimal assistance with mobility and self-care,
indicating that the patient’ physical care requirements for daily
activities are minimal” (18).

Statistical Analysis

Data are reported as mean and standard deviation (SD) or
median and interquartile range (IQR) for continuous variables
or percentage for categorical variables. No variable was missing
more than 0.1% of values. Rates of mortality were estimated by
means of the Kaplan-Meier method and were compared between
women and men using the log-rank test.
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Covariates

The covariates examined included age (per 5-year increase above
65), marital status (married/not married), hypertension, diabetes,
COPD, history of CAD, AF, anemia, renal dysfunction (estimated
glomerular filtration rate <60 mL/min/1.73 m2), time from
stroke onset to rehabilitation admission <30 days, ischemic
stroke, dysphagia, neglect, motor FIM score at admission, and
cognitive FIM score at admission. These variables were selected
based on availability at time of presentation and prior studies
showing an association with the outcomes of interest (4, 6, 11,
12,17, 19-32) and were included in all analyses.

Three-Year All-Cause Mortality

Crude hazard ratio (HR) of death for women compared with men
was estimated by univariable Cox regression analysis. Adjusted
HR was estimated by multivariable backward stepwise Cox
regression analysis (p > 0.05 to remove). Schoenfeld residuals
after fitting Cox model were evaluated to test proportional-
hazards assumption. Interactions between sex and covariates
were estimated by using the likelihood ratio test.

In addition, since unmeasured potential confounding factors
may affect hazard estimates, a sensitivity analysis was performed
to explore the potential confounding effect of an unknown
or unmeasured variable on the association of sex with 3-
year survival (33). Hazard ratios for women vs. men adjusted
for a hypothetical unmeasured binary variable with different
distribution in the two sexes were estimated. The effect was
quantified assuming a HR of 1.3, 1.4, and 1.5.

To explore the association between comorbidities and
mortality, recursive-partitioning analysis (for censored survival
data) was applied to cluster patients into risk subgroups
according to comorbidities and to identify the combinations of
comorbidities that were most influential for 3-year mortality,
adjusting for age, sex, and type of stroke (ischemic or
hemorrhagic) (34).

Combined Outcome

Crude and adjusted HRs of the combined outcome of transfer
to acute care or death within 90 days from admission to
rehabilitation for women compared with men were estimated as
described above.

Functional Outcome
The association of baseline covariates with proportional recovery
in motor functioning was assessed using beta regression. A
multivariable analysis was performed to model the proportion
of recovery on the basis of significant covariates and to estimate
the effect of sex. Beta coefficients with standard error (SE) were
reported. Crude odds ratio (OR) of good functional outcome for
women compared with men was estimated by univariable logistic
regression model. Adjusted OR was estimated by multivariable
logistic regression analysis. These analyses were limited to the
1,209 patients who completed rehabilitation.

Sex, as main exposure variable, was included into all
multivariable models regardless of significance level.

Finally, for each outcome, a full adjusted analysis was
performed including all covariates.

TABLE 1 | Baseline characteristics stratified by sex.

All Women Men
(N =1,316) (N = 587) (N = 729)
Demographics
Age (years), mean (SD) 72 (12) 73 (11) 71 (11)
<65 years, n (%) 320 (24.3) 111 (18.9) 209 (28.7)
65 to 74 years, n (%) 376 (28.6) 164 (27.9) 212 (29.1)
>75 years, n (%) 620 (47.1) 312 (53.2) 308 (42.2)
Marital status-married, n (%) 941 (71.5) 342 (58.3) 599 (82.2)
Comorbidities
Hypertension, n (%) 954 (72.5) 441 (75.3) 513 (70.4)
Diabetes, n (%) 393 (29.9) 170 (29.0) 223 (30.6)
COPD, n (%) 189 (14.4) 80 (13.7) 109 (15.0)
CAD, n (%) 168 (12.8) 57 (9.7) 111 (15.2)
Atrial fibrillation, n (%) 344 (26.2) 203 (34.6) 141 (19.3)
Anemia (hemoglobin <13 465 (35.3) 194 (33.1) 271 (37.2)
g/dLin men, <12 g/dL in
women), n (%)
Renal dysfunction (eGFR 233 (17.7) 118 (20.1) 115 (15.8)
<60 mL/min/1.73 m?), n (%)
Stroke-related characteristics
CMG 108, n (%) 153 (11.6) 75 (12.8) 78 (10.7)
CMG 109, n (%) 123 (9.3 51(8.7) 72 (9.9)
CMG 110, n (%) 1,040 (79.0) 461 (78.5) 579 (79.4)
Time from stroke onset to 23.7 (16.6) 23.2 (16.3) 24.1 (16.9)
rehabilitation admission
(days), median (IQR)
Time from stroke onset to 993 (75.5) 449 (76.5) 544 (74.6)
rehabilitation admission <30
days, n (%)
Ischemic stroke, n (%) 1,051 (79.9) 488 (83.1) 563 (77.2)
Hemorrhagic stroke, n (%) 265 (20.1) 99 (16.9) 166 (22.8)
Dysphagia, n (%) 277 (21.0) 120 (20.4) 157 (21.5)
Neglect, n (%) 187 (14.2) 87 (14.8) 100 (13.7)
Aphasia, n (%) 581 (44.1) 255 (43.4) 326 (44.7)
Site of impairment
Right bodly, n (%) 663 (50.4) 291 (49.6) 372 (51.0)
Left body, n (%) 653 (49.5) 296 (50.4) 357 (49.0)
12-item motor-FIM score at 17.4 (5.6) 17.3 (5.6) 17.4 (5.5)
admission, mean (SD)
Cognitive-FIM score at 16.7 (9.9) 16.5 (9.3) 16.8(9.2)
admission, mean (SD)
Length of stay (days), mean 54 (17) 54 (16) 54 (18)
(SD)
Laboratory findings
Blood urea nitrogen (mg/dl), 21 (11) 20 (11) 22 (10)
mean (SD)
Serum creatinine (mg/dl), 0.89 (0.35) 0.79 (0.32) 0.96 (0.36)
mean (SD)
eGFR (mL/min/1.73 m?), 83 (26) 80 (25) 86 (26)
mean (SD)
Serum sodium (mmol/l), 140.6 (4.1) 141.0 (4.0) 140.3 (4.1)
mean (SD)
Serum sodium <135 mmol/l, 56 (4.2) 19 (3.2) 37 (5.1)
n (%)
Hemoglobin (g/dl), mean (SD) 13.1(1.9) 12.6 (1.6) 13.5(1.89)
Total cholesterol (mg/dl), 163 (43) 176 (45) 153 (39)

mean (SD)

N, denotes number; SD, standard deviation; COPD, chronic obstructive pulmonary
disease; CAD, coronary artery disease; CMG, case-mix group; eGFR, estimated
glomerular filtration rate.
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All analyses were conducted using STATA software, version 14
(Stata-Corp LP, College Station, Tex).

RESULTS

Of the 1,316 patients included in the study, 587 (44.6%)
were women and 729 (55.4%) men. Table 1 shows baseline
characteristics stratified by sex.

Three-Year Mortality

A total of 3,141 person-years of follow-up were examined
during which 269 deaths (8.6 deaths/100 person-years) occurred.
Median follow-up was 1,095 (IQR 668-1095) days. 79.3% of
the survivors had a complete 3-year follow-up. Kaplan-Meier
estimated 3-year mortality rate was 20.7% in women and
22.0% in men (Figure2). Besides sex, age, marital status,
diabetes, CAD, COPD, AF, anemia, dysphagia, neglect, and
cognitive status were significantly associated with mortality risk
at multivariable Cox analysis (Supplementary Table 1). There
was no significant interaction between sex and any covariate
with regard to 3-year mortality. Table2 shows crude and
multivariable-adjusted HR of mortality for women compared
with men. Female sex was associated with significantly decreased
hazard for mortality compared with male sex. Estimates for sex
remained virtually unchanged in fully adjusted models, including
all covariates (Table 2).

0.50
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p=.632

0.30

0.20

Cumulative incidence
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0.00

0 6 12 18 24 30 36
Months

FIGURE 2 | Kaplan Meier mortality curves for women and men.

Sensitivity analysis showed that hazard estimate of 3-
year mortality may be sensitive to unknown or unmeasured
confounders. Supplementary Table2 shows HRs of 3-year
mortality for women vs. men adjusted for a hypothetical
unknown or unmeasured binary variable. As an example, an
unmeasured binary confounder with a HR of 1.4 and a prevalence
of 40% in men and 20% in women would raise the upper
confidence limit of HR beyond 1.00.

Figure 3A depicts the results of recursive-partitioning
analysis. The three highest risk subgroups included patients
with concurrent anemia and AF (3-year mortality rate: 45.3%),
anemia and CAD (3-year mortality rate: 41.8%), or atrial
fibrillation and diabetes (3-year mortality rate: 39.5%). Overall,
239 (18.2%) patients were at high risk of death because of
the combination of these comorbidities. These patients were
grouped into a single high-risk category. The 357 (27.1%)
patients without any comorbidity among diabetes, anemia,
CAD, AE and COPD were grouped into the low-risk category.
The remaining 720 patients (54.7%) were grouped into an
intermediate-risk category. There was no difference in the
distribution of females and males across the three risk categories
(p = 0.145) (Figure 3B). In comparison with the low-risk group,
the adjusted HR of 3-year mortality for the high-risk category
was 3.93 (95% CIs 2.64-5.84) and that for the intermediate-risk
category 1.83 (95% Cls 1.26-2.66), regardless of age, sex, and
type of stroke (Supplementary Table3). Figure3C shows
Kaplan-Meier mortality curves for high-, intermediate- and
low-risk categories.

Combined Outcome

The incidence of the combined outcome was 8.3% in women and
8.4% in men. At multivariable analysis, atrial fibrillation,
dysphagia, anemia, and low cognitive FIM score were
significantly associated with increased risk of the combined
outcome (Supplementary Table 4). Table2 shows crude and
multivariable-adjusted HR for the combined outcome for
women compared with men. Since sex was not retained in
multivariable analysis, it was forced into the multivariable model.
After adjustment for significant covariates, female sex was not
associated with risk of the combined outcome compared with
male sex. Estimates for sex remained virtually unchanged in fully
adjusted models, including all covariates (Table 2).

Functional Outcome
Mean proportional recovery in motor functioning achieved
in women was statistically significantly lower than that

TABLE 2 | Crude and multivariable-adjusted estimates of the association of female sex with mortality and the combined outcome.

N Crude HR (95% CI) p-value Adjusted HR (95% CI) p-value Fully adjusted HR (95% CI) p-value
Three-year mortality 1,316 0.94 (0.74-1.20) 0.632 0.73 (0.56-0.96)* 0.025 0.73 (0.56-0.95) 0.022
Combined outcome 1,316 1.05 (0.72-1.59) 0.789 0.95 (0.65-1.40)** 0.810 0.94 (0.62-0.96) 0.770

N, denotes the number of patients; HR, hazard ratio; ClI, confidence interval.

"Adjusted for age, marital status, diabetes, coronary artery disease, chronic obstructive pulmonary disease, atrial fibrillation, anemia, dysphagia, neglect, and cognitive FIM score.

" Adjusted for atrial fibrillation, dysphagia, anemia, and low cognitive FIM score.
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FIGURE 3 | Classification of patients into risk-of-death categories based on comorbidity. (A) Shows the results of recursive partitioning analysis. Bold lines denote the
high-risk category. (B) Shows the distribution of females and males across the three risk categories. (C) Shows Kaplan Meier mortality curves for the high-,
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achieved in men (31.4 £ 25.7 percent vs. 350 =+ 24.8
percent; p 0.014). At multivariable analysis, age, marital
status, AF, time to rehabilitation admission from stroke
onset <30 days, ischemic stroke, dysphagia, neglect, and
admission motor- and cognitive-FIM scores were associated
with proportional recovery (Supplementary Table 5). Since sex
was not retained in multivariable analysis, it was forced
into the multivariable model. After adjustment for significant
covariates, no difference in proportional recovery between
women and men was found (Table3). The proportion of
women and men who achieved a good functional outcome,
defined by a FIM-motor score >65 points at discharge,
was 154 and 16.4%, respectively. At multivariable logistic
regression analysis, age, time to rehabilitation admission <30
days, ischemic stroke, dysphagia, neglect, motor and cognitive
FIM scores were significantly associated with good functional
outcome (Supplementary Table 6). Table 3 shows crude and
multivariable-adjusted HR for the combined outcome for
women compared with men. Since sex was not retained in
multivariable analysis, it was forced into the multivariable model.
After adjustment for significant covariates, female sex was not
associated with odds of good functional outcome. Estimates
for sex remained virtually unchanged in fully adjusted models,
including all covariates.

DISCUSSION

We investigated sex differences in outcomes in a large patient
cohort with severe stroke who had been admitted to inpatient
rehabilitation. There are three major findings of this study:
(1) women in comparison with men were associated with a
27% lower adjusted 3-year risk of death. (2) Comorbidity had
a statistically and clinically significant impact on mortality,
regardless of age, sex and type of stroke. (3) No sex difference
in the incidence of the combined outcome or in responsiveness
to rehabilitation was observed.

Women and men had comparable crude mortality rates at
3 years. However, women had a 27% lower adjusted 3-year
risk of death compared with men, possibly reflecting the female
survival advantage until late in life in the general population
(35). Female sex remained significantly associated with lower
risk of death even after full adjustment. As discussed by Austed
(35), mechanistic hypotheses to explain the female survival
advantage focus on hormones, oxidative damage to DNA, and
asymmetric inheritance of sex chromosomes. The finding of a
lower adjusted mortality risk for women vs. men is consistent
with the meta-analysis of Phan et al. (6), where a statistically
significant 24% lower adjusted mortality rate ratio at 5 years for
women compared with men was estimated. Our finding is also in
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TABLE 3 | Crude and multivariable-adjusted estimates of the association of female sex with functional outcome.

N Crude B p-value Adjusted 8 p-value Fully adjusted g p-value
regression regression regression
coefficient (SE) coefficient (SE) coefficient (SE)
Proportional recovery 1,209 —0.189 (0.059) 0.002 —0.035 (0.056) * 0.534 —0.045 (0.056) 0.422
Crude OR Adjusted OR Fully adjusted
(95% ClI) (95% CI) OR
(95% CI)
Good functional outcome 1,209 0.92 (0.68-1.26) 0.613 1.11(0.78-1.57) ** 0.569 1.20 (0.84-1.72) 0.317

N, denotes the number of patients,; SE, standard error; OR, odds ratio.

"Adjusted for age, marital status, atrial fibrillation, time to rehabilitation admission from stroke onset <30 days, ischemic stroke, dysphagia, neglect, and admission motor- and

cognitive-FIM scores significant covariates.

" Adjusted for age, time to rehabilitation admission <30 days, ischemic stroke, dysphagia, neglect, motor and cognitive FIM scores.

line with the study of Bots et al. showing that mortality rate after
stroke is higher among men than women across age groups until
old age (19).

It has been suggested that stroke severity dominates risk for
poor outcome in patients with severe stroke (36). Our data
indicate that, in this critical subset of patients, comorbidities
are significantly associated poor long-term survival. Consistent
with previous studies (20-22), diabetes, CAD, COPD, AF, and
anemia were independently associated with increased mortality,
regardless of age, sex, and type of stroke. In comparison with the
patient subgroup without any of these comorbidities, the high-
risk subgroup had a nearly four-fold time increased risk of death
within 3 years. Atrial fibrillation and anemia also doubled the
risk of transfer to acute care and death within 90 days from
rehabilitation admission. These findings are of particular interest
because comorbidities are amenable to interventions. Recently,
the American Stroke Association recommended that the focus
of post-acute care should be on maximizing recovery, reducing
mortality, and preventing recurrent strokes and cardiovascular
events (37). Reasonably, tailoring management and secondary
prevention according to comorbidities would result in better
outcomes. Because of insufficient evidence, however, guidelines
fail to provide guidance for care of stroke patients with
comorbidity (38). Further research addressing care of patients
with comorbidity is needed.

No differences in the incidence of the combined outcome of
transfer from the rehabilitation setting to acute care or 90-day
case fatality between women and men was observed. Likewise,
the extent of functional recovery did not differ between women
and men, even after multivariable adjustment. It should however
be noted that a large proportion of interindividual variability
in functional outcome remains unexplained. In a retrospective
analysis of the Uniform Data System for Medical Rehabilitation
data set, the proportion of functional recovery explained by a
predictive model incorporating age, admission FIM motor score,
and walking distance was as low as 10.7% (23). Identifying stroke
recovery biomarkers could allow enhancing the ability to explain
interindividual differences in post-stroke outcomes. Two recent
meta-analyses showed that genetic variants and the severity of
white matter hyperintensities, as assessed by magnetic resonance
imaging or computed tomography at the time of stroke, are

associated with functional outcome after ischemic stroke (39, 40).
In another study, a panel of five biomarkers covering distinct
pathophysiological pathways provided incremental prognostic
information beyond that provided by a clinical model in
predicting major disability and mortality after stroke (41).

Taken together, our data are in line with the sex mortality-
morbidity paradox that women have lower mortality rates from
most causes of death, but more years lived with disability (35).

The terms sex and gender have often been used
interchangeably in studies that investigated differences in
disease outcomes between men and women. However, sex and
gender are conceptually distinct. While sex refers to biological
and physiological characteristics, gender refers to “psychological,
social, and cultural factors that shape attitudes, behaviors,
and knowledge” (42). Sex and gender are both important
determinants of health and response to interventions (42, 43).
Thus, integrating sex- and gender-based analysis can lead to
improved research methodology and improved assessment of
differences in disease outcomes (42, 43). As an example, using
a binary gender index (masculinity vs. femininity), Pelletier
et al. found that feminine traits of personality were associated
with adverse outcomes in young patients with acute coronary
syndromes, regardless of sex (44). Potential pathways by which
gender might affect post-stroke rehabilitation outcomes include
social isolation, socioeconomic status, education, marital status,
poorer pre-stroke function, level of anxiety, depression, and
interaction with rehabilitation team and the doctor. Because of
the complex and multidimensional nature of gender and the lack
of standardized methods of analysis, however, operationalizing
the intersection of gender and sex into scientific research remains
a very challenging task (42, 43).

Limitations

Our study has strengths and limitations. To our knowledge,
this is the first study specifically addressing sex differences
in the critical population of patients with severe stroke. This
study adds to previous knowledge by highlighting the impact of
comorbidity on long-term mortality and by showing the absence
of sex differences in responsiveness to rehabilitation in patients
with severe stroke admitted to post-acute rehabilitation. Several
limitations should be mentioned. We used hospital-based data
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that may be prone to selection bias. However, although patients
with severe stroke are less likely to be referred to inpatient
rehabilitation facilities than those with mild/moderate stroke,
access to rehabilitation is similar for women and men (6, 45).
Since women with stroke are in general older than men and oldest
old patients are less likely to undergo inpatient rehabilitation,
an age-related selection bias may have occurred in our study.
We used a stepwise approach based on statistical significance to
select significant covariates. As reviewed by Talbot and Massamba
(46), stepwise methods may overestimate exposure effects and
underestimate statistical uncertainty. However, as reccommended
by Talbot and Massamba (46), we also reported the results from
the fully adjusted models. Estimates for sex remained virtually
unchanged in fully adjusted models. The retrospective design of
the study did not allow accounting for other possible confounders
not recorded in our data set. Sensitivity analysis showed that
hazard estimates might be sensitive to unknown or unmeasured
confounders, such as premorbid functional status. Poor pre-
stroke functional status is more prevalent among women than
in men and has generally been recognized as a predictor of
worse outcomes in stroke survivors. In the meta-analysis of
Phan et al, partial adjustment for pre-stroke disability alone
attenuated the adverse effect of female sex on 5-year mortality
by 55% (6). Thus, it is likely that adjustment for pre-stroke
disability in our study would have resulted in even lower adjusted
mortality risk for women compared with men. Moreover, some
of the included covariates in the multivariable models could
be intermediates on the causal pathway between exposure and
outcomes, rather than confounders. As noted by Schisterman
et al. (47), with adjustment for an intermediate variable in
multivariable modeling, the observed association between the
exposure and outcome will be a null-biased estimate of the
total causal effect. This limitation should be taken into account
in the interpretation of our findings. We did not examine
the prognostic role of neuroimaging, which could provide
incremental prognostic information over clinical and functional
variables (40). Finally, we could not assess the causes of death.
However, death certificates may lack accuracy (48).

CONCLUSION

In conclusion, women and men had comparable crude mortality
rates at 3 years. After multivariable adjustment, however, women
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Rebecca Spiegel* and Heidy Merius
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In the United States, there are over one million women with epilepsy (WWE) in their
childbearing years. Pregnancy can be challenging for this population. A number of
international registries have documented that children born to these women are at
increased risk for major congenital malformations (MCM), lower intelligence quotient
scores and neurodevelopmental disorders, when the mother is managed on antiseizure
medications (ASMSs). To prevent poor neonatal outcomes for this population, safe
and thoughtful management strategies are necessary. We propose to divide these
management strategies into five principles. These include (l) choosing suitable ASMs for
the patient’s seizure type, (ll) choosing an ASM with the least teratogenic and cognitive
side effects, (ll) dosing at the lowest possible effective dosage, (IV) selecting the best
ASM regimen as promptly as possible, even before a woman has her first menses, and
(V) supplementing these patients with folic acid in order to try to enhance cognition and
reduce neural tube defects.

Keywords: epilepsy, seizures, antiseizure medications (ASMs), women with epilepsy (WWE), reproductive years,
teratogenic effects AEDs, major congenital malformations (MCM), neurocongnitive development

INTRODUCTION

In the United States, there are over one million WWE in their childbearing years (1). Because
of the reproductive potential of these women their management can often differ from males and
post-menopausal women.

Management of seizures is traditionally guided by the classification of seizures as focal or
generalized in onset. Thankfully, there are ASMs that can treat seizures in each classification.
That selection is then narrowed down further in WWE based on the teratogenicity potential of
these ASMs that is available from the various pregnancy registries. These registries include the
North American Pregnancy Registry, The UK & Ireland Epilepsy and Pregnancy Register, EURAP
Registry (includes 44 countries all around the world) and the Australian Registry.

Along with an increase of MCM some ASMs can also lead to lower intelligence quotient scores,
and neurodevelopmental disorders (1). Unintended pregnancies further complicate this risk as
they often lead to inadequate or delayed initiation of prenatal care and an increased risk for fetal
exposure teratogenic substances such as alcohol and nicotine (2). In 2011, there were 45 unintended
pregnancies for every 1,000 women aged 15-44 years (3). Similar rates are reflected worldwide in
other developed countries, but are substantially higher in developing countries at 65 unintended
pregnancies for every 1,000 women age 15-44 years (4). It is thus evident that WWE in their
reproductive years require different management strategies to improve their healthcare outcomes
as well as the health of their potential offspring.
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THE FIVE PRINCIPLES

Principle I: Choosing the Best ASMs for the

Patient’s Seizure Type

Clarifying the type of seizure each patient experiences guides
the practitioner in selecting the appropriate ASMs. ASMs are
generally categorized as broad spectrum and narrow spectrum.
Broad spectrum ASMs are defined as agents that can be effective
for both focal and generalized onset seizure types. Narrow
spectrum ASMs, on the other hand, are traditionally only used
in patients whose seizures arise from a specific focus or foci.

Broad spectrum ASMs include valproic acid (VPA),
lamotrigine, topiramate and levetiracetam. Some ASMs such as
clobazam and rufinamide are FDA-approved for only certain
types of generalized seizures but are frequently used “off label”
as broad spectrum agents for all generalized seizure and focal
seizure types. In addition, other ASMs such as brivaracetam,
felbamate, zonisamide, and lacosamide are FDA approved to
only treat focal seizures but are often used off label as broad
spectrum ASMs for all generalized seizure types.

There are, however, narrow spectrum ASMs that can in fact
worsen certain types of generalized seizures and are thus used to
treat mostly focal seizures. These ASMs include carbamazepine,
oxcarbazepine, phenytoin, pregabalin, and gabapentin. The focal
seizures these ASMs treat can range from focal aware seizures,
focal seizures with impaired awareness as well as focal to bilateral
tonic clonic seizures (5).

Once the type of seizure is identified the practitioner can then
narrow down the ASM list to the ones most suitable for the
patient’s seizure type.

Principle II: Choosing an ASM or ASMs
With the Least Teratogenic and Cognitive
Side Effects

We now have a variety of ASMs we can prescribe regardless of the
seizure type the patient has. For WWE in the reproductive age
group, the practitioner needs to further narrow the list of ASMs
that are most appropriate in this patient population based on the
ones that have the lowest rates of MCM. MCM are structural
abnormalities that usually require surgical, medical, and cosmetic
services (i.e., cleft lip, cleft palate, malformed limbs, neural tube
defects, and cardiac abnormalities).

Since the 1990s birth outcomes of children born to WWE have
been closely monitored through different pregnancy registries.
Despite differences in methodology, the registries have generally
reported similar findings and have all noted that exposure to VPA
poses the greatest risk for MCMs. They have also shown that both
lamotrigine and levetiracetam have a relatively low potential for
MCM:s. These findings have led to a marked difference in the way
we now prescribe ASMs to WWE in the reproductive age group,
with lamotrigine and levetiracetam being the most prescribed
ASMs in many countries across the world (6, 7).

Monotherapy vs. Polytherapy

Polytherapy has been shown to increase the risk for major
congenital malformation, however recent studies are proving
this depends upon specific ASM combinations. The UK &

Ireland Epilepsy and Pregnancy Register revealed highest
MCM rates when levetiracetam was combined with VPA
or carbamazepine (6.90%; 95% CI 1.91-21.96% and 9.38%;
95% CI 4.37-18.89%, respectively) and the lowest risk when
combined with lamotrigine (1.77%; 95% CI 0.49-6.22%) (8).
Similarly, EURAP data revealed highest MCM rates with ASM
combinations that included VPA (9.1%; 95% CI 3.4-19.0% with
lamotrigine and 15.4%; 95% CI 6.5-29.3% with carbamazepine),
but not when carbamazepine was combined with all other non-
VPAASMs (2.5%; 95% CI 1.1-4.36%) (9). Ultimately, avoiding
polytherapy especially in combinations that include VPA is
strongly recommended when possible.

Neurocognitive Considerations

While pregnancy registries focus on MCM, there has been
growing evidence for the adverse effects of ASMs on
neurocognitive development. Poorer cognitive ability has
been proven with in utero exposure to specific ASMs. Children
exposed to ASMs (monotherapy lacosamide, carbamazepine,
lamotrigine, other, and polytherapy) had statistically poorer
scores for overall development in comparison to children
not exposed to ASMs (p < 0.001) (10). Differences in overall
developmental ability were observed in children exposed to
monotherapy VPA in utero when compared to the control
group (p < 0.001). In addition, in utero exposure to VPA
showed statistically more children below average range (score
<84) for overall early development in comparison to control
group (8%, p < 0.001). Similar results on neurocognitive
development have been found in other studies where VPA
and lamotrigine led to a statistically significant increased risk
of having abnormal emotional and behavioral development
(11). Conversely, carbamazepine was not associated with
increased risk of emotional or behavioral development. Other
neurodevelopmental finding showed increased risk of autism
spectrum disorders and significantly reduced IQ scores with
VPA in comparison to other ASMs (12-14).

Principle Ill: Dosing to Reduce

Complications

Pregnancy registries’ outcomes have not only guided us about
which ASMs are considered the safest to prescribe for WWE in
their reproductive years but have also shed light on ASM dosing
in this population.

Dose-dependent risks were observed in the UK & Ireland
Epilepsy and Pregnancy Register and the EURAP Registry with
a higher risk of MCM at the higher ASM dosages (15). This is
particularly true for women taking an ASM such as VPA (>1,000
mg/day in the first trimester, Table 1) (16, 18, 22). Higher rates
of MCM were observed between low dose and high dose VPA
and low dose and high dose carbamazepine, but not markedly
different for low and high doses of lamotrigine (Table 1) (16).
More recently, a Cochrane systematic review also supported
dose-dependent major malformation risk for carbamazepine
(>700 mg/d), lamotrigine (>325 mg/d), phenobarbital (>80
mg/d), and VPA>650 mg/d) (23, 24). Higher doses of VPA
(preconception dose of >900mg) were also associated with
poorer overall developmental scores (p < 0.001) (10).
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TABLE 1 | Major congeniital malformation rates from the UK & Ireland Epilepsy and Pregnancy Register, EURAP, Australian Pregnancy Register, and North American

Antiepileptic Drug Pregnancy Registry.

Registry MCM rate following antiepileptic drug exposure
Valproate Carbamazepine Lamotrigine Levetiracetam Topiramate
UK & Ireland Epilepsy and Dose: 0-<600 mg Dose: 0-<500mg Dose: 0-<200mg 2/304 3/70

24/476
5.0% Cl (3.4-7.4%)
Dose: >600-<1,000mg
26/426
6.1% Cl (4.2-8.8%)
Dose: >1,000mg
31/297
10.4% ClI (7.4-14.4%)
Dose: <650 mg/day
38/600
6.3% Cl (4.5-8.6%)

Pregnancy Register
(8,16, 17)

EURAP (7, 18)

Dose: >650-<1,450
mg/day
75/666

11.3% ClI (9.0-13.9%)

Dose: >1,450 mg/day

29/115
25.2% Cl (17.6-34.2%)
Australian Pregnancy 43/290
Register (19) 14.8% Cl (2.11-12.95%)
North American 30/323

Antiepileptic Drug 9.3% Cl (6.4-13.0%)

14/721
1.9% CI (1.2-3.2%)

Dose: >500-<1,000mg

20/739
2.7% Cl (1.8-4.1%)
Dose: >1,000 mg
9/170
5.3% Cl (2.7-9.5%)
Dose: <700 mg/day
58/1,276
4.5% CI (3.5-5.8)

Dose: >700 mg/day
49/681
7.2% Cl (5.4-9.4%)

24/409
5.9% Cl (0.8-5.33%)
31/1,033
3.0% CI (2.1-4.2%)

Pregnancy Registry (20)

24/1,143
2.1% Cl (1.4-3.1%)
Dose: >200-<400 mg
16/665
2.4% CI (1.5-4.0%)
Dose: >400mg
9/276
3.4% Cl (1.9-6.5%)
Dose: <35 mg/day
46/1,870
2.5% ClI (1.8-3.3%)

Dose: >325 mg/day
28/644
4.3% Cl (2.9-6.2%)

20/406
4.9% Cl (0.66-4.55%)

31/1,562
2.0% Cl (1.4-2.8%)

0.7% CI (0.2-2.5%)

Dose: 250-4,000
mg/day
17/599

2.8% Cl (1.7-4.5%)

5/139
3.6% CI (0.37-4.29%)
11/450
2.4% Ol (1.2-4.3%)

04.8% CI (1.7-13.3%)

Dose: 25-500 mg/day
6/152
3.9% ClI (1.5-8.4%)

1/53
1.9% Cl (0.09-5.96%)
15/359
4.2% Cl (2.4-6.8%)

Table adaptation obtained from Elsevier, Kinney and Craig (21).
Cl, 95% Confidence interval.

Principle IV: Promptly Selecting the Best
ASM Regimen

The rate of unintended pregnancies is not only high in the
general population but also in WWE. Thus, promptly selecting
the best ASM regimen (based on the above principles) when
a woman is nearing the reproductive years is very important.
Herzog et al. found that of the 437 women who reported getting
pregnant after seizure onset, 78.9% of them reported having
at least one unintended pregnancy (25). Sadly, by the time a
woman misses her first period after conception, primary neural
tube formation (which occurs in the first 4 weeks of gestation)
has already taken place and potential neural tube damage may
be irreversible.

Additionally, changing medications while the patient is
pregnant exposes the patient and her fetus to the unknown
effectiveness of the new ASM, thereby, placing the woman at
risk of having seizures during pregnancy. Epileptic seizures were
found to be associated with a 1.36-fold increased risk for low birth
weight infants, 1.63-fold increased risk for preterm delivery, and
1.37-fold increased risk for small-for-gestational-age infants in a
nationwide population-based study for 1,016 Taiwanese women
with epilepsy (26). Moreover, the effects of generalized tonic-
clonic seizures during pregnancy are particularly worrisome as
they can lead to fetal asphyxia, fetal bradycardia, reduced uterine

contractions, direct injury (both to the mother and fetus), and
fetal demise.

Principle V: Supplement All WWE in the
Reproductive Age Group With Folic Acid

Folic Acid exposure has been shown to prevent neural tube
defects in the general population (27, 28). Given that ASMs
such as VPA can interfere with neural tube development it
has become standard of care among epileptologists, to provide
relatively high dosing of folic acid in the range of 2-5mg
to mitigate those effects. Despite this common practice, it is
important to note that it has not been proven, thus far, that
folic acid prevents neural tube defects in women taking ASMs
(28-30). It is possible that the neural tube deficits that are linked
to ASMs are due to mechanisms that do not involve folic acid
metabolism (28, 29, 31).

Recent literature, however, has shown that folic acid may
be beneficial in reducing the risk of autistic traits, enhancing
children’s IQ, and language development if the mother has taken
folic acid for 4 weeks pre-gestation and post-conception (32-34).
What is not clear, is the exact dosage of folic acid that is needed
to improve cognitive outcome. Best cognitive outcomes were
observed in children of women taking at least 0.4 mg/day of folic
acid in the NEAD study and at least 1 mg/day in the Norwegian
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Mother and Child Cohort Study (32, 33). Since the data set is
rather limited, we still support the use of about 4 mg of folic acid
in patients who are taking ASMs that impair folic acid absorption
(such as phenytoin, carbamazepine, and phenobarbital, as these
can cause a deficiency of folic acid by interfering with the way it
is absorbed). Patients taking VPA or who have a history of neural
tube defects in their family should also be supplemented with
about 4 mg of folic acid. For patients taking other form of ASMs
we typically support the use of 2 mg/day of folic acid, until more
literature is available on the least amount of folic acid that can
enhance cognition.

DISCUSSION

Pregnancy registries have largely contributed to ASM
management in WWE through the evidence of MCM
risks. This has been further expanded by the growing
evidence of cognitive, behavioral, and emotional effects
of in utero ASM exposure provided by studies such as
the NEAD study and the Norwegian Mother and Child
Cohort Study.

Prescribing practices documented in the North American,
EURAP, and Australian Registries have shown drastic changes
over the last 5-10 years, with lamotrigine and levetiracetam now
being the most prescribed ASMs. Recent data from the EURAP
registry has shown that in fact these new practices have led to
a statically significant reduction in MCM worldwide (7). With
this change in practice, other impacts need to be considered
and discussed with patients regarding children exposed to
ASMs in utero such as lamotrigine, even though they may
have a relatively low MCM rates (i.e., abnormal emotional and
behavioral development) (11, 18).

It is important to note that there are some patients,
particularly those with generalized forms of epilepsy such as
Juvenile Myoclonic Epilepsy or Absence Epilepsy, in whom ASMs
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The consumption of a diet high in fat and refined sugars has several health risks, including
the development of cognitive decline and neurodegeneration. For women, menopause
carries additional health risks that may interact with a high-fat diet in negative ways.
Some symptoms of menopause, including cognitive impairments, can be modulated by
hormone replacement therapy (HRT), but the hormonal formulation and the timing of the
treatment relative to the onset of menopause are critical factors determining its efficacy.
Little is known about how obesogenic, high-fat, high-sugar diets interact with HRT in
menopause to affect cognition and neurodegeneration. Given the high prevalence of
the consumption of an obesogenic Western-style diet, understanding how the effects of
HRT are modulated by an obesogenic diet is critical for developing optimized therapeutic
strategies for peri- and post-menopausal women. In this study, we investigated by
magnetic resonance imaging (MRI) the effects of either immediate or delayed estradiol
hormone therapy on cognition and neuroanatomy following ovo-hysterectomy (OvH) of
aged, female rhesus macaques on an obesogenic diet. The macaques were followed
for 2.5 years after ovo-hysterectomy, with four time points at which anatomical MRls
were acquired. Analysis of hippocampal volumes revealed an interaction between time
point and treatment; hippocampal volumes in the delayed estrogen group, but not
the immediate estrogen group, increased over time compared to those in untreated
controls. Performance on a hippocampal-dependent spatial maze task showed improved
performance in estrogen treated animals compared to OvH macaques given placebo.
These results indicate that HRT may contribute to beneficial cognitive outcomes after
menopause under an obesogenic diet.
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HFD, HRT, Cognition and Hippocampus

INTRODUCTION

Menopause is associated with a cessation of the production of
oocytes, as well as a decline in the production of endogenous
estrogens and progesterone (1). This can result in a variety
of physiological changes, including adverse changes to mood
and cognitive effects such as effects on memory (1, 2). Given
current average lifespan, most women will live upwards of one
third of their lives in a post-menopausal state (3, 4). Hormone
replacement therapy (HRT) was prescribed to alleviate the
adverse symptoms of menopause for several decades. However,
the publication of the findings from the Women’s Health
Initiative (WHI) in 2002 led to a decrease in HRT usage (3,
5). The results from WHIMS, the cognitive arm of the WHI,
indicated that HRT (estrogens with or without progesterone)
actually increased the risk of dementia and led to worse cognitive
outcomes than post-menopausal women taking placebo (6).
However, since the publication of the WHI results, it has become
increasingly clear that the length of the period between the
menopausal transition and the start of HRT, the critical period
hypothesis, is an important factor in determining the outcome of
treatment with longer delays being associated with less beneficial
HRT outcomes. Participants were on average 10-12 years into
menopause at the beginning of the WHI study (3, 7). Systematic
reviews on the effects of HRT have yielded mixed results (8-11).
This seems due in large part to the heterogeneity between HRT
studies, highlighting the importance of investigating specific
modulating factors.

Diet is known to be a critical factor in determining health
outcomes. Specifically, a diet high in saturated fatty acids (SFAs)
and refined sugars, has been shown to contribute substantially to
the obesity epidemic as well as to the development of cognitive
impairment and dementia (12, 13). This Western-style diet
(WSD) has also been specifically associated with impairments
in spatial learning and memory (12). Recent estimates indicate
that 71.6% of American adults are overweight or obese, and
that most Americans are eating more than the recommended
amount of dietary fat and refined sugars (14, 15). It is important
to note that most of the animal studies conducted to date
investigating the effects of a WSD on cognition involved only
male animals, highlighting the need to investigate how a WSD
impacts health and cognition in female animals. Little is known
about how WSDs interact with hormone replacement therapy
in menopause. There is some evidence indicating that the
effectiveness of HRT on behavioral and cognitive performance is
modulated by an obesogenic diet in macaques (16) as well as in
rodent models (17), but the mechanisms that may contribute to
this diet-HRT interaction on cognition are not known.

The close phylogenetic relationship between non-human
primates (NHPs) and humans is reflected in the similarities
in neuroanatomy, cognition, and reproductive features in the
two groups. Specifically, for work on reproductive senescence,
NHPs provide several advantages over rodents as model animals.
In both NHPs and humans, reproductive senescence in driven
by the depletion of the follicular pool (18, 19). In contrast,
rodent reproductive senescence is driven by dysregulation of the
hypothalamic-pituitary-ovarian (HPO) axis, resulting in mature

viable follicles that are present throughout the lifespan (4). This
is in marked contrast to the complete depletion of ovarian
follicles seen in primates after reproductive senescence (4). The
shared mechanism of reproductive senescence between NHPs
and humans, in addition to the relatively long lifespan of NHPs
compared to rodents, makes NHP studies especially valuable
for determining the effects of HRT on physiological systems in
humans. Reproductive senescence in rhesus macaques has been
characterized more extensively than in any other NHP (20).
The current study involved aged animals rather than surgically
menopausal young animals, thus making the results of this work
more relevant to peri- and post-menopausal women.

There are many similarities between functional and
anatomical correlates of aging in macaques and humans
that make rhesus monkeys a valuable post-menopausal model to
study cognitive aging. Cognitively, both species show particular
patterns of impairment with age-related changes in executive
functions, spatiotemporal memory, and recognition memory
during healthy aging in the absence of dementia (21-23). In
addition to these overall age-related cognitive declines, additional
menopause-related cognitive impairments have been observed
in both human and non-human primates after accounting for
the effects of age (21, 24).

The gross anatomical patterns of aging share both similarities
and differences between species. In the frontal cortex, decreases
in the volumes of area 46 (part of the dorsolateral prefrontal
cortex) and the anterior cingulate cortex have been observed in
rhesus macaques using MRI (22). In the delayed nonmatching-
to-sample (DNMS) visual recognition memory task, lower
volume in both area 46 and the anterior cingulate cortex
predicted worse performance on the DNMS task (23). These
patterns overlap with gross volumetric declines in prefrontal
areas that accompany aging in humans (25, 26).

In humans, hippocampal volume seems to be particularly
susceptible to aging, even in the absence of pathology (27, 28).
In contrast, hippocampal volumes have not been shown to
decrease with age in rhesus monkeys (22, 29). Interestingly,
Shamy et al. demonstrated that hippocampal volume predicted
acquisition of a delayed response spatiotemporal task in
aged rhesus macaques despite observing no significant age-
related changes in hippocampal volume (22). Indeed, there
are changes in hippocampal structure which predict cognitive
performance. Hara et al. observed that, independent of age,
synaptic density in the outer molecular layer of the dentate
gyrus was lower in peri/post-menopausal rhesus macaques than
premenopausal macaques (30). Further, the synaptic density
in this area predicted performance on a recognition memory
task (30).

The goal of the current study was to investigate the
role of treatment timing as well as diet on the effects of
HRT on spatial cognition and pertinent brain volumes. We
investigated the time required to acquisition of a spatial maze
task in aged, postmenopausal rhesus macaques treated with
estrogen compared to untreated macaques kept under an
obesogenic diet. Further, we analyzed how the volumes of the
hippocampus, prefrontal cortex, amygdala, and motor cortex
changed over the course of 2.5 years in these same monkeys,
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who were either treated with HRT immediately after surgically-
induced menopause, with HRT after a 2-year delay, or with a
placebo control.

METHODS
Subjects

The animals and experimental treatment paradigm are as
described previously by Coleman et al. (16). Briefly, aged female
rhesus macaques of 17 years old or older were socially housed
in groups of 2-4 animals throughout the study in indoor pens
(~3.7 x 2.1 x 2.1m) and provided with enrichment such as
toys and foraging devices. Animals were maintained under fixed
photoperiods comprising 12h of light and 12 h of darkness per
day (12L:12D). The activity patterns of these animals have been
previously described (31, 32). Monkeys were maintained on a
standard laboratory chow (Lab Diet, Inc., St. Louis, MO) before
being switched to a WSD at the start of the study (TAD; Lab
Diet). Macronutrient composition of the diets is listed in Table 1.
Water was provided ad libitum. Monkeys were fed the WSD for
~6 weeks before being ovohysterectomized (OvH). The intended
length of the study was 3 years; however, after 2.5 years it was
necessary to terminate the study due to the manifestation of
age-related pathologies.

Surgery

Monkeys were OvH via a laparotomy procedure by surgical
personnel at the Oregon National Primate Research Center
(ONPRC). Animals were removed from the group, sedated with
ketamine (10 mg/kg) and transported to the surgical site. Animals
were returned to their social group after the procedure.

Treatment

The macaques received either placebo for 30 months, estrogen
immediately upon hysterectomy for 30 months, or placebo
for 24 months followed by delayed estrogen treatment for an
additional 6 months. Estrogen treatment was administered via
the implantation of Silastic capsules subcutaneously into the
periscapular region. The implants were intended to achieve
serum estrogen concentrations between 70 and 100 pg/ml.
Placebo-treated animals were implanted with an empty Silastic
capsule. Serum estrogen levels were measured every 2 months to
ensure that serum estrogen levels stayed within the desired range.

Spatial Maze Training

The dependent variable for performance on the spatial maze
was trials to criterion. Performance was codified as shown in
Table 2. Criterion was defined as reaching a behavioral score of
6. Only animals that achieved a score of 6 or above during the
course of training were included in the analysis. Spatial maze

TABLE 1 | Macronutrient profile of standard chow and the WSD.

Fat (%) Carbohydrates (sugars) Protein (%)
Standard Chow 13 69% (6%) 18
Western-style diet 36 44% (18.5%) 18

training took place before the start of hormone treatment in the
delayed estrogen group, thus for data analysis, the placebo and
delayed estrogen groups were combined into the control group.
Out of 8 animals in the estrogen group, 5 reached criterion.
Out of 15 animals in the combined control group, 9 reached
criterion. Macaques were allowed to search a series of boxes for
treats which consisted of M&M’s®), craisins®), dried mango, or
marshmallows. Treats were initially placed in various locations
on the floor of the testing room, then placed on the floor close to
a box, then on top of the box, then on the lip of the entry hole of
the box, and finally, hidden inside the box.

Magnetic Resonance Imaging

MRI Data Acquisition

Images were acquired at four time points throughout the study:
(1) at baseline (before treatment); (2) after 1 year; (3) after 2
years; and (4) after 2.5 years. For each imaging session, the subject
was anesthetized using ketamine (15 g/kg) and transferred to the
ONPRC MRI Core Facility. The subject was then intubated and
continually anesthetized with 1-1.5% isoflurane for the duration
of the imaging (< 2 h). Animals were physiologically monitored
during scans for well-being.

Images were acquired in vivo using a Siemens Tim Trio
whole body 3T system (Erlangen, Germany) with a 15-channel
quadrature knee coil. For each subject at each time point, four
T;-weighted magnetization-prepared rapid acquisition gradient
echo (MPRAGE) images were acquired with the following
parameters: TR = 2500 ms, TE = 3.86 ms, TI = 1100 ms, Flip
angle = 12 deg, Voxel size = 0.5 x 0.5 x 0.5 mm?>, FOV = 128 x
128 mm?, Matrix size = 256 x 256.

MRI Analysis

Preprocessing of the T;-weighted MPRAGE images was
implemented for all imaging sessions. At the beginning,
four T;-weighted images collected for the same subject at
the same time point were merged as the final anatomical
image after motion correction and intensity bias correction.
The motion correction was implemented by the rigid-body
alignment with the first acquired MPRAGE image using
“antsRegistrationSyN.sh” tool from Advanced Normalization
Tools (ANTS) software (33). After motion correction, the

TABLE 2 | Behavioral scoring criteria for the spatial maze task.

Score Performance Indicator

Failure to eat or pick up any treats

Picking up treats within the room

Picking up treats from below the box
Reaching to top of box and removing treat

0

1

2

3

4 Reaching to lip of box and removing treat (large hole)

5 Reaching to lip of box and removing treat (small hole)

6 Reaching into box and removing treat

7 Reaching into box and removing treat more than once consecutively
8

Reaching into box and removing treat more than once consecutively
without searching any other boxes prior to reaching treat
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intensity bias field of each image was corrected using a B-spline
approximation routine and hierarchical optimization scheme
with the “N4BiasFieldCorrection” tool also in ANTS (34). Then,
all four corrected images were averaged as the final image
for structural analysis. Next, the baseline merged T1-weighted
images were B-spline nonlinearly registered to a head image
from the INTA19 template (35) using “antsRegistrationSyN.sh.”
Using the resulting transformation parameters, the INTA19 brain
mask was reversely mapped to each subjects original space to
generate the brain mask using a nearest neighbor interpolation
method. For the following time points, the brain masks were
generated using the same method but updated references with the
corresponding merged image of the same subject at the previous
time point. Based on brain masks, skull-stripping of all merged
MPRAGE images was achieved and the process of intensity
bias correction for all brain images was repeated using the
obtained brain masks to limit the correction region to improve
correction quality.

After the preprocessing of all MPRAGE images, all baseline
brain images were nonlinearly registered to the INIA19 brain
template image. According to the transformation parameters, the
label map of the INIA19 template, i.e. NeuroMaps, was inversely
mapped to each individual original space using nearest neighbor
interpolation method. Subsequently, brain image from each
subject’s next imaging session was registered to their previous
imaging session, and then the inversed mapping of the label maps
from the previous imaging session using the resulting registration
parameters were implemented to generate the label maps for the

next imaging session. All volumetric analysis was based on the
acquired label maps for each subject.

Because of sample size of this study, we defined four
well-resolved regions-of-interest (ROIs) from the smaller
parcellations included in the NeuroMaps labels. A list of the
included structures for each of the ROIs in presented in Table 3.
Figure 1 shows the ROI boundaries in the glass brain of an

Prefrontal
Motor
Amygdala
Hippocampu

FIGURE 1 | An example glass brain of an individual monkey with the
predefined ROIs. The prefrontal ROl is highlighted red, the motor ROl is
highlighted green, the amygdala ROl is highlighted magenta, and the
hippocampal ROl is highlighted blue.

TABLE 3 | NeuroMaps labels included in ROI structures.

Hippocampus

Prefrontal Motor

Amygdala

Perforant path

Oriens layer of the hippocampus
CA fields

Granular layer of the dentate gyrus
Molecular layer of the hippocampus
Pyramidal cell layer of the hippocampus
Molecular layer of the dentate gyrus
Parasubicular area

Uncinate gyrus

Prosubiculum

Subiculum

Presubiculum

Stratum pyramidale of the CA1 field
Stratum pyramidale of the CA3 field
Stratum pyramidale of the CA2 field
Hilus of the dentate gyrus
Hippocampal sulcus

Entorhinal sulcus

CAT1 field

CA2 field

Fascia dentata

Anterior cingulate gyrus Precentral gyrus
Frontal white matter

Superior frontal gyrus

Middle frontal gyrus

Inferior frontal gyrus

Fronto-orbital gyrus (macaque)

Lateral orbital gyrus

Straight gyrus

Medial orbital gyrus

Lateral amygdalar nucleus

Accessory basal nucleus of the amygdala
Basal nucleus of the amygdala

Claustral amygdalar area

Periamygdalar area

Amygdalar island

Paralaminar nucleus of the amygdala
Amygdalohippocampal area
Hippocampal-amygdaloid transition area
Amygdala

Central amygdalar nucleus

Medial amygdalar nucleus

Anterior amygdalar area

Cortical amygdalar nucleus

Amygdala—not otherwise specified

Both left and right labels were included for all bilateral structures.
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example subject. All of the ROI boundaries were defined a priori
before any statistical analysis of the volumes. Hippocampal
and prefrontal ROIs were defined specifically because of their
hypothesized role in spatial maze performance. The amygdala
ROI was defined because a previous study on these monkeys
(16) observed treatment differences in anxiety-type behaviors
which we hypothesized could both affect performance on the
task and could manifest anatomically as differential relative
amygdala sizes. A motor ROI was defined as a region that
we did not expect to be substantially involved in treatment
effects on cognitive performance to serve as an anatomical
control for the other anatomical analyses. In order to correct
for overall head size, the ROIs were normalized by the total
brain volume, and these relative volumes were used for all
subsequent analysis.

Statistical Analysis

All statistical analyses were completed using the computing
environment R (version 3.6.0; R Development Core Team,
2019). Significance for all tests performed was defined as
an alpha value of < 0.05. R packages used for the analysis
and presentation of data included: car (3.0.6), dplyr (0.8.1),
effects (4.1.3), ggplot2 (3.1.1), ggpubr (0.2), ggsignif (0.6.0),
Ime4 (1.1.21), lmerTest (3.1.0), psych (1.8.12), and xlsx
(0.6.1) (36-44). The R code for the analysis is provided in the
Supplementary Materials.

Performance on the spatial maze was assessed using two
sample t-tests to compare the means of trials to criterion
between rhesus monkeys given immediate estrogen and the
OvVH controls. Because trials to criterion may be expected to be
count-distributed, we also tested these group differences using a
Poisson model. Since the OvH + Delayed E group had still not
received estrogen at the time of training in the study, the subjects
belonging to this group were combined with the OvH control
group for the comparison of performance on the spatial maze
training. Because of the temporal proximity to the spatial maze
training, relative volumes calculated from the second imaging
session (1-year after OvH) were used to predict trials to criterion.
Pearson correlations were used to test the relationships between
cognitive task variables and the four selected ROI volumes. An
overall treatment difference in the number of training days was
tested using a one-way ANOVA.

The longitudinal effects of the treatments on each ROI volume
were modeled using a linear mixed effect model:

Relative Volume ~ Year * Treatment + (1|Subject)

Where random effect intercepts are estimated for the subject,
and fixed effects are estimated for the slopes for the year,
the treatment factor, and their interaction. T-tests and p-
values were calculated using the Satterthwaite’s degrees of
freedom method. Since the OvH + Delayed E group did
not receive HRT until after 2 years, an additional one-way
ANOVA was conducted to assess if there were any group
differences on hippocampal volume for the final imaging
session only.

RESULTS

Spatial Maze

Of the 23 monkeys in the study, only 14 of the monkeys
reached criterion on the spatial maze training. Levene’s test for
homogeneity of variance showed that the variances for trials to
criterion were not significantly different between the OvH +
immediate E and OvH control groups F(;, 1) = 0.195, p = 0.667.
As illustrated in Figure 2, estrogen treated animals (M = 2.00,
SD = 141, n = 5 animals) compared to OvH animals given
placebo only (M = 4.89, SD = 1.69, n = 9), had significantly

fewer trials to criterion, t(12y = —3.23, p = 0.00724. Using
a Poisson model, similar results were obtained, z = —2.55,
p=0.0107.

While there was a significant effect of treatment on the
performance during the training of the spatial maze task, there
was no relationship between the brain volumes in our chosen
ROIs and the spatial maze trials to criterion, (Amygdala: (1,
—0.476, p = 0.0851, Hippocampus: r(12) = —0.244, p = 0.401,
Prefrontal: r(;5y = —0.0284, p = 0.923, Motor: r(j5) = 0.217,
p=0.455),

Over the course of the spatial maze training, individual
monkeys received varying total number of days of training. As
shown in Figure 3A, this variation in days trained positively
correlated with the relative hippocampal volumes measured in
the imaging session following the spatial maze training, ;) =
0.432, p = 0.0396. At later imaging sessions, this correlation no
longer reached significance, but still showed a trend at 2 years
after treatment, r(;7) = 0.420, p = 0.0732, and 2.5 years after
treatment, (j4y = 0.456, p = 0.0756. None of the other chosen
ROIs showed a significant correlation with the total number
of days of training at the imaging session following training
(Amygdala: 51y = 0.190, p = 0.386, Prefrontal: r(;;) = —0.0151,
p = 0.945, Motor: r(3;) = —0.383, p = 0.0712).

4 *%
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° 5.0
(2]
s
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= 2.5

OVH OvVH + Immediate E

Treatment
FIGURE 2 | A box plots demonstrating the difference between the OvH and
OvH + Immediate E groups in trials to criterion on the spatial maze task. The

circles show the scores of individual animals, while the diamonds within the
box plots represent the group means. **p < 0.01.
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FIGURE 3 | (A) There was a significant correlation between the relative hippocampal volumes from the second imaging session and the total number of days trained
on the spatial maze task. The animals belonging to the different experimental groups are indicated in distinct colors. (B) Box plots demonstrating the difference
between the OvH, OvH + Immediate E, and OvH + Delayed E groups with regard to the total number of days trained on the spatial maze task. The circles illustrate the
scores of individual animals, while the diamonds within the box plots represent the group means. *p < 0.05 (uncorrected t-test). means. *p < 0.05 (uncorrected t-test).

Given the observation that the number of days of training
on the spatial maze correlated with the hippocampal volumes,
particularly at the 1-year imaging session, we assessed whether
there was a difference in the total number of training days
by treatment group. As shown in Figure 3B, there was a non-
significant, but suggestive effect of treatment group on the total
number of days trained, Fp 59y = 2.51, p = 0.106. Welch
independent sample ¢-tests showed a difference between the OvH
+ Immediate E and OvH + Delayed E groups, t(12.817) = —2.337,
p = 0.0364, but not between the OvH and the OvH + Delayed E
groups, £(12.830) = —1.693, p = 0.115, or the OvH and the OvH +
Immediate E groups, ¢(;3 389) = 0.396, p = 0.698.

Treatment Effects on Brain Volumes

In addition to assessing the relationship between cognitive
performance and regional brain volumes, the longitudinal effects
of the treatments on brain volume were also modeled. We
modeled the time*group fixed effects for predicting each of the

regional volumes. A significant fixed effect was observed where
increased relative hippocampal volume over time was predicted
only in the OvH + Delayed E group (p = 0.0374, Figure 4,
Table 4). An ANOVA on the final imaging session data, after
the OvH + Delayed E group received HRT, did not show overall
group differences, F(, 13y = 2.106, p = 0.161.

Additionally, time alone significantly predicted increases
in both the relative prefrontal (p 0.00301; Table 5)
and relative motor (p 0.00290; Table 6) volumes. No
fixed effects in this model predicted the relative amygdala
volumes, although there was a trend, whereby in the OvH +
Delayed E group the relative amygdala volumes increased over
time (Table 7).

DISCUSSION

In this study, the effects of estradiol treatment on spatial maze
performance in aged OvH macaques on an obesogenic diet were

Frontiers in Neurology | www.frontiersin.org

26

June 2020 | Volume 11 | Article 539


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zimmerman et al. HFD, HRT, Cognition and Hippocampus

OvH OvH + Immediate E = OvH + Delayed E

1.05

1.00

0.95-

0 1 2 0 1 2 0 1 2

Year

A Relative Hippocampal Volume

FIGURE 4 | There was a treatment x year interaction for predicting the relative hippocampal volumes from the results of the linear mixed effect model. The relative
hippocampal volumes are presented as changes from the baseline hippocampal volumes for each subject. Individual animal trajectories are shown by connecting time
points with dotted lines. Each treatment group is showed as its own panel. The blue line in the OvH + Delayed E group shows the time point where HRT began to be
administered.

TABLE 4 | Linear mixed-effect model results predicting relative hippocampus volumes.

Fixed effects Estimate Standard Error df t value Pr (>[t])
(Intercept) 1.152e-02 3.203e-04 2.058e+01 35.956 <2e-16"
Year —6.899e-05 3.949e-05 5.5627e+01 —1.747 0.0862
OvH + Immediate E —8.818e-06 4.529e-04 2.056e+01 —-0.019 0.9847
OvH + Delayed E 4.266e-04 4.688e-04 2.056e+01 0.910 0.3734
Year: OvH + Immediate E —3.476e-06 5.062e-05 5.5615e+01 —0.069 0.9455
Year: OvH + Delayed E 1.097e-04 5.143e-05 5.514e+01 2.133 0.0374*

o < 0.05, *p < 0.01, *p < 0.001.

TABLE 5 | Linear mixed-effect model results predicting relative prefrontal volumes.

Fixed effects Estimate Standard Error df t value Pr (>t
(Intercept) 1.110e-01 1.424e-03 2.143e+01 77.970 <2e-16"*
Year 7.887e-04 2.542e-04 5.575e+01 3.102 0.00301**
OvH + Immediate E 2.846e-03 2.013e-03 2.140e+01 1.414 0.17178
OvH + Delayed E 1.978e-03 2.084e-03 2.139e+01 0.949 0.35317
Year: OvH + Immediate E —1.222e-04 3.261e-04 5.5651e+01 —-0.375 0.70933
Year: OvH + Delayed E —3.954e-04 3.313e-04 5.548e+01 —1.193 0.23782

*0 < 0.05, *p < 0.01, **p < 0.001.

TABLE 6 | Linear mixed-effect model results predicting relative motor volumes.

Fixed effects Estimate Standard Error df t value Pr (>[t])
(Intercept) 4.350e-02 9.830e-04 2.067e+01 44.249 <2e-16""*
Year 3.844e-04 1.233e-04 5.5635e+01 3.116 0.0029**
OVH + Immediate E 7.622e-04 1.390e-03 2.065e+01 0.548 0.5893
OvH + Delayed E —3.535e-04 1.439e-03 2.065e+-01 —0.246 0.8083
Year: OvH + Immediate E —1.864e-04 1.581e-04 5.5623e+01 —1.179 0.2434
Year: OvH + Delayed E 1.433e-04 1.606e-04 5.5622e+01 0.892 0.3764

o < 0.05, *p < 0.01, *p < 0.001.
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TABLE 7 | Linear mixed-effect model results predicting relative amygdala volumes.

Fixed effects Estimate Standard Error df t value Pr (>|t)
(Intercept) 8.971e-03 2.665e-04 2.052e+01 33.665 <2e-16"*
Year 4.996e-05 3.073e-05 5.5625e+01 1.626 0.1096
OvH + Immediate E —1.623e-04 3.768e-04 2.051e+01 —0.431 0.6712
OvH + Delayed E —1.686e-04 3.900e-04 2.051e+01 —0.407 0.6884
Year: OvH + Immediate E —3.933e-05 3.938e-05 5.515e+01 —0.999 0.3223
Year: OvH + Delayed E 7.805e-05 4.001e-05 5.514e+01 1.950 0.0562

*0 < 0.05, *p < 0.01, **p < 0.001.

investigated. Additionally, the effects of immediate vs. delayed
estrogen treatment on brain anatomy were assessed. Treatment
with estradiol improved performance on spatial maze training, as
measured by trials to criterion. In addition, average hippocampal
volume increased over time in the delayed estrogen group, but
not in the immediate estrogen or placebo groups. There was
no effect of hormone treatment on volume in any other brain
region investigated.

The finding that estrogen treatment improved acquisition
efficiency of the spatial task in OvH macaques is supported
by a body of previous literature in both rodent and monkey
models, indicating that estradiol treatment improves spatial
cognition in females deprived of endogenous estrogens (45-50).
In aged surgically menopausal rhesus macaques, improvements
in aspects of spatial working memory were reported (49, 51).
However, while in the rodent literature largely improvements
in spatial cognition with estrogen supplementation as well as
during the high-estrogen phases of the estrus cycle have been
reported [for a review see Korol and Pisani (46)], the monkey
literature is more equivocal. In some studies, impaired spatial
performance at high estrogen points in the cycle as well as with
the maintenance of ovarian hormones in old age is reported
(52,53). This could be due to methodological differences between
studies, as well as to the relative small sample sizes typical
of nonhuman primate studies where groups consisting of 4-6
individuals are not uncommon.

The current study was performed in aged female macaques,
making this model of menopause relevant to human health.
Younger macaques have been shown to differ from older
macaques in their cognitive changes after surgical menopause,
as well as in changes associated with exogenous hormone
supplementation after surgical menopause, highlighting the
importance of using an age-appropriate model (48, 53).

Recently, Coleman et al. (16) reported on the effects
of both delayed and immediate estrogen replacement on
behavior performance compared to placebo-controls after
OvH in the same aged rhesus macaques under obesogenic
diets involved in the present study (16). Their results
demonstrated that macaques under an obesogenic diet
exhibited increased sedentary and anxiety-like behaviors,
but that immediate estrogen replacement promoted
activity and ameliorated anxiety-like behavior. In contrast,
delayed estrogen (~2 years after surgical menopause)
showed equivocal results, highlighting that hormone
replacement therapy starting shortly after the cessation of

endogenous production of estrogens is more likely to yield
health benefits.

The group by session interaction observed in predicting
hippocampal volume was somewhat unexpected. The delayed
estrogen group showed increasing hippocampal volumes over
time compared to the other groups, even though the beneficial
effects of HRT would be expected to be stronger with immediate
hormone replacement after OvH. A closer look at the individual
trajectories in hippocampal volumes (Figure 4) suggests some
possible reasons underlying this effect. First, it appears that the
volumetric increases between baseline and the year 1 imaging
sessions drive the effect of an overall increase over the 2.5
years. However, this increase in volume precedes any HRT in
the delayed treatment group. This highlights the discrepancy
between the patterns observed between the delayed estrogen
group and the OvH control, since neither group had received any
estrogen. An analysis of group differences at only the last imaging
time point, after the delayed estrogen group had received HRT,
showed no overall group differences in relative hippocampal
volume, adding further support to the idea that something
other than the HRT was driving the difference in hippocampal
volumes. This study provides some suggestive evidence that the
difference might de due to the amount of training on the task
given to the monkeys in the different groups. There was an
unexpected suggestive, but non-significant, effect of treatment
group on the total number of days the monkeys were trained
on the task. There was also a significant relationship between
hippocampal volume and the number of days of training on the
spatial maze task. Taken together, these results suggest that the
difference between the trajectories of hippocampal volumetric
change may have more to do with the amount of time spent
training on the task than the hormone replacement treatment.

While there was a correlation between the number of days of
training and the hippocampal volume, there was no relationship
between hippocampal volume and the actual performance on
the task. This is an intriguing contrast, suggesting that changes
in hippocampal volume over time might be more reflective of
cognitive training, whereas current hippocampal volume might
be more predictive of cognitive performance. For example,
Shamy and colleagues demonstrated that hippocampal volume
predicted acquisition of a delayed response spatiotemporal
task, despite finding no evidence of age-related changes in
hippocampal volumes (22). Hippocampal volumes have been
shown to be particularly plastic to environmental factors over
relatively short time periods. For example, in a recent study done
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on eight expeditioners to a constrained and isolated environment
in Antarctica, substantial average decreases in volume of about
7.2% were observed after a 14 month period (54). It is possible
that the enrichment from a hippocampally-mediated task could
act on hippocampal volumes over the training period and even
offset or reverse potential declines from being housed in pens
with smaller social units.

Rapid changes in hippocampal volume on the same time
scale as those observed here have also been reported in previous
animal studies. In mice, over the course of the 4-6 day estrus
cycle, changes in hippocampal volume of 2-3%, which are
in the range of the changes seen in the present study, have
been observed (55). In humans, aerobic exercise increases
hippocampal volume transiently after only 6 weeks of the
intervention (56). Importantly, both studies found rapid changes
in hippocampal volume in adult animals, indicating that adult
hippocampal plasticity is sufficient to measurably change the
volume of the hippocampus. Additionally, spatial learning can
increase the size of the adult hippocampus, as illustrated by
Wollett and Maguire’s studies in London taxi drivers (57). The
changes in hippocampal volume seen in our study could have
been driven by the learning aspect of training on the spatial
maze, or alternatively by the exercise inherent in the spatial maze
training protocol.

Estrogen has known effects on weight due to its actions
on food intake suppression (58-60). Additionally, adiposity
has been linked to cognitive impairment, especially during
aging (61). Thus, body weight could account for some of the
cognitive changes seen in estrogen replacement regimens like
those described here. These effects are difficult to separate,
especially in small samples, and future studies should consider
the effects of these modulating factors.

Some limitations of the present study include the
generalizability of surgical menopause to natural menopause
(however, older animals were used to approximate the equivalent
age of clinical menopause), the lack of a non-obesogenic group of
animals for comparison, as well as the relative small sample size
typical for NHP studies (62). Some previous work has indicated
that in humans as well as rodent models, surgical menopause
results in different cognitive outcomes, often more adverse,
than cognitive outcomes seen in natural or gradual menopause
(63, 64). This is likely due to the fact that abrupt loss of hormones
seems to be more deleterious for cognition than the more
gradual loss seen in natural menopause. However, while natural
menopause (as measured by serum estradiol and luteinizing
hormone levels, as well as ovarian histology) has been observed
in rhesus macaques, it was found in only a subset of studied
animals and occurred in their late twenties, which is beyond the
average lifespan of this species (65). Thus, surgical menopause in
aged macaques is arguably the best alternative. The fact that all
of the monkeys were old and under an obesogenic diet precludes
the possibility of investigating diet-driven effects on anatomy
and make it very difficult to observe any age-related declines
in volumes. In addition, larger ROIs were chosen for analysis
in order to increase the size of the volumes to look at possible
changes and reduce comparisons. However, by choosing just a
few ROIs that are relatively large, it is possible that more subtle

differences from the smaller, functionally distinct regions that
compose the larger regions and/or other brain regions might
have been missed.

In summary, this study provides evidence that immediate
estrogen replacement after menopause, under an obesogenic
diet, contributes to improved performance on the acquisition
of a spatial task. Further, this study highlights the potential
importance of the course and type of training in predicting gross
measures of hippocampal anatomy. This is a particularly critical
point, since the training itself and not the performance, was
related to hippocampal volume in the present study. Thus, future
research on brain health parameters should consider equalizing
training time instead of training to a criterion, controlling for
the timing of the training, and investigating baseline differences
in brain volumes if possible. While the research presented here
shows a promising effect of immediate HRT on ameliorating
menopause-related cognitive decline under and obesogenic diet,
more research is needed to determine the mechanisms driving
this effect and its interactions with biological changes resulting
from consuming a high-fat, high-sugar diet.
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INTRODUCTION

Gender plays a role in the prevalence and natural course of several disorders. It is apparent
in neurodegenerative diseases like Parkinson’s disease more prevalent in men, Alzheimer’s
disease more prevalent in women, or Lewy body dementia more prevalent in men. Rarely,
however, recently more often, in autosomally conditioned diseases, gender differences are being
identified (1-21).

Huntington’s disease (HD) as a rare neurodegenerative (recently reported peripheral tissue
involvement), incurable—therefore still displaying natural course—disorder with an autosomal
dominant pattern of inheritance with full penetrance in most cases (22). Therefore it was not
explored for gender differences for many years. Gender was considered in HD, however, with
respect to a parent of an HD patient, as it was observed that disease inherited from a father
resulted in symptoms anticipation, namely earlier onset and faster progression than when inherited
from the mother (23-25). It was later explained by a higher probability for elongation of the
causative HD mutation during spermatogenesis, than during oogenesis (26, 27). Very quickly after
identification of a causative mutation in 1993, it was observed that there is a negative correlation
between the number of CAG repeats in the causative gene (expansion of causative mutation) and
onset age, namely larger expansion of CAG repetitive sequence in the HD gene resulted in earlier
HD symptoms onset (28). The rate of HD progression was explored early after the causative gene
identification. Interesting results were observed in small groups (29-31), but lack of proper tools
for progression measurement resulted in a lack of any results indicating a correlation between CAG
repeats expansion and rate of the disease progression (32-35). First important (36) and deciding
findings confirming that the rate of HD progression is dependent on CAG repeats number were
described in 2008 in a large HD cohort study (37). In the same year, another small study indicated
gender differences in HD patients (38).

SEX PLAYS A ROLE

The finding described in the research paper published in 2008 (38) came rather as a surprise during
the study’s data analysis (38). First, the study was based on just 41 HD patients: 24 women (38).
A statistically significant correlation between the number of CAG repeats and scores in Unified
Huntington’s Rating Scale (UHDRS) subscales—motor, cognitive, functional, independence and
total functional capacity (TFC)—were identified in women but not in men. Moreover, time from
onset correlated with scores in above listed UHDRS subscales in women only. These findings
provided insight allowing further investigation to study gender differences in HD.

In 2013, a large cohort analysis based on 1,267 HD affected individuals was performed (39). This
study based on data collected in REGISTRY, an Observational Study of the European Huntington’s
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Disease Network (EHDN) (40) population, and was aimed to
identify gender differences in several HD features including
differences in the rate of the disease progression based on
following annual visits when patients were assessed in UHDRS
subscales. The study was controlled for several environmental
factors. The most important finding of this study was
identification of a significant gender difference in the rate of HD
progression controlled among other things for disease burden
(calculated variable incorporating CAG repeats number in larger
allele and age): DB = (CAG number in the larger allele - 35.5)
x age in years (41). Disease burden reflects the stage of brain
pathology in HD and includes the factor responsible for 70%
of the variability in HD onset, namely CAG repeats number in
mutated HTT allele (42, 43). Both genders did not differ for
the disease burden or for onset age, but the progression rate
in women was faster. Other gender differences were identified
in cross-sectional analysis for years of education (men studied
longer), presence of depression (in women more often), history
of depression (in women more often), alcohol abuse (more
often in men), and cigarette smoking (more often in men). To
explain the observed difference in the rate of HD progression,
the longitudinal analysis was controlled for several variables like
disease duration, years of education, presence of depression,
depressive episodes in the past, history of psychotic disturbances,
history of obsessive-compulsive disorders, history of suicidal
ideation, smoking, alcohol abuse, and drug usage. These variables
were used as confounders in the longitudinal analysis did not
clarify the inter-gender differences in progression rate. The
above-described study provided solid evidence to confirm the
presence of gender differences in HD clinical picture and what
is more important in rate of HD progression.

Above mentioned findings were confirmed and explored
in more detail in 2018 in another study, which aimed at
a gender effect in particular symptomatic domains of HD
and their contribution to functional abilities and quality of
life (44). The clinical picture of HD is formed by three
major symptomatic domains, namely motor symptoms (e.g.,
clumsiness, chorea, dystonia), cognitive impairment (subcortical
dementia), and behavioral disturbances (e.g., depression, apathy,
irritability, and aggression) (22). All of these domains contribute
to functional abilities of affected individuals but the impact
of a particular domain for progression of functional disability
was not clearly explained in previously published studies (45-
48). Considering the study (39), it was important to evaluate
also gender role in this contribution. The study (44) based
on 2,191 HD affected individuals (1,080 women), REGISTRY
study’s participants, annually examined in UHDRS for several
years, was controlled for the same factors as previously described
study. In women significantly stronger correlations between all
symptomatic spheres and HD progression rate was observed,
motor domain contributed the most, followed by cognitive and
behavioral; moreover, motor symptoms were responsible for
more variability in functional abilities in women than in men,
while cognitive symptoms had an opposite contribution (more
variability in men than in women). This means that motor
symptoms were the strongest contributors to functional abilities
in both genders, particularly in women, although cognitive

symptoms are more important in men for functional abilities
than in women.

One year after the previously described research paper was
published, another cohort study delivered surprising results (49).
Here it was observed in a huge cohort of 67 millions of Americans
performed between 2003 and 2016 that HD has a significantly
higher prevalence in women estimated on 7.05 per 100,000 than
in men, 6.91 per 100,000. This result may suggest a more severe
HD pathologic process in women.

There is also evidence based on pre-clinical settings where
in animal HD models gender differences were identified. The
first important research paper was published in 2007; in
the murine model, it was observed that a lower level of
extracellular ascorbate in the striatum in males reflected a
more severe phenotype than in females (50). In 2008 another
study suggested the neuroprotective effect of 17b-estradiol in
females in rat HD model (51). In 2016 in BACHD mouse
model of Huntington’s disease, it was found that circadian
activity levels, rhythm precision, and behavioral fragmentation
are more severe in males (52). Finally, in 2019 more severe
deficits in neuroprotective nitric oxide synthase activity in
the HD cortex and striatum were observed mostly in Q175
males of HD mouse model (53). In contrast to human
studies, animal research results indicate a more severe picture
in males.

DISCUSSION

Above mentioned studies indicate presence of gender differences
in HD. The limitation factor of the finding (39, 44) is a lack
of inclusion of two important, however difficult to be assessed
variables, namely concomitant disorders and medications. There
is still a question whether differences in these two variables could
explain gender differences reported so far (39, 44). Depression
was considered as a confounder in both studies but did not
explain differences in HD progression rate between genders. The
prevalence of non-psychiatric concomitant disorders does not
differ between genders as reported in recently published paper
(54). It seems that both genders are not treated differently in HD
but this should be explored in detail.

Also animal studies, confirming gender differences, bring
contrary results of gender burden, displaying their ample
limitations in explanation of pathologic processes behind
observed differences (50-53). The findings in animal models
suggest their imperfection rather (55). Hormonal disturbances
observed in an animal model (51) and in HD patients (56, 57)
could be supportive to explain the phenomenon, but a cause of
the gender differences in HD seems to be more complex and
require future studies in larger HD cohorts.

A recently published study on huntingtin’s or HTT gene role
in neurodevelopment in boys and girls (58) showed that in girls
a longer CAG sequence in larger allele (still in normal range)
correlated with thicker cortex and better cognition when in
boys this impact was weaker being restricted mainly to lower
putamen/cerebellum volume ratio in boys with higher CAG
repeats number (58). This observation could suggest that also
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HTT gene mutation in women could exert stronger impact than
in men.

The gender differences were identified in other
neurodegenerative movement disorders caused by a dynamic
mutation (CAG repeats expansion, similar to this causing HD,
so called because number of CAG repeats may change during
meiosis, or during mitosis) located in autosomal genes, namely
in spinocerebellar ataxia (SCA) type 3 and 6 (13). In women, the
progression of non-ataxia motor symptoms was faster than in
men in those diseases. This effect in SCA type 3 was confirmed in
a follow up study on the same European cohort (14). Moreover,
faster progression in women with SCA 2 and 3 was reported in
other studies (15, 16). This is consistent with findings in HD,
suggesting that gender differences could be related to specific
dynamic mutation mechanism, making it different than other
monogenetic disorders.

Moreover, gender differences were described in various
CACNAIA gene mutations, e.g., SCA 6 as an example of
trinucleotides extension, episodic ataxia type 2 (EA2) in case of
loss-of-function, and familial hemiplegic migraine-1 (FHM1) an
example of gain-of-function missense mutation. In women, EA2
and FHM1 phenotypes were present when in men with the same
mutation not (17). Interestingly also in CACNA IS gene mutation,
which is another channel disorder, namely hypokalemic periodic
paralysis, gender differences based on reduced penetrance in
women and full in men were identified (18).

Gender differences in monogenetic autosomal neurological
diseases do not always result in worsened progression or more
severe clinical picture in one gender. This was confirmed by
observation in Neurofibromatosis Type 1 (NF1). In a study
conducted across girls and boys using “MOXO test,” which is
being used for patients with ADHD, it was found that while
the boys performed better than girls in attention and timing,
they exhibited worse scores for impulsivity and hyperactivity.
The observed difference does not comply with findings in
general ADHD population, therefore a contribution of NFI
gene mutation is likely (12). Gender differences in monogenetic
neurologic disorders can be also race dependent as in the case
of facioscapulohumeral muscular dystrophy type 1 (FSHD). The
mutation in this disease similarly to this in HD is located in
chromosome 4 and is related to nucleic acid length but in contrast
refers to another place on the chromosome and results not from
extension but from the contraction of D474 repeats number. In
a Korean study, it was identified that women are more seriously
affected than men (1) when in studies based on European cohorts,
men were more seriously affected (2-5). It was controlled for
age and D474 repeats number (1). In another neuromuscular
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Episodic memory deficits are among the earliest appearing and most commonly
occurring examples of cognitive impairment in Parkinson’s disease (PD). These enduring
features can also predict a clinical course of rapid motor decline, significant cognitive
deterioration, and the development of PD-related dementia. The lack of effective means
to treat these deficits underscores the need to better understand their neurobiological
bases. The prominent sex differences that characterize episodic memory in health, aging
and in schizophrenia and Alzheimer’s disease suggest that neuroendocrine factors may
also influence episodic memory dysfunction in PD. However, while sex differences have
been well-documented for many facets of PD, sex differences in, and sex hormone
influences on associated episodic memory impairments have been less extensively
studied and have never been examined in preclinical PD models. Accordingly, we paired
bilateral neostriatal 6-hydroxydopamine (6-OHDA) lesions with behavioral testing using
the What-Where-When Episodic-Like Memory (ELM) Task in adult rats to first determine
whether episodic-like memory is impaired in this model. We further compared outcomes
in gonadally intact female and male subjects, and in male rats that had undergone
gonadectomy —with and without hormone replacement, to determine whether biological
sex and/or sex hormones influenced the expression of dopamine lesioned-induced
memory deficits. These studies showed that 6-OHDA lesions profoundly impaired recall
for all memory domains in male and female rats. They also showed that in males,
circulating gonadal hormones powerfully modulated the negative impacts of 6-OHDA
lesions on What, Where, and When discriminations in domain-specific ways. Specifically,
the absence of androgens was shown to fully attenuate 6-OHDA lesion-induced deficits
in ELM for “Where” and to partially protect against lesion-induced deficits in ELM
for “What.” In sum, these findings show that 6-OHDA lesions in rats recapitulate the
vulnerability of episodic memory seen in early PD. Together with similar evidence recently
obtained for spatial working memory, the present findings also showed that diminished
androgen levels provide powerful, highly selective protections against the harmful effects
that 6-OHDA lesions have on memory functions in male rats.

Keywords: 6-OHDA, androgen, estrogen, dopamine, mild cognitive impairment, neostriatum
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INTRODUCTION

Parkinson’s Disease (PD) is a complex neurodegenerative
disorder that is characterized by motor signs such as bradykinesia
and non-motor symptoms that include deficits in sensory
processing, sleep disturbance, and cognitive impairment (1-4).
Parkinson’s disease is also characterized by sex differences in
many of its features (5-9). For example, the incidence and
prevalence of PD are both higher in males than in females (10—
13). Male PD patients also tend to experience earlier disease onset
(14, 15) and more rapid declines in motor function (12). By
understanding how gonadal hormones influence these and other
disease processes, critical discoveries that could lead to improved,
perhaps sex-specific ways to more effectively treat them. This may
be especially important for the cognitive impairments associated
with PD. These include deficits in executive, mnemonic and/or
visuospatial function (4, 16-20) and are present in up to 40% of
patients at or before the onset of motor signs (20, 21). Because
these signs are also largely resistant to (19, 20, 22) or exacerbated
by (23-25) available therapeutics, the also have a cumulative
prevalence of more than 70% over the course of illness (20,
26). Moreover, these enduring, progressively worsening facets
of disease (17-20) are frequently described by patients and
caregivers as significantly disabling and negatively interfering
with activities and quality of daily life (27, 28). This brings into
sharp focus the need to better understand the factors that mediate
and/or modulate the vulnerability of these complex processes in
PD. As described below, these factors include biological sex and
sex hormones, which are examined here in specific contexts of
episodic memory deficits in PD.

Memory disturbances are among the earliest and most
frequently reported cognitive deficits in PD (4, 16, 18, 29). For
example, roughly 20% of newly diagnosed PD patients present
with memory complaints and/or have demonstrable memory
impairments at the time of clinical diagnosis (30). One domain
of memory that is especially at risk, however, is episodic memory,
i.e., the integrated recall of information about the time, place
and nature of previously experienced events (31). Thus, deficits
in episodic memory are reported among PD patients as often,
or even more frequently than executive dysfunction (21, 32, 33).
Further, the presence of episodic memory deficits has been shown
to correlate with or predict certain clinical features including
accelerated rates of motor and cognitive decline (34, 35), and
higher risk for developing PD-related dementia (26, 36, 37)-
a major cause of hospitalization, institutionalization and death
among PD patients (38-41). These characteristics suggest that
resolving the factors that render episodic memory vulnerable
in PD may be uniquely important in identifying biomarkers
and/or biological targets with predictive, preventive, and/or
therapeutic value. Accordingly, imaging and autopsy studies in
PD patients have been used to probe for brain changes that
predict and/or correlate with the severity of episodic memory
impairment. These studies have identified thinning or decreased
volume in hippocampus and in medial temporal and frontal
lobe cortices (42-44) as well as increased total volumes of white
matter hyperintense lesions in the frontal and temporal lobes
(45) as promising candidates. Although less is known about the

physiological processes that render episodic memory vulnerable
in PD, there are reasons to suspect that biological sex and/or
sex hormones play important roles. First, episodic memory is
characterized by lifelong sex differences in healthy humans (46—
49). Further, sex differences also mark the incidence and severity
of episodic memory deficits seen during cognitive aging (47, 50,
51) in schizophrenia (52, 53) and in Alzheimer’s disease (54-
57). Finally, although less studied than motor features, there is
clear evidence for sex differences in cognitive impairment in
PD (5, 6, 58, 59) including data showing that episodic memory
deficits are more common and worsen more rapidly in males
(60) and respond better to multimodal exercise interventions
in females (61, 62). To date, however, there have been no
studies that take advantage of preclinical animal models to
more precisely determine whether and how biological sex and
sex hormones influence episodic memory in PD. We recently
validated the use of the What Where When Episodic Like
Memory task (63) in adult male and female rats for modeling
human sex differences in episodic memory function, and in
adult male rats that were gonadectomized or gonadectomized
and supplemented with testosterone propionate or estradiol for
identifying hormone impacts on this memory form (64). Here
we used this same task and these same animal groups, but added
sham and partial, bilateral neostriatal 6-hydroxydomapine (6-
OHDA) lesions to probe for sex differences in and sex hormone
impacts on episodic-like memory function in a rodent model of
early, premotor stages of PD (65, 66).

MATERIALS AND METHODS

Animal Subjects

A total of 22 female and 55 male Sprague-Dawley rats were used
(Taconic Farms, Germantown, New York, USA). All subjects
were between 2 and 2.5 months of age at the beginning of
the experiment, and were 3-3.5 months old at the time of
behavioral testing. All rats received bilateral neostriatal injections
of either 6-hydroxydopamine (6-OHDA) or vehicle (below).
The females were gonadally intact. Among the males, 22 were
gonadally intact, 11 were gonadectomized (GDX), 11 were GDX
and supplemented with testosterone propionate (GDX+TP), and
11 were GDX and supplemented with 17fB-estradiol (GDX+-E).
Rats were pair-housed by sex in standard-sized tub cages (Lab
Products, Inc., Seaford, DE, USA) under a 12-h non-reversed
light-dark cycle with food (Purina PMI Lab Diet: ProLab RMH
3000) and water available ad libitum. The cages and water bottles
were made from bisphenol-free plastic (Zyfone) and ground
corncob bedding (Bed O’ Cobs, The Anderson Inc., Maumee,
Ohio, USA) was used. All procedures involving rats were
approved by the Institutional Animal Care and Use Committee
at Stony Brook University and were performed in accordance
with the U.S. Public Health Service Guide for Care and Use of
Laboratory Animals to minimize their discomfort.

Surgeries
Surgical procedures were performed under aseptic conditions
using inhalation of isoflurane (1% in oxygen) as anesthesia
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and subcutaneous injection of buprenorphine (0.03 mg/kg) or
ketorolac (3 mg/kg) for post-operative analgesia.

Gonadectomy

For this procedure, a midline incision was made to the scrotum,
the vas deferens were bilaterally ligated with silk suture, and
the testes were removed. For hormone-supplemented rats,
pellets (Innovative Research of America, Sarasota, Florida) were
implanted at the surgical site; the pellets used were designed to
release either 25 pg of 17p -estradiol per milliliter of blood per
day or 3-4 ng of testosterone propionate per milliliter of blood
per day. These pellets have been shown in previous investigations
to maintain plasma estradiol and testosterone levels within
physiological ranges (67-69). Two weeks after this procedure,
rats received 6-OHDA lesions (below).

6-OHDA and SHAM Lesions

Thirty minutes prior to surgery, all rats were injected with
desipramine hydrochloride (20 mg/kg, intraperitoneal). Next,
rats were anesthetized (isoflurane) and placed in a stereotaxic
frame. A midline incision was made to expose the skull surface
and burr holes were drilled bilaterally at coordinates targeting
the middle one/third of the left and right rostral caudate
nucleus (AP: +0.5mm, ML: £3.0mm, relative to Bregma).
A glass micropipette containing either 6-hydroxydopamine (6-
OHDA) (6 pg/LL) dissolved in ascorbic saline (de-ionized water
containing 0.9% NaCl and 0.1% ascorbic acid), or ascorbic
saline alone (SHAM), was lowered 5.8 mm below the dura. As
the pipette was withdrawn, solution was intermittently ejected
at roughly 2-5min intervals (Nanoject, Drummond Scientific,
Broomall, PA, infusion rate ~0.15 pl/min) at 11 evenly-spaced
dorsoventral depths located between 5.8 and 3.8 mm below
the dura; the total injected volume was 2 pl/hemisphere.
Following the last injection, the micropipette was kept in place
for an additional 10 min before being slowly withdrawn. Two
weeks later, rats began a regimen of handling, habituation, and
behavioral testing that culminated to testing on the What-Where-
When (WWWhen) ELM task 10 days after that (24 days after
lesion surgery).

Behavioral Testing

Testing took place during rats’ subjective night (lights on),
between the hours of 9:30 am. and 3:00 pm. By conducting
studies during these earlier hours of rats’ subjective nights, testing
times within and across female subjects avoided the potential
for overlap with the precipitous decreases in estrogen, the rapid
increases in follicle stimulating hormone, and the rapid increases
and subsequent sharp declines in progesterone and luteinizing
hormone that begin toward the end of rats’ subjective nights and
continue into the subjective day (70). Testing was conducted in a
core facility consisting of a central holding room and 5 adjacent,
sound attenuated testing rooms. The testing arena used was an
open circular platform that was 0.61 m in diameter and located
0.91m above the floor (padded) near the center of a 3m by
3m testing room with fixed, high contrast visual cues on three
walls. The platform surface was covered by black vinyl to provide
grip and allow the platform to be wiped clean with 70% ethanol

between trials. A webcam (LogiTech) was suspended two feet
above the arena to record trials.

Prior to WWWhen testing, rats completed testing on 2 or
3 unrelated, non-incentivized, pseudorandom presented single-
trial paradigms (Home Base Formation and Novel Object
Preference or Object-in-Place Preference Testing). Each task used
a different testing arena and different objects (where applicable),
but the same holding and testing rooms, and the same cylindrical
start box used for WWWhen testing. After a 3-5 day break,
rats received an additional habituation session during which they
were allowed to freely explore the WWWhen testing platform
with no objects present for 10 min. Testing on the WWWhen task
took place the following day.

On testing day, rats were given two 5 min sample trials (S1, S2)
and one 5 min test trial (T'T); all trials were separated by 50 min
inter-trial intervals that rats spent in home cages in the central
holding room. Trials began by placing rats in the opaque start
cylinder (0.2 m across, 0.3 m high) at the center of the arena. After
a 10s delay, the cylinder was lifted away and rats were allowed
to freely explore. During the sample trials (S1, S2), rats were
presented with one of two quadruplicate sets of novel objects
that were similar in overall size, were made of the same material
(plastic or glass), but differed in shape, color and/or surface
texture. The object sets used for S1 vs. S2 trials were pseudo-
randomly assigned to subjects within all groups. During the S1
trial, objects were arranged in a triangular array and for the S2
trial they were placed to form the corners of a square. During
the test trial (TT), two objects from S2 (recent familiar, RF) and
two objects from S1 (old familiar, OF) were presented in square
S2 configuration. Accordingly, one of the S1 objects appeared
in its original location (old familiar stationary, OFS) and was
presented in a new location (old familiar displaced, OFD). Both
recent familiar objects occupied original (stationary) positions
(see Figure 1).

Health and Hormone Status

The weights and general health of all subjects were tracked
before and after gonadectomy and/or 6-OHDA or SHAM lesion
surgery. In all subjects, body mass progressively increased and
there were no signs of dehydration. The estrous cycles of female
rats were also tracked using vaginal lavage. Cytological samples
were collected via saline flush on the day of lesion or sham
lesion surgery, on the day of WWWhen testing, and every 1-3
days in between. On testing day, samples were collected prior to
animals’ acclimation to the central holding room in the testing
suite. For males, the effectiveness of hormone manipulations
was assessed post-mortem via dissection and weighing of the
androgen-sensitive bulbospongiosis muscles (BSM).

Euthanasia

Following behavioral testing, rats were euthanized by
transcardial perfusion. First, rats were lightly anesthetized
using inhalation of isoflurane (1% in oxygen) and were then
injected intraperitoneally with a ketamine (150 mg/kg), xylazine
(15 mg/kg) mixture to induce deep anesthesia. After verifying
the absence of deep reflexes, rats were perfused, first with
phosphate buffered saline (PBS, ~100 mls), and then with 4%
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5 min 5 min

50
Old Familiar (OF) min

Sample Trial 1 (S1) Sample Trial 2 (S2) Test Trial (TT)

FIGURE 1 | Schematic of the experimental protocol for the What-Where-When Episodic-Like Memory Task (63). Rats explore two sets of novel quadruplicate objects
during a first and second sample trial (S1 and S2, respectively). This is followed by a test trial (TT) where two Recent Familiar (RF) objects from S2 are presented in
their original positions and two Old Familiar (OF) objects from S1 are present, with one placed in its original position [Old Familiar Stationary (OFS)] and one that has
been displaced from its original location [Old Familiar Displaced (OFD)]. Each trial is 5 min in duration and separated by an inter-trial interval of 50 min.

paraformaldehyde in 0.1M PB, pH 6.5 (flow rate 30 ml/min) for =~ mounted and sealed under coverslips using Permount (Electron
5min followed by 4% paraformaldehyde in 0.1M borate buffer, =~ Microscopy Science, Hartfield PA, USA).
pH 9.5 (flow rate 35 ml/min) for 15 min.

Data Analyses
Tissue Processing and Histology Evaluation of Estrous Cycle
Immediately after perfusion, the BSM complex in male subjects  Samples from vaginal lavage (saline) were cytologically evaluated
were dissected and weighed. However, for 4 MALE SHAM and  using low power light microscopy and differential interference
4 MALE 6-OHDA rats, BSM weights were not recovered. The  contrast illumination. Females were determined to be in estrus
brains were also removed from all subjects. These were post-fixed ~ when samples had an abundance of cornified, anucleated
in 4% paraformaldehyde in 0.1M borate buffer for 24 h (4°C) and  epithelial cells; in diestrus when samples showed a predominance
were then cryoprotected by immersion in 0.1M phosphate buffer of leukocytes; and in proestrus when samples were largely
(PB) containing 30% sucrose (2-5 days, 4°C). Next, the brains  comprised of round, nucleated epithelial cells (70).
were rapidly frozen in powdered dry ice and serially sectioned
in the coronal plane on a freezing microtome (40 um). A one-
in-six series of sections spanning the rostrocaudal extent of the
caudate nucleus was processed for immunohistochemistry using
antibodies against the dopamine-synthesizing enzyme, tyrosine
hydroxylase (TH). Briefly, sections were rinsed in 0.1M PB,
incubated in 0.1M PB containing 1% H,O, (30 min), and were
then rinsed again in 0.1M PB prior to an antigen retrieval step
involving a 20 min incubation in sodium citrate buffer, pH 8.5  Evaluations of 6-OHDA Lesions
at 80°C. After rinses in tris buffered saline (TBS), pH 7.4, the A Zeiss Axioskop outfitted with an Infinity 3 Lumenera
sections were placed in TBS, pH 7.4 containing 10% normal  digital camera was used to collect low-power brightfield light
swine serum (NSS) for 2 h, and then in primary antisera (anti-TH  microscopic images of TH-immunoreacted sections. These
monoclonal antibody; Chemicon International Inc, Temecula,  images were imported into Image] (Open Source, 1.52a) and
CA; MAB318, diluted 1:1000 in TBS containing 1% NSS) for 4  separate, calibrated outlines were drawn around the entire
days (4°C). Following further rinses in TBS, pH 7.4, the sections  caudate nucleus (excluding nucleus accumbens) and around the
were incubated overnight in biotinylated secondary antibody lesioned zones, defined as areas within the caudate where TH-
(Vector Laboratories, Burlingame, CA, USA, diluted 1:100in TBS ~ immunostaining fell to background levels. The areas subtended
containing 1% NSS, 4°C). Next, sections were rinsed in TBS, pH by both sets of outlines were used along with section thickness
7.4 and incubated in avidin-complexed horseradish peroxidase = and numbers of sections per case to calculate total caudate and
(ABC, Vector Laboratories, 5h, room temperature). Finally, the  total lesion volumes on per hemisphere, per subject bases. Lesion
sections were rinsed first in TBS pH 7.4 then in TB, pH 7.6 before ~ symmetries were defined as the ratio of the larger compared to
being reacted using 3-3" diaminobenzidine as chromagenand 1%  the smaller lesion volume, regardless of whether it was in the left
H,0; as catalyst. The immunoreacted sections were then slide  or right hemisphere.

Efficacy of GDX and Hormone Replacement

The extents to which GDX and hormone replacement modulated
circulating hormone levels were assessed by comparing weights
of the androgen-sensitive bulbospongiosis muscles across
male groups.
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Behavioral Analyses

Behavioral scoring was completed by trained observers who
were blind to animal condition using event capture (Behavioral
Observation Research Interactive Software—BORIS, 7.0.4, Open
Source) and tracking software (Tracker 4.62, Open Source). For
all trials, scored behaviors were defined and measured as follows:

Latency to Investigate Objects: time (seconds) between the
start of the trial (removal of the start box) and the first
investigatory contact with an object.

Grooming: time (seconds) spent licking or preening any part
of the body.

Rearing: time (seconds) spent making upward/vertical
motion either with forepaws in contact with an object
(without vibrissae or snout in contact with the object) or
while free-standing.

Ledge Investigation: time (seconds) spent at and actively
investigating the ledge/edge of the arena or looking out into
the surrounding testing room environment.

Ambulation: time (seconds) spent engaged in forward
motion, calculated from changes in position magnitudes
measured in digitized tracks of rats movement across the
arena surface on per frame bases (Tracker 4.62).

Stationary: time (seconds) spent sitting in one location away
from the arena edge, and not engaging in grooming or object
exploration behaviors.

Object Exploration: time (seconds) spent in physical contact
with objects, actively using vibrissae or snout to investigate,
with or without rearing.

Discrimination Indices (DI): calculated during Test Trials
based on time (seconds) spent exploring objects designated as
recent familiar (RF), old familiar (OF), old familiar stationary
(OFS), or old familiar displaced (OFD):

WHAT DI= [average OF — average RF] - [average OF + average RF]
WHERE DI= [OFD — OFS] =+ [OFD + OFS]
WHEN DI=[OFD — average RF| = [OFD + average RF]

Statistics
Statistical comparisons were used to evaluate behavioral
endpoints for (1) sex differences [i.e., contrasts of gonadally
intact sham-operated females (FEM SHAM) and males (MALE
SHAM)], (2) sex differences in sensitivity to 6-OHDA lesions [i.e.,
contrasts of FEM SHAM and MALE SHAM with gonadally intact
6-OHDA lesioned females (FEM 6-OHDA) and males (MALE
6-OHDA)], and (3) sex hormone modulation of sensitivity
to 6-OHDA lesions in males [i.e., contrasts of MALE SHAM
and MALE 6-OHDA with the 6-OHDA lesioned GDX and
hormone replacement cohorts (GDX 6-OHDA, GDX+TP 6-
OHDA, GDX+E 6-OHDA)]. Due to small and uneven sample
sizes, no attempts were made to statistically assess effects of
estrous cycle stage among females.

All statistical analyses were performed using IBM SPSS,
Version 25 (SPSS, Inc., Chicago, IL, USA). Data sets were first

evaluated using descriptive statistics and tests for homogeneity
of variance (Levine’s F-test). From there, one-way analyses
of variance (ANOVA) were used to compare BSM weights,
lesion size, and lesion symmetry across groups. Repeated-
measures ANOVAs were used to compare: all measures of
object exploration, including DIs across groups; all measures
of Non-Object Exploration (Other) behaviors within and across
groups; and to evaluate within-groups differences in Other
Behaviors across trials. For these comparisons, Mauchly’s test
for sphericity of the covariance matrix was applied and degrees
of freedom were corrected as necessary using the Huyhn-Feldt
epsilon. Allowed post-hoc tests used the Fisher’s Protected Least
Significant Difference (PLSD); for comparisons of two groups,
a p < 0.05 level was accepted as significant; for comparisons of
multiple groups, significance was determined using a Bonferroni
corrected alpha (p < 0.0491 for comparisons of the 4 gonadally
intact female and male groups and p < 0.0489 for comparisons
of the 5 male groups). Robustness of object discriminations was
assessed within groups for Test Trials using one-sample ¢-tests to
identify DIs as significantly different from zero. Lastly, regression
analyses were used within groups to evaluate 6-OHDA-induced
lesion size as a function of BSM weight and to evaluate task
performance metrics as functions of 6-OHDA lesions.

RESULTS

Estrous Cycle in Females and
Effectiveness of Hormone Manipulations in

Males

Vaginal lavage samples obtained from female subjects (FEM
SHAM, FEM 6-OHDA) showed that on the day of SHAM or
6-OHDA lesion surgery, 3 females from the FEM SHAM group
were in estrus, 6 were in diestrus, and 2 were in proestrus,
whereas among the FEM 6-OHDA group, 3 females were in
estrus, 5 were in diestrus, and 2 were in proestrus at the time
surgery was performed (Table 1). All subjects were also found
to have resumed and retained a regular 4-day estrous cycle after
surgery. On the day of WWWhen testing, 5 females from the
FEM SHAM group were in estrus, 5 were in diestrus, and 1 was
in proestrus; from the FEM 6-OHDA group, 3 females were in
estrus, 4 were in diestrus, and 3 were in proestrus (Table 1).

The efficacies of GDX and of GDX with hormone
replacements were verified in expected group differences in
the weights of the androgen-sensitive bulbospongiosis muscles
(BSM). Specifically, average BSM weights were larger in the
gonadally intact groups (MALE SHAM, MALE-6-OHDA) and
in the GDX4TP 6-OHDA rats compared to muscle mass in
the GDX 6-OHDA and GDX+E 6-OHDA groups (Table 2).
One-way ANOVAs confirmed that there were significant main
effects of Group for BSM mass [F(441) = 94.634, p < 0.0001].
Follow-up post-hoc comparisons further confirmed that BSM
weights in GDX 6-OHDA and GDX+E 6-OHDA rats were
similar to each other and were significantly lower than BSM mass
in the gonadally intact (MALE SHAM, MALE 6-OHDA) and
GDX+TP 6-OHDA groups (all p < 0.0001).
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TABLE 1 | Above: Table showing the numbers of sham-operated (SHAM) and
6-hydroxydopamine (6-OHDA) lesioned female rats identified by vaginal cytology
as being in estrus (EST), diestrus (D), or proestrus (PRO) on the day that SHAM or
6-OHDA lesions were made (Day of Surgery) and on the day of testing for the
What-Where-When Episodic-like memory task (Day of Testing).

Females EST DI PRO

SHAM

Day of lesion surgery 3 6 2
Day of testing 5 5 1
6-OHDA

Day of lesion surgery

Day of testing

LESION SIZE

6-OHDA lesion size
for females in estrus
(n = 3), diestrus (n =
5), or proestrus (N =
2) on the day of
surgery

50 1

8
e

Below: Scatter plots showing the volumes of 6-OHDA lesions, expressed as percent of
total caudate nucleus volume, for female rats that were identified as being in EST, DI, or
PRO on the day of surgery.

25 1

@)
@)

8

O

% Striatal Volume

TABLE 2 | Group mean weights of the androgen-sensitive bulbospongiosis (BSM)
mass [in grams =+ standard error of the mean (SEM)] for gonadally intact
sham-operated (SHAM) and 6-hydroxydopamine lesioned (6-OHDA) males and
for the males that were gonadectomized (GDX), GDX and supplemented with
testosterone propionate, or GDX supplemented with 17B-estradiol and 6-OHDA
lesioned (GDX 6-OHDA, GDX+TP 6-OHDA, GDX+E 6-OHDA, respectively).

MALES MEAN BSM (g) + SEM
SHAM 1.67 +0.05
6-OHDA 1.64 +0.05

GDX 6-OHDA 0.53 & 0.03* ** **
GDX+TP 6-OHDA 0.96 4 0.08

GDX+E 6-OHDA 0.51 4 0.03* ** ***

One-way analyses of variance identified significant main effects of Group on BSM weight;
the allowed post-hoc comparisons confirmed that BSM weights of the GDX 6-OHDA
and GDX+E 6-OHDA males were similar to each other and were significantly different
(lower) than muscle weights for the gonadally intact MALE SHAM (*), gonadally intact
MALE 6-OHDA (**), and GDX+TP 6-OHDA groups (***) (all p < 0.0001).

6-OHDA and SHAM Lesions

Light microscopic evaluations of TH-immunoreacted coronal
sections showed that SHAM lesions had no discernible effects
on staining intensity or striatal integrity in either male or
female rats (Figure2A). In contrast, injections of 6-OHDA
produced discrete, bilateral zones of markedly diminished TH-
immunostaining in all lesioned groups (Figures 2B-F). These
sites were cylindrically shaped, about 0.5-1 mm in diameter, and
were centered on the middle third of the caudate at roughly
mid-septal levels. These sites also tended to be symmetrical
(Figures 2B-F) and, on average, occupied 17-24% of the left,

right, and total caudate nucleus (neostriatal) volumes in all
groups (Figure 2G). There were, however, a small number of
subjects in each group where left/right hemispheric differences
in lesion volume exceeded 20%. There rats were all carefully
assessed for evidence of circling or turning bias during
WWWhen testing; this identified 2 rats (1 FEM 6-OHDA,
1 GDX 6-OHDA) where strong left-right turning biases and tight
circling were noted, leading both to be removed from the study.
Among the remaining subjects, statistical comparisons (one-
way ANOVAs) confirmed that there were no significant or near
significant main effects of Group on measures of lesion volume
or lesion symmetry for either gonadally intact females vs. males
or among the four male groups. Further, although not statistically
assessed, there were no observed differences in lesion volume for
females that were in estrus, diestrus, or proestrus on the day of
lesion surgery (Table 1). Regression analyses that compared BSM
weights to 6-OHDA-induced striatal lesion sizes in males were
also found to be mainly non-significant (R* = 0.04-0.19); the
only significant relationship identified between BSM weight and
lesion size was in the MALE 6-OHDA group (R* = 0.752, p =
0.011), where the BSM dataset was incomplete.

What-Where-When Performance

Non-object Exploration (Other) Behaviors (S1, S2, TT)
Latency to explore objects and times spent grooming, rearing,
investigating the arena ledge, ambulating, and remaining
stationary were all assessed during both sample trials (S1, S2)
and during the test trial (TT). These data showed that rats in
most groups spent similar amounts of trial times engaged in
these discrete activities, and showed similar systematic increases
or decreases in certain behaviors across trials (Figure 3).
Specifically, rats in all groups initiated exploration of objects
within about 1 second during S1 and by TT were waiting for
closer to 5s to begin interacting with objects (Figure 3, top
panel). Rats in all groups also spent minimal times grooming
(6-20s) and small but gradually increasing amounts of time
rearing from S1 (1-4s, Figure 3A) to TT (4-15s, Figure 3C).
More time was spent investigating the arena ledge, ambulating,
or remaining stationary. However, while rats in most groups
were stationary for roughly 90-120s of all trial times, during
S1 (but not other trials, Figure3C) the FEM SHAM were
stationary for on average <60s (Figure3A). Conversely,
for ambulation, rats in most groups engaged in locomotion
for more than 60s during S1 (Figure3A), but by the TT
only engaged in locomotion for about 45s (Figure 3C). In
contrast, the FEM SHAM group initially spent 90s or more
ambulating during S1 (Figure 3A) before decreasing locomotion
to scores that were similar to the other groups in S2 and
TT (Figures 3B,C). Similarly, for ledge investigation, most
groups spent 60s or less of trial times (S1, S2, TT) at the
arena edge (Figure 3). However, the FEM SHAM group again
engaged in more ledge investigation ~90s, during S1 and S2
(Figures 3A,B). By the TT, however, all groups were spending
roughly 60s in investigating the arenas ledge (Figure 3C).
Within-trials repeated-measures ANOVAs confirmed that
there were significant main effects of Behavior for all trials
and for both sets of group contrasts [gonadally intact females
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FIGURE 2 | Representative low-power, brightfield light microscopic images of coronal sections through septal levels of the caudate nucleus (Cd) that are

immunoreacted for tyrosine-hydroxylase (TH) (A=G). The section from a gonadally intact sham-operated male (A, SHAM) shows dense labeling throughout the
(Continued)
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FIGURE 2 | caudate. Sections from a 6-hydroxydopamine (6-OHDA) lesioned female (B, FEM 6-OHDA), a 6-OHDA lesioned male (C, MALE 6-OHDA) and from
6-OHDA lesioned rats that were gonadectomized (D, GDX 6-OHDA), GDX and supplemented with testosterone propionate (E, GDX+TP 6-OHDA), or GDX and
supplemented with 17B-estradiol (F, GDX+E 6-OHDA) all show discrete bilateral zones of diminished TH-immunostaining (outlined). The experimental timeline
showing when lesions and sham lesion were made is shown above, and bar graphs (G) and bar graphs showing group average sizes and symmetries of 6-OHDA
lesions, expressed as percentages of the left (LEFT), right (RIGHT), and total (TOTAL) caudate nucleus volumes =+ standard error of the mean, are shown below for all
groups below. cc, corpus callosum; NA, nucleus accumbens; SP, septal nucleus; v, lateral ventricle; OT, olfactory tubercle. Scale bar in B = 1 mm.
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FIGURE 3 | Stacked bar graphs showing average amounts of times in seconds, =+ standard error of the mean, that rats spent stationary (black), ambulating (dark
gray), engaged in ledge investigation (gray), object exploration (OBJ. EXPL., light gray), and grooming or rearing (GROOM/REAR) (white) during sample trial S1 (A),
sample trial S2 (B), and the test trial TT (C). The average latency (in seconds) from trial start to exploration of a first object (LATENCY TO OBJ.EXPL.) is also shown in
white above on different time scale. Comparisons from left to right show that with the exceptions of higher levels of S1 ambulation and lower levels of S1 stationary
behavior in gonadally intact sham lesioned females (SHAM, FEM), rats in all other groups [gonadally intact, sham lesioned males (SHAM, MALE), MALE and FEM rats
that were 6-hydroxydopamine-lesioned (6-OHDA), and 6-OHDA male rats that were gonadectomized (GDX), GDX and supplemented with testosterone propionate
(GDX+TP), or GDX and supplemented with 178-estradiol (GDX+E)] apportioned trial times similarly. The post-hoc comparisons performed after the identification of
significant main effects of Group and significant interactions between Behavior and Group for MALE/FEMALE comparisons for S1 showed that these effects were
driven by significantly increased ambulation and decreased stationary behavior in SHAM operated FEM compared to SHAM operated MALES (p = 0.002, 0.012).

vs. males: F(1,47—1.60, 57.32-62.23) = 71.14-103.37, p < 0.0001; [Group: F(3)39) = 3.04, p = 0.04; Behavior x Group: F(4.78, 62.13)
all male groups: F(;39_159, 67.86—77.01) = 73.74-119.38, p < = 2.50, p = 0.042]; allowed post-hoc comparisons confirmed
0.0001]. Significant main effects of Group and significant  that these main effects were driven by significantly higher
interactions between Behavior and Group were also identified  levels of ambulation and significantly lower levels of stationary
for S1 for in the gonadally intact female vs. male contrast  behaviors in the FEM SHAM compared to MALE SHAM group
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during the S1 trial (p 0.002 and 0.007, respectively).
Repeated-measures ANOVAs that separately compared
behaviors across trials and groups identified significant
main effects of Trial for latency to explore objects, rearing,
ambulation, and stationary behavior in the gonadally intact
female vs. male groups contrast [F(; 40—2.00, 54.42—78.00) = 3.57-
71.84, p = 0.000-0.007] and for latency to explore objects,
rearing, ambulation, and ledge investigation among the male
groups [F(1.41_2_00, 69.25—98.00) = 7.06-49.02, p= 0000—0005],
no significant or near significant main effects of Group and
no significant or near significant interactions between Group
and Trial were identified for either groups contrast. Finally,
regression analyses that assessed within groups differences in
discrete Other Behaviors as functions of 6-OHDA lesion sizes
were overwhelmingly non-significant (R?> = 0.00-0.34). Across
all behaviors, trials, and groups, only two significant relationships
were identified. These were positive correlations in the GDX
6-OHDA group between 6-OHDA lesion size and stationary
behavior during S2, and between lesion size and latency to
explore objects during TT (R? = 0.41, p = 0.047, and R?* = 0.45,
p = 0.039, respectively).

Object Exploration: Total Object Exploration

(81,82, TT)

Rats in all groups spent similar total amounts of time exploring
objects within trials and progressively less time exploring
objects from S1 to S2 to TT trials (Figure 3). Specifically, all
cohorts explored objects for, on average, nearly 60s during S1
(Figure 3A), for 30-45s in S2 (Figure 3B), and for 25-35s in
TT (Figure 3C). Separate one-way ANOVAs that compared these
times within trials for the two contrasts (gonadally intact female
vs. male groups and among all male groups) found no significant
or near significant main effects of Group for Total Object
Exploration for any trial. Across-trials comparisons (repeated-
measures ANOVAs) for groups contrasts further identified
significant main effects of Trial [gonadally intact female vs. male
groups: F; 7g) = 21.42, p < 0.0001; all male groups: F(; 90, 92.86)
= 35.19, p < 0.0001] but no significant or near significant main
effects of Group and no significant or near significant interactions
between Trial and Group for either comparison. Regression
analyses that assessed total object exploration as a function of
lesion size in the 6-OHDA groups were predominantly non-
significant (R?> = 0.000-0.25). However, a significant positive
relationship between lesion size and total object exploration was
found for the GDX+E cohort for the TT (R* = 049, p =
0.017). Finally, comparisons were also made in which the data
were stratified by the order in which quadruplicate object sets
were presented (Object Order). These within-groups, across-
trials repeated-measures ANOVAs found no significant or near
significant main effects of Object Order and no significant or near
significant interactions between Object Order and Trial for total
object exploration for any group.

Object Exploration: Individual Object Exploration

(81, S2)

Analyses of rats investigations of individual objects showed
that in both of the sample trials (S1, S2) rats in all groups

divided exploration times more or less evenly and spent
~10-20s exploring each object in S1 (Table3A) and 5-15s
exploring each object in S2 (Table 3B). Within-groups repeated-
measures ANOVAs identified isolated cases where main effects of
Individual Object were significant: for FEM SHAM [F 3 50, 24.98)
= 1245, p < 0.0001] and GDX 6-OHDA [F(3,27) = 5.53, p
= 0.004] in S1; for GDX 6-OHDA in S2 [F(3 57 = 4.50, p =
0.011]. The objects and exploration times that drove these main
effects were identified in follow-up pair-wise comparisons and
are shown in bold in gray-shaded cells in Tables 3A,B.

The durations of individual instances or bouts of object
exploration were also evaluated (Table 3). This measure was
similar and similarly brief for all groups (<2s) in both
sample trials (Table 3). Within-groups comparisons (repeated-
measures ANOVAs) generally found that main effects of
Object Exploration Duration were non-significant. However,
a significant main effect of Object Exploration Duration was
identified for the MALE 6-OHDA group, albeit only for S1
(F@3,30) = 5.50, p = 0.004). Follow-up pair-wise comparisons
identified the object-specific measure of exploration duration
that drove this main effect, which is shown in bold in a gray-
shaded cell in Table 3A. Finally, regression analyses showed that
6-OHDA lesion size was most often not a significant predictor
of either mean exploration times for individual objects (R?
0.000-0.253) or mean durations of individual bouts of object
exploration (R?> = 0.000-0.38) during SI or S2. The single
exception was a significant positive relationship identified for
GDX+TP group between larger lesion size and longer mean
exploration times for individual objects during S2 (R? = 0.42, p
=0.031).

Object Exploration: Discrimination Indices (TT)

During test trials, rats’ observation times were unevenly
distributed among the 2 “old familiar” (OF) and 2 “recent
familiar” (RF) objects present. Discrimination Indices (DI)
calculated from these differences were compared across groups
using repeated-measures ANOVAs. These identified: significant
main effects of Group for comparisons of gonadally intact
female and male groups [F(3 39) = 19.51, p < 0.0001] and for
comparisons of all male groups: [F(4 49y = 9.31, p < 0.0001];
significant main effects of Discrimination among the males
[F(1.22,50.99) = 14.07, p < 0.001]; and a significant interaction
between Discrimination and Group for the gonadally intact
female vs. male comparisons [F(3¢7, 4770y = 3.04, p = 0.003].
The allowed post-hoc comparisons (Bonferroni-corrected pair-
wise comparisons) are presented along with additional analyses
separately below for discriminations of “What” “Where,
and “When.”

What’ discrimination

Average “What” DIs calculated for gonadally intact FEM SHAM
and MALE SHAM rats were 0.40 and 0.33, respectively. Their
preferential investigation of “old familiar” (S1) vs. “recent
familiar” (S2) objects contrasted sharply with the average DIs
calculated for FEM 6-OHDA and MALE-6-OHDA groups,
which were —0.03 and —0.08, respectively (Figure 4A). Post-
hoc comparisons (Bonferroni corrected alpha 0.0491) confirmed
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TABLE 3 | Average times (in seconds) of exploration of individual objects during sample trial S1 (A) and sample trial S2 (B).

Object Key FEM FEM MALE MALE GDX GDX+TP GDX+E
SHAM 6-OHDA SHAM 6-OHDA 6-OHDA 6-OHDA 6-OHDA

(A) SAMPLE TRIAL S1: Total Individual Object Exploration (+SEM)

Duration of Exploration Bout (+=SEM)

Object 7.25+1.35 13.69 + 4.27 8.58 £ 1.51 10.61 +£1.78 14.43 £ 2.46 10.50 £ 2.38 11.60 +2.13
1 0.90 +0.16 1.33+0.30 0.99 +0.15 0.84 4+ 0.07 1.07 £0.08 1.09 £0.12 1.06 +0.14

Object 9.95 +1.67 14.52 + 1.95 11.42 +1.09 13.05 + 1.86 11.13+1.25 14.07 £ 3.37 15.68 + 2.29
2 1.06 +0.12 0.87 +£0.10 1.083+0.19 0.76 4 0.08 0.86 &+ 0.05 0.93 +£0.12 0.91 +0.05

Object 10.05 £+ 2.30 12.93 + 2.65 9.26 £1.76 10.69 + 1.99 7.64 £0.87 10.79 + 0.99
3 1.09 + 0.11 1.01 £ 0.11 1.07 £ 0.11 0.91 + 0.11 1.10 £ 0.11 1.00 + 0.09

Object 15.45 + 3.42 9.76 £1.35 12.08 £ 3.11 1213 +2.04
4 0.99 +0.13 1.14 £ 0.09 0.96 £+ 0.07 0.91 £+ 0.09

(B) SAMPLE TRIAL S2: Total Individual Object Exploration (:=SEM)

Duration of Exploration Bout (=SEM)

Object 8.06 £1.77 11.28 +£2.35 9.53 £ 2.70 7.86 + 1.86 7.25 +1.56 7.90 £1.73 590 +1.44
1 1.06 +0.15 1.05+0.14 0.88 & 0.11 0.95 4+ 0.10 0.89 4+ 0.11 0.93 £+ 0.11 0.93 +£0.13

Object 8.96 + 1.64 12.83 £ 2.17 5.39 +£1.27 553+ 1.45 9.55 + 3.38 8.91 +£2.65
2 117 +£0.18 1.20 +0.20 0.95+0.18 0.74 £+ 0.11 1.25 +£0.15 1.07 £0.19

Object 13.63 £ 2.12 10.68 +2.00 8.48 +1.07 10.61 £ 1.98 9.78 +1.49 9.93 £+ 2.08 7.75+1.63
3 1.08 + 0.08 1.10+0.138 0.98 + 0.09 0.91 +0.22 0.97 +0.08 0.88 £0.12 0.77 £0.13

Object 13.77 £ 2.63 11.44 £ 2.07 7.65+£2.72 11.21 £3.25 12.10 £ 1.91 7.82 +£1.49 11.48 £ 1.56
4 116 £ 0.12 1.10+£0.18 1.27 £ 0.09 1.03 £0.15 1.37 £ 0.23 1.08 £ 0.15 1.05 £ 0.07

Schematics shown on the left show the relative position/identity of the individual object assessed; the values located in the adjacent cells show average total exploration times [in sec,
=+ standard error of the mean (SEM)] (top) and average durations of separate bouts of exploration (+SEM) (bottom) for that object for gonadally intact sham-operated females (FEM
SHAM) and males (MALE SHAM), for gonadally intact 6-hydroxydopamine lesioned (6-OHDA) females (FEM 6-OHDA) and males (MALE 6-OHDA), and for 6-OHDA male rats that were
gonadectomized (GDX), GDX and supplemented with testosterone propionate, or GDX and supplemented with 178-estradiol (GDX 6-OHDA, GDX+TP 6-OHDA, and GDX+E 6-OHDA).
Within-groups comparisons (repeated-measures analyses of variance) of total times spent exploring individual objects identified significant main effects of Object for FEM SHAM and
GDX 6-OHDA groups in S1 and for GDX 6-OHDA rats in S2. Significant main effects of Object for measures of durations of individual bouts of object exploration were also found for the
MALE 6-OHDA group in S1. The individual objects driving these main effects identified in follow-up pair-wise post-hoc comparisons are shown in bold, in gray-shaded cells.

that “What” DIs were similar for the FEM SHAM and MALE
SHAM groups; were similar for FEM 6-OHDA and MALE 6-
OHDA groups; but were significantly lower for MALE 6-OHDA
and FEM 6-OHDA rats vs. MALE SHAM and FEM SHAM
groups (all p < 0.0001). Group differences in the robustness
of discrimination were further supported in one-sample ¢-tests
showing that “What” DIs were significantly >0 for FEM SHAM
[t(l, 10) = 955,p < 00001] and MALE SHAM rats [t(l, 10) = 4.23,

p = 0.002], but were not significantly different from zero for the
FEM-6-OHDA or MALE 6-OHDA groups. Finally, regression
analyses showed that for both sexes, the negative impacts of 6-
OHDA lesions on “What” discrimination were not significantly
predicted by individual differences in lesion size (FEM 6-OHDA:
R? =0.20; MALE 6-OHDA: R? = 0.08, see Figure 4D).

Analyses of data from the male groups showed that “What”
DIs in GDX+TP 6-OHDA rats were low (—0.06) and were
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FIGURE 4 | Bar graphs showing average “What” (A), “Where” (B), and “When” (C) discrimination indices (DIs) calculated from object exploration in Test Trials for
gonadally intact sham-operated (SHAM) and 6-hydroxydopamine lesioned (6-OHDA) female (FEM, white) and male (MALE, black) rats. Dls for all domains were robust
for FEM SHAM and MALE SHAM,; trends for MALE over FEM advantage for “Where,” and FEM over MALE advantage for “When” were also seen. In contrast, Dls for
all domains were impaired in FEM 6-OHDA and MALE 6-OHDA groups. Results from post-hoc comparisons are shown as follows: significant differences in Dis
between the SHAM and 6-OHDA lesioned female and male rats (*); near significant differences in “When” discrimination between the SHAM-lesioned FEM and MALE
groups (p = 0.053, #). Scatter plots of “What” (D), “Where” (E), and “When” (F) Dis expressed as functions of the size (percent of total striatal volume) of 6-OHDA
lesions for individual gonadally intact FEM (white circles) and MALE (black circles) rats show no significant or consistent relationships between the two.

similar to those of the gonadally intact MALE 6-OHDA group.
In contrast, DIs calculated for the GDX 6-OHDA and GDX+E
6-OHDA groups were 0.16 and 0.13, respectively. These values
were lower than those observed for MALE SHAMs but higher
than DIs calculated for the MALE 6-OHDA cohort (Figure 5A).
Post-hoc comparisons (Bonferroni-corrected alpha = 0.0489)
confirmed that “What” DIs in MALE 6-OHDA and GDX+TP
6-OHDA rats were similar to each other and one-sample -tests
showed that for both groups, these values were not significantly
different from zero. Additionally, these analyses showed that
“What” DIs for the GDX 6-OHDA and GDX+E 6-OHDA rats
were similar to each other, but were significantly greater than
DIs in the MALE 6-OHDA and GDX+TP 6-OHDA groups (p
= 0.007-0.025), and significantly or near significantly lower than
the “What” DIs of MALE SHAMs (GDX 6-OHDA: p = 0.05;
GDX+E 6-OHDA: p = 0.02). One-sample t-tests showed that

DIs for each group were significantly different from zero [GDX
6-OHDA: f(19) = 272, p = 0.024; GDX+E 6-OHDA: f(; 1)
= 2477, p = 0.033]. Regression analyses found no significant
relationships between lesion sizes and the degrees of impairment
or relative sparing observed for “What” discrimination for any
of the 6-OHDA-lesioned groups [GDX 6-OHDA: R* = 0.079;
GDX+TP 6-OHDA: R* = 0.163; GDX+E 6-OHDA: R* = 0.002]
(Figure 5D).

“Where” discrimination

Average “Where” DIs calculated for FEM SHAM and MALE
SHAM rats were 0.18 and 0.30, respectively. In contrast, strong
preference for displaced vs. stationary “old familiar” objects was
not seen in the FEM 6-OHDA or MALE 6-OHDA groups; these
two “Where” DIs were —0.10 and 0.04, respectively (Figure 4B).
Post-hoc comparisons (Bonferroni-corrected alpha = 0.0491)
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FIGURE 5 | Bar graphs showing average “What” (A), “Where” (B), and “When” (C) discrimination indices (Dls) calculated from object exploration in Test Trials for
6-hydroxydopamine (6-OHDA) lesioned male rats that were gonadectomized (GDX, white), that were GDX and supplemented with testosterone propionate (black), or
GDX and supplemented with 17p-estradiol 6-OHDA (gray); data from gonadally intact SHAM and 6-OHDA lesioned MALES are shown for reference (dashed outline).
The GDX+TP cohort was profoundly impaired for “What” (A), “Where” (B), and “When”(C) discriminations. In contrast, DI's for the GDX and GDX+E groups were
moderate for “What,” robust for “Where,” and poor for “When.” Results from allowed post-hoc comparisons of DI that included all of the male groups are shown as
follows: significantly different than MALE SHAM (*); near significantly different than MALE SHAM (#); significantly different than MALE 6-OHDA (*); significantly different
than GDX+TP 6-OHDA groups (***).Scatter plots below of “What” (D), “Where” (E), and “When” (F) Dls as functions of the size (percent of total striatal volume) of
6-OHDA lesions for individual GDX (white circles), GDX+TP (black circles), and GDX+-E (gray circles) 6-OHDA rats show no consistent relationships between the two
for “What” or “When” DI. For “Where” DI, a significant positive correlation was found between larger lesions and better “Where” DI for GDX 6-OHDA rats; the R?-value
is shown on the plot (E).

showed that although the “Where” DI in the MALE SHAM group
was noticeably greater than that of the FEMALE SHAM rats, and
in the MALE-6-OHDA group compared to the FEM 6-OHDA
subjects, these difference did not reach statistical significance.
However, post-hoc testing did confirm that differences in DI’s
between the SHAM and 6-OHDA groups were significant for
both sexes (females, p = 0.007; males, p = 0.009). One-sample
t-tests further showed that “Where” DIs were significantly >0
for FEM SHAM [t(;,10) = 2.39, p = 0.038] and MALE SHAM
[t(1,10) = 4.07, p = 0.002] rats but were not significantly different
from zero for the FEM 6-OHDA or MALE 6-OHDA cohorts.
Regression analyses also showed that for both sexes, the degrees

to which “Where” discriminations were negatively impacted were
not significantly predicted by differences in 6-OHDA lesion sizes
(FEM 6-OHDA: R* =0.07; MALE 6-OHDA: R* = 0.00, see
Figure 4E).

Average “Where” DIs calculated for 6-OHDA lesioned
GDX, GDX+TP, and GDX+E rats were 0.16, —0.06, and
0.13, respectively (Figure 5B). These data indicate preferential
investigation of the displaced vs. the stationary “old familiar”
object in GDX 6-OHDA and GDX+E 6-OHDA groups but not
in GDX+TP 6-OHDA rats. Post-hoc comparisons (Bonferroni-
corrected alpha of 0.0489) confirmed that DIs were similar in
MALE 6-OHDA and GDX+4TP 6-OHDA rats; were similar in the
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MALE SHAM, GDX 6-OHDA, and GDX+E 6-OHDA groups;
and were significantly different (lower) in MALE 6-OHDA and
GDX+TP 6-OHDA rats compared to the MALE SHAM, GDX
6-OHDA, and GDX+E 6-OHDA groups (p = 0.013-0.032).
Group differences in the robustness of “Where” DIs were also
reflected in one-sample ¢-tests showing that, like MALE SHAMS,
the DIs of GDX 6-OHDA, and GDX+E 6-OHDA rats were
significantly >0 [GDX 6-OHDA: t(; 9) = 2.50, p = 0.034; GDX+E
6-OHDA: t(110) = 3.79, p = 0.004] but that, like MALE 6-
OHDA rats, DIs from the GDX+TP 6-OHDA groups were
not significantly different from zero. Lastly, regression analyses
(Figure 5E) found little evidence for significant relationships
between 6-OHDA lesion size and degrees to which “Where”
DI was impaired (GDX+TP 6-OHDA: R* = 0.00) or spared
(GDX+E 6-OHDA: R? = 0.09). The only significant relationship
found was a positive correlation between larger lesion size
and greater/better "Where’ discrimination in the GDX 6-OHDA
group (R? = 0.467, p = 0.029).

“When” discrimination
Average ‘When’ DIs calculated for FEM SHAM and MALE
SHAM rats (0.29 and 0.14, respectively) indicated preferential
investigation of the stationary “old familiar” object vs. the average
investigation of the two “recent familiar” objects in both sexes
that was consistently stronger in the FEM SHAM group. In
contrast, average “When” DIs for FEM 6-OHDA and MALE 6-
OHDA rats were similar to each other and much lower than those
of sham-operated rats (0.01 and —0.10, respectively) (Figure 4C).
Post-hoc comparisons (Bonferroni-corrected alpha of 0.0491) of
“When” DIs identified the DIs of the FEM SHAM group as nearly
significantly different (greater) than those of MALE SHAM rats
(p = 0.053); the DIs of the FEM 6-OHDA and MALE 6-OHDA
groups as similar to each other; and the DIs for the FEM SHAM
vs. FEM 6-OHDA groups and for the MALE SHAM vs. MALE
6-OHDA groups as significantly different (p = 0.001, p = 0.003,
respectively). One-sample ¢-tests also showed that “When” DIs:
were significantly or near significantly >0 for FEM SHAM [¢(; ;o)
= 5.49, p < 0.0001] and MALE SHAM [t 10) = 2.09, p = 0.064]
groups; were not significantly different from zero for the FEM 6-
OHDA group; and were significantly lower than zero for MALE
6-OHDA rats [£(1, 19y = 2.33, p = 0.042]. Regression analyses also
showed that 6-OHDA lesion size did not significantly predict the
magnitude of “When” discrimination deficits in either sex (FEM
6-OHDA: R? = 0.04; MALE 6-OHDA: R? = 0.11, see Figure 4F).
Average “When” DIs calculated for GDX 6-OHDA, GDX4TP
6-OHDA, and GDX+E 6-OHDA rats (—0.12, —0.07, and
—0.05, respectively) indicated poor discrimination in all three
groups (Figure 5C). Allowed post-hoc comparisons (Bonferroni-
corrected alpha = 0.0489) showed that “When” DIs in these
groups were similar to each other, were similar to DIs in
the MALE 6-OHDA group, but were significantly or nearly
significantly different from DIs in the MALE SHAM group (GDX
6-OHDA: p = 0.016; GDX+4TP 6-OHDA: p = 0.042; GDX+E
6-OHDA, p = 0.064). One-sample t-tests further showed that
“When” DIs for GDX 6-OHDA, GDX+TP 6-OHDA, and
GDX+E 6-OHDA groups were not significantly different from
zero. Finally, regression analyses confirmed that “When” DI

values were not significantly predicted by the size of 6-OHDA-
induced striatal lesions in any of these groups (GDX 6-OHDA:
R* =0.21; GDX+TP 6-OHDA: R* = 0.10; GDX+E 6-OHDA: R
= 0.06, see Figure 5F).

DISCUSSION

Memory impairments, including those involving episodic
memory, present in roughly 20% of PD patients at or before
the onset of motor deficits (30) and afflict more than 50% of
patients over the course of illness (20, 26). Episodic memory
impairments in particular can also predict a more rapid and
more severe decline in motor and memory function (34, 35) and
signal a greater probability of developing PD-related dementia
(26, 36, 37). These clinical characteristics combine with the
overall resistance of cognitive and mnemonic disturbances in
PD to available therapeutics (19, 20, 22) to bring urgency to
resolving questions about the neural underpinnings of episodic
memory dysfunction in PD. While imaging studies have begun
to identify structural brain changes that correlate with and in
some cases predict the onset of episodic memory deficits in
PD (42-44), less is known about the physiological factors that
render episodic memory vulnerable in this disease. These factors
could serve as biomarkers that prompt early, possibly preventive
intervention and facilitate planning for long-term clinical care.
These factors could also represent novel therapeutic targets that
address unmet clinical needs for more effective treatment of the
cognitive and mnemonic deficits in PD (19, 20, 22). This study
was stimulated by findings suggesting that biological sex and/or
sex hormones are among the factors that influence episodic
memory function in PD (60-62) and used a preclinical PD model
to investigate this further. Specifically, partial, bilateral neostriatal
6-OHDA dopamine lesions in female and male rats were paired
with classical methods of hormone monitoring and manipulation
and with behavioral testing using the WWWhen Episodic-
Like Memory task. These studies confirmed and extended
recent evidence for rats as suitable models for human sex
differences in episodic memory (64). Thus, in keeping with sex
differences described in human episodic memory for temporal
and spatial information (71-79), non-significant trends were
seen indicating that FEM SHAM rats outperformed MALE
SHAM rats in “When” discrimination and gonadally intact that
MALE SHAM rats tended to outperform FEM SHAM rats in
“Where” discrimination. Further, these studies identified striking,
negative impacts of 6-OHDA dopamine lesions on ELM function
for all domains in gonadally intact rats of both sex. Finally,
the data showed that ELM deficits in 6-OHDA lesioned male
rats were strongly influenced by circulating hormone levels in
domain specific ways. Specifically, similar to the gonadally intact
males, 6-OHDA lesions in GDX+TP rats significantly impaired
discriminations of “What,” “Where,” and “When.” However,
in the 6-OHDA-lesioned GDX and GDX+E groups, “When”
discrimination was fully impaired, “What” discrimination was
partially disrupted, and “Where” discrimination remained fully
intact. As discussed below, these patterns of memory impairment
and sparing map to ELM domains recently identified as
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differentially sensitive to circulating estrogens and/or androgens
(64) and offer a second, powerful example where the normally
harmful effects of androgen depletion prove beneficial for
memory function in 6-OHDA lesioned rats (66). First, however,
the strategies used to minimize potential confounds from non-
mnemonic influences on the ELM data are considered.

Experimental Design and Data Analyses

Minimize Non-mnemonic Confounds

Key variables examined in this study included biological sex and
monitored and manipulated sex hormone levels. These variables
require that study design and data interpretation be informed by
known sex differences in key behaviors, and by the broad range
of metabolic and motivational states that gonadal hormones
modulate in sex-specific ways. These include prominent sex
differences in and sex hormone impacts on, sensitivity to positive
and negative reinforcement (80-88). Thus, while there are
several options for laboratory testing of ELM in rodents (89—
93), the WWWHhen task was selected for its leveraging of rats’
innate preference for novelty and spontaneous investigations
of novel objects encountered in the environment (63, 92).
In fact, this task shares many of the same benefits recently
espoused for single trial object recognition tasks in investigating
neuroendocrine influences on learning and memory (94). In
addition to mitigating potential confounds associated with
reward contingencies, the WWWhen task is also minimally
stressful and thus reduces the potential for bias arising from sex-
specific impacts of stress on cognition and affect in rats (95—
97). Studies in rat showing that stress sex-specifically impacts
dopamine physiology in brain regions including the neostriatum
(98), and studies in humans showing negative impacts of stress
on episodic memory performance (99-103) further reinforce the
importance of adopting testing procedures in animal subjects that
minimize this variable.

This study also included variables of partial, bilateral
neostriatal 6-OHDA lesions. This brings additional possibility for
sex- and sex hormone-specific caveats. For example, studies in
rats and mice have shown that the extent of and/or susceptibility
to the effects of toxin-induced dopamine lesions is greater
in males than in females (104-107); is greater for females
in diestrus compared to proestrus (108-110); is greater in
gonadally intact compared to GDX males (104, 111); and is
greater in GDX males supplemented with the non-aromatizable
androgen, dihydrotestosterone, compared to GDX males treated
with estradiol (104, 105, 112). Moreover, these differences have
been shown to be especially to exclusively robust for moderately
sized, partial 6-OHDA lesions (6, 104). For these reasons,
rigorous quantitative evaluations were made in this study of
6-OHDA lesion volume and lesion symmetry in all subjects
and groups. As in a previous study using a similar lesioning
protocol (66), there was some inter-subject variance in lesion
measures. However, these tended to be small. Further, there
were no obvious correlations between lesion size and estrous
cycle stage at the time of surgery among the female subjects;
there were no significant or near significant correlations between
lesion size and hormone status at the time of surgery in males;

there were no significant or near significant group differences
in 6-OHDA lesion size or symmetry; and other than a small
number of isolated cases involving non-mnemonic behaviors, the
only significant correlation found between lesion size and ELM
was a single positive association between larger lesion size and
improved “Where” discrimination in GDX 6-OHDA rats. This
adds to arguments for the behavioral sparing in this group as
being highly unlikely to be due to smaller lesion sizes.

Finally, this study used lesion strategies developed
intentionally to model early stages of PD and to yield motor
deficits that are minimal or absent (65, 113-117). Nonetheless,
multiple behaviors were evaluated during both the Sample and
Test trials in addition to object exploration/discrimination, to
confirm that 6-OHDA lesioned rats had the same abilities to
ambulate, navigate, and explore as SHAM lesioned controls.
Importantly, there were no group differences among the 6-
OHDA or SHAM groups in ambulation, rearing, grooming,
arena ledge investigation, object exploration, or stationary
behavior for any trial. Rather, the 6-OHDA and SHAM groups
apportioned and modified their engagement in all major
activities—including object exploration (below), similarly both
within and across trials.

ELM in a Preclinical Model of PD:

Validation of Sham-Lesioned Controls

Partial unilateral or partial bilateral nigrostriatal dopamine
lesions in rats and mice have been shown to elicit measurable
changes in active avoidance, working memory, reference
memory, object recognition, and/or other cognitive domains
that model those that are at risk in early and pre-motor stages
of PD (66, 115, 118-123). To our knowledge, however, the
present study is the first to ask whether episodic memory
deficits, which are also at risk in PD (21, 32, 33), are induced
in a preclinical dopamine lesion PD model (partial bilateral
neostriatal 6-OHDA lesions). As a critical control, we included
cohorts of gonadally intact male and female rats that were
sham lesioned, i.e., bilaterally injected with acidified vehicle.
Evaluations of the injected neostriatal regions revealed no
evidence of local tissue disruption or obvious change (increases
or decreases) in the intensity of TH-immunostaining compared
to adjacent, un-injected neostriatal zones. Nonetheless, both
SHAM groups were systematically probed for possible effects on
an array of task-related motor, exploratory, and other behaviors.
These analyses revealed sex differences that were consistent with
the increased activity/ambulation that has been reported for
female compared to male rats in Novel Open Field testing (124,
125). Specifically, the FEM SHAM rats engaged in significantly
more active behavior (ambulation, ledge investigation) and
displayed significantly less inactivity (stationary behavior) than
the MALE SHAM rats. Comparisons with published data from
this lab, where WWWhen testing was carried out in un-
operated, gonadally intact male and female rats (64), also showed
similarities in both the proportions of trial times that SHAM
vs. un-operated rats allotted to major task-related behaviors, and
in calculated discrimination indices. Thus, for the latter DIs in
SHAM and un-operated control male and female rats alike were
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some 1.2-2.4 times greater for “What” discrimination compared
to discriminations of “Where” and “When” (64).

Sex differences in DIs observed for the MALE SHAM and
FEM SHAM rats in this study were non-significant. However,
trends in the data were observed that were similar to those
identified in the two prior studies of ELM in rats that included
biological sex as a covariate. For example, in keeping with
findings for human males as outperforming females in tests
of episodic memory requiring visuospatial recall (75, 76, 79),
all rat studies including the present showed better “Where”
discrimination in gonadally intact male compared to gonadally
intact female subjects (64, 126). The present study also revealed
a trend for better discrimination of “When” in FEM SHAM
compared to MALE SHAM rats. This potentially aligns with
findings showing that women perform better than men in
temporal ordering tasks and in estimating temporal features
of remembered events (71-74, 77, 78). However, despite the
robust evidence that supports superior performance of women in
tests of episodic memory requiring recall of pictures and objects
(79, 127), no rodent studies to date- including the present, have
identified corresponding significant or non-significant trends for
female over male differences in rats’ discriminations of “What.”
While the presence or absence of sex differences could be related
to the different cells and circuits that process what, where and
when ELM domains [see (128)], they may also be explained
by the likelihood that discriminations based on multiple object
features (“What”) are more easily made than those based on more
constrained dimensions of “Where” or “When” (94, 129, 130).
Accordingly, it may be necessary to increase the mnemonic
demands of the WWWhen task (e.g., lengthen inter-trial intervals
or reduce the number of distinguishing dimensions for sample
objects) in order to reveal the full extent to which human
patterns of domain-specific sex differences in episodic memory
are recapitulated in rats.

ELM in a Preclinical Model of PD: Sex

Differences

Sex differences characterize the incidence and prevalence of
PD (10-13) and differentiate many of its motor, autonomic
and affective disturbances (6, 12, 131-133). Although less
intensively studied, consensus findings also link male gender to
increased risk for developing PD-related cognitive dysfunction
and dementia (5, 6, 58-60, 134). Episodic memory deficits have
also been shown to be more common, and to worsen more
rapidly in males (60) and to respond better to multimodal
exercise interventions in females (61, 62). Thus, similar to
what has been more firmly established for aging, Alzheimer’s
disease, and schizophrenia (50-55, 57), there are reasons to
suspect that biological sex and sex hormones also influence
episodic memory dysfunction in PD in potentially therapeutic
ways. One objective of this study was to determine the utility
of a preclinical, 6-OHDA lesion rat model of PD to more
rigorously evaluate these influences. Using the WWWhen task
and well-validated sham-lesioned controls (above), we showed
that partial, bilateral neostriatal 6-OHDA lesions indeed induced
significant, highly robust ELM deficits in both male and female
rats. Specifically, rats of both sexes were profoundly impaired in
discriminating among the Test trial objects based on domains of

“What,” “Where,” and “When.” However, mindful of data from
this lab and others showing that 6-OHDA lesions can induce
potentially confounding perseveration, difficulty in disengaging
from stimuli, and delays in initiating behavior (66, 135) we
also evaluated 6-OHDA and SHAM rats for latency to initiate
object exploration, total object exploration times, total amounts
of time spent exploring individual objects, and mean durations
of single bouts of object exploration across groups. Due perhaps
to the small arena size and the proximity of objects to the
central start position, there were no indications that 6-OHDA
lesioned rats (of any group) hesitated at the starts of Sample
or Test trials. Further, and possibly related to the relatively
short distances that separated sample objects, there was no
evidence that any of the 6-OHDA lesioned groups engaged in
prolonged or perseverative explorations of individual objects.
These findings reinforce conclusions that differential object
investigations observed during Test trials aptly reflected rats’
ELM and further identify the WWWhen task and the testing
apparatus used as suitable for evaluating episodic memory
dysfunction in 6-OHDA lesioned rats. However, in contrast
to the need for increased mnemonic demands to resolve
sex differences in ELM in gonadally intact animals, any sex
differences that may have been present among the MALE 6-
OHDA and FEM 6-OHDA rats were obscured by the extremely
low levels of discrimination seen in both groups. Thus, shorter
inter-trial intervals may be needed to avoid basement effects
and determine whether a more severe PD-related memory
phenotype in males that is predicted in the human literature
(5, 6, 59, 60) is borne out in MALE 6-OHDA compared to
FEM 6-OHDA rats. It may also be useful to evaluate ELM
in 6-OHDA lesioned male and female rats sooner and/or at
several intervals after the induction of chemical lesions. Although
inarguably abrupt compared to the progression of dopamine
loss in PD, the strategy used here of injecting 6-OHDA among
the axon terminal fields of nigrostriatal DA neurons has been
shown to produce a more protracted time course of dopamine
depletion compared to 6-OHDA injections targeting the medial
forebrain bundle or substantia nigra (113). Thus, while not
without caveats, this model might be useful for exploring and
better understanding the sex differences in onset and/or rates
of memory decline that are seen in PD (5, 6, 59, 60). Genetic
rodent models of PD such as PINK1 knockout rats, which have
been shown to undergo progressive nigrostriatal dopamine loss
(136, 137), may also be well- and perhaps better-suited for
this purpose.

ELM in a Preclinical Model of PD: Hormone

Impacts in Males

We recently demonstrated the utility of pairing 6-OHDA
lesions with classical hormone manipulations in male rats
as important, previously untested means of modeling and
exploring hormone impacts on cognitive dysfunction in PD.
Specifically, we used Barnes maze testing to evaluate and
compare spatial working memory, learning strategy, and other
higher order functions in 6-OHDA-lesioned male rats that
were either gonadally intact, gonadectomized (GDX), or GDX
and supplemented with testosterone or estradiol (66). These
analyses were informed by earlier work showing that the
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principal measures of Barnes maze performance assessed are
impaired by GDX and are attenuated in GDX rats supplemented
with testosterone but not estradiol i.e., are androgen-sensitive
(138). What was found was that these androgen-sensitive
elements of behavior (spatial working memory, other frontal lobe
operations) were profoundly impaired by 6-OHDA lesions—
but only in animal groups where circulating androgen levels
were physiologic, i.e., only in male 6-OHDA lesioned gonadally
intact and GDX+TP rats. These findings seem consistent
with recent studies showing that the motor consequences of
similar experimental dopamine lesions are also dependent on
and/or exacerbated by circulating androgens in males (139,
140). However, we also found that in 6-OHDA lesioned
GDX and GDX+E rats, Barnes maze performance rivaled
that of un-lesioned, hormonally intact controls (66). Thus, in
these two groups, neither the profound Barnes maze deficits
that are normally induced by androgen depletion (138) nor
those that are produced in control and GDX+TP by 6-
OHDA lesions were present (66). As discussed below, data
from the present study suggest that similarly intriguing and
perhaps therapeutically relevant relationships also exist between
experimental dopamine lesions, circulating androgens, and
processes of ELM.

Recent studies from this lab carried out in un-lesioned
rats showed that GDX in male rats profoundly impairs
ELM for “What”, “Where”, and “When” discriminations (64).
However, these studies also showed that GDX-induced deficits
were rescued by estrogen and/or testosterone replacement in
highly selective, domain specific ways (64). Specifically, GDX-
induced deficits in “What” discrimination were fully attenuated
by TP and were partially rescued by E, thus indicating a
requirement for both estrogen and androgen signaling. In
contrast, GDX-induced deficits in “Where” discrimination were
fully attenuated by TP and were unaffected by E, thus indicating
androgen-sensitivity and estrogen-insensitivity. Finally, GDX-
induced deficits in “When” discrimination were fully and equally
attenuated by both TP and E, indicating their estrogen-sensitivity
and androgen-insensitivity (64). The present assessment of 6-
OHDA lesion impacts on these same ELM domains, in these
same groups (gonadally intact, GDX, GDX+E, GDX+TP),
revealed profound lesion-induced deficits for “What,” “Where,”
and “When” discrimination, albeit only in the MALE 6-OHDA
and GDX+TP 6-OHDA groups. In contrast, in the GDX 6-
OHDA and GDX+E 6-OHDA rats, there was selective sparing of
6-OHDA-induced deficits that was highly specific for androgen-
sensitive discrimination domains. Thus, in both GDX 6-OHDA
and GDX+E 6-OHDA rats, discrimination of “Where” was
fully spared, discrimination of “What” was partially spared,
and discrimination of “When” was fully vulnerable to 6-OHDA
lesion-induced deficits. It is important to repeat that neither
impairments nor sparing of ELM discriminations were related
to differences in 6-OHDA lesion sizes. Rather, as previously
seen for Barnes maze testing (66), the data were dependent on
circulating androgen levels. Specifically, physiological levels of
androgen, which normally support these and other cognitive
functions (64, 81, 141-145), render these processes vulnerable
to dysfunction induced by nigrostriatal dopamine depletion.

The data also support the corollary that androgen depletion,
which is normally harmful to cognition and memory (64,
138, 146, 147), protects these domains from dysregulation and
dysfunction induced by experimental 6-OHDA lesions. Because
the WWWhen task concurrently measures discriminations that
are explicitly estrogen-sensitive (“When”), uniquely androgen-
sensitive (“Where”), and requiring of both (“What”) (64),
especially strong arguments can be made for androgens, and not
estrogens, as conferring behavioral vulnerability and protection,
and for the targeted behaviors as being androgen, and not
estrogen-sensitive. One explanation for how this occurs could lie
in off-setting impacts on prefrontal dopamine levels. Specifically,
nigrostriatal 6-OHDA lesions have been shown to diminish
dopamine levels in prefrontal and cingulate cortices (148,
149) whereas GDX has been shown to selectively increase
dopamine levels in these cortical regions in an androgen-
dependent, estrogen-insensitive manner (67, 150, 151). Thus,
given the well-established inverted U-shaped function that
defines the relationship between dopamine levels and prefrontal
cortical functions (152), it is possible that the combination
of neostriatal 6-OHDA lesions and GDX or GDX+E yield
prefrontal dopamine levels that are more functionally optimal
compared to rats that are 6-OHDA-lesioned (hypodopaminergic)
or hormonally manipulated (hyperdopaminergic) alone. In
MALE 6-OHDA and GDX+TP 6-OHDA rats, there are no
hormone-related, dopamine-facilitating influences present to
balance the prefrontal hypodopaminergia induced by 6-OHDA
lesions, thus, predictably, leading to cognitive impairment
(152-155). However, while prior studies linked androgen
regulation/dysregulation to frontal lobe functions (66) the
present studies extend this relationship to processes of ELM.
This opens the possibility for androgen-mediated actions
and mechanisms also targeting additional brain regions and
neurotransmitters systems that along with the frontal lobe are
critical for mediating this form of memory. These additional
targets could include medial temporal lobe structures such as
the entorhinal cortices, the hippocampal formation, and the
septo-hippocampal cholinergic systems. All have been inexorably
linked to episodic and other types of memory functions in healthy
humans (156, 157), are strongly linked to the disturbances in
episodic and other memory processes in PD (44, 158, 159)
and are highly sensitive to androgens in rats (160-162). Data
from rodent studies further underscore the need to evaluate
and compare androgen impacts on lateral and medial entorhinal
cortices and on CAl and CA3 hippocampal subfields. Like
gonadal hormones, these loci have been shown to play striking,
domain-specific roles in what, where, and where elements
of episodic memory [e.g., (128, 163-169)]. Finally, there are
intriguing data showing pivotal roles for hippocampal area CA3
(89) and for functional interactions between medial prefrontal
cortex and the CAl and CA3 subfields (170-172) in the
integration of “What,” “Where,” and/or “When” information
into cohesive episodic memories. Identifying the hormone
sensitivities of these important sites, circuits, and mnemonic
processes, however, will require studies that not only combine
hormone manipulations with site specific and disconnection
lesion strategies but that also use an alternate version of the
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WWWhen task that incorporates recent and old familiar objects
that are displaced into the test trial (173). Unlike the version
of the WWWhen task used here, the test trial configuration
of this task allows for explicit measurement of interactions
between memory for object location and temporal ordering
(128). While data from this lab have shown that hormone
modulation of memory functions tapped in the version of the
WWWhen task used here (64) differs from hormone sensitivities
identified for memory processes engaged in preference tasks
based on object features (174) or location (175) alone, testing
on the alternative WWWhen task will be important in more
definitively tying hormone impacts to the integrative aspects
of ELM.

CONCLUSIONS AND FUTURE
DIRECTIONS

Both the motor signs and the non-motor symptoms of
PD are distinguished by prominent sex differences (5, 7-
9, 12, 58, 59). This study asked how gonadal hormones
influence the cognitive impairments of PD in hopes of
discovering new ways to more effectively combat these
largely treatment-resistant aspects of the disease. Focusing
specifically on processes of episodic memory, we found
that this memory form is highly susceptible to impairment
caused by a 6-OHDA dopamine lesion model of PD in
male and female rats. However, in male rats, we also found
that 6-OHDA-induced impairments in discrimination domains
previously identified as androgen-sensitive (64) could be
strongly attenuated by reducing circulating androgen levels.
Understanding the basis for these potentially therapeutic actions
may be especially pressing to resolve, given the prevalence
of low testosterone levels in PD patients (176) and current
practices of using hormone replacement therapies to elevate
them (177). With the present identification of 6-OHDA
lesions and WWWhen ELM testing in rats as a validated
experimental framework, suitable means are now at hand
for deeply investigating these actions and uncovering their
neurobiological bases.
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Most studies of menopause and brain aging have focused on the role of the sex
steroid hormone, estradiol, as a key mechanisms contributing to cognitive and brain
aging in women. An emerging literature demonstrates that beyond endogenous
estradiol levels, menopausal symptoms, particularly vasomotor symptoms (VMS), are
also key determinants of menopause-related changes in cognition and brain function.
Critically, that literature shows the importance of using objective techniques to identify
associations of VMS with memory performance, brain structure, and brain function.
While self-report measures are important patient-centered outcomes in women'’s health
research, objective measures of VMS typically relate more strongly to indices of cognitive
and brain health. Currently, it is premature to make a causal claim about VMS and
memory dysfunction, but initial findings raise the possibility that women with VMS
might experience an improvement in cognition with VMS treatment. More generally,
these findings underscore the utility of investigating female-specific risk factors for
cognitive decline.

Keywords: menopause, cognition, vasomotor, brain, neuroimaging, cardiovascular

INTRODUCTION

The burgeoning field of research in menopause and brain health has its roots in the discovery,
now more than 30 years ago, by Catherine Woolley in the laboratory of Bruce McEwen that the
structure and function of the hippocampus is influenced by changes in physiological levels of the sex
steroid hormone, estradiol (1, 2). This foundational discovery propelled the growth of basic science
research on the role of sex steroid hormones in brain function and brain structure, establishing
a protective role in both rodent and non-human models. While there is a clear role for research
on the role of sex steroid hormones in brain aging, comparatively little work has been conducted
on the role of menopausal symptoms in brain aging. The hallmark symptom of the menopause
is vasomotor symptoms (VMS), hot flashes and night sweats. These symptoms persist for many
women well beyond the final menstrual period, into periods of risk for dementia, when levels
of estradiol have plateaued (3). The continuity of VMS beyond the menopausal transition raises
important questions about their potential role in cognition and brain health. This focus is important
not only mechanistically but also clinically. If VMS contribute to cognitive dysfunction in women,
any effective treatment for VMS regardless of whether the treatment is hormonal, non-hormonal,
or lifestyle, could potentially confer cognitive benefit.
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Menopause Symptoms and Brain Health

In this review, we present an overview of VMS in relation to
cognition and brain function at midlife and beyond. We consider
the methodologies used to measure VMS and the importance of
using objective VMS measures in research studies. We draw on
observational studies and clinical trials to show initial evidence
of a relationship between VMS and memory dysfunction—
the cognitive domain that appears most sensitive to female
reproductive factors (4). We consider the mechanisms by which
VMS can influence memory, drawing on our neuroimaging
studies and on studies showing linkages to other risk factors
for cognitive aging, particularly cardiovascular disease, and sleep
dysfunction. We conclude that emerging evidence suggests a role
for VMS in cognitive aging in women.

VMS EPIDEMIOLOGY

VMS are the classic symptom of the menopause transition. VMS
are experienced by most midlife women at some point during
the menopause transition (5). For a third of women, VMS are
frequent or severe. Whereas, VMS have long been assumed
to be an incidental midlife symptom, more recent research
has brought a wealth new knowledge about this prevalent
midlife experience that has challenged long-held assumptions,
elucidating their epidemiology and implications for women’s
health and functioning.

Whereas, VMS were once thought to be time-delimited events
isolated to a few years around the onset on the postmenopause,
recent data indicate that VMS persist for an average of 7-10
years for moderate-severe or frequent VMS, and much longer
for milder symptoms (3, 6). Major cohort studies from the
United States (US) and around the globe have further indicated
that not all women follow the same trajectories of VMS over
the transition (7, 8). For example, in the United States, 18% of
women have VMS primarily when they are still cycling early in
the transition, 29% of women have VMS have VMS primarily
postmenopausally once their cycles have stopped, 27% of women
have few or no VMS, and 25% of women have VMS that persist
from early in the transition through the later postmenopausal
years (7).

A growing body of research also underscores the pronounced
racial/ethnic differences in VMS. In the United States, African
American women have the most frequent, persistent, and
bothersome VMS of any racial/ethnic groups, with over 80%
of African American women reporting VMS at some point
during the transition (9, 10). Approximately 50-70% of non-
Hispanic White, Asian (Japanese, Chinese), and Hispanic report
VMS during the menopause, with slightly (non-significantly)
lower rates among Asian women. Similarly, in an Australian
sample, Asian women have lower rates of VMS than other
groups, and in an international consortium of menopause
studies, Japanese women were less likely to report severe VMS
than were Caucasian women (11, 12). Further, independent
of race/ethnicity, less educated women and women in lower
socioeconomic positions have more VMS than their more
educated and affluent counterparts in both the United States (5)
and in the United Kingdom (8).

VMS can have a profound impact on women’s lives. They are
a consistent predictor of depressed mood, sleep problems, and
poorer quality of life during the menopause transition across
social, emotional, and physical domains of functioning (13-15).
In addition to these important implications for quality of life and
functioning, recent data have also linked VMS to key indices of
physical and neurocognitive health.

VMS PHYSIOLOGY

Insights into the physiology of VMS has expanded greatly
in recent years with the accumulation of clinical and basic
science studies elucidating the critical role of hypothalamic
KNDy (kisspeptin, neurokinin B and dynorphin) neurons (16).
These neurons are located in the arcuate nucleus (infundibular
nucleus in humans) of the hypothalamus, and play a critical
role in the hypothalamic-pituitary-gonadal (HPG) axis. They
are hypothesized to function as the gonadotropin releasing
hormone (GnRH) pulse generator. In that role, KNDy neurons
are thought to control the release of follicle stimulating hormone
(FSH) and luteinizing hormone (LH), which stimulate ovarian
production of estradiol. In turn, estradiol acts on KNDy neurons
through negative feedback. As levels of estrogen decrease at
menopause, KNDy neurons undergo hypertrophy (enlargement)
and are reversed with estrogen supplementation (17). With
respect to thermoregulatory function, KNDy neurons project
to the median preoptic nucleus (MnPO) of the hypothalamus.
There they bind to neurokinin 3 receptors (NK3R) which
in turn project to heat dissipation effectors. The ligand for
NK3R receptors is the endogenous neuropeptide, neurokinin
B (NKB). As levels of estrogen decline, levels of NKB rise and
activate NK3R receptors in the MnPO. This overactivation
results in rapid heat dissipation response that women
experience symptomatically as VMS. Targeting this mechanism,
pharmacologic antagonists of NK3R are a new line of therapeutics
to treat VMS in women, and lower VMS frequency and
intensity more rapidly than conventional menopausal hormone
therapy (HT) (18).

It has been known for quite some time that while declines in
estradiol in the menopausal transition set the general stage for
VMS and are therefore a necessary factor, changes in estradiol
are not a sufficient proximal cause of individual VMS events
(19). All women transition through the menopause but not all
women have VMS. From a mechanistic perspective, the view
that excessive NK3 signaling by NKB in the MnPO causes VMS
accounts for the necessary role of estrogen withdrawal and for
findings of a temporal, but not causal relationship of VMS and
pulses of LH (16). However, other physiologic systems have
been linked to VMS including the autonomic nervous system
(particularly vagal withdrawal) (20, 21), the thermoregulatory
system (22), and the hypothalamic pituitary adrenal axis (more
fully elucidated below). Thus, significant advances have been
made, yet further research is required to fully understand the
underlying physiology of VMS, which is turn can advance the
science on VMS and brain health.
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VMS MEASUREMENT: WHAT OBJECTIVE
TECHNIQUES TELL US THAT
SELF-REPORT DOES NOT

VMS are measured in several ways. Self-report approaches
include questionnaires that ask women to recall their VMS from
weeks, months, or years prior. In other work, diaries to report
VMS are employed, and are completed at the end of the day,
upon waking, or at the time of the VMS (23). However, these self-
report measures have important limitations. It is well-established
that the self-report of physical symptoms is subject to memory,
mood, and other reporting processes (24-27). Important, VMS
can also be assessed physiologically. The most well-established
physiologic measure of VMS is sternal skin conductance (28).
Early work supported the validity of this approach, which
has been used in multiple subsequent observational studies
and even clinical trials (29, 30). These physiologic measures
are particularly important to understanding the etiology of
the VMS and their relationships to key health indices apart
from the influence of psychological, memory, and other
reporting factors.

Psychological, sleep quality, and other non-VMS factors have
a well-established impact on reporting of VMS. Typically, 62—
72% of reported VMS are associated with an objective VMS,
and 47-70% of objective VMS accompanied by a subjective
report (31), with estimates varying by factors including whether
the VMS occurred during sleep or wake, mood at the time
of reporting, and the quality of the prior night’s sleep. For
example, more negative mood was associated with increased
reporting of VMS not detected physiologically (31). Women
with more negative mood also appraise their VMS to be
more bothersome, apart from the occurrence of the VMS
(32). Notably, physiologic VMS do not show placebo responses
(in contrast to the 30% placebo response with diary-reported
VMS (28, 30). Such evidence validates the physiologic VMS
measures, as a “true” VMS measure that would not be expected
to change with a placebo intervention. Further, physiologic
VMS are particularly important when assessing nocturnal VMS.
Accurately reporting VMS during sleep can be challenging
and influenced by the quality of the sleep itself. For example,
several studies with self-report and physiologic VMS measures
show that reporting of VMS upon waking is influenced by the
quality of sleep the prior night (27, 33). Some research indicates
that reports of nighttime VMS recalled upon waking may be
more related to sleep quality than to the occurrence of VMS
themselves (33).

Finally, use of physiologic VMS measures is particularly
important when investigating the links between VMS and
cognition. Poorer memory performance may be associated with
less accurate recall of VMS, thereby introducing a significant
bias into the study when using self-reported VMS measures only.
Despite this methodological limitation of self-report VMS, most
of the literature relating VMS to memory performance relies on
self-report measures of VMS. Ambulatory VMS monitors allow
for real-time self-report of VMS events and therefore do not
rely on recall for self-report VMS. In this way, studies using

ambulatory monitors allow for the investigation of both self-
report and physiologic VMS in relation to memory, without the
influence of recall bias.

VMS AND MEMORY

In addition to VMS, cognitive complaints and objective cognitive
difficulties are common in the menopausal transition. For
example, among 12,425 healthy women 40-55 years of age in
a baseline study of the SWAN, 39% of women complained
of forgetfulness (34). Among those women, complaints of
forgetfulness (yes/no) varied by menopausal status; compared
to the premenopause, the odds of forgetfulness increased by
44% in the early perimenopause, 43% in the late perimenopause,
27% in the postmenopause, and 27% odds in surgical
menopause (34). In the Seattle Midlife Women’s Health Study,
predictors of memory complaints included age, hot flashes,
anxiety, depressed mood, perceived stress, perceived health and
history of sexual abuse (35). Subjective memory complaints
relate to objective cognitive difficulties in midlife women.
In the Rochester Investigation of Cognition and Menopause
(RICAM), memory complaints on a standardized questionnaire,
the Memory Function Questionnaire, were associated with
decreased encoding on a verbal memory test and with working
memory (36) and in later work with working memory and
attention/concentration (37). In our own work, subjective
ratings of current memory were associated with performance
on a measure of delayed verbal memory (38). Large-scale
prospective studies of healthy women followed across the
menopausal transition demonstrate subtle but reliable changes
in verbal learning and memory, as well as processing speed
(39, 40). Notably, initial evidence from these studies indicate
that performance declines in the perimenopause but appears
to normalize in the postmenopause (39, 40). If this pattern of
change in memory across the menopausal transition is valid, it is
difficult to envisage how declines in estradiol alone can account
for changes in memory, as memory appears to bounce back while
declines in estradiol persist.

A growing body of evidence suggests that menopausal
symptoms, particularly VMS, may account in part for changes
in memory in midlife women. Importantly, subjective VMS
generally are unrelated to memory performance, including a
study of 6-year longitudinal cohort study of 1,903 midlife women
in SWAN (41). The studies showing evidence of a relationship
between VMS and memory performance relied on the use of
the ambulatory monitors (42-44). The first evidence emerged
from a cross-sectional investigation of women with moderate-
to-severe VMS (43). Women in that study wore ambulatory
VMS monitors, recorded subjective VMS on that monitor and/or
on a diary (useful for sleep VMS), and performed a battery
of neuropsychological tests. A higher frequency of physiologic
VMS but not subjective VMS, particularly during sleep, were
associated with lower performance on a verbal memory test.
Self-reported sleep, age, race, and mood did not account for
those relationships. The association between VMS and worse
memory was recently replicated in breast cancer survivors, again
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with associations evident only in physiologic VMS (42). In
breast cancer survivors, effects were not differentially stronger
during sleep. Importantly, these associations were independent of
actigraphy-based measures of sleep, mood and other factors (42).
The findings from these cross-sectional studies of physiologic
VMS and memory difficulties, raised the possibility that treating
VMS may result in improvements in memory. To address that
question, we examined changes in memory performance and
physiological VMS in a pilot randomized, sham-control study
of stellate ganglion blockade (SGB) (44). SGB is an anesthesia
procedure used in pain medicine and involves administration of a
local anesthetic to the C6 ganglion. Consistent with findings from
open-label trials (45-48), SGB reduced moderate-to-severe VMS
and reduced physiologic VMS compared to sham (30). While
SGB did not significantly improve memory, the magnitude of
improvement in physiologic VMS was significantly associated
with the magnitude of improvement in memory performance
(44). Those findings suggested a linear relationship between
improvements in VMS frequency and improvements in memory,
and raise the possibility that other hormonal and non-hormonal
interventions for VMS may confer memory benefits.

VMS AND BRAIN HEALTH

In a series of neuroimaging studies in midlife women,
physiological VMS but not subjective VMS, were associated
with brain health. In MsHeart, the frequency of physiologic
VMS was positively associated with increases in white matter
hyperintensities (49). White matter hyperintensities (WMH) are
risk factors for AD and vascular dementia. Whether VMS are
causally related to WMH is unknown, but the pathophysiological
basis of this association is likely to involve cardiovascular disease
(CVD) risk factors, as CVD risk factors are linked to both VMS
and WMH (50).

In addition to brain structure, physiologic VMS are associated
with alterations in brain function measured using functional
magnetic resonance imaging (fMRI), including resting state
functional connectivity (51) and blood-oxygen-level dependent
(BOLD) fMRI during performance of a verbal memory task
(52). In Ms. Heart, we investigated the relationship of VMS
with alterations in the default mode network (DMN) during the
resting state (52). The DMN is an organized network in the brain
that is active during rest and suppressed during tasks requiring
attention to the external world. The DMN includes regions
along the anterior and posterior midline, the lateral parietal
cortex, prefrontal cortex, and medial temporal lobe, including
the hippocampus (53). In Ms. Heart, the frequency of VMS was
associated with alterations in this network at rest as measured
with fMRI (51). The pattern of alterations was characterized
by hyperconnectivity of the hippocampus with multiple frontal
regions, and this hyperconnectivity was especially pronounced
for sleep VMS. Importantly, these associations persisted after
controlling for age, race, education, and sleep. Hyperconnectivity
in the DMN has been viewed as reflecting a fundamental response
to neurological disruption (54), often viewed as compensatory
in nature. As in the memory studies, physiologic VMS but

not reported VMS were associated with alterations in the
DMN, underscoring the importance of objective methods for
VMS ascertainment.

In a recent fMRI study, we examined the association between
VMS and brain activation during performance of a verbal
memory task, including word encoding and word recognition
conditions (52). Physiologic VMS but not reported VMS were
associated with decreased memory and with alterations in
brain activity during the memory task. During word encoding,
more frequent physiologic VMS were positively associated
with activation in the left orbitofrontal cortex, left middle
frontal gyrus/superior frontal gyrus, right superior frontal
gyrus, and right parahippocampus. During recognition, more
frequent VMS were positively associated with activation in
bilateral middle frontal and superior frontal regions and bilateral
hippocampus/parahippocampus. Overall, these data suggest that
VMS-related declines in memory may be due to alterations in the
function of the hippocampus, parahippocampus, and multiple
regions of the prefrontal cortex.

Together, the two fMRI studies present a consistent pattern
that drives ongoing work in this area. The areas of the DMN
associated with physiologic VMS—the hippocampus, medial
frontal and orbitofrontal cortex—overlapped considerably with
the brain areas associated with VMS in the memory study. In
both cases, the patterns were of increased connectivity or activity,
consistent with a compensatory response. Neither study found an
association between brain function and subjective VMS.

VMS AND BRAIN HEALTH PUTATIVE
MECHANISMS

Cardiovascular

VMS have been linked to multiple indicators of CVD risk.
In both cross-sectional and longitudinal studies, self-reported
VMS have been associated with a more adverse CVD risk factor
profile, including high blood pressure and hypertension risk,
higher lipids (total cholesterol, LDL cholesterol, triglycerides,
ApoB), a more insulin resistant profile, diabetes risk, and in some
studies, a more pro-inflammatory or pro-coagulant profile (55).
Controlling for traditional CVD risk factors, both self-reported.
In the National Institutes of Health-funded MsHeart study,
physiologically assessed presence or frequency of VMS have
also been linked to poorer endothelial function, particularly for
younger midlife women (56, 57). In MsHeart and other studies,
more frequent self-reported and physiologically assessed VMS
have been associated with greater carotid atherosclerosis (intima
media thickness and plaque) (58-60). Other work suggests that
reported VMS may also be associated with increased risk of future
clinical CVD events (e.g., myocardial infarction, heart failure,
stroke) and CVD mortality, which may depend on the timing of
the VMS (61, 62). These associations between VMS and CVD risk
generally are not explained by endogenous estradiol levels when
these measurements are available. Notably, poorer cardiovascular
health (e.g., adverse CVD risk factors, subclinical and clinical
CVD) is a well-established risk factor for dementia (63-66). Thus,
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CVD risk should be considered as one mechanism linking VMS
to poorer cognitive health and dementia risk.

Cortisol and Blood Flow

VMS are associated with elevated levels of cortisol, a steroid
hormone that is released by the adrenal glands in response
to physical and psychological stress and activation of the
hypothalamic-pituitary-adrenal (HPA) axis (67-69). Cortisol
levels increase 20 min after a VMS, as measured objectively by
changes in finger skin temperature and skin resistance (67).
Increased cortisol may be one factor contributing to cognitive
difficulties in midlife women with VMS. Elevated cortisol has
been linked to decreases in memory and executive functioning,
particularly in women (70-73). Levels of glucocorticoids at both
high and low levels, in an inverted-U dose response curve,
are associated with suboptimal performance on learning and
memory retrieval tasks (74). Other work demonstrates that VMS
frequently cause a reduction in blood flow to the brain (~5%
reduction) (75).

Sleep

In addition to VMS, sleep problems are common during
the menopause transition, with up to half of midlife women
reporting sleep problems (14). In longitudinal cohort studies,
reported VMS are one of the most consistent predictors and
robust of reported sleep problems during the menopause
transition (76). Although findings employing objective measures
of sleep and VMS initially produced somewhat mixed findings,
several recent studies using objective measures of both VMS and
sleep have further supported the importance of VMS to sleep
(77). For example, we found a 5-fold odds of actigraphy-detected
wakening with an objective VMS than during times without
objective VMS; these wake episodes were observed irrespective
of whether the woman reported the VMS or even knew she
was having VMS (78). This poor sleep can have implications for
women’s brain health. We have found that women with greater
objectively-detected wake after sleep onset had increased WMH
even after considering multiple covariates including VMS (79).
Sleep disturbance negatively affects cognitive function during
healthy aging (80) and is associated with an increased risk of
Alzheimer’s disease (81). VMS may therefore negatively impact
cognition and brain health through disrupted sleep quality.

DISCUSSION

An emerging body of work indicates that VMS may be an
important determinant of cognition at midlife and beyond.
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Migraine is a common neurovascular disorder affecting ~15% of the general population.
Ranking second in the list of years lived with disability (YLD), people living with migraine
are greatly impacted by this especially burdensome primary headache disorder. In
~30% of individuals with migraine, transient neurological symptoms occur (migraine
aura) that further increase migraine burden. However, migraine burden is differential
with respect to sex. Though one-year prevalences in childhood are similar, starting with
puberty, migraine incidence increases at a much higher rate in females than males.
Thus, migraine over the life course occurs in women three to four times more often
than in men. Attacks are also more severe in women, leading to greater disability and
a longer recovery period. The sex disparity in migraine is believed to be partly mediated
through fluctuations in ovarian steroid hormones, especially estrogen and progesterone,
although the exact mechanisms are not yet completely understood. The release of
the neuropeptide calcitonin gene-related peptide (CGRP), followed by activation of the
trigeminovascular system, is thought to play a key role in the migraine pathophysiology.
Given the burden of migraine and its disproportionate distribution, the underlying cause(s)
for the observed differences between sexes in the incidence, frequency, and intensity of
migraine attacks must be better understood. Relevant biological as well as behavioral
differences must be taken into account. To evaluate the scope of the existing knowledge
on the issue of biological sex as well as gender differences in migraine, we conducted a
systematized review of the currently available research. The review seeks to harmonize
existing knowledge on the topic across the domains of biological/preclinical, clinical, and
population-level research, which are traditionally synthesized and interpreted in isolation.
Ultimately, we identify knowledge gaps and set priorities for further interdisciplinary and
informed research on sex and gender differences as well as gender-specific therapies
in migraine.
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INTRODUCTION

Migraine is a common neurovascular disorder in the general
population (1), estimated to affect 1.3 billion [95% uncertainty
interval (UI) 1.2-1.4] people, corresponding to a global all-age
point prevalence of 18.0% (2).

Migraine attack severity and frequency can vary over time and
lead to different degrees of disability (3). Thus, globally, migraine
accounts for 47.2 million (95% UI 30.0-68.7) years of life lived
with disability (YLDs) (2). It ranks second in YLD among all
causes of disability defined by the Global Burden of Disease study
(GBD), and its burden is not localized to specific GBD regions but
is globally distributed (4).

Migraine has a transient nature and is described by the
International Classification of Headache Disorders (ICHD) as a
primary headache disorder with recurrent unilateral headaches.
Two major types of migraine are distinguished: migraine with
aura and migraine without aura. In both types, the headache
attacks last 4-72h, are pulsating, and can be accompanied by
nausea, photophobia, and/or phonophobia. Migraine with aura
additionally presents with unilateral and fully reversible central
nervous system symptoms (1).

The prevalence of migraine in women is higher than in
men (2), and sex hormones are believed to play a key role in
this discrepancy (5). After all, in females of childbearing age,
migraine accounts for 11.2% of total YLDs (4). Sex hormones,
especially fluctuations of estrogen and progesterone, are believed
to impact the pathogenesis of migraine (6). Brain magnetic
resonance imaging (MRI) studies have confirmed structural as
well as functional differences between males and females with
migraine (7).

Animal studies have further confirmed differences with
respect to sex hormones implicated in migraine between male
and female rats (8, 9), however, the majority of animal studies
have been performed in male animals (5, 10). In contrast, male
participants in clinical and population-based research studies on
migraine are largely lacking, and differences with respect to sex
and gender in people suffering from migraine have yet to be
rigorously addressed (11).

Despite considerable research activity in the field of migraine
over the last two decades (12), we still know little about the
underlying mechanisms of the development of migraine (13).

Previous reviews have provided extensive narrative overviews
of the available evidence regarding sex differences in migraine,
considering both preclinical/biological as well as clinical aspects
(11, 14, 15). However, a systematized search of the literature, to
our knowledge, has not yet been conducted. This review aims
to synthesize new evidence on sex and gender differences in
migraine (published within the last 5 years). Using a systematized
review approach to synthesize findings from different research
fields, we attempted to provide a transparent and complete
overview of recent relevant literature.

Furthermore, we aimed to identify areas of particular promise
for future exploration and use interdisciplinary, translational
knowledge to fill gaps in the individual subdomains of migraine
research. Based on this comprehensive overview, we provide
researchers with recommendations for further research in
this field.

METHODS

We conducted a systematized review of the scientific literature
concerning gender- and sex aspects of migraine in adults.
We searched four databases: Embase, Medline (Ovid), Web-
of-Science (Core Collection) and Google Scholar for relevant
articles published between 01-01-2015 and 18-12-2019. Since
we identified multiple earlier narrative reviews on the topic,
we focused on the synthesis of newly published findings in
an effort to avoid unnecessary overlap with previous reviews
and to build directly upon these findings. Only scientific
articles (including reviews) presenting sex- and/or gender-
specific findings in original migraine research were considered
for inclusion. We excluded articles limited to estimating well-
described incidence and prevalence differences of migraine in
men and women in various settings. We further excluded
articles that were not focused on sex- or gender- specific aspects
but had restricted study populations composed of only one
specific sex or gender group. An exception was made for articles
describing studies pertaining to women’s biological health (e.g.,
menstruation, pregnancy and menopause), as new findings in
this area are crucial to facilitate a better understanding of these
sex differences.

Additionally, since this review focuses on migraine in
adults, we did not include articles exclusively reporting findings
on children or adolescents (aged <18 years), except for
articles concerning menstruation or menarche. Moreover, studies
investigating consequences and comorbidities of migraine, as
well as those assessing efficacy and effectiveness of specific
treatments and therapies were not included. We further restricted
study eligibility to include articles available in English and as
full-text manuscripts. We also excluded case reports and case
series, book chapters, news articles, conference abstracts or other
contributions, and dissertations.

The search strings used in the different databases included
known synonyms of migraine and sex/gender terminology
to maximize the sensitivity of the search. We used the
following terms to conduct the literature search: “migraine,”
“primary headache,” “sex characteristics,” “sex factors,” “gender
identity,” “hormone, *? “gender,*” “transgender,*”
“hermaphrod,*” “female,*” “woman,*” “women,” “male,” “man,”
“men,” “sex;,” “sexual,” “sexes;” and “dimorphism.” The specific
search strings can be found in the Supplementary.

We conducted the search on December 18th, 2019.
Manuscripts were excluded during full-text screening for
the following reasons: articles limited to prevalence, no gender-
specific aspects, articles limited to one sex/gender or not
reporting differences/similarities, averaging of effects across
sex/gender groups (e.g., through matching on sex/gender),
studies focused on comorbidities, testing of specific migraine
treatments, no full-text accessible, text was part of a book
chapter, and previously unidentified duplicates. After full-text
screening, included articles were categorized into five domains
including: basic science, epidemiology, clinical science, genetics
and neuroimaging, for synthesis.

Contrary to previous works, we placed a particular emphasis
on including (trans)gender and sex aspects - hormonal,
behavioral, cultural as well as psychological traits - of migraine,
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which may provide important biological mechanistic insights.
So far, a strong focus has been placed on sex differences,
however, we believe that gender aspects might also play
an important role in explaining the uneven distribution of
migraine. Thus, we included both sex and gender aspects in
this review. In this review, we define “sex” as referring to
biological differences, concerning hormones, chromosomes, and
sex organs, whereas we consider “gender” to refer to a social
construct, encompassing enacted roles and behaviors, which are
shaped by cultures and can change over time (16, 17). We
believe both sex and gender are important determinants of
health (18).

We acknowledge that modern definitions of sex and gender go
beyond the binary in an effort to include individuals such as those
identifying as intersex, transgender, genderfluid or genderqueer.
Although such non-binary definitions are largely absent in the
migraine literature, they have been captured as comprehensively
as possible in this review. In our approach, we sought to identify
important areas with some scientific consensus about sex and
gender differences in migraine research.

RESULTS

Running the search strategy resulted in 1,901 unique retrieved
articles after deduplication. Two reviewers (LAH and JH)
independently screened the titles and abstracts of all retrieved
articles for inclusion based on the prespecified eligibility criteria.
After the first screening, there was initial agreement on inclusion
of 67 articles and an additional 113 articles after discussion. For
15 articles, no consensus was found, and a third independent
reviewer (JLR) was consulted to determine which of these were
eligible. In total, 120 articles were eligible for full-text screening.
After the second screening stage, 79 out of the 120 articles were
ultimately selected for inclusion in the review. Figure 1 shows
the flowchart of the review process, which was modified from
PRISMA 2009 Flow Diagram (19).

Epidemiology

In 2017, the global point prevalence of migraine was estimated
to be 18.1% (95% UI 16.8-19.4), affecting ~1.3 billion (95% UI
1.2-1.4) people globally (2). Migraine is reported to be two-to-
three times more prevalent in women than in men (11, 14) and
have a 3- to 4-fold prevalence in women after puberty compared
to men (20). This equates to a point prevalence of 22.6% (95% UI
21.1-24.3) in females and 13.5% (95% UI 12.5-14.5) in males in
2017 (2). One-year migraine attack prevalence estimates indicate
active migraine in 18% of females and 6% of males globally,
whereas the cumulative incidences over the lifetime are 43% and
18% respectively (11, 14, 21). The prevalence ratio between males
and females does not stay constant but varies with age (11, 14, 22).
The largest 1-year prevalence ratio between sexes can be observed
at 30.2 years of age (11, 23).

There is a tendency of earlier onset of migraine in boys (22).
The infantile migraine prevalence is similar for boys and girls,
with both showing an increase beginning during puberty (11).
However, this increase is steeper in women (11). According to
the 2017 data, the migraine point prevalence peaks for both

sexes between ages 35-39 reaching 34.5% (95% UI 29.9-39.3)
and 20.3% (95% UI 17.5-27.2), respectively (2). Tonini suggests
that active migraine prevalence follows a bimodal pattern with
peaks around the age of 35 years and 50 years (20). However,
the latest GBD data from 2017 do not show this second peak in
this age group (2). In women, active migraine tends to decrease
after menopausal transition (11, 14). In contrast with prevalent
migraine, the peak in migraine incidence can already be observed
during the age range of 20-24 years in women and 15-19 years in
men (2, 11).

The global burden of migraine is indicated by the high rate
of 618.4 (95% UI 392.5-898.8) years lived with disability (YLDs)
per 100,000 people (2). From the latest reports in 2016, migraine
ranked second among diseases leading to YLDs globally and
accounted for 5.6% of YLDs globally (4). Migraine is described
as particularly burdensome among middle-aged women (4). In
general, migraine accounts for 6.6% (95% UI 4.6-8.7) of YLDs in
women and 4.4% (95% UI 3.0-6.1) in men (2). A cross-sectional
survey using a time trade-off approach found that men attribute
lower health state utilities to migraine conditions compared to
women (24). Especially from a life course perspective, these
utilities were found to be significantly different between males
and females (24). In this study, health state utilities were
determined by how much of their remaining lifetime participants
would be willing to sacrifice for a migraine free health
state (24).

Migraine studies clearly demonstrate the impact of the
disease on everyday life. A cross-sectional survey about
family, relationship, career, educational, and financial aspects
in migraine patients showed that overall, males and females
were similarly affected in many areas (25). Gender differences
were observed in that men indicated to worry more about
migraine compromising their careers than women. However,
migraine appeared to actually have a greater impact on women’s
careers compared to men’s (25). Moreover, compared to men,
women more often indicated they would have better overall
health and less stress without migraine (25). The cross-sectional
study from Brazil showed that both men and women with
migraine reported more psychologically demanding jobs, less
freedom in decision making in their jobs, and less social support
at work (26). Especially among women, work conflicting with
family and leisure was significantly associated with migraine
activity (26). Furthermore, Hammond et al. found differences
in associations between migraine and marital status, with men
having higher odds of migraine in common-law relationships.
Among older women, divorced or separated females had the
highest odds of having migraine (27). Differences were also found
in sexual orientation; gay and bisexual men aged 45-85 had a
50% higher odds of ever having migraine, whereas lesbian and
bisexual women in the same age range had a 23% lower odds
compared to heterosexual men and women, respectively (27).
It was hypothesized that the underlying factor for the observed
increased odds among gay and bisexual men was minority stress
(27), however, to our knowledge, this has not yet been formally
investigated. Also in terms of ethnicity, higher odds for migraine
prevalence were observed in older non-white people compared to
older white people in both sexes (27).
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Records identified through database
searching (n = 4643)

\ 4

Records after duplicates removal
(n=1901)
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(n = 1901)

A\ 4

Full-text articles assessed for eligibility

4

(n=1781)

Full-text articles excluded, with reasons*

(n = 120)

b 4

Studies included in qualitative synthesis
(n=179)

FIGURE 1 | Flowchart of the review process, modified from PRISMA 2009 Flow Diagram (19).

A 4

(n=41)

* Reasons for exclusion:

- Articles limited to prevalence

- No sex- or gender-specific aspects

- Articles limited to one sex/gender or
not reporting differences/similarities

- Averaging of effects (e.g. through
matching on sex/gender)

- Studies focused on comorbidities

- Testing of specific migraine treatments

- No full-text accessible

- Texts which were part of a book
chapter

- Articles which were previously
unidentified duplicates

Conflicting results were found concerning education and
income. In a recent cross-sectional study, education and social
support were not associated with migraine (27). However, in
another cross sectional analysis of the European Health Interview
Survey for Spain, it was found that migraine was more prevalent
in both men and women with lower education and income
levels (28). Among older women, a social gradient was observed,
with a 3% (95% CI 0.96-1.01) decrease in the odds of migraine

with increasing social status, whereas in men aged 45-85 years,
migraine was associated with economic status (27).

Certain kinds of physical activity were found to be associated
with lower odds of having migraine, but only among older
women (27). Accordingly, another study found that both females
and males reporting low levels of physical activity had a higher
odds of having migraine (29). Additionally, hypertension and
consumption of light alcoholic beverages showed an association
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with migraine; however, consumption of strong alcoholic
beverages was not found to be associated with migraine (29).
Furthermore, associations between migraine and a history of
head trauma as well as family history of headache were found in
both women and men (29).

In general, migraine is characterized by a pattern of migraine
attacks, remission, and relapse, with men tending to have longer
remission periods than women (11, 20). Furthermore, headache
attack duration is reported to be longer in women experiencing
migraine attacks (20). Attack frequency and intensity seem
to be similar in males and females, but severe headaches
persist longer over the lifetime of women and are reported
to be more bothersome (20). Symptoms including photo-
and/or phonophobia, nausea, vomiting, and skin allodynia
occur more often in women with migraine attacks than in
men (20).

It remains unclear whether biological sex plays an important
role in the transition from episodic to chronic migraine
(11). In the Chronic Migraine Epidemiology and Outcomes
(CaMEO) study, no major differences were observed, however,
after adjusting for demographics, comorbidities, and headache
features, the odds for such a transition was 43% higher for men
compared to women (30).

Concerning the subtypes, migraine without aura is more
common in both sexes (11). The remission rate appears
unaffected by migraine subtype, with a cohort study showing that
46% were free of active migraine by the age of 50 (11, 31).

Among women, there is another differentiation of migraine
subtypes based on menstruation, which distinguishes pure
menstrual migraine, menstrually related migraine and non-
menstrual migraine (32).

A cohort study by Scher et al. (30) found that 56.5% of
males and 68.6% of females identified individual trigger factors
for their migraine. While triggers including “hunger/skipping
meals, thirst/dehydration, flashing/bright lights, extended screen
exposure, neck strain, change in sleep patterns, caffeine [or lack
of it], certain foods, [and] changes in weather/temperature” were
more often reported by women, men reported common triggers
to include “strong odors/scents and stress/stressful times” (30).
Furthermore, in women, the time around menses, before and
after onset, was often reported as a trigger factor (32).

Basic Science and Preclinical Research
Sex Aspects

As the pathophysiological mechanism of migraine is complicated
and involves a variety of interrelated neurological and vascular
processes, we highlight the most important developments in
basic research related to sex differences. It is important to realize
that several aspects involved in the pathophysiology of migraine
may interact with each other, and thus the topics below are
tightly interrelated.

Central mechanisms

Previous research has shown that migraine auras might be caused
by cortical spreading depression (CSD), which is a propagating
wave of initial depolarization of neuronal and glial cells followed
by prolonged depression (33, 34). Although not all migraine

auras are followed or accompanied by headache pain (typical aura
without headache), trigeminovascular activation induced by CSD
may be, at least in part, responsible for the migrainous headache.
Ovarian hormones have been linked to CSD susceptibility (10, 14,
15, 35, 36).

Low serotonin (5-HT) levels and reduced brain serotonin
synthesis have also been linked to migraine (37). Serotonin
(5-HT) is synthesized from tryptophan, which is transformed
into 5-hydroxytryptophan (5-HTP) via the enzyme tryptophan
hydroxylase (TPH). Estrogen is able to influence enzymes
at different stages of the metabolism of tryptophan. Chauvel
et al. explored the interrelations between serotonin, cortical
excitability, and sex hormones in female and male rats. Their
findings confirm that: (a) elevated estrogen levels increase
cortical excitability, while estrogen withdrawal decreases CSD
and normalizes it, (b) 5-HTP decreases the occurrence of
CSD, but only in the presence of ovarian hormones and (c)
in oophorectomized rats that received estradiol replacement,
increased CSD was observed, which decreased after estradiol
withdrawal (38).

The observed results from animal models might offer an
explanation for the clinically observed association between
attacks with aura and stable, high estrogen levels (e.g., during
pregnancy or intake of the combined contraceptive pill).
Following this line of reasoning, it seems feasible that the
majority of menstrually related migraine attacks, due to estrogen
withdrawal, tend to occur without aura (38).

Familial hemiplegic migraine. Other studies reported results
from animal models of familial hemiplegic migraine type 2
(FHM2). FHM2 is a rare subtype of migraine with aura caused
by mutations in the ATP1A2 gene, which encodes the a2 subunit
of the Na+/K+ pump (39). This altered ion homeostasis leads to
a disturbance of the sodium homeostasis (40).

An included article supported the hypothesis that estrogen
plays an important role in the glutamate system in the brain (and
blood). The introduction of a new a2Na+/K+-ATPase knock-
in (KI) mouse model (a27/G301R) showed that male mutated
mice have a prolonged recovery phase after induction of CSD
compared to wild type mice. Also, a link between the female sex
hormone cycle and the glutamate system was established. Female
a2t/G3O0IR mice showed female-specific behaviors, including
hypolocomotion and reduced motor skill learning/coordination.
These effects were rescued after treatment with Depoprovera,
a progestin-only contraceptive, which leads to stabilized and
low estrogen levels. Lastly, it was observed that the uptake
function of glutamate was affected and that glutamate levels
were increased in lysates from various female brain regions
in mice (41).

Krost et al. also experimented with the aforementioned
a2t/G30IR mouse model. The experiments showed increased
susceptibility to CSD in a2/G301R mice; however, the results did
not show sex-based effect of this increased susceptibility in adult
and aged female mice compared to female mice. Nevertheless,
these results suggest that this effect might be present during a
restricted period of the menstrual cycle. The authors also found a
decreased susceptibility to CSD after menopause in female mice
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but not with age in male mice, indicating an age-associated shift
toward CSD (42).

We recommend a prior review by Dehghani and Karatas
(43) concerning the use of FMH mouse models for more
details on the study of sex differences in pathophysiological
(including neurophysiological and behavioral) mechanisms
involved in migraine.

Nociception-related proteins. Studies have demonstrated that
estradiol receptors are located in trigeminal nociceptors.
Therefore, the binding of estradiol might lead to the activation
of extracellular signal-regulated kinase (ERK) and an increase of
nociception (44).

To study the role of estrogen in the pathogenesis of
migraine, Vermeer et al. utilized a multibehavioral model of
migraine in rats and investigated responses to the exposure
of estrogen. As compared to vehicle treatment, estradiol
treatment led to a statistically significant decrease in locomotor
activity as well as significant light and noise avoidance,
allodynia-associated behaviors, and an enhanced acoustic startle.
Moreover, estradiol treatment led to an increased expression
of genes associated with estradiol signaling (expression of
estrogen receptors), inflammation, vasodilation, and endogenous
cannabinoid metabolism. Lastly, this treatment led to the
activation of the nociception-related ERK (45).

Guo et al. investigated the role of the expression of proteins
involved in the transmission of nociceptive signals, including
brain-derived neurotrophic factor (BDNF) and its receptor,
tropomyosin receptor kinases (TrkB), as well as ERK and its
downstream target, cCAMP-responsive element binding protein
(CREB), in migraine by using injections of nitroglycerin to
provoke migraine in rats. A positive relationship between the
BDNF/TrkB and ERK/CREB pathways and the contribution
of estrogen was observed. Indeed, female ovariectomized rats
showed a significant decrease in the expression of BDNE, TrkB, p-
CREB, and p-ERK in migraine attacks and intervals compared to
rats with intact ovaries. However, the administration of estrogen
recovered the expression in these ovariectomized rats. Moreover,
researchers observed higher serum levels of BDNF in female than
in male rats during migraine attacks (46).

Peripheral mechanisms

Dysregulation of neuropeptides. Animal studies have provided
important insights into the influences of calcitonin gene-related
peptide (CGRP) in migraine. This neuropeptide is thought
to play a pivotal role in the pathophysiology of migraine,
as it contributes to trigeminal nerve hypersensitivity and
photosensitivity (47, 48). Avona et al. recently reported a female-
specific response to dural administration of CGRP in a rodent
migraine model assessing cutaneous periorbital hypersensitivity
(49). Specifically, female rats and mice responded to lower
doses of dural CGRP than their male counterparts. The authors
concluded that female sex hormones have the ability to increase
vasodilation in response to CGRP; however, the anatomical and
physiological mechanisms explaining this difference in response
have yet to be elucidated (49).

Pro- and anti-inflammatory mediators. Compelling evidence
has been published in support of the theory that migraine is
associated with a sterile inflammation of the dura, leading to
increased pro-inflammatory cytokines and chemokines in plasma
and cerebrospinal fluid during attacks (50-52). Mcllvried et al.
hypothesized that stress, being a triggering factor in migraine,
induces a shift in the balance of pro- and anti-inflammatory
mediator expression in dural lymphoid cells toward those that
trigger a migraine attack. Moreover, they hypothesized that this
effect is larger in females and that it is (partly) dependent
on sympathetic postganglionic innervation of the dura. The
authors tested their hypothesis in adult male and female rats.
The results confirmed their hypothesis, as a sex difference was
observed in (a) the increase in pro-inflammatory mediators,
(b) decrease in anti-inflammatory mediators, and (c) expression
of some inflammatory mediators. Moreover, (d) sympathetic
postganglionic innervation only influenced the stress-induced
increase of pro-inflammatory mediators in females. This article
offers possibilities for different therapeutic targets in males and
females (53).

We also recommend the review by Loewendrof et al. for a
detailed overview of the role of mast cells, which are part of the
innate immune system, and sex hormones in migraine (54).

TRP channels. Other structures implicated in various sensorial
functions and in the pathophysiology of migraine include
the non-selective cation channels Transient Receptor Potential
(TRP) channels (55). Our search strategy included a review
which describes the role of gonadal hormones in the activation,
modulation, and regulation of the main thermoTRP channels in
migraine (56).

We additionally point readers to previously published reviews
from 2017 and 2018 focused on sex differences of migraine
in animal models for more detailed discussions (11, 14,
15). Lastly, we recommend a review by Loewendorf et al.
for a comprehensive and short summary of the literature
concerning the mechanisms central sensitization, channelopathy,
and sodium homeostasis in migraine (54).

Gender Aspects

Obviously, gender aspects in laboratory animal studies are hard
to describe and might, if present at all, be mainly related to
behavioral aspects. However, investigation of sex differences in
animal behavior e.g., (41, 45), could be possibly interpreted as
studies on gender aspects. Indeed, the way pain is experienced
can be thought of as a behavioral aspect, although also sex
components definitely influence pain perception. Whereas it
is generally accepted in humans that pain is experienced
differently in men and women, understanding the motivation
behind certain behavioral traits in animals is impossible.
Descriptions of behaviors that reflect pain in animal studies
include avoidance responses and tending to the site of pain. It
is worth mentioning that behavioral aspects in animal studies are
consistent with human studies. Indeed, lower pain thresholds and
an increased need for opioids have been shown in females vs.
males (54).
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Translational Science: “From Bench to
Bedside”

Some articles combined basic research with research in the
clinical setting involving (migraine) patients, although they
generally described sex differences rather than gender differences.
These articles mainly aimed to describe the pathophysiology
of migraine.

A study by Karkhaneh et al. determined the effect of 17f-
estradiol on the expression and activity of genes involved in the
process of neurogenic inflammation. The authors studied the
regulation of CGRP expression, inducible nitric oxide synthase
(iNOS) activity, and NO and interleukin-1beta (IL-1p) release in
females with pure menstrual migraine and age-and sex-matched
healthy individuals. Cultured peripheral blood mononuclear cells
from these participants were treated with 17p-estradiol both, at
physiological and pharmacological doses. The pharmacological
dose caused a significant increase in mRNA expression of CGRP
in both groups. In contrast, the physiological dose caused a
significant decrease in mRNA expression of CRP, CGRP protein
levels, IL-1P release, NO production and iNOS activity only in
females with pure menstrual migraine (57).

In a review article, Labastida-Ramirez et al. describe sex
differences of CGRP in migraine. This review highlights
the profound effects varying ovarian hormones have on the
trigeminovascular system in both animal and human migraine
preclinical research models (58).

Ibrahimi et al. measured dermal blood flow after topical
forearm application of capsaicin (the active component of
chili peppers) to study endogenous release of CGRP among a
group of migraine sufferers and individuals without migraine.
Unlike males, females without migraine showed changes in the
CGRP-dependent dermal blood flow response, which was also
elevated during menstruation compared to the late-secretory
phase. Females with migraine also had higher dermal blood
flow responses during both menstruation and the late-secretory
phase compared to females without migraine, suggesting an
interrelationship between the menstrual cycle, migraine, and
vascular effects mediated by CGRP (59).

Additionally, a comparable human model was developed for
application of capsaicin on forehead skin, which is a trigeminal
nerve-innervated dermatome, in order to study the effects of the
menstrual cycle. The underlying mechanism includes activation
of a TRP (TRPV1) channel by capsaicin, thereby enhancing
the release of CGRP. The authors did not detect changes in
trigeminovascular reactivity during the cycle in patients with
menstrually related migraine in contrast to females without
migraine (60).

Clinical Science

Our search strategy retrieved a variety of original articles
and reviews containing clinical evidence on the relationship
between migraine, sex, and gender. As these results cover an
extensive range of themes and research questions, we have
classified them into different categories for the sex aspect of
this review: sex hormones, reproductive events (occurring in
women), biomarkers, and additional topics - which might be
related to the pathophysiology of migraine. Clinical articles

concerning gender aspects have been described separately for
lifestyle factors, although it should be kept in mind that our two
main themes - sex and gender - contain overlapping aspects.

Sex Aspects

Sex hormones

The “estrogen withdrawal hypothesis” has been expanded by
several articles we included. Earlier studies consistently showed a
withdrawal of estrogen in the late luteal (or premenstrual) phase,
whereas the association between migraine and withdrawal of
estrogen in the follicular (or periovulatory) phase has been more
debated (61-64).

Pavlovi¢ et al. provide a possible explanation for the latter
and show the influences of the menstrual cycle phase and
timing (65). They compared the daily sex hormone levels and
within-women rates of change between females with a self-
reported history of migraine and controls aged 42-52 years. This
study showed significant differences in the decline of urinary
estrogen in the late luteal phase; individuals with migraine
showed a faster decline. However, no differences in the rate of
decline in the periovulatory phase and no significant differences
in the peak or mean daily levels of estrogen were observed
between individuals with migraine and controls. Lastly, they
found that in the migraine group, the rate of decline in
estrogen does not discriminate cycles with and without an acute
headache. Therefore, the authors hypothesize that rapid estrogen
withdrawal is not a direct trigger of migraine, but rather an
endogenous characteristic and a marker for neuroendocrine
vulnerability in females with migraine due to a disruption of the
trigeminovascular system. Also, as progesterone has modulatory
effects on estrogen in migraine, its rising levels may counteract
the effects of periovulatory estrogen decline (65).

Few studies were solely performed in a male study population
or attempted to investigate the role of sex hormones in this
underrepresented group. It is not clear whether sex hormones
modulate migraine susceptibility (risk and activity) in men as
they do in women. Moreover, the role of testosterone in migraine
is described in fewer studies than estrogen or progesterone.

A prospective study compared the levels and ratio of
sex hormone plasma (17f-estradiol and free testosterone) in
a group of medication-free, non-obese men with episodic
migraine (18-74 years) to males without migraine group-
matched for age and body mass index (BMI). In this study,
males with migraine exhibited elevated estradiol levels, both
absolute and relative to free testosterone, and showed clinical
evidence of functional androgen deficiency (66). A pilot study
investigated total serum testosterone levels in males aged 26—
51 years with chronic migraine. Men with chronic migraine
had lower total testosterone levels compared to an age-matched
normative population, suggesting abnormalities in the regulation
of the hypothalamus-pituitary-gonadal (HPG) axis (67). These
abnormalities were then confirmed by Li et al. considering the
levels of hormones. They found that levels of progesterone in
males and females with migraine in the postmenopausal phase
were lower compared to healthy controls. Also, they found
significantly higher levels of gonadotropin-releasing hormone
(GNRH) in males with migraine, in the follicular phase as well as

Frontiers in Neurology | www.frontiersin.org

n

October 2020 | Volume 11 | Article 549038


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Al-Hassany et al.

Giving Researchers a Headache

the luteal phase in females with migraine, and in postmenopausal
females with migraine compared to controls (68).

As all three studies were limited by their small sample sizes,
larger studies are needed to replicate these findings and to
investigate whether hormone fluctuations (as well as testosterone
supplementation) might be associated with changes in migraine
activity and frequency.

Lastly, supporting the hypothesis that migraine should be seen
as a consequence of a loss of neurohormonal and metabolic
integrity instead of a primary disorder, Dzugan et al. reported
successfully treating difficult-to-treat males (n = 3) and females
(n 27) with migraine and a mean age of 46.4 years.
Participants received therapy with bio-identical hormones to
restore hormonal levels. As part of the restoration of the integrity
between various systems (including the HPG axis) in order
to manage migraine, they postulate that serum levels of all
basic hormones (pregnenolone, dehydroepiandrosterone sulfate
(DHEA), total testosterone, total estrogen, and progesterone)
should be near to optimal with physiological cycle (69).

We direct readers to an article by Delaruelle et al. for a
review covering studies investigating the influence of female and
male sex hormones on primary headaches, including migraine
published between 1997 and 2017 (70).

Reproductive milestones

Sex disparities in migraine have been also explained by the
occurrence of reproductive life events, which are linked to
changes in hormone levels. We sorted the included articles
according to these events. Moreover, for an additional and similar
overview of these sex-specific characteristics in individuals with
migraine for an enhanced understanding of the impact of
hormones, we recommend the reviews written by Maleki et al.,
Allais et al., Todd et al., Pakalnis et al. as well as the overview
given by Bronet et al. (22, 71-74). We further recommend the
review by Hipolito Rodrigues, which emphasizes the menopausal
transition (75).

Puberty. Little data are available concerning risk factors for
the onset of migraine in pediatric populations. Therefore,
the association between pubertal timing and migraine was
investigated in a recently published article. Researchers found
that being a woman with an early age of menarche (early
puberty) in a mainly Caucasian population was associated with
a 7% lower odds of migraine at early adulthood - although
pathophysiological links remain to be investigated (76).

Menstruation. The International Classification of Headache
Disorders (ICHD) subdivides menstrual migraine (MM) (with
and without aura) into pure menstrual migraine and menstrually
related migraine, both with and without aura (1). Evidence
regarding the association between migraine and menses has been
further built upon in this review.

A relationship between self-reported migraine and menses has
been reported in almost 60% of women (77). Previous studies
consistently found that MM attacks have a longer duration, are
more challenging to treat and are more impairing (78-82). These
findings have been confirmed by a more recent study of Pavlovi¢

et al, as data from the American Migraine Prevalence and
Prevention (AMPP) Study showed that self-reported migrainous
headache related to menses impacted women to a larger extent.
Also, women with pure menstrual migraine were more impaired
due to the attacks, while women with menstrually related
migraine had the overall highest burden (77). Allodynia, nausea,
vomiting, and phonophobia related to the migraine attacks have
been reported to be more frequent in females with MM as
well (83).

The influence of hormonal changes on the development of
migraine without and with aura is reflected in the results of
a cross-sectional study by Taha et al. Indeed, among females
with migraine, progesterone levels were significantly higher
among those without aura in both phases of the menstrual
cycle (follicular and luteal phase). Estradiol levels showed almost
similar effects in the phases of the cycle. In the luteal phase,
this hormone was significantly higher among females with
migraine without aura, while in the follicular phase, it was
significantly higher among females with mild migraine without
aura. Moreover, a significant increase of prolactin was associated
with an increase in the severity of migraine with and without
aura (84). Interestingly, in the aforementioned translational study
by Ibrahimi et al. (60), relatively low mean estradiol levels were
detected during days 19-21 of the menstrual cycle of the patients
with menstrually related migraine (60).

Conflict in the literature exists concerning pain intensity
and associated symptoms as a result of the fact that these
studies relied on the women’s diagnosis of MM (in a clinical
setting) and possibly suffered from (self-)selection bias (62, 78,
79, 81). Therefore, a prospective study by Vetvik et al. used
records of headache diaries from women with and without a
diagnosis of MM without aura according to the ICHD criteria.
They compared the clinical characteristics of MM and non-
MM without aura attacks in a random sample of women aged
30-34 years with and without MM based on diary assessment.
Results of this study showed that in a representative sample of
females fulfilling the ICHD criteria for MM without aura, MM
without aura attacks had a significantly longer duration and were
more often accompanied by severe nausea than non-MM attacks
without aura. However, in women with migraine without aura
who did not fulfill the ICHD criteria for MM (no diary-confirmed
diagnosis of MM), no significant differences between menstrual
and non-menstrual attacks were found (85).

Moreover, an exploratory study showed that chronic (15
or more days/month for more than 3 months) (1) rather
than episodic migraine might be driving the associations
with menstrual-cycle disorders in general and dysmenorrhea
specifically (86).

Regarding other menstruation-related conditions, our search
strategy retrieved two original articles about endometriosis
with complementary findings. As endometriosis shares
similar characteristics in terms of its clinical manifestations,
epidemiology, and pathogenesis with migraine, it has been shown
that migrainous headache was more frequent in the women with
endometriosis than in women without endometriosis as well as
in infertile women. Authors of both studies, therefore, suggest
that females with migraine should be screened for endometriosis
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criteria and vice versa, allowing for more individualized
treatment (87, 88).

Pregnancy and  breastfeeding. The association between
menstruation and migraine seems to be noticeable during
pregnancy. Indeed, the large, population-based Akershus Birth
Cohort (ABC) Study in Norway showed that pregnant women
with self-reported MM report higher headache intensity during
early pregnancy and directly postpartum compared to women
without self-reported MM. Both groups showed a significant
improvement during the second half of their pregnancies and
directly postpartum. Moreover, the investigators report that
hormonal and menstruation-related factors (premenstrual
syndrome, age at menarche, and the use of hormonal
contraception before pregnancy) showed no association
with headache intensity, except for irregular cycles (89).

The influence of events during pregnancy, including fetal
growth, on the development of migraine during adulthood has
also been investigated. Data from the Norwegian population-
based Nord-Trendelag Health Study (HUNT 3) showed
significant effect modification by sex in the association between
being born very small for gestational age and the odds of migraine
development later in life. This effect was only observed in males,
probably due to differences between both sexes in adaptations
of the fetal-placental unit. Altered activity of neurotransmitters
and/or changes in the brain structure and connectivity might also
be an explanation (90).

Several reviews have been published investigating the
(beneficial) effects of pregnancy on migraine and migraine on
pregnancy, as well as the influence on breastfeeding (91, 92).
Moreover, Parikh describes the expected course of migraine
during pregnancy and the post-partum period as well as
considerations for preventive and abortive medications, although
the latter topic goes beyond the scope of this review (93).

Menopause. Migraine shows variability in the clinical
presentations in the menopausal period, as migraine attacks
might improve, worsen or remain unchanged during this
transition (75). The AMPP study also explored the influence of
the perimenopausal status on the frequency of migraine attacks
in women aged 35-65 years (94). A 1.4-fold increased risk for
high-frequency headache was found during the perimenopause
as compared to the premenopause. This effect might be
confounded or mediated by medication overuse or depression
(94). We recommend a systematic review by Ripa et al. for a more
thorough overview of the articles documenting the relationship
between migraine and menopause (95).

Additional topics

In our search, we also found a case-control study intended to
build further upon the hypothesized role of iron in migraine,
which plays an essential role in the synthesis of serotonin,
dopamine and norepinephrine (96). Accumulation of iron in the
brain, specifically in the deep brain nuclei and the periaqueductal
gray matter, has been shown to be related to the migraine
neurobiology - supported by earlier neuroimaging evidence (97—
100). Results of this study indicated a relationship between

hemoglobin, ferritin, as well as iron-deficiency anemia in subjects
suffering from migraine - mainly women and girls. These
findings suggest that treatment for iron-deficiency anemia or iron
supplementation might be a beneficial preventive method for
patients suffering from migraine coinciding with iron deficiency
anemia. Indeed, both migraine and iron-deficiency (induced by
heavy menstrual flow) are more common in young females (96).

Another study investigating event-related potential among
individuals with migraine without aura in the interictal
period showed that females had more severe abnormalities in
visual neurocognitive processing under attentional conditions
compared to males (101).

Gender Aspects

Migraine characteristics

Besides differences in the presentation of migraine between sexes,
differences between the actual experience or manifestations of
migraine have been previously described, which may be more
related to gender.

A large, longitudinal, internet-based panel study showed that
women reported more frequent attacks and were more likely
to be disabled by their attacks than men (102). According
to this cross-sectional survey, women were significantly more
likely to report that the pain was unilateral and of pounding,
pulsating, or throbbing in nature. Also, symptoms of nausea,
photophobia, phonophobia, osmophobia, and cutaneous ictal
allodynia had been reported significantly more often in women
(102). Additionally, median headache duration of both migraine
with and without aura seems to be longer in women than in
men (103). An age-dependent variation of migraine associated
symptoms (nausea, photophobia, and phonophobia) were only
observed in females with migraine with and without aura, as
significant changes in their frequency were mainly seen after the
age of 30 (103).

Stress and lifestyle

A synergistic relationship between female sex and high levels of
daily stress on risk of migraine headaches has been described.
Females exposed to stress seem to have a higher 1-year prevalence
of migraine, indicating an interplay between biological, sex-
related factors and environmental stress in the progression of
migraine (104).

Lifestyle factors also appear to play a role in migraine.
An inverse relationship between migraine and dietary sodium
intake was described by Pogoda et al. This relationship was
most obvious in females with a lower BMI, while in men,
the relationship did not differ by BMI after confounding
adjustment (105).

Genetics and Biomarkers

There are indications that genetic factors may explain observed
phenotypic sex differences in migraine (20). In their review,
Vetvik and MacGregor discuss that commonly cited genetic
explanations for these differences, such as the disease being
autosomal dominant in women and autosomal recessive in men,
or migraine being a direct consequence of an inherited variant,
might be too simplistic (11). They emphasize that migraine is
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polygenetic, and it is also likely that differences observed between
sexes are also influenced by environmental factors.

At present, a total of 38 genomic variants have been implicated
in migraine risk (106). Only one of these 38 susceptible loci is
located on the X-Chromosome (11).

A link between migraine attack frequency and family history
of migraine was found in males in a cross-sectional study,
suggesting a certain genetic predisposition (107). Furthermore,
an investigation of 12 common migraine risk loci did not find
differences in risks between males or females and across different
migraine subtypes (migraine with and without aura), or clinic-
vs. population settings (108).

Another genotyping study, focusing specifically on the
PRDM16 rs2651899 variant, found a significant difference in this
variant for migraine without aura as well as the female subgroup
compared to controls without migraine in all investigated models
(106). The TRPMS8 rs10166942 variant showed an association
with migraine in male subjects and with migraine with aura,
but not in females (106). However, this study had an imbalance
between male and female participants and a rather small sample
size (n = 300) for a genotyping study.

A study investigating the relationship between the
progesterone receptor gene and migraine found that an PGR
polymorphism was not directly connected to predisposition to
migraine, however, it led to a later onset of migraine supposedly
through reduced neuronal excitability in the brain (109).
However, this finding was only observed in females due to the
small number of male participants in the study (109).

Sazci et al. report that previous studies showed an association
between methylenetetrahydrofolate reductase (MTHFR) variants
C677T (rs1801133), A1298C (rs1801131) and migraine (110).
Furthermore, the nicotinamide-N-methyltransferase (NNMT)
variant rs694539, expressed in the brain and other nervous tissue
as a cytoplasmic enzyme, was associated with migraine presence
(110). The implicated MTHER variants and the NNMT variant
have been linked to higher plasma homocysteine levels, which,
in turn, have been associated with migraine risk (110). However,
the association between the NNMT variant and migraine was
only found in women, with 4.3 times the odds for women with
an AA genotype and the same magnitude of protective effect in
individuals with the G allele (110).

Another genotyping study in a North Indian population (n
= 500) showed a relationship between the rs10156191T variant
and the odds of migraine presence in females (OR = 1.46) as
well as with the odds of having migraine without aura (OR =
1.21) (111). However, due to methodological inconsistencies, the
accuracy of these results is not clear. Still, these findings support
previous hypotheses that diamine oxidase (DAO) increases the
risk of migraine, especially in women (112). Moreover, the
results suggest that the T allele in the same genetic variant
has a protective effect against migraine in men (111). Both
the rs2052129 and rs10156191 variants belong to the DAO
gene, which is associated with high histamine levels, which,
have been implicated in migraine pathophysiology (111). The
presence of the investigated genetic variants is thought to lead
to a reduction of DAO activity (111). Similar findings were

retrieved from Caucasian Spanish (112) as well as North Indian
(111) populations.

Fang et al. investigated the involvement of two specific
genetic variants (rs12134493 and rs2078371), belonging to the
tetraspanin 2 (TSPAN2) gene, in a Han Chinese population (113).
They concluded that rs2078371 could be a potential risk factor
for migraine susceptibility, especially in women and individuals
with migraine without aura, which is similar to results found
previously in Western populations (113). However, the biological
mechanism of how TSPAN2 variation impacts migraine needs
further exploration (113).

Another genotyping study (114) concentrated on twelve
genetic variants previously reported to be related to migraine
or the metabolism of sex hormones. A variant of rs2229741
was observed more in women with migraine compared to
controls, suggesting a protective association for migraine (114).
Furthermore, the GG genotype of the rs726281 variant, which is
part of the estrogen receptor 1 (ESR1), lowers the susceptibility
for migraine in a subgroup of women with menstrual related
migraine (114). These results were retrieved from a Turkish
population with a rather small sample size (n 284). A
meta-analysis also found that people with polymorphisms in
two specific exons of the ESR1 (4 325C>G, 8 594G>A)
are more susceptible to migraine, at least in a caucasian
population (115).

In a small genome-wide association study, with 268 cases
and 142 controls, an association between menstrual migraine
and rs2506142 variant, which is located near the neuropilin
1 gene (NRP1), was found (116). The authors conclude that
NRP1 might play a role in the etiology of menstrual migraine.
NRP1 is involved in neuronal development processes in the
nervous and vascular system, as well as in menstruation (116).
It has been shown that activity of NRP1 is increased at the
same time estrogen levels drop in the proliferative phase (116).
Moreover, Sazci et al. report about a relation between that
genetic variant in the SYNE1 and TNF genes and menstrual
migraine (110).

So far, findings suggest that there might be a certain overall
genetic predisposition for migraine presence. However, there are
no clear differences in the association pattern between sexes.
Some studies only showed significant associations of identified
single genetic variants or genetic risk scores for one sex, mainly
females. But due to the imbalances in sex distribution and partly
small sample size of some studies, these findings should be
interpreted with great caution. It is suspected that additional
endogenous or exogenous factors may explain this difference
(11). In the comparison between male and female migraine cases,
it seems more likely that migraine has a stronger genetic basis
among men than women (108). Still, Nyholt et al. report that
differences in genetic risks in the subgroups are outweighed
by similarities, suggesting that further investigation is needed.
Thus, epigenetics came into the focus of attention, concentrating
on interactions between different genetic predispositions and
environmental influences (20).

There has also been research activity in the field of
biomarkers, however, not very recently. In a review by Tietjen
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and Khubchandani (117) articles investigating the connection
between various vascular biomarkers and migraine were
identified (129 citations). It was reported that some studies found
elevated CRP levels in female subgroups with migraine; however,
the results about CRP and migraine were very inconsistent. For
other biomarkers, either no sex difference was found, such as in
adiponectin levels, or no sex differences were mentioned at all.
If results referred to women only, the study was conducted in an
exclusively female study population, thus no conclusion about sex
differences could be made (117).

Neuroimaging

The study of brain imaging contributes to an enhanced
understanding of the pathophysiology of migraine, as functional,
chemical, and structural differences between males and females
with migraine have been observed (20, 71). Surprisingly, our
search strategy only retrieved reviews, but no original articles.
The review by Maleki and Androulakis explains neuroimaging
patterns that distinguish females from males in migraine, also in
relation to sex-related influences. Moreover, the authors mention
the influence of neuroimaging in the light of some earlier
described specific life events, including the perimenopause,
estradiol decline and puberal phase (71). In addition, Chong
et al. provide an overview of studies concerning sex difference
published in the period between January 2012 and 2016 (118).

Previous functional MRI studies have shown that the posterior
insular cortex and the precuneus are thicker in females compared
to males with migraine (7). Also, a smaller volume of the
parahippocampal gyrus was observed in these males. Moreover,
female sex has been related to lower gray matter in the right
dorsolateral prefrontal cortex (119).

These imaging studies also seem to explain the attribution
of gender aspects in migraine, as they show gender-related
differences in the involvement of regions which govern the
emotional aspects of pain. Indeed, the possible involvement of the
hippocampus, though not yet established, might explain gender
(and sex) differences in behavioral responses to the stress and
explain differences in migraine attack (20).

As highlighted by Schroeder et al. and Pavlovic et al, the
majority of the neuroimaging studies have included mainly
females with migraine (14, 15). Lastly, there exist very limited
neuroimaging studies with considerably small sample sizes that
have examined sex-related differences in migraine (71).

DISCUSSION

In this review, we systematically searched literature exploring sex
and gender differences in migraine in the areas of epidemiology,
basic science, clinical science, genetics, and neuroimaging and
have summarized the findings.

Migraine is a highly prevalent and burdensome disease,
particularly among women. Still, the disease is responsible
for a great share of disability in both sexes. Distributional
differences in gender-related lifestyle factors such as marital
status, employment, and social support have also been observed
among persons suffering from migraine. While many biological
factors have been hypothesized to play a role in the sex difference,

particularly sex hormones or sex hormonal fluctuations, a clear
understanding of why migraine is different between women
and men remains illusive. Many studies from which we extracted
results lacked a clear operationalization of sex and gender,
even when sex and/or gender aspects were the main focus of
the research. Further complicating the evidence synthesis, the
majority of studies presenting prevalence do not consistently use
either lifetime prevalence or 1-year attack prevalence, making
them difficult to compare. Other studies lack any specification of
a time frame, which is indispensable for a correct interpretation
of the results.

From a pathophysiological point of view, the influence of sex
differences related to hormone levels on a variety of mechanisms
(including the role of CGRP, cortical spreading depression,
and various anti- and proinflammatory mediators) involved in
migraine have primarily been studied in animals and often in
isolation, as no experimental model of migraine covers all aspects
of this disorder. This may be a limitation, since these processes
are interrelated and are known to influence each other. Little
research regarding gender roles can be conducted on a basic
sciences level; however, some important behavior-related aspects
have been explored. Translational studies on the topic include
human studies exploring trigeminovascular reactivity in a non-
invasive manner.

The majority of articles identified in this review consisted of
clinical studies and reviews. Clearly, sex hormones (including
estrogen, progesterone and testosterone) contribute prominently
to the observed sex-related differences. Specifically, changes in
the migraine phenotype (including the amount of attacks and
intensity) attributable to female-specific reproductive milestones
highlight the profound effects of these sex aspects, with migraine
becoming more prevalent in women starting in puberty, peaking
in their thirties, and steeply declining after menopause. The
clinical studies indicate that gender-related aspects are also
important to consider, as males and females might have different
pain perceptions and experiences. Reporting bias in clinical
studies should not be overlooked, as the evidence indicates
males more often underreport their symptoms, which likely
contributes to a continued underrepresentation in clinical (and
epidemiological) studies.

In the genetics literature, specific variants have been found
to be associated with certain migraine subtypes, such as
migraine with aura in both sexes or menstrual migraine in
women, as well as the presence of migraine in females. Certain
genetic variants (rs2651899, rs694539, rs10156191, rs2078371,
rs2506142) appear to make individuals more susceptible to
ever having migraine. Though genetics may provide useful
mechanistic insights, the individual studies acknowledge that
genetic aspects alone do not provide a full explanation for the sex
differences observed in this multifactorial disease. In addition,
as men were underrepresented in these studies and some had
small sample sizes, their conclusions should be interpreted
with caution.

Surprisingly, in the field of research about biomarkers and
migraine, beyond the articles included in one review from 2015
(117), we did not identify any new articles in this area. Lastly,
we only found reviews and no original articles on neuroimaging
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describing sex- and gender related differences, highlighting
another gap in the existing literature.

Strengths and Limitations

This review has several strengths. First, unlike several narrative
reviews on this topic, we developed an extensive, systematic
search strategy and employed a rigorous inclusion and screening
in an effort to systematically identify all recent relevant articles.
We hope the thorough description of the searching steps
and access to the developed search strings contribute to the
transparency and reproducibility of our method. We synthesized
newly published evidence in the context of the main findings of
previously published review articles in an effort to provide broad
topical coverage while minimizing unnecessary redundancy.
Furthermore, we made an effort to go beyond biological sex
aspects and also include gender aspects (behaviors, roles, etc.)
where available. In an attempt to convey the distinction between
both concepts, in our synthesis, we attempted to consistently
operationalize sex as biological differences and gender as social
construct that is shaped by cultures and varies over time. This
approach stands in contrast to previous reviews and much of
the original literature, in which the terms “sex” and “gender” are
often used interchangeably.

Some limitations should be considered in the interpretation
of our results. First, this review is limited by the articles we
found through our search strategy. To limit extensive overlap
with previous reviews and focus on the newest literature (2015-
present), older studies were summarized more broadly based on
existing reviews (11, 14, 15, 20, 22, 43, 54, 56, 58, 70-75, 91—
93, 95, 117, 118). Second, we excluded articles investigating the
effects of migraine therapies and treatments to focus on sex- and
gender-differences in migraine as a disease, itself, rather than
sex-specific differences related to individual treatment strategies,
adherence, and migraine management. We acknowledge there
are important (behavioral) differences between males and females
with respect to treatment, but these are outside the scope of the
present review (102, 120). Robbins and Bernat did not identify
articles on treatment efficacy stratified by sex, illustrating that
this topic also needs more attention in the field of migraine
treatment research (121). Sex and gender differences in migraine
comorbidities were also outside the scope of our review.

Finally, we did not provide a rigorous quality assessment
of the included articles, though we made an effort to caution
against over-interpretation, especially where the evidence was
particularly thin. Given these aforementioned limitations, we do
not claim that this review is exhaustive in terms of findings in
the field of sex and gender differences in migraine, however, we
believe it is quite comprehensive given its scope.

Recommendations
Taking the above-mentioned gaps into account, we encourage
further studies on sex and gender aspects in migraine across
all relevant basic, clinical and population science domains and
advocate for clearer operationalization of both terms - sex and
gender - in future work.

Second, we observed that most studies did not contain a
primary objective to identify sex- and/or gender differences.

These differences were rather stated as secondary findings,
implying that some studies may not have been sufficiently
powered to detect differences between sex or gender strata.
We advocate for a priori consideration of relevant research
questions pertaining to sex and/or gender and investigation
of sex and/or gender as a potential effect measure modifier.
Furthermore, many studies matched participants with and
without migraine by sex (or gender) to answer the study’s primary
research question, which makes inferences about the relationship
between sex (or gender) and migraine impossible by design.
This highlights a large methodological issue pervasive in the
included literature: authors often matched for sex and provided
averaged estimates, even though sex and gender differences are
well-known. Therefore, a point of improvement for future studies
is to avoid averaging of the effect size across of both sexes and/or
genders, or to at least additionally provide stratified estimates.

Third, we echo the comments of other authors (11,
117) encouraging further research to include diverse study
populations. In our review, we were explicit in our aims
to identify new findings in transgender or intersex people
and included these terms in the search strategy. To date, we
found only two studies (122, 123) that investigated migraine in
transgender people. This highlights sex and gender diversity as
an insufficiently studied area in migraine research.

Fourth, basic science studies with a more representative
distribution of sexes are warranted. Indeed, female animals
are often underrepresented in animal studies. Although it may
be justified to constrain the experimental animal population
to one sex (or a specific age) for some research questions,
it is a common misunderstanding that the inclusion of only
male animals will lead to more reproducible results with less
variation. While results of animal experiments in females may
be affected by their estrous cycle and may thus be subject to
intraindividual variation over time, experiments in male animals
may likewise exhibit such variations for other reasons such
as differences between dominant and subordinate males when
housed together (124). Although most included basic science
articles used a balanced distribution of males and females, there
is still considerable room for improvement. Similar issues also
arise in human studies, where only a few studies investigated
migraine in males. As mentioned in the review by Schroeder et al.
(15), societal differences and stigma surrounding this “feminized”
disease should not be underestimated.

Fifth, we noticed potential for improvement
methodological quality and reporting across the included
articles. In the first stage of the screening process, we were
forced to exclude several articles due to methodological issues.
Furthermore, in the presentation of the results, it was often
difficult to discern whether the described methods were actually
(and correctly) applied. Many articles reported conclusions that
did not align with their stated aims, were overstated, or did not
reasonably reflect their results.

Sixth, we encourage translational research of sex and gender
across the three pillars - basic, clinical, and epidemiological
studies - of the broad field of medicine. Although we identified
existing translational research (“from benchside to bedside”), no
articles assessed translational aspects from benchside to clinic

in
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or population level. Perhaps unsurprisingly, gender aspects were
more often thematized in epidemiological studies, whereas sex
aspects were addressed more frequently in basic science. Clinical
articles showed fluidity of these domains and contained both
aspects. Although the study of gender aspects in basic science
might be challenging, behavioral animal studies might be an
interesting area for further exploration.

Lastly, we recommend the adoption of a more holistic and
interdisciplinary approach to understanding sex and gender
differences in migraine across the different domains. Genetics
and biomarkers alone have not provided a conclusive answer in
explaining the observed sex and gender differences, and further
work is needed to explore possible important intersections
between genetics, pathophysiology, behavior and environment.

CONCLUSION

A thorough understanding of sex and gender differences in
migraine provides important insights into the pathophysiological
processes involved in migraine as well as implications on
a population level. Though research into these aspects in
the domains of epidemiology, basic science, clinical research,
genetics, and neuroimaging continues, several observed sex and
gender differences remain unexplored. Therefore, future studies
in migraine research should prioritize sex and gender aspects,
consider using consistent definitions of these concepts, and
employ suitable methods to explore these relevant differences
instead of controlling for them.
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Despite advancements in antiretroviral therapy, mild cognitive deficits persist in nearly
half of people with HIV (PWH). The profile of impairment in HIV is highly variable with
deficits observed in a range of cognitive domains. Despite evidence of greater cognitive
impairment among women with HIV (WWH) vs. men with HIV (MWH), it is unclear how
MWH and WWH differ in the type of cognitive impairment and in risk factors associated
with cognitive impairment profiles. In a large and well-characterized sample of PWH, we
used machine learning to identify profiles of cognitive functioning and their associated
factors overall and within sex. Participants included 1,666 PWH (201 WWH; 1,465 MMH)
from the HIV Neurobehavioral Research Program who completed a neuropsychological
test battery at their baseline visits. Using demographically-adjusted T-scores from
13 test outcomes assessing motor skills, executive functioning, attention/working
memory, episodic learning and memory, verbal fluency, and processing speed, we used
Kohonen self-organizing maps to identify patterns of high-dimensional data by mapping
participants to similar nodes based on T-scores (MCLUST R package). Random forest
models were used to determine how sociodemographic (e.g., age, education), clinical
(e.g., depressive symptoms, substance use disorder), and biological (e.g., HIV disease
characteristics) factors differentially related to membership within a cognitive profile. Al
analyses were repeated within sex. Three cognitive profiles were identified overall and
within each sex. Overall and within MWH, there were unimpaired and global weakness
profiles. The third profile in the total sample demonstrated relatively weak auditory
attention whereas in MWH showed relative strengths in attention and processing speed.
Conversely, there was no unimpaired profile among WWH. Rather, WWH demonstrated
separate profiles reflecting weakness in motor skills, a relative weakness in learning
and delayed recall, and global weaknesses with spared recognition memory. Despite
different cognitive profiles by sex, the most discriminative factors were similar between
men and women and included reading level (cognitive reserve), current and nadir CD4
count, plasma HIV viral load, duration of HIV disease, age, depressive symptoms, and
race/ethnicity. Findings fill a knowledge gap concerning sex differences in cognitive
impairment in PWH and inform personalized risk reduction and therapeutic strategies.

Keywords: HIV, sex differences, cognition, women, neuropsychology, cognitive profiles
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INTRODUCTION

The Human Immunodeficiency Virus (HIV) enters the central
nervous system (CNS) within days of initial infection (1), in
many cases leading to neurological, cognitive, and behavioral
complications. Cognitive deficits are a common feature of
HIV/AIDS. While the incidence of HIV-associated dementia has
considerably decreased in the era of modern ART suppressing
viral replication, mild cognitive deficits with no change in
everyday function persist in 24% [95% confidence interval (CI)
= 20.3-26.8] of people with HIV (PWH) and mild cognitive
deficits with mildly decreased everyday function persist in
about 13.3% (95% CI = 10.6-16.3) of PWH (2). Although
executive function and memory deficits are most common in
PWH in the post-ART era, the characterization of cognitive
impairment in HIV is highly variable with deficits observed
in a range of cognitive domains (3). Previous studies using
statistical clustering techniques have identified differing profiles
of cognitive function among PWH with some profiles resembling
global impairment across domains while other profiles resemble
more domain-specific impairment, particularly in the domains
of episodic memory and executive function (4-7). Similarly,
there is also substantial variability in the risk factors associated
with cognitive deficits among PWH that range from biological
(e.g, CD4™ T-cell count, HIV viral load, comorbid health
conditions), demographic (e.g., age, sex, race/ethnicity) to
psychosocial factors (e.g., low education, depression, substance
use/dependence). The persistence of cognitive impairment in
the era of modern ART among PWH and the variability in the
profiles and risk factors associated with cognitive impairment
suggests that non-HIV factors associated with aging, comorbid
conditions (e.g., cardiovascular disease) and psychosocial risk
factors (e.g., poverty, poor education) likely contribute to
cognitive impairment given the high prevalence of these factors
among PWH (8, 9). With this in mind, we propose looking
beyond the construct of HIV-associated neurocognitive disorders
(HAND) to identify the underlying pathophysiology linked to
cognitive impairment as HAND requires other comorbidities to
be ruled out as primary contributing factors.

Biological sex is an important determinant of cognitive
impairment among PWH. In a recent literature review of
sex differences in cognitive impairment among PWH (10),
seven cross-sectional (11-17) and one longitudinal analysis
(18) identified sex differences on global measures of cognitive
impairment among PWH. Additionally, six cross-sectional (13-
15, 17, 19, 20) and one longitudinal analysis (21) also reported
sex differences in domain-specific cognitive performance. The
strongest available evidence of adequately-powered studies
indicates that WWH show greater deficits than MWH in
the domains of learning and memory followed by speed of
information processing and motor functioning, with inconsistent
findings in executive functioning (17, 21).

The greater vulnerability of WWH to cognitive impairment
may reflect sociodemographic differences between men and
women with HIV. WWH tend to have a higher prevalence of
psychosocial risk factors including poverty, low literacy levels,
low educational attainment, substance abuse, poor mental health,

and barriers to health care services (10, 22) as compared to
MWH. These psychosocial risk factors may have biological
effects on the brain that lead to reduced cognitive reserve
among WWH (23, 24) as evidenced by findings of greater
susceptibility of cognitive function to the effects of mental
health factors (e.g., depression) among WWH vs. MWH (25).
Additionally, biological factors such as sex steroid hormones
(e.g., estrogen, testosterone) and female-specific hormonal
milieus (e.g., pregnancy, menstrual cycle, menopause transition)
may contribute to sex differences in cognitive test performance in
PWH. However, it remains unclear how MWH and WWH may
differ in the patterns of cognitive impairment and risk factors
associated with these patterns of cognitive impairment. Previous
reports of impairment profiles among PWH have identified
them in combined samples of men and women (4-7), masking
possible sex-specific patterns of cognitive impairment among
PWH. Furthermore, although a number of studies reported sex
differences in the presence and pattern of cognitive impairment
(14, 16, 17) and greater cognitive decline compared to MWH
(18), only one study (17) was adequately powered to address
meaningful sex difference in global cognitive function (10). A
well-powered examination of the patterns and determinants
of cognitive impairment by sex, that also controls for other
demographic differences between WWH and MWH (e.g., age,
education, race/ethnicity), can help to clarify the contribution
of sex to heterogeneity in cognitive impairment among PWH.
Such an examination could also clarify the related psychosocial
vs. biological factors and, thereby, optimize risk assessments and
intervention strategies in both sexes.

Leveraging comprehensive neuropsychological (NP) data
from the large-scale cohort of the HIV Neurobehavioral Research
Program (HNRP) at the University of California-San Diego,
we used novel machine learning methods to identify differing
profiles of cognitive function in PWH and to evaluate how
these profiles differ between women and men in sex-stratified
analyses. Rather, than using traditional cognitive domain
scores, we used each of the NP test outcomes given that prior
studies indicate that the correlation of NP test scores does
not map to traditional domain scores in PWH. Furthermore,
we determined how sociodemographic (e.g., age, education,
race/ethnicity), clinical (e.g., functional status, depression,
substance use disorders) and biological (e.g., measures of HIV
disease severity, ART use, cardiovascular comorbid conditions,
Hepatitis C co-infection) factors related to cognitive profiles
within women and men. Based on previous studies among PWH
(4-6), we hypothesized that the machine learning approach
would identify distinct subgroups of individuals with normal
cognitive function, global cognitive impairment, and domain-
specific cognitive impairment. We further hypothesized that
groups with domain-specific cognitive impairment would
differ by sex, with WWH showing more consistent memory
and processing speed impairment than MWH. Finally, we
expected that similar sociodemographic/clinical/biological
determinants would distinguish cognitive profiles (e.g.,
age, education, race, HIV viral load) among WWH and
MWH; however, in line with previous research (25), we
expected that depressive symptoms would be more strongly
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associated with cognitive impairment profiles among WWH
than MWH.

MATERIALS AND METHODS

Participants

Participants included 1,666 PWH (201 WWH; 1,465 MWH)
enrolled in various NIH-funded research studies at the University
of California, San Diego’s HNRP, https://hnrp.hivresearch.ucsd.
edu/. Study assessment details have been published elsewhere
(3). The UCSD Institutional Review Board approved the
studies. Participants provided written informed consent and were
compensated for their participation. Exclusion criteria for the
parent studies included history of non-HIV-related neurological,
medical, or psychiatric disorders that affect brain functioning
(e.g., seizure, stroke, psychosis), learning disabilities, and a first
language that was not English. Inclusion in the current study
required completion of neuropsychological and neuromedical
evaluations at the baseline study visit. Exclusion criteria for the
current study included a positive urine toxicology test for illicit
drugs (excluding marijuana) or Breathalyzer test for alcohol on
the day of clinic visit on the day of study visit.

NP Test Evaluation

NP test performance was assessed through a comprehensive,
standardized, battery of tests that measure seven domains of
cognition, including complex motor skills, executive function,
attention/working memory, episodic learning, episodic memory
(delayed recall and recognition), verbal fluency, and information
processing speed. Motor skills were assessed by the Grooved
Pegboard (GPEG) Dominant and Non-dominant Hand tests
(26). Executive functioning was assessed by the Trail Making
Test (TMT)-Part B (27) and the Stroop Color and Word Test
interference score (28). Attention/working memory was assessed
by the Paced Auditory Serial Addition Task (PASAT-50) (29, 30).
Episodic learning was assessed by the Total Learning scores
of the Hopkins Verbal Learning Test-Revised (HVLT-R) (31)
and the Brief Visuospatial Memory Test-Revised (BVMT-R)
(32). Episodic memory was assessed by the Delayed Recall and
Recognition scores of the HVLT-R and BVMT-R. Verbal Fluency
was assessed by the “FAS” Letter Fluency test (33). Information
processing speed was assessed by the WAIS-III Digit Symbol
Test (34), the TMT-Part A, and the Stroop Color and Word Test
color naming score. Raw test scores were transformed into age-,
education-, sex-, and race/ethnicity-adjusted T-scores based on
normative samples of HIV-uninfected persons (35, 36). The use
of demographically-adjusted T-scores are intended to control for
these demographic effects as they occur in the general population.

Factors Associated With NP Profiles

We examined sociodemographic, clinical, and biological factors
associated with cognitive impairment in the literature and
available with enough participants to be adequately powered
in analyses. Sociodemographic factors included age, years of
education, and race/ethnicity. Although these factors were used
to create the T-scores, there can still be remaining demographic
associations with cognition within clinical populations such

as PWH. For example, there is considerable interest in the
possibility of abnormal cognitive aging PWH; also, in general,
older PWH tend to have had their infections longer, may
have had longer periods without benefit of suppressive ART,
and more history of worse immunosuppression. Clinical factors
included functional status as indicated by the number of daily
activities with decreased independence from the Instrumental
Activities of Daily Living questionnaire (IADL) from the
modified version of the Lawton and Brody Activities of
Daily Living Questionnaire (37), reading level (a proxy for
cognitive reserve) based on the Wide Range Achievement
Test-4 Reading subtest (WRAT-4 Reading) (38), self-reported
depressive symptoms on the Beck Depression Inventory versions
I (BDI-I) or IT (BDI-II) (39), and diagnosis of lifetime and current
major depressive disorder (MDD) as well as lifetime alcohol,
cannabis, or other (ie., amphetamine, cocaine, hallucinogen,
inhalant, sedative, opioid, and PCP) substance use disorder
based on the Composite International Diagnostic Interview
using DSM-IV criteria (CIDI version 2.1) (40). Biological
factors included HIV disease variables such as current CD4™
T-cell count, lowest CD4" T-cell count ever recorded (nadir
CD4), plasma HIV viral load, estimated duration of HIV
disease, current use of ART, current use of anticholinergic-based
medications (e.g., urinary incontinence and chronic obstructive
pulmonary disease medications), Hepatitis C co-infection,
and the cardiovascular comorbid conditions of hypertension,
hyperlipidemia, and diabetes.

Statistical Analyses

All 13 NP tests were used to find groups of similar cognitive
profiles within each participant subset (MWH, WWH) and in
the total sample using a pipeline that consisted of dimension
reduction with Kohonen self-organizing maps (SOM) followed
by clustering to identify profiles based on those reduced
dimensions. SOM was implemented using the Kohonen package
in R (41). SOM is an unsupervised machine learning technique
used to identify patterns in high-dimensional data (numerous
variables) by producing a two-dimensional representation
consisting of multiple nodes where each node is a group of
one or more individuals with similar cognitive profiles and the
location of the nodes within the 2-D representation is also a
metric of similarity. Unlike probabilistic models, each individual
can only be assigned to one node. The SOM grid consisted of a
10 x 10 hexagonal grid of nodes and the number of clusters for
the final profiling was selected by looping over models created
from 3 to 20 clusters and selecting the number that had the
best fit based on entropy. Similar nodes were then clustered
(grouped together) using the MClust package (42). MClust is an
R Software package used for model-based clustering using finite
normal mixture modeling that provides functions for parameter
estimation via the Expectation-Maximization algorithm with an
assortment of covariance structures which vary in distribution
(spherical, diagonal, or ellipsoidal), volumes (equal or variable),
shape (equal of variable), and orientation (equal or variable,
only for ellipsoidal distribution). This program identifies the best
model based on entropy (a model fit statistic). Once the clustering
of the nodes was completed, cluster profiles were assigned to the
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individuals associated with that node. By using SOM and MClust
in sequence, we were able to achieve fine-tuned clustering based
on patterns of performance in cognitive testing.

Factors predicting profile membership between each impaired
and unimpaired profile in the overall sample and within each
group (MWH, WWH) were explored by creating a predictive
Random Forest (RF) model using the Caret (43) package in R
and then extracting variable importance (44). RF is an ensemble
machine learning model based on classification trees that results
in powerful prediction models based on non-linear combinations
of subsets of input variables. Prior to model creation, the
Synthetic Minority Over-sampling Technique (SMOTE) with
the DMwR (45) package was used to control for bias due to
any imbalance in the number of cases. RF models were created
using internal validation using a 10-fold resampling method
repeated 5 times. Pre-processing before RF creation involved
removing variables as predictors if they had low variance or if
they had >50% missing data. Any missing data in the remaining
variables was imputed using the Multivariate Imputation by
Chained Equations (46) (MICE) package in R using random
forest imputations. ROC confidence intervals were calculated
using the pROC package in R with 2,000 stratified bootstrap
replicates (95% CI). Variable importance of all variables included
in the RF models was used as the outcome metric of the predictive
power of each variable. Variable importance is a scaled number
[0-100] that indicates how important that variable is to the final
predicted outcome in that model. For each tree in the RF model,
the out-of-bag portion of the data is recorded and repeated after
permuting each predictor variable. The difference between the
accuracy with and without each variable is averaged over all trees
and then normalized by the standard error. For visualization,
all variables were plotted by relative variable importance, and
attention was given to the top 10 variables in each profile. Variable
importance indicates how much that variable contributes to
overall prediction accuracy, but as RF is non-linear model it does
not indicate directionality.

While the analysis pipeline and packages used along with the
parameter inputs are stated above, we have added our code into a
Supplementary Material to facilitate rigor and reproducibility.

RESULTS

Participants

Table 1 provides sociodemographic, behavioral, and clinical
factors for 1,666 PWH (1,465 men; 201 women). On average,
participants were 41.8 years of age [standard deviation (SD)
= 9.8] with 13.3 years of education (SD = 2.7). Fifty-eight
percent were White and 18% Black. Mental health comorbidities
were common. Forty-eight percent had a lifetime, and 19%
had a current, diagnosis of MDD. With respect to HIV-related
clinical characteristics, 60% were on combination ART and
42% were virally suppressed. Compared to MWH, WWH were
less educated, had lower WRAT-4 scores, were less likely to
be white, and had a shorter duration of HIV disease (Ps <
0.05). Additionally, WWH reported more IADL dependence and
were more likely to have HCV co-infection compared to MWH
(P’s < 0.05).

Table 2 provides NP test performance for the total sample
and by sex. In the total sample, average performance on
BVMT-R delayed recall, HVLT-R (total learning, delayed recall,
recognition), GPEG-non-dominant, and PASAT had T-scores
<45 or 0.5 standard deviations from the general population
mean (T-score of 50). WWH performed worse than MWH on
BVMT-R total learning on average (P = 0.01). However, WWH
performed better on the recognition measures of the BVMT-
R and HVLT-R (P’s < 0.01). This was also the case examining
percent impairment using a T-score cutoff of 40 (P’s < 0.001).

Identification of Cognitive Profiles in the
Total Sample

Profiles where the mean T-score on all cognitive outcomes
was >45 and <55 were considered an “unimpaired average”
profile. To describe the profiles, tests where the average T-
scores of all participants in that cluster were <45 were
considered weaknesses, and those where the average was <40
were considered impaired. An average >55 was considered a
relative strength in the context of other domains being in the
average range (>45 and <55).

Profiling of the 1,666 PWH resulted in three total groups using
an ellipsoidal multivariate mixture model with equal orientation
with an entropy of 0.982 (Figure 1A).

- Profile 1 (n = 618): Unimpaired indicated by the average T-
score for all NP outcomes falling into the normal/average range
between 45 and 55.

- Profile 2 (n 461): Relatively weak auditory attention
and episodic memory indicated by weaknesses in HVLT-R
(learning and delayed recall), Letter Fluency, and PASAT.

- Profile 3 (n = 587): Global weaknesses indicated by average
T-scores in the impaired range on all BVMT-R outcomes,
HVLT-R learning and delayed recall, GPEG-non-dominant,
and PASAT as well as weaknesses on TMT-Part B, Letter
Fluency, GPEG-dominant, and Digit Symbol.

Figure 2A provides the percent impairment on each task within
each of the profiles. Supplementary Table 1 also provides T-
scores and percent impairment on each task within each of the
profiles for reference.

Identification of Cognitive Profiles in MWH

and WWH Separately

Profiling of the 1,465 MWH also resulted in three groups using
an ellipsoidal multivariate mixture model with equal orientation
with an entropy of 0.993 (Figure 1B).

- Profile 1 (n = 753): Unimpaired indicated by the average
T-score for all NP outcomes falling into the normal range
between 45 and 55.

- Profile 2 (n = 286): Unimpaired with relative strength in
attention and processing speed indicated by relative strengths
(T-scores above 55) on TMT-Part A&B and Digit Symbol
compared to Profile 1. Similar to Profile 1, all other NP
outcomes fell into the normal range between 45 and 55.

- Profile 3 (n 426): Global weaknesses indicated by
impairment on all BVMT-R, HVLT-R and GPEG outcomes
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TABLE 1 | Demographic, behavioral, and clinical characteristics in the total sample of people with HIV and by sex.

Sex
Total Men Women
(N = 1,666) (n = 1,465) (n =201)
n (%) n (%) n (%) P-value

Age, M (SD) 41.7 (9.8) 41.9(9.8) 40.7 (9.6) 0.09
Years of education, M (SD) 18.3(2.7) 13.5(2.7) 12.0(2.5) <0.001
WRAT-4, M (SD) 99.1 (13.5) 99.8 (13.3) 93.5(13.2) <0.001
Race <0.001

White 971 (58) 890 (61) 81 (40)

Black 314 (19) 259 (18) 55 (28)

Hispanic 299 (18) 246 (17) 53 (26)

Other 82 (5) 70 (4) 12 (6)
IADL dependence 2.5(2.9 2.4 (2.8) 2.9 (3.1) 0.03
BDI-Il 13.5(10.4) 13.5(10.4) 13.5(9.9) 0.99
DSM-IV (CIDI) diagnoses
MDD

Current 224 (19) 203 (19) 21 (18) 0.94

Lifetime 572 (48) 510 (48) 572 (48) 0.24
Alcohol (current or lifetime*) 72 (6) 66 (6) 6 (5) 0.84
Cannabis (current or lifetime*) 63 (5) 60 (6) 3(3) 0.25
Substance use (current or lifetime*) 691 (73) 627 (73) 64 (71) 0.74
Anticholinergic medications 422 (25) 367 (25) 55 (27) 0.53
Hypertension 334 (21) 298 (21) 36 (18) 37
Hyperlipidemia 219 (14) 193 (14) 26 (13) 0.9
Diabetes 82 (5) 70 (5) 12 (6) 0.64
HCV 317 (20) 259 (18) 58 (29) <0.001
Log plasma viral load, M (SD) 3.1 (1.3 3.1 (1.3 3.1(1.2) 0.83
CD4 count, M (SD)

Current 429.0 (296.9) 426.9 (295.8) 443.7 (305.9) 0.46

Nadir 229.9 (219.9) 250.4 (231.8) 232.4 (221.4) 0.21
Duration of HIV disease, M (SD) 9.1(7.8) 9.3(8.0) 7.0(5.6) 0.005
AIDS diagnosis 969 (58) 854 (59) 115 (57) 0.07
On ART 966 (60) 857 (60) 109 (56) 0.3

M, mean; SD, standard deviation; ART, antiretroviral therapy; WRAT-4, Wide Range Achievement Test; IADL, Instrumental Activities of Daily Living; BDI, Beck depression inventory; CIDI,
Composite International Diagnostic Interview; HCV, Hepatitis C. *Current or Lifetime Use disorder (abuse or dependence).

and weaknesses on TMT-Part A&B, Letter Fluency, and
Digit Symbol.

Profiling of the 201 WWH also resulted in three groups using
an ellipsoidal multivariate mixture model with equal orientation
with an entropy of 0.989 (Figure 1C).

- Profile 1 (n = 64): Weakness in motor function indicated
by the average T-score falling into the normal/average range
(>45) or above average (>55) on all tests except for GPEG.

- Profile 2 (n = 67): Relative weaknesses in learning and
memory indicated by weaknesses on learning and delayed
recall on the BVMT-R and HVLT-R with the average T-scores
for the other outcomes falling in the normal range (>45).

- Profile 3 (n = 70): Global weaknesses with spared verbal
recognition indicated by average T-scores in the impaired
range on learning and delayed recall on the BVMT-R and
HVLT-R, GPEG, PASAT, and Digit Symbol, and weaknesses
on BVMT-R recognition, TMT, and Letter Fluency. Notably,
average recognition on the HVLT-R was in the normal range
(M = 47.1, SD = 14.5).

Figure 2B provides the percent impairment on each task
within each of the profiles within MWH and Figure 2C in
WWH. Supplementary Tables 2, 3 also provide T-scores and
percent impairment on each task within each of the profiles
for reference.
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TABLE 2 | Neuropsychological test performance in the total sample of people with HIV and by sex.

Total Men Women

(N = 1,666) (n =1,465) (n = 201) P-value
T-scores M (SD) M (SD) M (SD)
BVMT-R
Total learning 45.4 (10.0) 45.6 (10.1) 43.84 (9.6) 0.01
Delayed recall 42.2 (11.4) 45.2 (11.5) 45.6 (11.1) 0.6
Recognition 45.8 (138.7) 45.5(13.7) 48.3 (13.1) 0.006
HVLT-R
Total learning 42.6(11.6) 42,5 (11.7) 43.0 (11.1) 0.56
Delayed recall 43.2 (11.7) 43.3(11.8) 42.6 (10.8) 0.41
Recognition 44.4 (13.8) 43.6 (13.6) 50.5 (13.3) <0.001
Grooved pegboard
Dominant 45.4 (11.9) 45.4 (11.8) 45.4 (12.5) 0.98
Non-dominant 44.7 (11.3) 44.7 (11.3) 44.4 (11.6) 0.7
Trail making test
Part A 48.3 (11.9) 48.2 (11.9) 49.1 (11.7) 0.31
Part B 46.3 (11.7) 46.1 (11.7) 47.4 (11.4) 0.14
Letter fluency 47.0 (11.5) 47.0(11.2) 46.9 (13.2) 0.96
PASAT 50 44.7 (11.6) 44.7 (11.6) 449 (11.8) 0.79
Digit symbol test 47.2(11.2) 47.3(11.3) 46.9 (10.7) 0.67
PERCENT IMPAIRMENT (40 CUTPOINT) N (%) n (%) n (%)
BVMT-R
Total learning 429 (29) 499 (30) 70 (34) 0.13
Delayed recall 483 (33) 546 (33) 63 (31) 0.70
Recognition 434 (30) 487 (29) 53 (26) 0.38
HVLT-R
Total learning 595 (41) 670 (40) 75 (37) 0.41
Delayed recall 564 (38) 641 (38) 77 (38) 1.00
Recognition 476 (33) 510 (31) 34 (17) <0.001
Grooved pegboard
Dominant 470 (32) 536 (32) 66 (33) 0.89
Non-dominant 461 (31) 523 (31) 62 (31) 0.92
Trail making test
Part A 297 (20) 341 (20) 44 (22) 0.66
Part B 410 (28) 457 (27) 47 (23) 0.20
Letter fluency 342 (23) 396 (24) 54 (27) 0.31
PASAT 50 508 (35) 580 (35) 72 (36) 0.81
Digit symbol test 378 (26) 430 (26) 52 (26) 1.00

M, mean; SD, standard deviation; BVMT-R, Benton Visual Retention Test-Revised; HVLT-R, Hopkins Verbal Learning Test-Revised; PASAT, Paced Audlitory Serial Addition Test.

Predictors of Cognitive Profiles in the Total

Sample

In RF models, the top 10 variables distinguishing each of
the impaired profiles—Relatively weak auditory attention and
episodic memory [Profile 2; receiver operating curve (ROC) =
0.94] and Global weaknesses (Profile 3; ROC = 0.95)—from
the unimpaired profile (Profile 1) were the same and included:

WRAT-4, age, duration of HIV disease, nadir CD4 counts,
education, BDI-II, IADL dependence, log plasma viral load, and
race/ethnicity (Figure 3A). In each case, the impaired profiles
or those with weaknesses (2 and 3) had lower WRAT-4 and
higher BDI-II scores than the unimpaired profile (Profile 1)
(Table 3). The Relatively weak auditory attention and episodic
memory profile (Profile 2) group also was less educated, more
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FIGURE 1 | Profiling results in the (A) Total sample, (B) Men with HIV, and (C) Women with HIV. The small dotted line indicates a half of a standard deviation above
and below the mean whereas the large dotted line indicates a full standard deviation above and below the mean. BVMT, Brief Visuospatial Memory Test-Revised;
HVLT, Hopkins Verbal Learning Test Revised; PASAT, Paced Auditory Serial Addition Task; TMT, Trail Making Test; GPEG, Grooved pegboard.
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FIGURE 2 | Percent impairment (T-score cutoff of 40) for each profile in the (A) Total sample, (B) Men with HIV, and (C) Women with HIV. BVMT, Brief Visuospatial
Memory Test-Revised; HVLT, Hopkins Verbal Learning Test Revised; PASAT, Paced Auditory Serial Addition Task; TMT, Trail Making Test; GPEG, Grooved pegboard.
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FIGURE 3 | Random forest variable importance from the models for (A) Total sample, (B) Men with HIV, and (C) Women with HIV. IADL, Instrumental Activities of Daily
Living; WRAT, Wide Range Achievement Test-4 Reading subtest; BDI, Beck Depression Inventory; LT, lifetime; HCV, Hepatitis C co-infectious; MDD, major depressive
disorder.

Frontiers in Neurology | www.frontiersin.org 91 November 2020 | Volume 11 | Article 551921


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Rubin et al.

Sex Differences, Cognition, and HIV

TABLE 3 | Demographic, behavioral, and clinical characteristics in the total sample of people with HIV by cognitive profile.

Profile 1 Profile 2 Profile 3
Unimpaired Relatively weak Global weaknesses P-value
(n=618) auditory attention (n = 587)
n (%) and episodic n (%)
memory
(n = 461)
n (%)
Age, M (SD) 41.2 (9.1) 39.4 (9.4) 44.2(10.2) <0.001
Male 544 (88) 401 (87) 520 (89) 0.73
Years of education, M (SD) 13.5(2.5) 12.9(2.7) 13.5(2.8) <0.001
WRAT-4, M (SD) 102.2 (11.9) 96.5 (13.6) 97.6 (14.2) <0.001
Race <0.001
White 387 (63) 202 (44) 382 (65)
Black 119 (19) 104 (23) 91 (15)
Hispanic 76 (12) 132 (29) 91 (15)
Other 36 (6) 23 (5) 23 (4)
IADL dependence 2.2(2.7) 2.2(2.7) 3.0 (8.1) <0.001
BDI-Il 12.4 (9.9 13.4 (10.8) 14.7(10.4) <0.001
DSM-IV (CIDI) diagnoses
MDD
Current 67 (17) 59 (16) 98 (22) 0.06
Lifetime 198 (51) 154 (43) 220 (50) 0.05
Alcohol (current or lifetime*) 19 (5) 25 (7) 28 (6) 0.47
Cannabis (current or lifetime*) 23 (6) 21 (6) 19 (4) 0.52
Substance use (current or lifetime*) 232 (76) 208 (72) 251 (71) 0.41
Anticholinergic medication 127 (21) 125 (27) 170 (29) 0.002
Hypertension 123 (21) 71(16) 140 (25) 0.002
Hyperlipidemia 82 (14) 44 (10) 93 (16) 0.008
Diabetes 38 (6) 14 (3) 30 (5) 0.05
HCV 111 (19) 81 (18) 125 (22) 0.18
Log plasma viral load, M (SD) 3.2 (1) 3.0(1.3) 3.1(1.4) 0.05
CD4 count, M (SD)
Current 434.6 (283.1) 449.9 (305.6) 406 (303.5) 0.05
Nadir 245.1 (214.7) 259.8 (251.2) 197.5 (198.3) <0.001
Duration of HIV disease, M (SD) 8.9(7.9 7.9(7.2) 10.2 (8.2) <0.001
AIDS diagnosis 331 (54) 253 (55) 385 (66) <0.001
On ART 322 (54) 275 (61) 369 (65) <0.001

ART, antiretroviral therapy; WRAT-4, Wide Range Achievement Test-4th edition; IADL, Instrumental Activities of Daily Living; BDI, Beck depression inventory; CIDI, Composite International
Diagnostic Interview; HCV, Hepatitis C; “Current or Lifetime Use disorder (abuse or dependence).

likely to be Hispanic, and had a shorter duration of HIV disease
compared to the unimpaired profile (Profile 1). However, the
Global Weaknesses profile (Profile 3) was older, had more IADL
dependence, a longer duration of HIV disease, and lower current
and nadir CD4 counts as compared to the unimpaired profile.

Predictors of Cognitive Profiles in MWH
and WWH Separately

MWH

In RF models in MWH, the top 10 variables distinguishing the
Global weaknesses profile (Profile 3) and Relative strength in

attention and processing speed (Profile 2) from the unimpaired
profile (Profile 1) (ROC = 0.95 and ROC = 0.92, respectively)
were the same and included: IADL dependence, WRAT-4,
BDI-II, nadir CD4 count, duration of HIV disease, current
CD4 count, education, age, log plasma viral load, and race
(Figure 3B). The Global weaknesses profile (Profile 3) was
older, had higher IADL dependence, and BDI-II scores, longer
duration of HIV disease, and lower current and nadir CD4
counts compared to the unimpaired profile (Profile 1) (Table 4).
The Relative strength in attention and processing speed (Profile
2) was more likely to be White, had higher WRAT-4 and
lower BDI-II scores, had higher current and nadir CD4 counts,
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TABLE 4 | Demographic, behavioral, and clinical characteristics in the sample of men with HIV by cognitive profile.

Profile 1 Profile 2 Profile 3
Unimpaired Relative strength in Global weaknesses P-value
(n=753) attention and (n = 426)
n (%) processing speed n (%)
(n = 286)
n (%)
Age, M (SD) 40.6 (9.1) 41.9(9.8) 44.3(10.6) <0.001
Years of education, M (SD) 13.4 (2.52) 13.7 (2.6) 13.6 (2.9) 0.245
WRAT-4, M (SD) 99.7 (12.8) 104.1 (11.8) 96.8 (14.5) <0.001
Race 0.01
White 432 (57) 188 (66) 270 (63)
Black 146 (19) 48 (17) 65 (15)
Hispanic 139 (19) 31 (11) 76 (18)
Other 36 (5) 19 (6) 15 (4)
IADL complaints 2.2(2.7) 1.4(1.9) 3.4 (3.3 <0.001
BDI 13.1(10.4) 10.5(9.) 16.2 (10.7) <0.001
CIDI diagnoses
MDD
Current 105 (19) 21 (10) 77 (24) <0.001
Lifetime 259 (47) 92 (45) 159 (49) 0.66
Alcohol (current or lifetime*) 40 (7) 3(1) 23 (7) 0.009
Cannabis (current or lifetime*) 36 (7) 8 (4) 16 (5) 0.31
Substance use (current or lifetime*) 321 (74) 121 (73) 183 (72) 0.90
Anticholinergic medication 195 (26) 48 (17) 124 (29) <0.001
Hypertension 140 (19) 51 (19) 107 (26.) 0.01
Hyperlipidemia 96 (13) 40 (15) 57 (14) 0.82
Diabetes 40 (5) 8 (3) 22 (5) 0.22
HCV 125 (17) 46 (17) 88 (21) 0.14
Log plasma viral load, M (SD) 3.2(1.3 2.9(1.9 3.2(1.5) 0.01
CD4 count, M (SD)
Current 432.4 (301.1) 479.0 (272.8) 381.4 (295.0) <0.001
Nadir 238.6 (232.8) 268.2 (209.8) 188.8 (196.1) <0.001
Duration of HIV disease, M (SD) 8.9 (7.8 8.5(7.4) 10.4 (8.6) 0.01
AIDS diagnosis 440 (56) 113 (47) 281 (66) <0.001
On ART 426 (58) 166 (59) 265 (64) 0.10

ART, antiretroviral therapy; WRAT-4, Wide Range Achievement Test; IADL, Instrumental Activities of Daily Living; BDI, Beck depression inventory; CIDI, Composite International Diagnostic

Interview; HCV, Hepatitis C; "Current or Lifetime Use disorder (abuse or dependence).

and lower log plasma viral loads than the unimpaired profile
(Profile 1).

WWH

In RF models in WWH, nine out of the top 10 variables
distinguishing the Relative weaknesses in learning and memory
profile (Profile 2) and Global weakness with spared verbal
recognition (Profile 3) from the profile only demonstrating
Weakness in motor function (Profile 1; ROC = 0.95 and ROC
= 0.90, respectively) were the same and included: WRAT-4, age,
log plasma viral load, BDI-II, current and nadir CD4 count,
duration of HIV infection, IADL dependence, and education
(Figure 3C). The only unique variable distinguishing the profile
demonstrating Relative weaknesses in learning and memory
(Profile 2) from the profile demonstrating Weakness in motor

function (Profile 1) was race. However, the unique variable
distinguishing the profile demonstrating Global weaknesses
with spared verbal recognition (Profile 3) from the profile
demonstrating Weakness in motor function (Profile 1) was
a current diagnosis of MDD. The Relative weaknesses in
learning and memory profile (Profile 2) was older, less likely
to be Hispanic, more likely to be non-Hispanic White, and
had lower BDI-II scores compared the profile demonstrating
Weakness in motor function (Profile 1) (Table5). However,
the Global weaknesses with spared verbal recognition profile
(Profile 3) was more likely to be non-Hispanic White, have
lower WRAT-4 scores, had more IADL dependence and higher
BDI-II scores, was more likely to have a current diagnosis
of MDD, have higher log plasma viral loads, lower current
and nadir CD4 counts, and a shorter duration of HIV disease
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TABLE 5 | Demographic, behavioral, and clinical characteristics in the sample of women with HIV by cognitive profile.

Profile 1 Profile 2 Profile 3
Weakness in motor Relative weaknesses Global weaknesses P-value
function in learning and with spared verbal
memory recognition
(n = 64) (n =70) (n =67)
n (%) n (%) n (%)
Age, M (SD) 37.4 (8.5) 42.4 (9.9) 41.9(9.8) 0.005
Years of education, M (SD) 11.5(2.5) 12.6 (2.4) 11.9 (2.6) 0.03
WRAT-4, M (SD) 96.6 (9.8) 95.5 (13.9) 88.9 (13.5) 0.003
Race 0.007
White 1(33) 32 (46) 28 (42)
Black 16 (25) 26 (37) (1 9)
Hispanic 25 (39) 8 (11) 0 (30)
Other 2(3) 4 (6) 6(9)
IADL dependence 7 (3.0) 2.2 (2.7) 8 (3.5) 0.01
BDI-Il 13.7 (9.5) 10.9(9.2) 16.0 (10.5) 0.01
DSM-IV (CIDI) diagnoses
MDD
Current 5(14) 2 (5) 14 (34) 0.003
Lifetime 17 (47) 17 (45) 28 (68) 0.06
Alcohol (current or lifetime*) 38 25 12 0.51
Cannabis (current or lifetime®) 1) 25 0(0) 0.34
Substance use (current or lifetime*) 22 (81) 21 (66) 21 (67) 0.36
Anticholinergic medication 16 (25) 18 (26) 21 (31) 0.66
Hypertension 8(12) 16 (23) 12 (18) 0.28
Hyperlipidemia 5(8) 9(13) 12 (18) 0.21
Diabetes 5(8) 2(3) 58 0.4
HCV 22 (34) 18 (26) 18 (27) 0.53
Log plasma viral load, M (SD) 3.1(0.9 3.1(1.2) 3.2(1.3 0.72
CD4 count, M (SD)
Current 448.4 (282.9) 516.5 (309.6) 358.2 (304.7) 0.01
Nadir 298.6 (269.1) 273.1 (232.0) 181.3 (173.5) 0.009
Duration of HIV disease, M (SD) (5 4) 7.41(6.1) 5(5.3) 0.76
AIDS diagnosis 2 (50) 36 (51) 7 (70) 0.03
On ART 4 (55) 36 (52) 9 (61) 0.58

ART, antiretroviral therapy; WRAT-4, Wide Range Achievement Test; IADL, Instrumental Activities of Daily Living; BDI, Beck depression inventory; CIDI, Composite International Diagnostic

Interview; HCV, Hepatitis C; "Current or Lifetime Use disorder (abuse or dependence).

compared to the profile demonstrating Weakness in motor
function (Profile 1).

DISCUSSION

In this large-scale study using a novel pipeline combination
of machine learning methods, we provide further evidence in
support of heterogeneity in cognitive function among PWH.
Our results do not negate the heterogeneity in cognitive
function in HIV-uninfected individuals but rather highlights
the heterogeneity among PWH that can often be masked by
a dichotomous HAND categorization. In the total sample, we
identified an unimpaired profile, a profile of relatively weak
auditory attention and episodic memory, and a global weakness
profile. As expected, given the relative sample sizes, the cognitive

patterns in the total sample were in greater alignment with
those found among MWH compared to WWH. Similar to
results in the overall sample, we identified an unimpaired profile
and a global weakness profile in MWH; however, unlike the
overall sample and inconsistent with hypotheses of domain-
specific cognitive impairment profiles in both MWH and
WWH, MWH demonstrated a profile with relative strengths
in attention and processing speed. Conversely, there were
no unimpaired, cognitive strength or global weakness profiles
among WWH. Rather, as hypothesized WWH demonstrated
cognitive profiles reflecting a global weakness (with spared
verbal recognition) and domain-specific impairment including
a weakness in learning and memory and motor skills. These
findings suggest that sex and the sociodemographic factors
associated with female sex within the HIV-infected population
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contribute to the heterogeneity in cognitive function among
PWH. Studies examining cognitive function in combined
samples of men and women may mask important sex differences
in cognitive functioning among PWH, particularly in male-
dominant samples such as the current sample. These sex
differences in cognitive profiles among PWH may result from
biological sex differences and/or the psychosocial factors that
tend to characterize WWH more than MWH (e.g., low education,
poverty). Biological sex differences include those seen in the
general population such as sex steroid hormones (e.g., estrogen,
progesterone, testosterone), female-specific reproductive events
(e.g., parity, reproductive span, hormone therapies) and genetic
factors or previously-reported sex differences specifically in HIV
disease characteristics unmeasured herein (e.g., size of viral
reservoirs, CD4 cell count at seroconversion) (47, 48). Regardless
of the underlying mechanism, characterizing these sex differences
in cognitive functioning among PWH can provide inroads to
identifying mechanisms of cognitive dysfunction and optimizing
risk assessments and diagnostic and therapeutic strategies for
each sex.

A notable sex difference in profiles was the lack of the
unimpaired or cognitive strength profile among WWH that was
observed among MWH. Our cognitive profile analyses are in line
with prior studies that suggests that WWH are often but not
always, more likely to demonstrate cognitive deficits than MWH
(10). Our analysis suggests that the impairment manifests more
often as domain-specific impairment (i.e., learning, memory,
motor) in women than in men that may not be revealed in a
more cross-domain summary measure like GDS or global T-
scores. This female vulnerability to cognitive deficits is thought
to reflect sociodemographic differences whereby low education
and socioeconomic status and their associated psychosocial risk
factors (e.g., depression, poverty, early-life trauma, barriers to
health care, co-infections) are more prevalent among WWH
vs. MWH (10, 22, 49). These psychosocial risk factors can
have adverse effects on the brain that lower cognitive reserve
(23, 24, 50, 51), suggesting that interventions geared toward
addressing these psychosocial factors should be a priority for
WWH and/or for women who are at increased risk of HIV.
In support of these studies, Sundermann et al. (17) found that
the higher rates of cognitive impairment in WWH vs. MWH
were eliminated after adjusting for the lower reading level (i.e.,
WRAT-4 score) that characterized WWH compared to MWH.
Biological differences may also contribute to sex differences in
the pattern and magnitude of cognitive impairment in PWH
including disease characteristics, brain structure/function, sex
steroid hormones and female-specific hormonal milieus (e.g.,
pregnancy, menstrual cycle, menopause transition). There is
also evidence to suggest that WWH may be more cognitively
susceptible than MWH to the effects of mental health factors (25).

As mentioned, only women demonstrated more domain-
specific cognitive profiles including weakness in motor
functioning and relative weakness in learning and memory.
Similarly, previous studies report that learning, memory, and
motor functioning are among the domains in which cognitive
impairment is more common among WWH vs. MWH (10)
and these differences persisted after adjusting for HIV RNA

and CD4 counts (21). These sex differences in domain-specific
impairment may reflect psychosocial factors (e.g., cognitive
reserve, mental health), biological factors (sex steroid hormones,
genetic), or interactions among them. Although women in
general demonstrate relative advantages in verbal memory and
fine motor function compared men (52-57) likely due, at-least
in part, to the effects of estrogen on the developing brain and
the neuroprotective effects of circulating estradiol (58-60),
the menopause transition has been associated with declines
in verbal memory and motor function (61-63). The mean age
of women in our study was 41 (SD = 9.6; 33% >45 years of
age) suggesting that a portion of women may be experiencing
cognitive deficits associated with reproductive aging. Germane
to the learning/memory impairment in WWH, women are
more vulnerable to the negative effects of stress hormones
on hippocampal-dependent tests compared to men (64). This
finding may be particularly relevant to the current sample
considering the high prevalence of psychosocial stressors among
WWH including childhood trauma and domestic violence (65).

Unlike MWH, WWH demonstrated a global impairment
profile with spared verbal recognition. Consistently, previous
findings regarding memory impairment among PWH found this
impairment to be more dependent on frontal and subcortical
structures with relatively normal memory retention but impaired
memory retrieval (recall but not recognition deficits) (66-68).
Even in the female-specific profile of relative weakness in learning
and memory, recognition was less impaired compared to learning
and recall. We can only speculate as to why the sparing of
recognition in the global impairment profile was specific to
WWH and to verbal vs. visual memory. It is possible that, in the
context of cognitive impairment in HIV, the female advantage
in verbal memory may be most salient for the least cognitively-
taxing memory component, recognition performance, and this
advantage is not fully adjusted for in our demographically-
corrected T-scores.

Despite the heterogeneity in cognitive profiles by sex,
the sociodemographic/clinical/biological factors associated with
these cognitive profiles were similar for MWH and WWH
suggesting that, although the same factors confer increased
vulnerability to cognitive dysfunction, the adverse effects of
these factors impact brain function differently in men and
women. In both MWH and WWH, WRAT-4 had the greatest
discriminative value of profile class followed by HIV disease
variables (e.g., CD4 count, viral load and estimated duration
of HIV disease), depressive symptoms, age, race/ethnicity and
years of education. WRAT-4 scores have been consistently
identified as an important determinant of cognitive function
among PWH, with lower WRAT-4 scores conferring risk for
cognitive impairment (17, 69). WRAT-4 performance may
be particularly salient in this population, given that reading
level may reflect education quality, above and beyond years
of education, especially in lower socioeconomic populations
because of the many factors impacting education quality (e.g.,
ability to attend school, economic disadvantages in schools
within low SES districts) (69). Additionally, reading level
is associated with health outcomes including hospitalizations
and outpatient doctor visits (70) and, thus, may be a proxy
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for biopsychosocial factors underlying general health (e.g.,
socioeconomic status, self-efficacy).

HIV disease variables were also strong determinants of
cognitive profiles in both men and women. Aside from some
instances of a shorter duration of HIV disease relating to more
cognitive impairment in WWH and in the total sample, the more
biologically-based HIV disease variables were associated with
cognitive impairment in the expected direction; higher current
and nadir CD4 count and lower viral load were protective against
cognitive impairment. It is curious that the global weakness
with spared verbal recognition profile in women was associated
with more severe HIV-related variables (i.e., higher viral loads,
lower current, and nadir CD4 counts) yet with shorter duration
of HIV infection. We speculate that the shorter HIV infection
in WWH may reflect CNS effects of untreated and/or early-
course HIV infection. Alternatively, the self-reported shorter
duration of infection may not have been accurate, to the extent
that WWH lived longer with untested/undetected infections.
Findings are consistent with a wealth of literature relating proxies
of HIV disease burden and severity to cognitive function (71-
73) and suggests that, even in the era of effective ART when
viral suppression is common, HIV disease burden can have
adverse effects on the brain possibly due to poor penetration of
ARTs into the CNS, ART resistance, poor medication adherence
(74), and/or the establishment of viral reservoirs in the CNS
reservoir (75, 76).

In line with hypotheses of mental health factors relating to
cognitive impairment profiles more strongly in women, current
diagnosis of MDD was a predictor of cognitive profiles only
among WWH. Although the prevalence of a current or lifetime
diagnosis of MDD did not differ between WWH and MWH,
MDD was an important risk factor of demonstrating Global
weaknesses with spared verbal recognition (Profile 2) compared
to the profile demonstrating only Weakness in motor function
(Profile 1). This finding aligns with our work demonstrating that
MDD may have a greater impact in women compared to men
(25). Our work indicates that HIV comorbid with depression
affects certain cognitive domains including cognitive control,
and that these effects are largest in women. Specifically, WWH
with elevated depressive symptoms had 5 times the odds of
impairment on Stroop Trial 3, a measure of behavioral inhibition,
compared to HIV-uninfected depressed women, and 3 times
the odds of impairment on that test compared to depressed
MWH. In a recent meta-analysis, small to moderate deficits in
declarative memory and cognitive control were documented not
only in individuals with current MDD but also in individuals
with remitted MDD, leading to the conclusion that these deficits
occur independently of episodes of low mood in individuals
with “active” MDD (77). Together these lines of work suggest
that MDD would exacerbate (or co-occur with factors that
cause) cognitive difficulties in PWH, particularly in the cognitive
domains of declarative memory and cognitive control in WWH.

Our study has limitations. Although we were adequately
powered within both WWH and MWH (10), the magnitude of
power was discrepant by sex considering that women represented
20% of our sample. Larger-scale studies in WWH only are
currently underway. The generalizability of our findings also

warrant additional study as the profiles identified here may not
represent the profiles among all PWH. Due to the unavailability
of data, we were unable to explore certain psychosocial factors
(e.g., early life trauma, perceived stress) as potential determinants
of cognitive profiles. Our analyses were cross-sectional which
allows us to identify determinants associated with cognitive
profiles but precludes us from determining the temporal
relationships between these factors and cognitive function.
Although many of the related factors may be risk factors for
cognitive impairment, reverse causality is possible with some of
the factors resulting from cognitive impairment (e.g., depression,
IADL). Additionally, interpretation of the machine learning
results should be done with care as RF is an ensemble model
that is inherently non-linear in nature. This means that the
importance and predictive power of every variable is specified
in the context of other variables. This can lead to situations
where an important predictive variable in the RF model has no
significant difference in the overall comparison but has dramatic
differences when included with other variables in the model. As
such, this model should be interpreted as hypothesis-generating
and identifies variables in need of further investigation. Lastly,
because our study was focused on sex differences in cognitive
profiles within PWH, we did not include a HIV-seronegative
comparison group. Thus, we cannot determine the degree to
which HIV contributes to sex differences in cognitive profiles.
However, the independent HIV-related predictors does suggest
that HIV has a role. Despite these limitations, we selected RF
over linear models such as lasso and ridge regression because
RF models had more predictive power and higher accuracy in
this data compared to the linear models, even linear models
with tuning parameters such as ridge and lasso that can used
for feature selection. The results from these models mirror the
P-values for the univariate comparisons (see Tables 1-5), which
is expected since analysis of variance and t-tests are also linear
models. Moreover, RF models are more optimal for handling
missing data, the inclusion of categorical predictor variables, and
the use of categorical outcome measures which was the case in
the present study. RF models also account for the complexity in
the data that can arise from multicollinearity often seen in large
feature sets.

In conclusion, our results also suggest that sex is a contributor
to the heterogeneity in cognitive profiles among PWH and that
cognitive findings from MWH or male-dominant samples cannot
be wholly generalized to WWH. Whereas, MWH showed an
unimpaired profile and even a cognitively advantageous profile,
WWH only showed impairment profiles that included global
and more domain-specific impairment, which supports previous
findings of greater cognitive impairment in WWH than in
MWH (10). Although the strongest determinants of cognitive
profiles were similar in MWH and WWH including WRAT-
4, HIV disease characteristics, age and depressive symptoms,
the direction of these associations sometimes differed. This
suggests that the effects of certain biological, clinical, or
demographic factors on the brain and cognition may manifest
differently in MWH and WWH and that sex may contribute
to heterogeneity not only in cognitive profiles but in their
determinants although studies with larger numbers of WWH are
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needed to more definitively test these hypotheses. It is important
to detect these differing cognitive profiles and their associated
risk/protective factors as this information can help to identify
differing mechanisms contributing to cognitive impairment
and whether these mechanisms are related to HIV disease,
neurotoxic effects of ART medications, and/or comorbidities that
are highly prevalent among PWH (e.g., depression, substance
abuse, hyperlipidemia). Given the longer lifespan of PWH in
the era of effective antiretroviral therapy, cognitive profiling will
also inform aging-related effects on cognition in the context
of HIV and perhaps early clinical indicators of age-related
neurodegenerative disease. By identifying cognitive profiles and
their underlying mechanisms, we can ultimately improve our
ability to treat by tailoring and directing intervention strategies
to those most likely to benefit. Overall, our results stress the
importance of considering sex differences in studies of the
pathogenesis, clinical presentation, and treatment of cognitive
dysfunction in HIV.
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Published epidemiological studies of traumatic brain injury (TBI) of all severities
consistently report higher incidence in men. Recent increases in the participation of
women in sports and active military service as well as increasing awareness of the very
large number of women who sustain but do not report TBI as a result of intimate partner
violence (IPV) suggest that the number of women with TBI is significantly larger than
previously believed. Women are also grossly under-represented in clinical and natural
history studies of TBI, most of which include relatively small numbers of women, ignore
the role of sex- and age-related gonadal hormone levels, and report conflicting results.
The emerging picture from recent studies powered to detect effects of biological sex
as well as age (as a surrogate of hormonal status) suggest young (i.e., premenopausal)
women are more likely to die from TBI relative to men of the same age group, but this
is reversed in the 6th and 7th decades of life, coinciding with postmenopausal status in
women. New data from concussion studies in young male and female athletes extend this
finding to mild TBI, since female athletes who sustained mild TBI are significantly more
likely to report more symptoms than males. Studies including information on gonadal
hormone status at the time of injury are still too scarce and small to draw reliable
conclusions, so there is an urgent need to include biological sex and gonadal hormone
status in the design and analysis of future studies of TBI.

Keywords: head trauma, concussion, men, women, sex differences

INTRODUCTION

Traumatic brain injury is a major cause of death and disability, especially among young people,
and a major public health problem throughout the world. Epidemiological studies of TBI,
mostly relying on emergency department and hospitalization records, consistently report higher
incidence in men (1-4), sometimes explained by the higher propensity of men to be involved
in physical altercations, military service and contact sports. However, this contention may need
to be revised in view of recent publications suggesting that millions of women are exposed
to TBI or repeated concussions caused by intimate partner violence (IPV), which are often
unreported and undetected (5, 6). Similarly, in most observational and clinical studies of TBI,
women represent ~30% or less of subjects (Tables 1, 2). Consequently, the natural history,
outcome and pathophysiology of TBI in women in general, and IPV victims in particular, have
received little systematic investigation to date. Investigation of TBI and concussion outcome in
women is also complicated by the fact that during their life time, women undergo massive and
abrupt changes in gonadal hormone secretion at puberty and menopause, and are exposed to
fluctuating levels of the same hormone across the menstrual cycle during their reproductive years.
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TBIin Men and Women

Female and male gonadal hormones are known to exert many
diverse effects on brain structure and function [reviewed in (39)]
which are likely to modulate the brain response to trauma in
multiple ways and may, in principle, offer sex-specific treatment
targets. This is an important and timely question since with the
increasing involvement of women in the military (40) and in
sports, including contact sports such as Rugby (41); the number
of women at risk for sustaining TBI or concussion is on the
rise, while treatment algorithms are still based on the results of
clinical studies with an overwhelming majority of men (70% or
above), none of which resulted in an FDA approved treatment
for the neurological sequelae of TBI; despite promising results
from animal studies (Table 1). A comprehensive literature review
of sex differences in human TBI and animal models has been
published recently (42), with 73 papers demonstrating better
TBI outcome in men relative to women, 41 papers which show
the opposite (women better than men), 28 papers reporting no
difference and 14 papers reporting mixed results. Obviously,
these results are not conducive to understanding female-specific
risks and attributes of TBI. The reasons for the discrepancy
between human and animal studies have been addressed by us
and others and are outside the scope of this minireview (42, 43).

Another emerging issue related to effects of biological sex on
outcome of TBI is the recent recognition of the devastating long-
term sequelae of repeated concussive TBIs (44), most notably
chronic traumatic encephalopathy, a condition discovered and
initially studied exclusively in male athletes (45).

Here we offer a concise critical review of emerging data
on the effect of biological sex and hormonal status on TBI
incidence and outcome, highlighting some possible mechanisms

TABLE 1 | Key clinical trials in TBI.

References %women  Outcome Analysis
by Sex
Young et al. (7) 21 3-month GOS No
Marshall et al. (8) 24 6-month GOS No
Marmarou et al. (9) 29 3-month GOS No
Morris et al. (10) 23 6-month GOS No
Clifton et al. (11) NR 6- month GOS NR
Maas et al. (12) 18.6 6-month GOS No
McCarthy et al. (13) 26 3-24 month GOS ~ No
Giacino et al. (14) 27 4-6 week DRS No
Zafonte et a. (15) 25 3 months GOS No
Skolnick et al. (16) 21 6-month GOS No
Wright et al. (17) 26 6-month GOS-E Yes M >
Fy
Nichol et al. (18) 16 6-month GOS-E No
CRASH-3 collaborators (19) 19 4-week mortality No
Rowell et al. (20) 26 6-month GOS-E No

GOS, Glasgow outcome scale; DRS, disability rating scale; GOS-E, Glasgow coma scale,
extended. NR, not reported. M, men; F, women. M > F better outcome in men. *Trend,
p=0.07.

Only phase lll trials including > 300 subjects are included.

None of these studlies was analyzed for a sex x age interaction.

and identifying significant knowledge gaps which need to be filled
in order to improve outcome of TBI.

TBI INCIDENCE AND PREVALENCE IN
MEN AND WOMEN

Traumatic brain injury is a major public health concern and
prominent cause of death and disability. Worldwide, in 2016,
there were ~27 million new cases of TBI with an age-adjusted
incidence rate of 369 per 100,000—representing a 3.6% increase
from 1990. In the same year, prevalence was 55.5 million
individuals, representing an 8.4% increase from 1990 (46). In the
US, TBI statistics published by the Centers for Disease Control
and Prevention (1-3, 47) show that the combined rates for TBI-
related emergency department (ED) visits, hospitalizations, and
deaths in the United States have been on the rise and totaled 823.7
per 100,000 US population in 2010. Furthermore, an estimated
cumulative 5.3 million individuals are living with a TBI-related
disability in the United States. This represents a prevalence of
~2% of the U.S. population (47).

Epidemiological studies consistently report higher incidence
in men, such that the odds of sustaining a TBI are 2.22 times
higher in men than in women (4). The reported TBI prevalence
in the general population is 16.7% among males and 8.5% among
females. Overall, males account for ~59% of all reported TBI-
related medical visits in the United States (48). This robust and
consistent sex difference is sometimes explained by the higher
propensity of men to be involved in physical altercations, military
service, and contact sports (4). Sex differences in TBI incidence
are modulated by age, and recent reports show that among the
elderly (over 65), overall TBI incidence (49) and rates of ED visits
for mild TBI were higher for women than for men (50). Similarly,
rates of sports related injuries in young women seem to be equal
or higher to those of men [e.g., (51-54), Table 3].

Importantly, studies relying on reported injuries and ED
visits likely paint a distorted picture of the actual incidence of
TBI, since they do not include TBIs suffered by female victims
of intimate partner violence (IPV). IPV is a highly gendered
behavior, such that the majority of perpetrators are men and
the majority of victims are women, and TBIs suffered in this
context are often unreported (79, 80). The Centers for Disease
Control and Prevention (81) report that 32 million women in
the United States have experienced IPV during their lifetime.
Moreover, the National Intimate Partner and Sexual Violence
Survey states that nearly one in four women in the United States
have experienced severe physical violence (being hit, kicked,
choked, beaten, burned, stabbed, or shot) during their lifetime
by an intimate partner (82). Many of these violent attacks are
likely to result in traumatic or anoxic brain injury, since it is
common for abusers to target the victim’s face, neck, and head
(83, 84), with the prevalence of IPV-related TBI estimated as 60
to 90% (79, 85). A recent study found that more than 80% of
IPV victims referred from homeless or domestic violence shelters
sustained multiple TBIs, 84% had clinically significant symptoms,
yet only 21% sought medical attention at the time of injury (85).
This very low rate reflects the fact that many battered women
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TABLE 2 | Representative observational studies of moderate and severe TBI biomarkers and outcomes.

References N (%F) Primary outcome Analysis by
Sex Sex X Age
Farin et al. (21) 957 (23) ICP, Edema Yes M > F) Yes (F < 50 worst)
King et al. (22) 159 (23) 12-month GOS Yes M =F) No
Davis et al. (23) 13,247 (24) In-Hospital mortality Yes M = F) Yes (> 50F > M)
Corrigan et al. (24) 3,444 (28) RTW Yes M > F) Yes (> 55F > M)
Berry et al. (25) 72,294 (30.8) Mortality Yes (F > M) Yes (> 45F > M)
Ottochian et al. (26) 1,807 (22) Mortality Yes (M > F) Yes (> 55M > F)
Yeung et al. (27) (2979) 29 Mortality, edema Yes (M = F, mortality NA*
M > F, edema)
Lavoie et al. (28) 175 (25) Depression (PHQ-9) Yes M =F) No
Walker et al. (29) 10,125 (27) 1-5 year GOS Yes M =F) No
Puffer et al. (30) 1,169 (26) GOS-E trajectory No No
Wilkins et al. (31) 304 (19) 6-24 month GOS-E No No
Stromberg et al. (32) 7,867 (25) RTW Yes M = F) No
Deng et al. (33) 264 (22) ICP, edema, surgery Yes (M = F, edema) No
(F > M, surgery)
Gruen et al. (34) 164 (25) 30 day mortality No No
Mellett et al. (35) 429 (22) Mortality, GOS, NRS, DRS No No
Okonkwo et al. (36) 1,359 (32) GFAP, GOS-E No No
Xu et al. (37) 1,206 (32) CRP, GOS-E No No
Kerezoudis et al. (38) 2,508 (35) Mortality No NA**

ICP, intracranial pressure; GOS, Glasgow outcome scale; RTW, return to work; GOS-E, Glasgow coma scale, extended; NRS, Neurobehavioral rating scale; DRS, disability rating scale,

GFAR Glial Fibrillary acidic protein; CRF, c-reactive protein.
NA, not applicable, " Study only included young women **All participants were elderly.

may never go to the Emergency Department or get treated by
health care providers (86-89) resulting in underreporting and
poor detection. Given the numbers of women over the age of 15
experiencing IPV, there could be more than 31,000,000 women
who have received a traumatic brain injury (90) in the US
today- a number which should radically change our perception
of TBI demographics.

BIOLOGICAL SEX AND TBI OUTCOME

TBI outcome is highly variable: Moderate and severe injuries
may result in death, persistent vegetative state, severe disability,
moderate disability, or good recovery, which form the basis for
the most commonly used TBI outcome scales—initially the 5 step
Glasgow outcome scale, (GOS), more recently replaced by the 8
step extended GOS (GOS-E). Mild TBI and concussion, which
actually account for the majority (~75%) of TBI cases (2), rarely
result in death or severe disability but are often associated with
long term changes in cognition and behavior (91, 92), which can
be assessed by scales such as the Rivermeade post-concussion
questionnaire [RPQ, (22, 93)]. Early studies which established
risk factors for poor outcome in TBI, such as advancing age (94)
did not report analyses by sex.

The influence of biological sex on the outcome of TBI has been
the subject of several analyses with contradictory results, possibly
due to the relatively small number of women and girls in clinical
studies, lack of information on hormonal status and the wide

disparity in outcome measures used for the comparison, which
included such disparate measures as return to work, bacteremia
and mortality [(42); Tables 1, 2]. Thus, studies comparing men
and women without paying attention to hormonal status or age
report no differences in outcome, better outcome in women or
better outcome in men (27, 95-99). Probably for the same reason,
the recognition of various risk factors for poor TBI outcome,
including advanced age, is biased toward men, and this has not
changes since age as a risk factor for poor TBI outcome was
first reported by Teasdale et al. (94). Consequently the treatment
guidelines for head injury [e.g., (100, 101)] are heavily influenced
by findings in male patients. Differences between the sexes in
the frequencies of risk factors and their effect on early and late
outcome as measured by TBI-specific outcome scales (i.e., GOS
and GOSE) have not been systematically investigated to date.
Similarly, research on mild TBI and concussion, which actually
account for the majority (~75%) of TBI cases (2) in the general
population is also plagued by small studies, disparate outcome
measures and paucity of women (see Table 3). Understandably,
mild TBI/concussion is more highly prevalent among athletes
and the military (102, 103). While studies focusing on contact
sports in which women are not represented (91, 104, 105) do not
contribute to the question at hand, there is a recent explosion
of publications on sex differences in incidence and outcome of
sports related concussions in sports in which women do engage
(Table 3). These studies include a higher proportion of women
relative to clinical and observational studies moderate—severe
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TABLE 3 | Representative studies of mild TBI and sports concussion incidence and outcomes.

References N (%F) Primary outcome Analysis by
Sex Sex and Age

Colvin et al. (55) 234 (60.3) PCS, IMPACT Yes (M > F) NA

Preiss et al. (56) 260 (34) PCS Yes (M > F) Yes (MinorF > adultF)
Bazarian et al. (57) 1425 (45.1) RPQ, PCS Yes (M > F) Yes (F < 55 worst)
Covassin et al. (58) 296 (31.4) IMPACT, PCS Yes M > F) NA

Styrke et al. (59) 163 (31.8) RPQ 3 years Yes (M > F) No

McMahon et al. (60) 375 (29.9) GOS-E, BSI-18, RPQ No No

BluMfeld et al. (61) 1500 (40) Incidence, Symptoms, duration Yes M > F) No

Ma et al. (62) 108 (100) Incidence NA NA

Albanese et al. (63) 53 (50.8) PCS, ASI-3, DTS, NSI Yes (M > F) No

Brickell et al. (64) 172 (50) NSI, PCL-C Yes (M > F) NA

Chandran et al. (65) 580 (51) Incidence, duration Yes M > F) NA

Harrold et al. (66) 426 (58) SCAT3 and K-D Yes (M > F) No

MacDonald et al. (67) 94 (7) 5 year GOS-E No No

Mollayeva et al. (68) 94 (38) Pain Yes M = F) No

Roos et al. (51) 3825 (59) Incidence Yes (M > F) No

Rosene et al. (52) 415 (30) Incidence Yes M =F) No

Bahraini et al. (69) 4012 (5.4) NSI Yes M > F) NA

Lippa et al. (70) 158 (50) NSI, PTSD, AIS. Yes (M > F) NA

Terry et al. (71) 1265 (42) Symptom duration Yes M > F) No

Varriano et al. (72) 436 (42.6) PCS rate Yes M > F) Yes (Young > old)
Nelson et al. (73) 1154 (34.4) GOS-E 3, BSI-18, RPQ No No

Yue et al. (74) 100 (29) GOS-E Yes (M > F) NA

Combs et al. (75) 494 (44.7) Graded symptom checklist Yes M > F) NA

Kennedy et al. (76) 184 (10.3) Depression Yes (M > F) NA

Putukian et al. (77) 1922 (33.8) Incidence, duration Yes (M > F) NA

Spano et al. (78) 778 (11.4) Incidence, Symptoms, duration Yes M > F) No

PCS, post-concussion syndrome; IMPACT, Immediate Post-concussion Assessment and Cognitive Testing, RPQ, Rivermeade Post-concussion Questionnaire; BSI-18, Brief Symptom
Inventory 18; Asl-3, Anxiety Sensitivity Index-3; DTS, Distress tolerance scale; NSI, Neurobehavioral Symptom Index; PCL-C, PTSD checklist, civilian version; SCAT-3, Sport Concussion

Assessment Tool 3; K-D, King-Devick scale; GSC, Graded symptom checkiist.
NA, not applicable, all participants were young.

TBI (Tables 1, 2) and despite the wide range of sports included,
from water polo through rugby to Jio-Jistsu, and the very
large variation in outcome measures (Table 3), there appears
to be a near consensus that women are more likely to receive
concussions in sports and have a worse outcome. However, these
studies cannot be generalized to the population at large since
they typically include only young healthy subjects engaging in
sports (Table 3).

Biological Sex, Age and TBI-Related
Mortality

The picture is somewhat less confusing if we focus our attention
on relatively large (N > 1000 total) studies reporting “hard,”
completely objective outcome measures such as mortality and
persistent vegetative state which segregate outcome by both age
and sex. An early example is the community study published by
Klauber et al. (95), which reported no effect of sex on mortality.
However, upon perusal of the breakdown of mortality data by
sex as well as age (in decades), The results show that between
puberty and old age, there is no significant effect of age on

mortality in women, while mortality in men shows a strong and
highly significant association with increasing age, as would be
expected from prior studies (94). This sex x age interaction on
the outcome of TBI results in a reversal of a sex difference in
TBI mortality, which occurs around age 50, thereby negating
an overall effect of sex on outcome. Thus, between the ages of
fifteen and fifty, men have a (small) mortality advantage over
women in the same age groups, but this is reversed after age
fifty, when men are significantly more likely to die relative to
younger men or women in all age groups. This pattern emerged
in the absence of sex differences in injury severity (95). Assuming
age is a reasonable surrogate for hormonal status in the absence
of actual data, age 15 and over may be considered to be post
pubertal and women over 50 may be considered to be mostly
post-menopausal. This age cutoff is commonly used to separate
mostly pre- and mostly postmenopausal female patients because
the majority of women reach menopause during the decade
between 45 and 55 years of age (106, 107), whereas in men a
continuous decline in testosterone levels is associated with ages
>50 years (108).
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In a subsequent study involving 25,300 emergency head-
related admissions, it was found that women were more likely
to die from all head injuries (OR = 1.3) with an even higher
likelihood of death from violent head injuries (OR = 2.38). The
authors also note that women 15 or older stayed in the hospital
longer than men (109).

Davis et al. (23) published a study of a total of 13,437
patients (n = 3,178 females and 10,259 males) with moderate-
to-severe TBI (head AIS > or = 3) from a county trauma
registry. While overall mortality was similar in men and women,
a separate analysis performed for premenopausal (< 50 years) vs.
postmenopausal (> or = 50 years) patients, after stratification
by decade of life, revealed no statistically significant difference in
mortality of pre-menopausal females vs. males, though outcome
was significantly better in postmenopausal females vs. males (OR
0.63, 95% CI) with similar rates of hypotension (Systolic blood
pressure < 90 mm Hg), head Abbreviated Injury Score (AIS),
and Injury Severity Score (ISS). Stratification by decade of life
revealed the gender survival differential inflection point to occur
between ages 40-49 (OR 1.06, 95% CI 0.66-1.71, p = 0.798) and
ages 50-59 (OR 0.38, 95% CI 0.20-0.74, p = 0.005). The authors
then conclude that endogenous female sex hormone production
is not neuroprotective in human TBI. These results also dovetail
with those of studies performed more recently (25, 27). Berry
et al. (25) examined records of 72,294 moderate and severe
injury patients from the National Trauma Database (2000-2005)
and found that peri- and postmenopausal women (Age more
than 45) demonstrated improved survival relative to men, but
premenopausal women did not. The exception to this trend is
the (relatively modestly sized) study by Ottochian et al. (26);
which included 1,800 subjects (22% women) and reported a
survival advantage for men over 55 relative to women over 55.
The study by Yeung et al. (27), which included women under 45,
reported no survival advantage in “hormonally active” women as
compared to men in the same age range. Consequently, authors
of both papers concur that estrogen does not appear to confer
neuroprotection in women after TBI.

Sex Differences in Mild TBI/Concussion

Outcome

Sex differences in concussion incidence and outcome were
reviewed by Dick (110) who concluded that the literature
supports higher incidence and worse outcome in women. A later
review (111) opined the literature reviewed did not support this
conclusion. Table 3 features representative subsequent studies,
a few of which stratified data by sex as well as age. Thus, in
a 2010 study, Bazarian et al. (57) examined mTBI outcome in
1425 mTBI patients (45.1% female) presenting to an academic
emergency department. Men were significantly less likely to be
in a higher Post concussive symptoms (PCS) score category
relative to women (OR = 0.62), and this association was more
prominent during child-bearing years (between puberty and
menopause) for females. The authors conclude that female sex
is associated with significantly higher odds of poor outcome
after mTBI, as measured by PCS score, after control for
appropriate confounders. This conclusion resonates with the

results of a 2009 study (56) reporting no sex difference in
post-concussion symptoms among minors (presumably mostly
pre-pubertal subjects) with worse outcome in adult women
(Table 3). This study did not include women older than 50.
This is common in many of the more recently published
studies on concussion in men and women performed in athletes
engaged in a variety of sports and in military personnel, and
therefore including a relatively young population (Table 3). With
this caveat in mind, there appears to be a near-consensus
that across different sports, women are more likely than men
to suffer sports-related concussions, report more symptoms,
have a slower recovery and overall more negative outcome.
The latter observations were also reported in an exquisitely
designed study focusing on female service members (64),
whereby women (N = 86) reported more symptoms despite
having been matched with the male comparison group (N =
86) for TBI severity, mechanism of injury, bodily injury severity,
days post-injury, age, number of deployments, theater where
wounded, branch of service, and rank. A pilot publication
on 100 subjects with mTBI (29% women) from the TRACK
TBI study examined PTSD as an outcome and concluded that
sex may interact with age for PTSD symptomatology, with
females 30-39 y at highest risk (74). The authors conclude
that prevention and rehabilitation/counseling strategies after
mTBI should likely be tailored for age and sex. Rather
disappointingly, larger studies published using TRACK-TBI data,
while including a similar percentage of women, did not use sex
as a grouping variable in the analysis of outcomes [(60, 73),
Table 3].

Neurodegenerative Disease Following
Single or Repeated TBI in Men and Women

Traumatic brain injury is believed to be an important risk
factor for neurodegenerative diseases, such as Alzheimer’s
disease (AD) and chronic traumatic encephalopathy (CTE)
(112, 113). Despite the fact that AD incidence and prevalence
is significantly higher in women relative to men, and
significant sex differences in the disease trajectory and
response to treatment (114-116), there is no information
on whether the AD risk associated with TBI is modulated by
biological sex.

Chronic traumatic encephalopathy (CTE), a dementia-like
syndrome which manifests at younger ages than AD, appears to
be linked to repeated exposure to Mild TBIs/concussions rather
than a single TBI and is associated with an anatomically distinct
pattern of tau deposition in the absence of significant amyloid
deposits (105, 117). This condition was initially characterized and
subsequently studied exclusively in male athletes and military
personnel (44, 45, 118-120). Consequently, there are no reports
on TBI-related CTE in women since the modern definition
of this entity. Tantalizingly, the only description of CTE-
like brain pathology in a woman is a case study published
by Roberts et al. (121) titled “Dementia in a punch-drunk
wife,” describing a woman who died following prolonged and
severe IPV.
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POSSIBLE MECHANISMS UNDERLYING
SEX DIFFERENCES IN TBI OUTCOME

The mechanisms underlying the relatively poor outcome of
young women with TBI and concussion are not known,
though several suggestions have been made based on small
studies in mild TBI. Thus, Albanese et al. (63) propose that
higher anxiety sensitivity mediates gender differences in post
concussive symptoms, and another study cites higher preinjury
migraine rates in women as a reason for longer time to return
to school and sports among concussed female athletes (71).
Attempts to use a similar approach regarding depression yielded
conflicting results (28, 76). Yue et al. (74), summarizing results
from the TRACK-TBI pilot, make the general observation
that the sex differences they observe “may be attributable to
cortical maturation, biological response, social modifiers, and/or
differential self-report” although suspected sex differences in
the latter variable have not been consistent when examined in
the athlete population (122, 123). In addition, Alsalaheen et
al. (124) and Grafton et al. (125) invokes different strategies
to stabilize the head in response to impulsive loads as a
possible explanation for sex differences in concussion injury
risk. Recent studies also suggest sex differences in biomechanics
of concussion in sports (126). However, these studies usually
report higher impacts in males and it is hard to see how
these findings can explain the consistent findings of worse
outcome in women.

Effects of Gonadal Steroid Levels

Both female and male gonadal hormones are known to exert
multiple diverse effects on brain structure and function; which
can be roughly divided into irreversible (organizational) effects
during brain development and reversible (activational) effects
after puberty [reviewed in (39)]. Numerous, though not all,
animal studies suggested that female sex hormones improve
brain injury outcome [Reviewed in (42, 127)]. These animal
studies led to a series of clinical trials of progesterone in human
TBI, however the pivotal phase III trials failed to provide
any evidence of improvement in outcome [(16), Table 1]. This
was the only human study in which gonadal steroid levels
were manipulated through hormone administration in men
and women. Interestingly, the studies were not designed to
examine outcome by sex. In a study of the relationship between
endogenous progesterone levels and menstrual cycle phase in
women (128), the authors found that women injured during
the luteal phase of their menstrual cycle, when progesterone
concentration is high, had significantly lower General Health
Ratings and higher RPQ somatic scores one month after injury
than women injured during the follicular phase of their cycle,
suggesting that high ambient levels of female gonadal steroids
have a negative rather than a positive effect on mTBI outcome.
In a similar vein, estradiol was identified as a “potent mortality
marker;” with strong relationships between increased serum E2
levels and elevated mortality risk after severe TBI reported by
Wagner et al. (129). NB, the study populations was mostly male
and results were not analyzed be sex.

Sex Differences in Brain Volume

Total intracranial volume has been shown to be an independent
predictor of the effect of TBI on intelligence, in accordance
with the cognitive reserve theory (130). In a similar vein, Ystad
et al. (131) reported a highly significant correlation between
hippocampal volume and performance of a verbal memory
(CVLT) task, and Umile et al. (132) confirmed the vulnerability
of the medial temporal lobe to mild TBI, which correlated with
neuropsychological deficits. A recent study of cognitive outcome
in TBI demonstrated a significant declines (relative to individual
premorbid intelligence) in abstract reasoning as measured by
Raven’s progressive matrices-R (RPM-R) in moderate-severe
as well as mild TBI (133). In this study, there was a highly
significant correlation between the volume of the insula and
deficits in RPM-R performance. These studies did not report
data from women.

Sex differences in intracranial volume, brain size and
regional size, are found from birth and are thought to reflect
organizational effects of gonadal steroids which occur during
fetal brain development. On average, men have a larger brain size
than women as denoted by a higher intracranial volume (ICV)
and total brain volume (~8-15% larger volumes in men), higher
tissue/region-specific volume (134), a greater amount of neurons,
increased global cortical thickness and larger total cortical surface
area relative to women (135-137). In a more recent article which
compared 58 young women and 44 young men, Martinez et al.
showed ICV and total brain volume were highly significantly
smaller in women relative to men (t = 8.22, p < 0.00005 and ¢ =
7.61, p < 0.00005, respectively). Importantly, the size of the sex
difference in regional brain volumes diminishes with advancing
age (138).

A similar sex X age interaction was observed in several
regional studies: In an early study focusing on the corpus
callosum (139), the cross sectional area of the corpus callosum
and splenium was measured off a midsagittal MRI image from
subjects with Alzhemier’s disease (AD), age matched elderly
controls, and young controls. Analysis of the healthy control
data by sex and age shows reduction in callosal area with age
in men which is not observed in women, resulting in a reversal
of the sex difference seen in young controls (men > women)
when the comparison is performed in elderly subjects (Women
> men). In another study focusing on hippocampal volume,
analysis of the healthy control population in the ADNI data
base (115) showed that hippocampal volume (mean(STD) 7175
(886) mm® N = 187 women vs. 7539 (935) mm’, N = 192
men) is slightly (5%) but significantly (p < 0.0001) higher
in elderly men relative to women, while the sex difference in
intracranial volume was 12.7% [mean 1423 cc in women and
1604 in men, (115)]. These results dovetail with long-standing
evidence of earlier and steeper age-related declines in brain
regional volumes in men relative to women (140-142) which
has also been confirmed for the hippocampus. For example, in a
study of hippocampal volume in early adulthood [39 men and 41
women, age 18-42 years, (143)], a significant negative correlation
with age for both left and right hippocampus was found in men
(r = —0.47 and—0.44, respectively) but not in women (r = 0.01
and 0.02, respectively). The volume decline in men appeared to
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be linear, starting at the beginning of the third life decade and
~1.5% per annum.

Investigations of moderate and severe TBI have demonstrated
significant brain atrophy over the first year after injury in many
brain regions, even those that are remote from direct injury,
including the cingulate gyrus and the hippocampus (144-148).
As in most other studies of TBI, the number of women included
in these rather small studies did not support analysis of a sex x age
interaction. To elaborate, the Schonberger (147) study included
74 men and 24 women, mostly under 50, and the Zhou study
(148) examined 27 men and only 5 women.

Taken together, the sex x age interaction on TBI outcome and
brain volumes described above supports the notion that women,
possibly due to their smaller total and regional brain size (smaller
brain reserve), have a worse outcome of moderate-severe as well
as mild TBI/concussion compared to men; but this difference
may be diminished or even reversed with advancing age since
brain reserve is diminished at a steeper rate in men relative
to women.

Sex and Age Differences in Brain Swelling
The well-documented effects of female gonadal hormones on
fluid balance (149-151) and the high frequency of idiopathic
intracranial hypertension in premenopausal female patients (152,
153) supports the likelihood of differences between the sexes
in frequencies of brain swelling and intracranial hypertension
following TBI, specifically in presumably premenopausal women
(< 50 years of age). Brain swelling (edema) and the resultant
increase in intracranial pressure are known risk factors for poor
outcome in humans as well as in animal models of TBI (154-159).
If TBI-related swelling and ICP time-dose are indeed influenced
by sex and hormonal status, i.e., higher in young women than in
post-menopausal women, this could be another contribution to
the sex x age interaction on outcome described above.

The Tirilizad study was one of the first clinical studies in
TBI to include outcome, CT and intracranial pressure data
indicative of brain swelling in a study population large and
diverse enough to enable statistically powered comparisons
of brain swelling between young and >50 male and female
patients with moderate/severe head injury (8, 21). Overall, female
patients had a significantly greater frequency of brain swelling
visualized on CT than male patients—35% compared with
24% (p = 0.0008). This increased frequency was characteristic
of premenopausal women (< 51 years of age), who had a
38% rate of swelling compared with 24% among their male
counterparts (p = 0.002), which did not change with age (21).
The frequency in postmenopausal female patients (> 50 years
of age) was comparable to the frequency in men. Subsequent
analysis showed that the increased frequency of brain swelling
in female patients was not due to higher injury severity or other
confounders including advanced age, presence of subarachnoid
hemorrhage (SAH), or systemic hypotension. Further analysis of
the relationship between intracranial hypertension (defined as an
ICP >20 mm Hg during >25% of the time it was monitored) and
sex demonstrated a significantly greater frequency of intracranial
hypertension among female compared with male patients (39%
compared with 31%; p < 0.03). The sex-related difference in

frequency was even more dramatic in the population < 50 years
(40% compared with 30%; p <0.02). The increased frequency
of intracranial hypertension in women and girls was not due to
increased injury severity. As was the case with brain edema, the
difference in rates of intracranial hypertension between the sexes
was most significant among the less severely injured patients
(GCS scores of 7 or 8 [33% compared with 20%; p < 0.02]) (21).
The findings from the Tirilizad study were corroborated in
a more recent international study of TBI, showing that brain
edema was associated with female sex (P = 0.02), and the odds of
brain edema in females were greater than for males in a cohort of
young subjects recruited in Hong Kong (27). The second cohort
included in this study, recruited in Australia, demonstrated a
smaller sex difference in the same direction which did not reach
statistical significance. This study recruited subjects in the age
range 12-45 so that only premenopausal females were included.

SUMMARY AND CONCLUSIONS

Research conducted in the last couple of decades has significantly
improved our understanding of the impact of biological sex on
TBI incidence and outcome. However, some glaring still exist
due to the slow and incomplete acceptance of the imperative to
include women in TBI studies and report results stratified by sex,
which need to be proactively addressed in the future.

Key Findings

e There is increasing recognition of the high prevalence of TBI
among the tens of millions of women who live with domestic
violence and fail to report- or seek medical attention for-
their injuries.

e Recent studies of TBI outcome which include adequate
numbers of women challenge the long held view (based on
animal studies) that reproductive-age women, by virtue of
high levels of estrogen and progesterone, are likely to have a
better TBI outcome relative to men.

e Accumulating evidence shows that reproductively competent
women (after puberty and before menopause) are at higher
risk for poor outcome, while postmenopausal women fare
better than men of similar age (>50 years old), whose outcome
worsen with age.

Knowledge Gaps
e While recent findings suggest an important contribution of
gonadal hormone levels to clinical outcome of TBI of all
severities, these variables are not assessed or measured in the
overwhelming majority of TBI studies.

e The safety and efficacy of old and new TBI interventions in
women across the life span is unknown

e The importance of risk factors for poor outcome of TBI,
established in mostly-male populations, is largely unknown
in women

Next Steps
e Female subjects with TBI need to be proactively sought out and
recruited from domestic violence shelters and agencies.
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e Results of clinical and research studies on TBI need to be
stratified by sex and gonadal hormone status.

e Female TBI victims need to be queried about their hormonal
status, i.e., Pre- or post-pubertal, pre- or post-menopausal
and if reproductively competent, estimated stage of menstrual
cycle (last menstrual period).

e Both men and women can benefit from actual acute
and repeated measurement of sex steroid levels, including
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Although type 2 diabetes is a well-known risk factor for Alzheimer’s disease (AD),
little is known about how its precursor—prediabetes—impacts neuropsychological
function and brain health. Thus, we examined the relationship between prediabetes
and AD-related biological and cognitive/clinical markers in a well-characterized sample
drawn from the Alzheimer’'s Disease Neuroimaging Initiative. Additionally, because
women show higher rates of AD and generally more atherogenic lipid profiles than
men, particularly in the context of diabetes, we examined whether sex moderates
any observed associations. The total sample of 911 nondemented and non-diabetic
participants [normal control = 540; mild cognitive impairment (MCI) = 371] included
391 prediabetic (fasting blood glucose: 100-125 mg/dL) and 520 normoglycemic
individuals (age range: 55-91). Linear mixed effects models, adjusted for demographics
and vascular and AD risk factors, examined the independent and interactive effects of
prediabetes and sex on 2-6 year trajectories of FDG-PET measured cerebral metabolic
glucose rate (CMRglu), hippocampal/intracranial volume ratio (HV/IV), cerebrospinal
fluid phosphorylated tau-1g1/amyloid-B1_4o ratio (p-tauig1/AB1_42), cognitive function
(executive function, language, and episodic memory) and the development of dementia.
Analyses were repeated in the MCI subsample. In the total sample, prediabetic status
had an adverse effect on CMRglu across time regardless of sex, whereas prediabetes
had an adverse effect on executive function across time in women only. Within the
MCI subsample, prediabetic status was associated with lower CMRglu and poorer
executive function and language performance across time within women, whereas
these associations were not seen within men. In the total sample and MCI subsample,
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prediabetes did not relate to HV/IV, p-tau1g1/AB1_42, memory function or dementia risk
regardless of sex; however, among incident dementia cases, prediabetic status related to
earlier age of dementia onset in women but not in men. Results suggest that prediabetes
may affect cognition through altered brain metabolism, and that women may be more
vulnerable to the negative effects of glucose intolerance.

Keywords: prediabetes, sex, brain metabolism, Alzheimer’s disease, hippocampal volume, amyloid-beta,
phosphorylated tau, cognitive function

INTRODUCTION

Type 2 diabetes (T2D) is a well-established risk factor for
accelerated cognitive decline, mild cognitive impairment (MCI)
and Alzheimer’s disease (AD) (1-6). Additionally, there are
consistent reports of associations between T2D and AD-
related brain changes in non-demented older adults (7-
18). For example, T2D 1is associated with smaller brain
volumes, accelerated rates of brain atrophy, reduced cerebral
blood flow in predilection sites for AD pathology (e.g.,
medial temporal lobe, inferior parietal regions), reductions
in cerebral glucose metabolic rate (CMRglu) (7-15, 19), and
higher cerebrospinal fluid (CSF) levels of the AD pathological
marker hyperphosphorylated tau (p-tau) (16-18). Even among
nondiabetics, elevated blood glucose has been associated with
more severe AD pathology (i.e., higher medial temporal lobe
neurofibrillary tangle pathology) (20). Associations between T2D
and the other AD pathological hallmark characteristic, amyloid-f
(AB), are less clear (8, 17, 21, 22).

Despite these well-established associations with T2D, far less
is known about the effects of its precursor condition, prediabetes,
on brain health and cognitive function. The impact of prediabetes
on the brain is of great public health significance considering
that half of adults aged 60 and older are estimated to have
prediabetes (23), yet most are unaware that they have this
condition. Although enough insulin is produced to thwart a
T2D diagnosis, prediabetes is characterized by exposure to
abnormally high levels of insulin for years, which results in
insulin resistance and, in turn, impaired fasting glucose (24, 25).
Because insulin and insulin-like growth factors regulate many
biological processes such as axonal growth, protein synthesis,
and gene expression (26, 27), insulin resistance and the resultant
oxidative stress adversely affect all of these processes, which often
occur before onset of overt T2D (28-30). In fact, older adults
(age > 65) with prediabetes have shown a two times greater
risk of incident AD over 3,691 person-years (24); however, the
specific effect of prediabetes on cognitive function and brain
health in older adults without dementia is unclear. In a small
study of participants with prediabetes (n = 23), there was an
association between greater insulin resistance and a reduction in
CMRglu in frontal, parietotemporal, and cingulate regions (14).
A recent meta-analysis demonstrated that CSF levels of AB, p-tau
and total tau (t-tau) were not associated with prediabetes status
overall; however, prediabetes was associated with lower Ap levels
(indicative of greater AP plaque deposition in the brain) and
higher t-tau levels among participants with memory impairment,

suggesting that prediabetes may accelerate AD progression (18).
Larger, longitudinal studies, such as the current study, are needed
to understand the links between prediabetes, AD brain changes,
and cognitive decline that may contribute to AD risk.

There are important, well-documented sex differences in both
AD and in the manifestation of T2D. Compared to men, women
have a higher prevalence of AD (31-33) and show a two times
faster rate of decline in MCI (34) and greater severity in clinical
AD dementia (35-37). In terms of T2D, women typically have
a more favorable cardiovascular risk profile than men but lose
that advantage with menopause (38-40) and/or T2D onset (41).
In fact, the risk of cardiovascular events among individuals with
T2D is estimated to be 50% greater in women than in men
(42, 43), although this estimate varies across studies (44, 45). In
a study of sex differences in risk factors for myocardial infarction
(N = 15,152 cases and 14,820 controls), diabetic women were
at almost double the risk of myocardial infarction compared
to diabetic men (43). The more adverse cardiovascular profile
in diabetic women vs. diabetic men is thought to be due to
women showing greater lipid imbalances and more severe insulin
sensitivity and inflammation compared to men (42, 44, 46).
These differences in women vs. men present many years before
T2D diagnosis, suggesting that these differences exist at the
prediabetes stage (42, 44, 46).

Despite these sex differences in AD and in the
T2D/prediabetes profile, studies have not yet examined sex
differences in the relationship between these conditions and
AD outcomes. Herein, we used longitudinal data drawn from
the Alzheimers Disease Neuroimaging Initiative (ADNI) to
examine the relationship between prediabetes and changes in
AD biological (hippocampal volume, brain glucose metabolism,
AD CSF biomarkers) and cognitive/clinical markers (memory,
executive function, and language performance, progression to
dementia) in nondemented, middle-aged and older adults, and
whether these relationships are moderated by sex. This research
will help provide insight into (1) the impact of prediabetes
on cognitive function in older adults without dementia,
(2) the neural mechanisms underlying the link between
prediabetes/T2D and AD, and (3) whether these associations
differ in men vs. women. We hypothesized that prediabetic status
will be associated with more advanced AD biomarkers and faster
cognitive decline over time, particularly with frontal-mediated
cognition (e.g., executive function) that is commonly influenced
by vascular mechanisms (47-50) compared to normoglycemic
individuals, and that these associations would be stronger in
women vs. men.
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TABLE 1 | Baseline sample size for each AD marker in the overall and MCI subsample as a function of sex and prediabetes status.

Diagnostic Group/AD marker Total Sample, N Maximum follow-up

period examined

Women Men

(months) Prediabetic, N Normo-glycemic, N Prediabetic, N Normo-glycemic, N

Overall
HV/IV 803 36 154 222 194 233
CMRglu 911 72 167 252 222 270
p-tauigi/AB1_42 ratio 718 48 134 206 172 206
AVLT Z-scores 910 60 167 251 222 270
TMT Part B Z-scores 902 60 165 249 219 269
BNT Z-scores 910 60 167 251 222 270
Incident dementia 850 All available 154 239 203 254
analysis®

MCI
HV/IV 330 24 50 89 98 93
CMRglu 354 36 58 104 81 111
p-tauigi/AB1_42 ratio 290 48 46 88 76 80
AVLT Z-scores 370 48 58 103 98 111
TMT Par B Z-scores 368 48 58 103 96 111
BNT Z-scores 370 48 58 103 98 111
Incident dementia 341 all available 55 96 87 103
analysis®

*Cox proportional hazards models estimating incident dementia rates were conducted in participants with at-least one follow-up visit. MCI, Mild Cognitive Impairment; HV/IV,
hippocampal/intracranial volume x 10°; CMRGlu, cerebral metabolic glucose rate; p-tau1g1/ABi-42, phosphorylated tau/amyloid-B; AVLT, Rey Auditory Verbal Learning Test; TMT,

Trail Making Test; BNT, Boston Naming Test.

MATERIALS AND METHODS

Participants and Data Source

Data were extracted from the ADNI database. ADNI data is
publically available at adni.loni.usc.edu. ADNI is a longitudinal,
multi-site, cohort study that began in 2003 as a public-
private partnership. Information about ADNI can be found at
www.adni-info.org. The primary goal of ADNI has been to test
whether serial neuroimaging measures and other biological and
clinical markers can be combined to measure the progression
of MCI and early AD. ADNI study visits involve neuroimaging,
neuropsychological and clinical assessments. This research was
approved by the Institutional Review Boards of all participating
sites, and written informed consent was obtained for all
participants. The general enrollment inclusion/exclusion criteria
for ADNI have been described elsewhere (51). This specific study
included participants who had the following data points at their
baseline ADNI visit: (1) fasting glucose data as part of the FDG-
PET imaging, (2) at-least one of the AD markers of interest and
(3) relevant covariate data (n = 1,294). We excluded participants
with a dementia diagnosis at baseline (n = 240). Given the
limited number of participants with diabetes in ADNI and our
interest in the relationship between prediabetes and AD, we
also excluded those who were diabetic according to self-reported
medical history and criteria from the World Health Organization
(WHO), including fasting blood glucose levels > 126 mg/dL
and/or self-reported diabetic medication (n = 145) (52). Sample
size varied by AD marker with the largest sample size including
911 participants who had brain glucose metabolism data since
measuring fasting blood glucose was conducted as part of the

[18F]fludeoxyglucose (FDG)-PET scan. See Table 1 for sample
size for each AD marker by sex and prediabetes status. Among
the largest sample (N = 911), 46% were female and 41% were
MCI with 391 prediabetic and 520 normoglycemic individuals
(144 participants from ADNII1 and 765 from ADNI2/GO).

Clinical Diagnosis

Diagnosis of NC vs. MCI was based on the Jak/Bondi diagnostic
method (53). This method included six neuropsychological tests
representing three cognitive domains: Trail-Making Tests A and
B (psychomotor speed/executive function), Category Fluency
and Boston Naming Test (language) and the Rey Auditory
Verbal Learning Test (AVLT) Delayed Recall and Recognition
Tests (episodic memory). An impaired score was defined as >1
SD below the age-corrected normative mean. MCI diagnosis
required one of three criteria: (1) impaired score on two tests
within a cognitive domain; (2) one impaired score in each of the
three cognitive domains; and/or (3) a score of 9 on the Functional
Assessment Questionnaire indicating dependence in at-least
three daily activities. If no criterion was met, participants were
considered cognitively normal. Diagnostic criteria for dementia
was based on the standard NINCDS/ADRDA criteria (54).

Prediabetes Classification

As part of the FDG-PET protocol, participants had blood drawn
following a fast of at-least 4 h (water only) and blood glucose was
measured. Prediabetic status was ascribed based on blood draw
from the baseline visit and was defined as fasting glucose blood
levels of 100-125 mg/dL based on guidelines from the American
Diabetes Association (55).
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AD Markers

Structural MRI

Structural MRI scans were collected on a 1.5T scanner according
to a standardized protocol (56). Hippocampal volume data were
analyzed using FreeSurfer version 4.3 (https://surfer.nmr.mgh.
harvard.edu) at the University of California—San Francisco (57).
To control for individual differences in head size, we created
a ratio measure of hippocampal volume to intracranial volume
(HV/IV) using the formula, hippocampal volume/intracranial
volume x 10°.

Cerebral Metabolic Glucose Rate

CMRglu was measured by FDG-PET. Images were preprocessed
following a standard procedure described at http://adni.loni.usc.
edu/methods/pet-analysis/pre-processing/. ADNI investigators
at the University of California-Berkeley established a “Meta-
Regions of Interest” (MetaROI) of brain regions that commonly
demonstrate metabolic changes in MCI/AD and correlate
with cognitive performance in a meta-analysis (58, 59). The
“MetaROI” was comprised of bilateral posterior cingulate gyrus,
bilateral angular gyrus, and middle/inferior temporal gyrus.
Standardized uptake value ratios (SUVRs) were calculated
by averaging FDG uptake across the MetaROI and dividing
by a reference region of pons and cerebellum (58, 59). The
protocol for image analysis is described in http://adni.loni.
usc.edu/methods/pet-analysis-method/pet-analysis/#pet- pre-
processing-container.

Cerebrospinal Fluid Phosphorylated-tau-181
(p-tau1g1)/AB1-42 Ratio

We examined the ratio of CSF levels of hyperphosphorylated tau-
181 (p-tau;s;) to APj_ap proteins (p-taujg;/APi—az ratio) which
has been shown to predict cognitive decline in individuals with
MCI (60).

Cognitive Performance

Within the ADNI neuropsychological test battery, we examined
tests measuring cognitive domains that typically show
impairments early in the AD trajectory including language
[Boston Naming Test (BNT)], executive function [Trail Making
Test (TMT) Part B], and episodic memory (AVLT - Delayed
Recall) (61). Individual scores from these tests were converted
to z-scores based on age- and education-adjusted regression
coefficients derived from a normative control group (n =
328) that remained cognitively normal (as identified via ADNI
criteria) throughout follow-up in ADNI. The TMT Part B
z-scores were multiplied by —1 so that higher scores indicated
better performance.

Statistical Analyses

Differences in sample characteristics and baseline AD markers
between sex and prediabetes status were examined using
independent f-tests for continuous variables and Chi-square
tests for categorical variables. We conducted linear mixed effects
models with a random intercept to examine the separate and
interactive effects of sex and baseline prediabetes status on (1) AD
biological (HV/IV, CMRglu, p-tau;g;/APj_4, ratio) and clinical

markers (AVLT, BNT and TMT Part B z-scores) across time
and (2) the change in these markers over 2-6 years (depending
on the follow-up period that varied by AD marker in ADNI;
see Table 1). The effect of the predictors on change in AD
markers was modeled by examining all two- and three-way
interactions with time, which was modeled continuously (i.e.,
sex X time, prediabetes X time and sex X prediabetes X time).
Models with three-way interactions (i.e., sex by prediabetes
by time) controlled for all two-way interactions and main
effects. Separate linear mixed effects models were conducted
for each AD-marker outcome and each model included data
from time points in ADNI that had at-least 10 participants
per group (i.e., female/male diabetic/normoglycemic) resulting
in at-least 40 participants total at a time point. Among
participants with at-least one follow-up visit (N = 850), Cox
proportional hazards models estimated hazard ratios (HR) and
95% confidence intervals (CI) for risk of developing dementia
during follow-up as a function of sex, prediabetes, and sex
X prediabetes. Among those who developed dementia during
follow-up, we conducted a linear regression to examine the
effect of sex, prediabetes and sex X prediabetes on the age
at dementia-onset. In all analyses, male sex was compared
to female sex (reference group) and the prediabetes group
was compared to the normoglycemic group (reference group).
Significant interactions were probed via sex- and prediabetes-
stratified analyses. Interaction terms were removed from the
model if p > 0.10 in order to assess main effects. Covariates
in statistical models included demographic variables (age,
education, race/ethnicity), apolipoprotein €4 allele (APOE4),
and indices of cardiovascular risk given sex differences in
cardiovascular risk profiles beyond prediabetes/T2D (38-40). We
selected cardiovascular risk indices as covariates that commonly
cluster with diabetes (62) and are available in ADNI including
body mass index (BMI), pulse pressure (systolic blood pressure
- diastolic blood pressure), and history of any self-reported
cardiovascular event (e.g., hypertension, hyperlipidemia, atrial
fibrillation, coronary artery disease, and stroke). In analyses
examining risk of dementia and age at dementia-onset, we
additionally adjusted for baseline AD biomarkers. Any covariate
that was not significant in the multivariable regression model at
a p < 0.10 threshold level was removed from the final model.
Analyses were repeated in a subsample of participants with MCI
at baseline in order to assess the effect of prediabetes in the
prodromal stage of AD. The follow-up period for most AD
markers was shorter in the MCI subsample given the smaller
sample size at follow-up visits. Analyses were performed using
SPSS 24 (SPSS Inc., Chicago, Illinois). Significance was defined as
o = 0.05 (two-sided).

RESULTS

Sample Characteristics

Prediabetes was more prevalent in men (n = 223, 45%) vs.
women (n = 168, 40%), although the difference was not
significant (2 = 2.5, p = 0.11). See Table2 for sample
characteristics and baseline AD markers by sex and prediabetic
status. At baseline, women were younger with fewer years of
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TABLE 2 | Baseline sample characteristics and AD markers by sex and prediabetic status.

Women Men Sex Pre-diabetic
p-value Status
Normo- Prediabetic  p-value Normo- Prediabetic p-value p-value
glycemic Mean (SD) glycemic Mean (SD)
Mean (SD) Mean (SD)

N (%) 251 (59.9%) 168 (40.1%) 269 (54.7%) 223 (45.3%) 0.11 - -
Follow-up time, years 4.2(2.4) 3.8(2.4) 0.10 4.4(2.9) 4.1(2.6) 0.19 0.22 0.04
Age 72.2 (7.3) 72.2(6.7) 0.93 73.9 (6.9 73.9(7.0) 0.95 <0.001 0.88
Education, years 15.8 (2.6) 15.7 (2.7) 0.74 16.7 (2.6) 16.5 (2.7) 0.28 <0.001 0.27
White, N (%) 229 (91.2%) 158 (94.0%) 0.16 258 (95.9%) 203 (91.0%) 0.03 0.40 0.55
APOEA4 carrier, N (%) 102 (40.6%) 75 (44.6%) 0.42 117 (43.5%) 87 (39.0%) 0.31 0.85 0.85
MMSE score 28.5(1.5) 28.3(1.7) 0.28 28.2 (1.7) 28.1(1.6) 0.69 0.02 0.31
MCI diagnosis, N (%) 104 (41.4%) 58 (34.5%) 0.16 111 (41.3%) 98 (43.9%) 0.55 0.22 0.62
Incident dementia cases, N (%) 55 (21.8%) 32 (19.2%) 0.51 67 (24.6%) 44 (19.7%) 0.19 0.50 0.16
Body mass index 26.5(5.2) 27.4 (5.8) 0.08 26.8 (3.4) 27.5(4.1) 0.04 0.47 0.006
History of CVD, N (%) 146 (58.2%) 117 (69.6%) 0.02 192 (71.3%) 152 (68.2%) 0.44 0.03 0.30
Pulse Pressure* (mm Hg) 59.6 (18.3) 60.7 (14.7) 0.52 58.8 (13.0) 58.5 (14.8) 0.81 0.18 0.82
Baseline fasting blood glucose level (mg/dL)  87.8 (11.1) 107.8 (6.7) <0.001 90.1 (8.5) 109.0 (6.5) <0.001 0.002 <0.001
AD biomarkers

HV/IV ratio 4.89 (0.75) 4.84 (0.78) 0.57 4.56 (0.75) 4.56 (0.72) 0.96 0.001 0.70

CMRglu 1.30(0.13) 1.27 (0.13) 0.005 1.26 (0.14) 1.25(0.12) 0.21 0.001 0.004

p-tau/AB ratio 0.03 (0.03) 0.03 (0.03) 0.78 0.03 (0.03) 0.03 (0.03) 0.43 0.75 0.76
AD cognitive markers

AVLT Z score -0.5(1.2) -0.3(1.1) 0.34 -0.8(1.0) -0.9 (1.0 0.48 <0.001 0.84

TMT Part B Z score —0.4(1.4) —0.6 (1.5) 0.23 -0.6 (1.6) -0.4(1.2) 0.04 0.60 0.45

BNT Z score —0.5(1.4) -0.7 (1.7) 0.18 —-0.4(1.5) —0.5(1.4) 0.37 0.13 0.12

Table reflects sample characteristics of the largest sample examined (N = 911). “Sex p-value” and “Prediabetic Status p-value” columns reflect differences by sex across prediabetic
status groups and differences by prediabetic status across sex, respectively. P-values within the sex columns reflect differences between prediabetes status within sex and are derived.
All p-values are derived from univariate analyses of variance for continuous variables and Chi-square tests for categorical variables. *Pulse pressure, systolic blood pressure (mm Hg) -
diastolic blood pressure (mm Hg); MCI, Mild Cognitive Impairment; MMSE, Mini Mental State Exam; HV/IV, hippocampal/intracranial volume x 10°; CMRGlu, cerebral metabolic glucose
rate; AVLT, Rey Auditory Verbal Learning Test; TMT, Trail Making Test; BNT, Boston Naming Test.

education, a lower prevalence of past cardiovascular events,
a lower mean baseline fasting blood glucose level, higher
mean HV/IV ratio, and CMRglu. From a cognitive standpoint,
women showed lower MMSE and AVLT scores compared to
men (ps < 0.05) at baseline. Compared to normoglycemics,
prediabetics had a significantly higher BMI and lower CMRglu
at baseline and fewer years of follow-up (ps < 0.05). Among
men only, the proportion of White participants was significantly
lower in prediabetic vs. normoglycemic (p = 0.03). Among
women only, the proportion of those with a history of CVD
was significantly higher in prediabetics vs. normoglycemics
(p = 0.02). Although BMI was higher in prediabetics vs.
normoglycemics in both sexes, this difference was only significant
in men (p = 0.04). In unadjusted analyses examining AD
markers by sex and prediabetic status, baseline CMRglu was
significantly lower in prediabetic vs. normoglycemic women (p
= 0.005); however, baseline CMRglu did not differ between
prediabetic and normoglycemic men (p = 0.21). Mean baseline
executive function (TMT Part B) z-score was significantly lower
in normoglycemic men vs. prediabetic men (p = 0.04). Baseline
HV/1V, p-tau;31/AP_4 ratio, and episodic memory (AVLT) and
language (BNT) z-scores did not differ by prediabetic status

within men or women (ps > 0.05). One-hundred ninety eight
participants developed dementia during follow-up (73% MCI
and 27% cognitively normal at baseline).

Results of statistical tests modeling the interactive and separate
effects of sex and prediabetes on the outcomes of (1) change
in AD markers over time, (2) average AD marker level across
time, and (3) risk of dementia and age at dementia onset
are described below and separated by results in the overall
sample vs. the MCI subsample. Parameter estimates from
linear mixed effects regressions modeling AD markers over
time are displayed in Table3 (overall sample) and Table 4
(MCI subsample). The trajectories of AD markers by sex and
prediabetic status are displayed in Figure 1 (overall sample) and
Figure 2 (MCI subsample).

Sex x Prediabetes Interactive Effects in the
Overall Sample and MCI Subgroup

Outcome: Change in AD Markers Over Time

In the overall sample and MCI subgroup, we found no Sex x
Prediabetes interactive effects on change in AD markers (i.e., Sex
x Prediabetes x Time interactions ps > 0.05).
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TABLE 3 | Estimates of linear mixed effects models predicting change in AD markers by sex and prediabetes status in the overall sample.

Sex Prediabetic Status Time Sex X prediabetes Prediabetes X time Sex X Time Sex X Prediabetes X time
b SE P b SE P b SE P b SE P b SE p b SE P b SE P
AD biomarker
HV/IV —-0.27 0.09 0.003 -0.14 0.09 0.13 -0.007  0.001 <0.001 0.11 0.18 0.53 0.001 0.001 0.51 0.001 0.001 0.33 0.001 0.002  0.71
CMRglu —-0.03 0.01 0.001 -0.04 0.01 0.001 -0.002 0.0002 <0.001 0.03 0.02 0.10 0.0004 0.0002 0.05 0.0004 0.0002 0.05 —0.3 x 107* 0.0004 0.93
p-tau/ —0.003 0.003 0.20 —0.002 0.003 0.36 0.0001 0.3 x 10~ 0.003 0.005 0.003 0.17 0.0001 0.6 x 10~4 0.07 0.5 x 10~% 0.5 x 104 0.31 —0.0001 0.0001 0.26
AB ratio
AD cognitive markers
AVLT —-0.36 0.05 <0.001 0.02 0.05 0.72 -0.004 0.0007 <0.001 —0.12 0.11 0.27 0.0002  0.001 0.90 0.002 0.001 0.18 —-0.003 0.003 0.24
z-score
TMT Part B z-score —0.18 0.12  0.14 -0.23 0.14 0.10 -0.009 0.002 <0.001 0.47 0.18 0.01 -0.003 0.002 0.27 0.001 0.002 0.63 —-0.002 0.005 0.70
BNT z- 0.20 0.08 0.03 -0.19 0.09 0.03 -0.006 0.001 <0.001 0.29 0.18 0.10 0.002 0.003 0.55 0.002 0.003  0.41 —0.001 0.005 0.84
score

Bolded values indicate statistical significance. All analyses included the following covariates: age, education, race, APOE4 status, body mass index, pulse pressure and history of cardiovascular events. Covariates were removed from
the final model if not a significant predictor of the outcome. SE, standard error; HV/IV, hippocampal/intracranial volume x 10°; CMRglu, cerebral metabolic glucose rate; AVLT, Rey Auditory Verbal Learning Test; TMT, Trail Making Test;

BNT, Boston Naming Test.

TABLE 4 | Estimates of linear mixed effects models predicting change in AD markers by sex and prediabetes status in MCI subsample.

Sex Prediabetic status Time Sex X prediabetes Prediabetes X time Sex X time Sex X prediabetes X time
b S.E. P b S.E. p b S.E. p b S.E. P b S.E. P b S.E. P b S.E. P

AD biomarker

HV/IV —-0.39 0.11  <0.001 —0.20 0.13 0.13 -0.01 0.0009 <0.001 0.19 0.17 0.26 -0.002 0.001 0.07 0.003 0.001 0.003 0.0002 0.002 0.94
CMRglu —0.04 0.02 0.04 -0.06 0.02 0.004 —0.002 0.0008 <0.001 0.07 0.038 0.02 0.0002 0.0004 0.68 0.0001 0.0004 0.78 0.0006 0.0008 0.45
p-tau/ —0.002 0.003 0.54 0.0009 0.008 0.80 0.0001 0.00004 <0.001 0.01 0.007 0.08 0.0001 0.0001 0.23 —0.00001 0.0001 0.46 —0.0002 0.0002 0.26
AB ratio
AD cognitive markers

AVLT —0.07 0.08 0.41 0.006 0.08 0.94 -0.004 0.001 <0.001-0.02 0.16 0.90 -0.008 0.002 0.14 0.003 0.002 0.11 0.003 0.004 0.40
Z score

TMT Part B —-0.57 0.28 0.04 -0.69 0.34 0.04 -0.02 0.005 <0.001 1.07 0.46 0.02 —-0.009 0.01 0.23 0.002 0.01 0.77 0.002 0.01 0.89
Z score

BNT Z —0.35 0.43 0.41 —-1.58 0.53 0.004 —0.03 0.01 0.006 1.45 0.71 0.04 -0.004 0.01 0.75 0.007 0.01 0.60 0.002 0.03 0.94
score

Bolded values indicate statistical significance. All analyses included the following covariates: age, education, race, APOE4 status, body mass index, pulse pressure, and history of cardiovascular events. Covariates were removed from
the final model if not a significant predictor of the outcome. MCI, Mild Cognitive Impairment; HV/IV, hippocampal/intracranial volume x 103. CMRglu, cerebral metabolic glucose rate; AVLT, Rey Auditory Verbal Learning Test; TMT, Trail

Making Test; BNT, Boston Naming Test.
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FIGURE 1 | Trajectories of AD biomarkers (A-C) and cognitive test z-scores (D-F) by prediabetes status and sex in the overall sample. TMT Part B z-scores were
multiplied by —1 so that higher scores indicated better performance. Z-scores are age- and education-adjusted based on a normative control group that remained
cognitively normal throughout follow-up in ADNI. HV/IV, ratio of hippocampal volume to intracranial volume; PET, positron emission tomography; FDG,
fludeoxyglucose; SUVR, standaradized uptake volume ratio; p-tau, phosphorylated tau; AB, amyloid beta; BNT, Bostin Naming Test; TMT, Trail Making Test; AVLT, Rey
Auditory Verbal Learning Test.

Outcome: Average AD Marker Across Time

In the overall sample, the Sex x Prediabetes interaction was
significant only for executive function performance, whereby,
on average, prediabetics performed significantly worse than
normoglycemics, but only among women (B = —0.31, SE = 0.12,

p = 0.01). Conversely, prediabetic men actually showed better
executive function performance than normoglycemic men (B =
0.24, SE = 0.12, p = 0.04).

Within the MCI subgroup, there were significant Sex x
Prediabetes interactions for the CMRGlu (p = 0.02), executive
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FIGURE 2 | Trajectories of AD biomarkers (A=C) and cognitive test z-scores (D-F) by prediabetes status and sex in the MCI subsample. TMT Part B z-scores were
multiplied by —1 so that higher scores indicated better performance. Z-scores are age- and education-adjusted based on a normative control group that remained
cognitively normal throughout follow-up in ADNI. HV/IV, ratio of hippocampal volume to intracranial volume; PET, positron emission tomography; FDG,
fludeoxyglucose; SUVR, standaradized uptake volume ratio; p-tau, phosphorylated tau; AB, amyloid beta; BNT, Bostin Naming Test; TMT, Trail Making Test; AVLT, Rey
Auditory Verbal Learning Test.

function (p = 0.02) and language outcomes (p = 0.04). 0.02) and language performance (B = —1.69, SE = 0.54, p =
The interactions revealed that, on average, prediabetic women  0.003) relative to normoglycemic women, whereas prediabetes
exhibited lower CMRglu (B = —0.06, SE = 0.02, p = 0.005)  did not relate to CMRglu (B = 0.01, SE = 0.02, p = 0.61),
and poorer executive function (B = —0.76, SE = 0.32, p =  executive function (B = 041, SE = 031, p = 0.19) or
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language performance (B = —0.09, SE = 0.46, p = 0.84)
in men.

Outcome: Incidence of Dementia and Age at Onset
Among participants with at-least one follow-up visit in the
overall sample, (N = 850), the interactive effect of Sex x
Prediabetes on risk of dementia was not significant (HR = 0.75,
95% CI = 0.36-1.54, p = 0.43). Among those who developed
dementia, there was a significant Sex x Prediabetes interactive
effect on age at dementia onset (B = —1.67, SE = 0.72, p = 0.02)
that was unchanged when adjusting for baseline HV/IV and p-
tau;g;/APi—4p ratio but attenuated when adjusting for baseline
CMRglu (B = —1.28, SE = 0.68, p = 0.06). The interaction was
driven by a significant association between prediabetic status and
age at dementia onset among women (B = —0.91, SE = 0.40, p =
0.03) but not men (B = 0.43, SE = 0.48, p = 0.37). Specifically,
female prediabetics (M = 75.14, SD = 0.32) developed dementia
at an earlier age than female normoglycemics (M = 76.05, SD =
0.25); however, this female-specific relationship of prediabetes to
age at dementia onset was attenuated when adjusting for CMRglu
(B =—0.75, SE = 0.41, p = 0.07).

In the MCI subgroup, the interactive effect of Sex x
Prediabetes on risk of dementia was not significant (HR = 0.68,
95% CI = 0.29-1.60, p = 0.38). Among those who developed
dementia, the Sex x Prediabetes interactive effect on age at
dementia onset trended toward significance (B = —1.01, SE
= 0.60, p = 0.09). This interaction became significant when
adjusting for baseline HV/IV and p-tau;g;/AP;_4 ratio (B =
—1.28, SE = 0.63, p = 0.04), but was attenuated with adjustment
for CMRglu (B = —0.97, SE = 0.62, p = 0.012). The interaction
was driven by a relationship between prediabetic status and
age at dementia onset in women (B = —0.78, SE = 0.37, p =
0.04) but not in men (B = 0.54, SE = 0.48, p = 0.26), and
this female-specific relationship was significant with and without
adjustment for baseline AD biomarkers (HV/IV, p-tau;s;/AB1—42
ratio and CMRglu). Specifically, female prediabetics (M = 73.49,
SD = 8.32) developed dementia at an earlier age than female
normoglycemics (M = 74.31, SD = 6.72).

Main Effects of Prediabetes and Sex in

Overall Sample and MCI Subgroup
Outcome: Change in AD Markers Over Time
In the overall sample, a marginally significant Prediabetes x Time
interaction (p = 0.05) indicated that CMRglu in normoglycemics
declined faster over time from their higher baseline measure (B
= —0.0015, SE = 0.0001, p < 0.001) compared to prediabetics (B
= —0.0011, SE = 0.0001, p < 0.001). A marginally significant Sex
x Time interaction (p = 0.05) indicated that CMRglu declined
faster over time in women (B = —0.0016, SE = 0.0002, p <
0.001) compared to men (B = —0.0011, SE = 0.0001, p < 0.001).
Although all AD markers showed significant progression over
time (i.e., main effect of time, p’s< 0.001), this change did not
differ by prediabetic status or sex for any marker besides CMRglu.
Within the MCI subgroup, AD markers showed significant
progression over time (i.e., main effect of time, ps < 0.01);
however, this change did not differ by prediabetic status (i.e.,
non-significant Prediabetes X Time interactions, ps > 0.05).
A significant Sex x Time interaction on HV/IV (p = 0.003)

indicated that the initially higher HV/IV in MCI women showed
faster decline over time (B = —0.012, SE = 0.001, p < 0.001)
compared to MCI men (B = —0.008, SE = 0.001, p < 0.001).
There was no effect of sex on change in other AD markers over
time (ps > 0.05).

Outcome: Average AD Marker Across Time

In the overall sample, there were significant main effects of
prediabetes on CMRglu (p = 0.001) and language performance
(p = 0.03), whereby prediabetics demonstrated a lower average
CMRglu and language z-score than normoglycemics across time
points. There was a main effect of sex on HV/IV, episodic
memory and language z-scores (ps < 0.05). Consistent with
the broader literature (63-65), women demonstrated a higher
average HV/IV and episodic memory z-score than men across
time points. Conversely, women demonstrated a lower average
language z-score compared to men across time points.

Within the MCI subgroup, there were main effects of
prediabetic status on CMRglu, executive function and language
outcomes in MCI, whereby, compared to normoglycemics,
prediabetics demonstrated a lower average CMRglu, executive
function z-score and language z-score across time points. There
were also main effects of sex on HV/IV, CMRglu and executive
function performance in the MCI subgoup, whereby women
demonstrated a higher average HV/IV and CMRglu and a lower
average executive function z-score than men across time points.

Outcome: Incidence of Dementia and Age at Onset

In the overall sample, there was no main effect of prediabetic
status on risk of dementia (HR = 0.83, 95% CI = 0.61-1.14,
p = 0.25). There was a main effect of sex on risk of dementia
(HR = 0.72, 95% CI = 0.53-0.99, p = 0.04), whereby the risk
was nearly 30% lower in men vs. women. Among those who
developed dementia during follow-up, there was no main effect
of prediabetic status (B = 0.44, SE = 0.43, p = 0.31) or sex (B =
1.51, SE = 0.95, p = 0.11) on age at dementia onset. Results were
unchanged when adjusting for baseline AD biomarkers.

In the MCI subgroup, there were no main effects of prediabetic
status (HR = 0.74, 95% CI = 0.48-1.15, p = 0.18) or sex (HR
= 0.77, 95% CI = 0.51-1.17, p = 0.22) on risk of dementia.
Similarly, among those who developed dementia during follow-
up, there were no main effects of prediabetes (B = 0.50, SE =
0.42, p = 0.24) or sex (B = 1.44, SE = 0.94, p = 0.13) on age
at dementia onset. Results were unchanged when adjusting for
baseline AD biomarkers.

DISCUSSION

Among non-demented older adults, we found that prediabetes
at baseline related to brain hypometabolism in both women
and men; however, in line with our hypotheses, the adverse
effects of prediabetes on cognitive outcomes were female-specific
and limited to more frontal-mediated cognitive domains (i.e.,
executive function and language). Prediabetes was associated
with poorer executive function performance in women only
in the overall sample, whereas prediabetes curiously related to
better executive function performance in men. When limiting
analyses to those with MCI, the relationship between prediabetic
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status and hypometabolism became female-specific and the
female-specific relationship between prediabetes and poorer
executive function performance persisted, whereas the opposing
relationship in men was no longer observed. Among those with
MCI, we also observed a female-specific relationship between
prediabetes and poorer language performance. Prediabetes did
not relate to the p-taujg;/AP;—4p ratio, HV/IV or memory
performance in the overall sample or in the MCI subsample.
In either the overall or MCI subsample, there was no effect of
prediabetes on incident dementia rates regardless of sex; however,
among incident dementia cases, prediabetes was associated with
an earlier age of dementia onset in women but not in men.

The finding that brain hypometabolism was associated with
prediabetes suggests that altered brain metabolism may be an
early neural mechanism by which prediabetes/T2D aversely
impacts cognition and AD risk. In fact, among incident dementia
cases, we found that the significant Sex X Prediabetes interaction
on age at dementia onset was attenuated when adjusting
for CMRglu suggesting that brain hypometabolism may be a
mechanism underlying what appears to be a hastening of the
AD trajectory in female prediabetics vs. female normoglycemics.
There is biological plausibility for this finding as animal
studies have shown that impaired insulin modulation negatively
affects brain glucose utilization (66, 67) likely through impeded
delivery of glucose to the central nervous system [CNS; (68)].
Hypometabolism is characteristic of both prediabetes and AD
and has been implicated in other AD mechanisms including
tau protein hyperphosphorylation, vascular dysfunction, and
inflammation (14, 15, 69). Thus, hypometabolism may represent
a convergent pathway by which prediabetes predisposes one to
AD brain changes. Our results in the overall sample showed
significantly lower CMRglu in prediabetics throughout follow-
up; however, a steeper rate of CMRglu decline over time in
normoglycemics vs. prediabetics resulted in similar CMRglu at
the final follow-up measure in prediabetics and normoglycemics.
This pattern of results suggests that prediabetes may contribute
to or compound the effects of AD and/or brain aging on
physiological brain changes and, thus, accelerate these changes
so that they occur earlier in the trajectory. Unlike results
in the overall sample, the lower CMRglu in prediabetics vs.
normoglycemics was consistent throughout follow-up in the
MCI group. although the follow-up period examined was shorter
in the MCI subsample. It is possible that we would have seen the
normoglycemics decline faster to meet the already low rates in
prediabetics with more follow-up time in the MCI group.

Our findings of an association between prediabetes and brain
hypometabolism are consistent with preliminary findings from
a previous, smaller study (n = 23) that reported an association
between greater resistance and hypometabolism
in frontal, parietotemporal, and cingulate regions among
prediabetics (14). Additionally, a previous ADNI study found
an association between T2D and brain hypometabolism in MCI
(13); however, prediabetes or sex differences were not examined.
We saw no effect of prediabetes on HV/IV. Similarly, Schneider
et al. (11) reported that smaller brain volume was associated
with more severe diabetes (defined by higher HbAlc and longer
disease duration) but not prediabetes or less-severe diabetes

insulin

suggesting that the effects of insulin resistance on brain structure
presumably do not manifest until a later disease stage (i.e., where
structural changes are typically observed subsequent to altered
brain function). We saw no significant effect of prediabetes on
the p-tau;g/AB;_4p ratio; however, we observed trends for a
steeper increase in the ratio over time in the prediabetes vs.
normoglycemic group in the overall sample and for a female-
specific relationship between prediabetes and a higher ratio in
the MCI subsample. These trends suggest that the effects of
prediabetes on AD pathological markers and their sex differences
may occur subsequent to effects on brain function and manifest
with greater follow-up time. Consistently, a meta-analysis found
that prediabetes was not associated with more advanced AD
pathological markers in CSF (lower A levels and higher p-tau
and total tau levels) (18). However, in a subgroup analysis among
studies with samples that were recruited through memory
clinics, prediabetes was associated with lower Af levels and
higher total tau, but not p-tau levels (18). Consistent with the
idea that a relationship between prediabetes and AD pathological
markers may manifest at a later AD stage, these clinic samples
may represent more severe cognitive impairment than the MCI
diagnosis in ADNI.

Regarding sex differences, we hypothesized that associations
between prediabetic status and brain and cognitive outcomes
would be stronger in women than in men. Results were
partially consistent with hypotheses in that the associations of
prediabetes with poorer executive function (overall sample and
MCI subsample) and language performance (MCI subsample
only) were not only stronger in women but were female-specific.
In the overall sample, the relationship between prediabetes and
brain hypometabolism across time was observed regardless of
sex; however, prediabetes was associated with hypometabolism
at baseline in women and not in men, and, in the MCI
subsample, the longitudinal relationship became female-specific.
One explanation for our sex disparities in findings may be
that insulin resistance is more severe in women vs. men at
the prediabetic stage and therefore shows more adverse effects.
Arguing against this explanation, the mean fasting glucose level
was actually lower in prediabetic women vs. prediabetic men
in both the overall and MCI samples although not significantly
(ps > 0.05). An alternative explanation is that women are more
vulnerable than men to the adverse effects of a given level of
insulin resistance. These more adverse effects of insulin resistance
in women, possibly in combination with other early-stage AD
brain changes, may surpass a threshold of brain insult that leads
to greater cognitive deficits in prediabetics vs. normoglycemics
among women. The reason for the sex disparity is unclear,
although sex differences often suggest sex hormone mechanisms.
Insulin concentrations have been reported to decline in men
from the 5th to 8th decade of life but increase in women
purportedly related to shifts in sex hormone status that occur
with menopause (70). Another contributing factor that is related
to prediabetes could be the higher percentage of body fat,
particularly subcutaneous, and the adipose tissue derived leptin
hormone in women vs. men (71, 72). Adiposity and its associated
hormones are strongly associated with low-grade inflammation
and this association is more robust in women vs. men (73-75)
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so that both normal and prediabetic women have shown higher
levels of inflammatory markers than men (75).

Prediabetes related to poorer executive function and language
performance only among women with MCI sample suggesting
that prediabetes may only affect cognitive function among
women on the AD trajectory. Considering that 83% of the MCI
sample was biomarker positive for CSF AB and/or pTau levels,
as determined based on established cutpoints (76), this suggests
that the negative effect of prediabetes on cognition may only
manifest when compounded by AD pathology. In line with this
theory was our finding that prediabetic status did not affect
rates of incident dementia in either sex but, among incident
dementia cases, prediabetes was associated with an earlier age of
dementia onset among women only. This might further suggest
that prediabetes plays a role in the acceleration or severity of
AD pathological cascades in women rather than the initiation of
that cascade.

As hypothesized, prediabetes was associated with poorer
executive function and language performance in women with
MCI, but not with episodic memory performance, regardless of
sex. This disparity could be because frontal-mediated cognitive
impairments are commonly reported in relation to vascular
mechanisms and vascular dementia (47-50). In support of
our results is a meta-analysis of over 100,000 dementia cases
that reported that T2D was a stronger risk factor specifically
for vascular dementia in women compared to men (77).
Cardiovascular risk factors in older adults are associated with
microvascular changes in the cerebral white matter (78), which,
regardless of brain location, are associated with diminished
executive function (48). In addition, Type 2 diabetes and
elevated pulse pressure have each been associated with declines
in language abilities (2, 79). Disruptions of frontal-subcortical
networks may lead to reduced abilities to retrieve semantic
information, manifesting as word-finding difficulties. Similarly,
a study from the National Alzheimer’s Coordinating Center’s
Uniform Data examining longitudinal cognitive profiles in
diabetic patients with MCI (N = 4,114) found that diabetes
was associated with lower cognitive performance, primarily in
non-memory domains (80). A more psychometric explanation
for the association of prediabetes with language and executive
functioning but not memory is also possible. The MCI group
showed the poorest performance in the memory domain relative
to other domains regardless of sex or prediabetes status, likely
because ADNI targets the precursor stage to AD dementia—
amnestic MCI—in their recruitment. The lower memory scores
among the MCI participants may result in a restricted range that
limits the ability to observe an effect of prediabetes.

There are study limitations. For example, the number of
follow-up assessments differed by AD marker suggesting that
our statistical power to detect significant effects varied across
AD markers. We did not apply a statistical correction for our
multiple comparisons; however, we felt this was not necessary
given that we had apriori hypotheses concerning the specific
outcomes that would relate to prediabetes and the specific
direction of those relationships, with results mostly supporting
hypotheses. In light of the observed effects in frontally-mediated
cognitive domains, we would have ideally examined CMRglu

specifically in more frontal regions; however, the number of
ADNI participants with frontal lobe CMRglu in addition to our
other variables of interest did not allow for statistically powered
analyses. Lastly, ADNI is a convenience sample of mostly white
and well-educated volunteers compared with the general US
population, which limits the generalizability of results to the
general population and particularly to other race/ethnic groups,
which have differing rates of prediabetes and other cardiovascular
comorbidities. Strengths of the current study include (1) a
large sample that is well-characterized for AD neurocognitive
deficits and biomarkers, (2) a longitudinal analyses of change
in AD markers over time, (3) determining whether sex plays a
moderating role in associations between prediabetes and AD-
related outcomes, and (4) examination of prediabetes in relation
to multiple cognitive domains and biomarkers of brain structure,
function, and pathology.

In conclusion, although the adverse effects of T2D on
brain and cognitive health are well documented, the effects
of prediabetes on these outcomes are far less understood.
Our results suggest that even prediabetes shows adverse effects
on brain metabolism in older men and women. In light of
previous findings relating T2D to reduced brain volume and
AD pathology, our results suggest that functional changes may
be seen before brain volume changes in the early trajectory of
T2D. In women only, prediabetes was associated with poorer
executive function overall and language performance specifically
in the context of MCI. This suggests that women may be more
susceptible than men to the negative effects of prediabetes on
brain and cognition, and that these adverse effects may accelerate
the progression of AD. Large-scale prospective studies are needed
to further investigate sex disparities in the effect of prediabetes
and T2D on other markers of brain health including white
matter integrity and dementia progression rates. A large focus
should be on modifiable risk factors such as prediabetes/T2D
given that we still do not have any established treatments
for progressive cognitive impairment. Practitioners should be
advised that women with prediabetes may be at higher risk for
cognitive decline and should target this population for careful
assessment and intervention that could possibly delay the onset
or progression of AD.
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