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A B S T R A C T   

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by memory and functional impairments. 
Two of 3 patients with AD are biologically female; therefore, the biological underpinnings of this diagnosis 
disparity may inform interventions slowing the AD progression. To bridge this gap, we conducted analyses of 
1078 male and female participants from the Alzheimer’s Disease Neuroimaging Initiative to examine associations 
between levels of cerebral spinal fluid (CSF)/neuroimaging biomarkers and cognitive/functional outcomes. The 
Chow test was used to quantify sex differences by determining if biological sex affects relationships between the 
studied biomarkers and outcomes. Multiple magnetic resonance imaging (whole brain, entorhinal cortex, middle 
temporal gyrus, fusiform gyrus, hippocampus), position emission tomography (AV45), and CSF (P-TAU, TAU) 
biomarkers were differentially associated with cognitive and functional outcomes. Post-hoc bootstrapped and 
association analyses confirmed these differential effects and emphasized the necessity of using separate, sex- 
stratified models. The studied imaging/CSF biomarkers may account for some of the sex-based variation in 
AD pathophysiology. The identified sex-varying relationships between CSF/imaging biomarkers and cognitive/ 
functional outcomes warrant future biological investigation in independent cohorts.   

1. Introduction 

Alzheimer’s disease (AD) is a complex neurodegenerative disease 
commonly characterized by memory impairments and other cognitive 
and functional problems, and the presence of both tau tangles and am-
yloid beta plaques (Dubois et al., 2016). As the leading cause of de-
mentia, AD is influenced by a variety of environmental and genetic 
factors (Lane et al., 2018). Researchers are facing major challenges in 

developing effective preventative care and therefore have examined the 
role biological sex may play in AD (National Institutes of Health, 2018). 

Previous studies have found significant differences in brain structure 
and function between biological male and female participants (Ruigrok 
et al., 2014; Ingalhalikar et al., 2014) that may result in differential 
effects of sex on the evolution and progression of neurodegenerative 
disorders such as AD (Ferretti et al., 2018). Sex differences in AD risk 
may be additionally attributable to differences in life expectancy or 
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expression of the apolipoprotein E (APOE) ϵ4 genotype (Li and Singh, 
2014; Nebel et al., 2018; Laws et al., 2018; González Zarzar et al., 2022). 
However, to date, no data model or biological paradigm fully explains 
these sex-based differences in AD risk. Therefore, novel approaches for 
studying AD-related fluid biomarkers, imaging measurements, and 
cognitive data are necessary. Accurate diagnosis and treatment of 
complex diseases, such as AD, can be greatly supported by intimate 
knowledge of how sex affects disease biology and relevant cognitive/-
functional outcomes. Currently, there are multiple approaches to 
quantifying the impact of sex on AD biology and relevant outcomes. The 
easiest and most prevalent technique is to use biological sex as a co-
variate. Although the main effect of sex on brain structure, function, and 
AD risk can be captured by including sex as a covariate, more accurate or 
complex models are needed to detect additional effects of sex that may 
interact with genetic, neurobiological, environmental and/or other 
variables (National Institutes of Health, 2019). 

To the best of our knowledge, there are no comparable statistical 
tests that have been established as the unequivocal gold standard to 
quantify the significance of sex-based differences. However, sex- 
stratified models and sex interaction models are popular choices for 
examining sex differences. Sex-stratified models may be useful to iden-
tify a trend present within a specific sex group (i.e., a male population 
difference) but comparing the magnitude of trends between 2 sex- 
defined groups may be difficult. For example, a previous study has 
employed a test to examine the difference between effects estimated by 
stratified analyses in order to detect sex differences in metabolomics 
during AD progression (González Zarzar et al., 2022). Sex interaction 
models may allow for the identification of trends only present in an 
individual sex group but might not be able to detect subtle (but signif-
icant!) sex-based differences in trends that exist in both male and female 
populations. 

In this work, we propose the Chow test as a novel alternative method 
to perform scalable, biologically-informed sex-stratified analyses. The 
Chow test can determine (1) if a specific independent variable (i.e., a 
fluid or imaging quantitative trait) has different impacts on a specific 
dependent variable (i.e., a cognitive and functional outcome) across 
different subgroups of a population (i.e., the stratifying variable, bio-
logical sex) and (2) report the magnitude of the sex-based differences. 
Specifically, the Chow test compares the parameters of 2 sex-stratified 
linear regression models (1 for male, 1 for female) in order to quanti-
tatively detect the presence of a sex-based difference and report its 
magnitude. To our current knowledge, this is a novel application of the 
Chow test to the AD sphere generally and studying sex-based differences 
in AD specifically. The Chow test has been utilized to find genetic sub-
types in cancers but is under-explored in the study of AD (Fu et al., 2019; 
Liang et al., 2016). 

Unlike sex-stratified or sex-interaction analyses, the Chow test allows 
for the synthesis of multiple regression parameters within the scope of a 
single model via the use of an F statistic. Doing so allows researchers to 
quickly ascertain if there are statistically-significant differences between 
sex groups (i.e., male vs. female participants), this is the primary inno-
vation that differentiates the Chow test from sex-stratified and sex- 
interaction models. Because it reports a holistic p value quantifying 
the significance of a sex difference, the Chow test can be used in 
conjunction with sex-stratified or sex-interaction models. 

In this study, the Chow test is used to perform a systematic exami-
nation of how male and female sex modifies associations between AD 
quantitative traits and cognitive and functional outcomes (henceforth 
referred to as trait-outcome associations). We hypothesize that there will 
be a statistically significant difference between the regression co-
efficients of imaging and cerebrospinal fluid (CSF) biomarkers between 
male and female participants, which would greatly support efforts to 
adopt models for AD that more fairly and accurately account for sex- 
based differences. 

2. Materials and methods 

2.1. . Quantitative trait and diagnosis data 

Since we are specifically interested in examining the differential ef-
fects of biological sex in AD pathophysiology and thus diagnosis, we 
started our analysis by extracting patient demographic data (including 
self-reported biological sex, age, and years of education) as well as key 
AD biomarker measurements from the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI) database (ADNI Team, 2021). 

ADNI was launched in 2003 as a public-private partnership led by 
Principal Investigator Michael W. Weiner, MD, to test whether serial 
magnetic resonance imaging (MRI), position emission tomography 
(PET), and biological markers can be combined with clinical and neu-
ropsychological assessments to accurately measure the progression of 
mild cognitive impairment (MCI) and early AD. For up-to-date infor-
mation, see www.adni.loni.usc.edu. 

Participants included individuals who were members of ADNI GO 
and 2 cohorts, as described by the ADNI “Quantitative Template for the 
Progression of Alzheimer’s Disease” (QT-PAD) project. Please refer to 
QT-PAD Team (2021) for details about the QT-PAD data and how par-
ticipants were chosen. There were 16 AD traits included in the QT-PAD, 
which included 5 cognitive and functional outcomes (ADAS13, CDRSB, 
RAVLT.learning, MMSE, and FAQ), 2 PET quantitative traits (FDG PET 
and Amyloid PET/AV45), 3 CSF quantitative traits (ABETA, tau, and 
p-tau) (Kang et al., 2015), and 6 MRI FreeSurfer quantitative traits 
(WholeBrain, Entorhinal, Ventricles, MidTemp, Fusiform, and Hippo-
campus). Of note, FDG-PET measure is the average measure of angular, 
temporal, and posterior cingulate regions. AV45 measure is the average 
standardized uptake value ratio measure of frontal, anterior cingulate, 
precuneus, and parietal cortex relative to the cerebellum. 

Study inclusion criteria for the ADNI studies attempted to find 
members of the US population suitable for large-scale AD studies. 
General inclusion categories required individuals be between 55 and 90 
years of age, have a study partner or caregiver willing to accompany the 
participant to all visits, be fluent in English or Spanish, be stable (for at 
least 4 weeks) on permitted medications, have adequate visual and 
auditory acuity to engage in neuropsychological testing, have good 
general health (and especially no other diseases expected to interfere 
with the study), are willing to complete all necessary assessments 
(including baseline assessments, neuroimaging, providing DNA and 
plasma samples), have sufficient evidence to exclude intellectual 
disability, a modified Hachinski score less than 5, and a Geriatric 
Depression scale less than 6. Additionally, female participants must be 2 
years post-menopausal. Study participants presenting with MCI or Alz-
heimer’s dementia (AD) must also have a memory complaint (by the 
patient or study partner) and abnormal memory scores on a number of 
cognitive measures (the Wechsler Memory Scale, Mini-Mental State 
Exam, and Clinical Dementia Rating). 

Selection criteria for the present study include restricting analysis to 
participants with at least one AV45 data point (to control for the rela-
tively fewer samples of PET, AV45, and tau measurements at the early 
stages of data collection). Visit codes for each participant were also 
manually adjusted to control for the relatively low number of CSF 
biomarker measurements; the first ADNI GO or 2 visit was set as the 
patient’s “baseline” visit, with the “month 24” visit being defined as the 
visit closest to being 24 months after the established baseline. Rede-
fining visit codes help keep sample sizes of biomarkers relatively 
consistent while maximizing the number of imaging and CSF biomarker 
measurements included in the study. After quality control, the analysis 
included 1078 individuals (578 male, 500 female). Characteristics of 
participants analyzed in analyses can be found in Table 1; effect sizes 
and p values (using a t-test for continuous variables and a χ2 test for 
categorical variables) are included to facilitate comparison between 
males and females. 
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2.2. Chow test method 

The Chow test was initially used in econometrics to determine if the 
relationship between an independent variable and a dependent variable 
changed after a major historical event (i.e., a war) or because of a cat-
egorical stratifying factor (i.e., race) (Chow, 1960). More generally, this 
test can be used to determine whether the true coefficients of 2 analo-
gous linear regression models built from stratified data sets are equal. If 
the coefficients differ a statistically significant amount (as determined 
by a F test), one can conclude the change is due to the stratifying factor 
or significant temporal event. In this work, we implemented and con-
ducted all the Chow tests in R. More details about the Chow test are 
available in Chow (1960). 

Within the context of this study, the Chow test will determine if there 
are statistically significant sex-based differences in associations between 
each of 11 imaging and CSF QT-PAD quantitative traits and each of 5 
cognitive and functional outcomes. Sex-based differences in these trait- 
outcome associations may indicate certain biological pathways, brain 
regions, or cognitive processes that account for the vast sex-based dis-
parities in AD diagnosis reported in the literature. The 11 imaging and 
CSF quantitative traits include CSF quantitative traits, PET imaging 
quantitative traits (i.e., FDG measuring glucose metabolism, AV45 
measuring amyloid burden), and MRI imaging quantitative traits (i.e., 
those extracted by the FreeSurfer or FS software). Prior to analysis via 
the Chow test, FreeSurfer volumetric measurements were adjusted for 
the intracranial volume using the regression coefficients derived from 
the ADNI healthy control participants (Shen et al., 2010). The five 
cognitive and functional outcomes include quantitative scores from the 
ADAS13, CDRSB, RAVLT.learning, MMSE, and FAQ cognitive tests. 

The models evaluated by the Chow test attempted to measure the 
effect of a specific CSF or imaging quantitative trait (denoted xQT) on 
each cognitive and functional outcome ycog while also controlling for 
age (cAGE) and education (cEDUCATION). In R’s statistical formula 
notation: 

ycog ∼ xQT + cAGE + cEDUCATION 

An additional set of models factor for an individual’s allelic dosage of 

known AD risk allele APOE4 (cAPOE4). Please note that our study 
modeled APOE4 continuously. In R’s statistical formula notation, these 
models can be represented as: 

ycog ∼ xQT + cAGE + cEDUCATION + cAPOE4 

The APOE and non-APOE linear regression models are fitted for each 
of 5 available cognitive and functional outcomes and all 11 available 
imaging and fluid biomarkers at 2 time points (i.e., using biomarker data 
collected at the baseline and month 24 visits). Additionally, these 
models are fitted for each of 2 subpopulations per biological sex (male or 
female). Significance between the individual stratified models and the 
summative model is determined using the F statistic and was expressed 
as a p value. Significant relationships were chosen using a Bonferroni 

threshold to correct for multiple comparisons across all Chow tests 
(

p <

0.05
(5×11×4) = 2.27× 10− 4

)
. 

2.3. Post-hoc bootstrapping analyses 

To visually confirm the differential effects on specific quantitative 
trait-cognitive and functional outcome associations, we bootstrapped 
the male and female linear regression coefficients calculated for several 
trait-outcome associations. Bootstrapped regression models utilized age 
and years of education as covariates but not APOE status. Only a handful 
of associations with a significant Chow test threshold were examined (as 
determined by the Bonferroni-corrected p value threshold of 
p < 2.27 × 10− 4). To maximize the number of relationships that could 
be examined via bootstrapping, APOE was not factored as an additional 
covariate in these analyses. 

Since there were too many individual relationships for each 
statistically-significant Chow test relationship to be visualized, only a 
handful of strong relationships were strategically chosen (as determined 
by Chow test p value). Visualization and analysis in post-hoc steps are 
primarily to confirm the significance of sex differences identified by the 
Chow test; all relationships with a significant Chow p comprise the 
primary findings of this manuscript. To allow for a diverse set of re-
lationships to be determined, 2 of the significant imaging features and 1 
significant CSF feature were visualized; the number of relationships 
studied was chosen manually. Predictor-outcome relationships 
involving the fusiform and middle temporal gyrus FreeSurfer bio-
markers had relatively low Chow test p values among the individual 
FreeSurfer imaging biomarkers and were therefore chosen for visuali-
zation and post-hoc analysis. Tau had more significant Chow test p 
values than p-tau or A-beta and therefore was chosen for visualization 
and post-hoc analysis. 

2.4. Post-hoc linear models 

To visually confirm the differential effects on specific quantitative 
trait-cognitive and functional outcome associations, we also visualized 
the different trends between male participants, female participants, and 
all participants. Both individual data points representing measurements 
from individual participants and group-stratified linear regression lines 
are shown (1 for male participants, 1 for female participants, and 1 for 
all participants). Only a handful of associations with a significant Chow 
test threshold were examined (as determined by the Bonferroni- 
corrected p value threshold of p < 2.27 × 10− 4). The relationship be-
tween CSF/imaging predictor and an adjusted cognitive/functional 
outcome value was plotted. The cognitive/functional outcome value was 
adjusted for the common covariates of age and years of education. 

Since there were too many individual relationships for each 
statistically-significant Chow test relationship to be visualized, only a 
handful of the most significant relationships were strategically chosen 
(as determined by Chow test p value). The same logic used to select 
relationships for Fig. 2 was used to choose relationships to visualize in 

Table 1 
Participant characteristics at the baseline visit  

Characteristic All (n =
1078) 

Male (n 
= 578) 

Female (n 
= 500) 

Effect 
size 

p 

Diagnosis, n (HC, 
MCI, AD) 

378, 556, 
144 

179, 315, 
84 

199, 241, 
60  

0.093  0.010 

Age, mean (SD) 66.08 
(0.69) 

66.92 
(0.96) 

65.14 
(1.01)  

0.103  0.165 

Education, mean 
(SD) 

14.57 
(0.20) 

15.03 
(0.28) 

14.05 
(0.29)  

0.195  0.017 

APOE4 dosage, 
mean (SD) 

0.53 
(0.03) 

0.53 
(0.04) 

0.52 (0.04)  0.009  0.910 

MMSE, mean (SD) 27.09 
(0.12) 

27.07 
(0.08) 

27.20 
(0.19)  

0.054  0.407 

FAQ, mean (SD) 3.79 
(0.18) 

4.35 
(0.27) 

3.14 (0.26)  0.204  0.001 

CDRSB, mean (SD) 1.63 
(0.06) 

1.77 
(0.09) 

1.46 (0.09)  0.154  0.013 

ADAS13, mean 
(SD) 

15.71 
(0.32) 

16.67 
(0.40) 

14.61 
(0.48)  

0.206  0.001 

RAVLT.learning, 
mean (SD) 

4.89 
(0.11) 

4.54 
(0.15) 

5.30 (0.16)  0.208  0.001 

In columns 2–4, mean (standard deviation) is shown for each continuous vari-
able. Columns 5 and 6 show effect size and p value, which are the results from 
statistical group comparison between males and females (using t-test for 
continuous variables and χ2 test for categorical variables. Effect sizes for 
continuous variables are Cohen’s d statistics; effect size for diagnosis is a 
Cramer’s V statistic. 
Key: AD, Alzheimer’s disease; HC, healthy control; MCI, mild cognitive 
impairment; SD, standard deviation. 
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Fig. 3. Additionally, to maximize the number of relationships that could 
be visualized, APOE was not factored as an additional covariate in these 
analyses. 

2.5. Post-hoc ANOVA 

Analysis of variance (ANOVA) was also performed to measure the 
differences between levels of specific quantitative traits between in-
dividuals of male and female sex. The magnitude of the differences be-
tween the mean levels of specific biomarkers for male and female 
participants is reported for each biomarker at each available visit code in 
the form of a Cohen’s d statistic. 

For the same reasons as explained in Sections 2.3 and 2.4, only a 
select number of CSF/imaging predictor variables were analyzed in post- 
hoc ANOVA analyses: baseline and month 24 fusiform gyrus, baseline 
and month 24 middle temporal gyrus, and baseline tau. 

2.6. Post-hoc comparison association analyses 

To confirm the utility of stratifying AD participants by biological sex 
before modeling, sets of linear regression association tests were per-
formed and the resulting p values compared. The first set of association 
analyses will be framed similar to a traditional association study with 
regard to biological sex: the association between a cognitive/functional 
outcome (such as ADAS13) and an imaging/CSF quantitative trait (such 
as WholeBrain Free Surfer volume) will be measured using biological 
sex, years of education, age, and APOE4 allelic dosage as covariates. The 

second set of association analyses will stratify the ADNI participants on 
their biological sex before calculating the exact same associations. Note 
that these stratified associations are intended to emulate future studies 
of biological sex effects and make a broader argument in favor of the 
Chow test’s stratified approach to association studies; therefore, all 
covariates—notably, including APOE4—are included in these analyses. 
This is distinct from the bootstrapping analyses and scatterplots; those 
post-hoc analyses are primarily intended to visualize as many significant 
relationships as possible to verify the veracity of the Chow test findings. 

Notably, the individual hypotheses assessed in these stratified asso-
ciations are distinct from the Chow test associations. Please note that the 
Chow test p values merely represent if a significant difference between 
the regression coefficients of the 3 stratified associations exists; such a 
difference would be indicative of a biological sex effect. A Chow test p 
value is not indicative of the significance of any 1 of the 3 individual 
stratified models. However, in the individual stratified association an-
alyses performed in this subsection, a significant p value would represent 
that there exists a significant association between an imaging/CSF 
biomarker and the cognitive/functional outcome (after factoring for 
relevant covariates) within the specified sex-based subpopulation. 
Therefore, a significant Chow test p value (see Fig. 1) does not imply 
significance in the stratified associations assessed here, and vice versa. 

Significance across all association tests will be determined using a 
Bonferroni-corrected p value threshold to account for all comparisons 
being made 

(
p < 0.05

5×11×6 = 1.52× 10− 4). 
After the calculation of all models, it will be possible to compare the p 

Fig. 1. Heat map showing results of Chow test. Regression: associate cognitive and functional outcomes (horizontal axis) using a variety of imaging and CSF 
biomarkers (vertical axis) when factoring for age and years of education as covariates. Horizontal color bar represents specific QT-PAD visit code data selection is 
from and shade of cells denotes relative-log( Chow Test p). Significance was determined by a Bonferroni threshold (p < 2.27 × 10− 4) with significant relationships 
denoted as X. Subfigure (a) uses age and education as covariates; subfigure (b) uses APOE4 status, age, and education as covariates. Horizontal color bar signifies visit 
code; blue-labeled columns correspond to baseline relationships and black-labeled columns correspond to month 24 relationships. 
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values of the traditional model to the 2 p values corresponding to the 
relevant male/female models. In this way, it can be determined if the 
sex-stratified association tests reveal sex-specific patterns in AD patho-
genesis that would otherwise be missed in the traditional association test 
paradigm. 

3. Results 

3.1. Baseline ADNI participant demographics 

Although ADNI participants had a similar number of self-identified 
male and female participants at the baseline visit, there were signifi-
cant differences in the population regarding multiple measured traits. 
For instance, male and female participants had significantly different 
average years of education, FAQ mean scores, CDRSB mean scores, 

Fig. 2. Violin plots showing the results of bootstrapping analysis (n = 600; randomly sampling 80% of the available data per sex per iteration) to evaluate the results 
of the Chow tests. A select number of top significant correlations from the Chow tests (see Fig. 1) were chosen. Each plot depicts a unique predictor-outcome 
relationship assessed. The horizontal axis of each plot indicates the stratified sex (male or female) and the vertical axis of each plot indicates the magnitude of 
the (bootstrapped) regression coefficient. For ease of viewing, plots have been sorted into rows and columns based on the specific predictor and outcome utilized. The 
box plot shows the median and interquartile range of calculated regression coefficients and specific points highlight outliers. 
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ADAS13 mean scores, RAVLT learning mean scores, and proportions of 
individuals with varying diagnosis codes (all p < 0.05, see Table 1). No 
sex differences were noticed in age or APOE4 dosage between male and 
female participants at the baseline visit (p ≥ 0.05). 

3.2. Chow test results 

Our Chow test results are summarized and shown in Fig. 1. Several 
FreeSurfer imaging biomarkers predicted AD cognitive scores with 
differing regression coefficients between male and female participants 
over the two time points. All statistically significant pairs of outcomes 
(as determined by a Chow Test p value smaller than the Bonferroni 
threshold of 2.27 × 10− 4) are marked with a red “X.” Results from 
models not using APOE as an additional covariate are visualized in 
subfigure (a) and results from models using APOE as an additional co-
variate are visualized in subfigure (b). 

The strongest sex-based differences involved the FreeSurfer quanti-
tative traits of the fusiform gyrus, midtemporal cortex, and whole brain 
predicting cognitive and functional outcomes (with non-APOE p values 
like 2.53 × 10− 12 for the relationship where fusiform gyrus volume 
predicts ADAS13 using baseline data). Many of these strong sex-based 
differences were also noted at 24 months (the fusiform gyrus-ADAS13 
relationship has a Chow test p = 1.57 × 10− 11. Noticeably, many of 
the strongest signals are present in both the APOE and non-APOE 
models, with slightly less significant P values in the APOE models. 
There were also statistically significant relationships noted involving 
imaging and CSF biomarkers such as AV45 and tau. Baseline AV45 
measurements were associated with sex-based differences in the 
ADAS13, FAQ, and RAVLT.learning cognitive/functional scores as 
determined by the Chow test (non-APOE p values include 
p = 3.14 × 10− 5, 1.21 × 10− 4, 1.22 × 10− 6, respectively). Baseline tau 
measurements were associated with sex-based differences in the 
ADAS13, CDRSB, FAQ, MMSE, and RAVLT learning cognitive/func-
tional scores as determined by the Chow test (non-APOE P values 
include p = 1.26 × 10− 8, p = 6.69 × 10− 6, p = 4.44 × 10− 6, 
p = 2.59 × 10− 5, and p = 2.01 × 10− 6, respectively). Baseline p-tau 
measurements were associated with sex-based differences in the 
ADAS13, CDRSB, FAQ, MMSE, and RAVLT learning cognitive/func-
tional scores as determined by the Chow test (non-APOE p values include 
p = 5.08 × 10− 8, p = 1.77 × 10− 5, p = 1.44 × 10− 5, p = 6.07 × 10− 5, 
and p = 4.50 × 10− 6, respectively). 

3.3. Post-hoc bootstrapping analysis 

To confirm the significance of sex-related differences in quantitative- 
trait-related predictions, the proposed relationships for each noted 
quantitative trait and cognitive and functional outcome association 
were bootstrapped (n = 600) (Wilcox, 2010). The resulting regression 
coefficients from the bootstrapped analysis are shown in Fig. 2. 

Large differences can be seen in the male versus female regression 
coefficient distributions associated many of the quantitative trait- 
cognitive and functional outcome pairs with the lowest Chow test p 
values (including the fusiform gyrus and midtemporal cortex quantita-
tive traits predicting each of the 5 cognitive and functional outcomes 
using both baseline and month 24 data). Baseline and month 24 plots for 
each respective quantitative trait-cognitive and functional outcome pair 
also have a similar directionality: for instance, the fusiform gyrus- 
ADAS13 baseline and m24 plots similarly note a smaller mean regres-
sion coefficient in female participants. Additionally, there are some 
difference between the male and female regression coefficients of tau 
quantitative trait-cognitive and functional outcome pairs; however, the 
difference is less stark than the imaging pairs (i.e., the fusiform gyrus 
and midtemporal cortex-related trait-outcome pairs). 

3.4. Post-hoc linear models 

To visually confirm the fit of the regression coefficients calculated in 
the bootstrapped analyses and the sex-based differences found via the 
Chow test, a series of scatterplots were made (Fig. 3). These plots 
conveniently depict a sex-difference-associated change in the regression 
coefficients as differences in the slope of the male and female linear 
regression models’ plotted lines. Individual points (male in orange, fe-
male in blue) represent data from the QT-PAD cohort; for each patient, 
their quantitative trait is plotted against an adjusted cognitive and 
functional outcome. The adjusted cognitive score is calculated by sub-
tracting the intercept from the quantitative trait-cognitive and func-
tional outcome regression model (using all participants, as opposed to 
using 2 different intercepts from the male and female participants) from 
the participant’s original cognitive and functional outcome score. 
(Plotting the adjusted cognitive or functional score allows for a more 
informative visualization—slope differences between the male and fe-
male models are significantly more apparent.) Then, regression lines for 
the quantitative trait-cognitive and functional outcome were plotted 
using the data from all participants (in green), male participants (in 
orange), and female participants (in blue). 

In the scatterplots shown in Fig. 3, sex-related differences can be seen 
via the different slopes of the male, female, and cumulative regression 
lines. The slope differences are especially noticeable in the fusiform 
gyrus plots (the first 2 rows) and the midtemporal cortex plots (the next 
2 rows) but less so in the tau plots. Additionally, the individual-sex 
regression lines better represent trends in their respective strata than 
the cumulative regression line does for members of either sex. 

3.5. Post-hoc ANOVA 

To confirm the sex-based differences in the data, ANOVA was per-
formed to assess the significance of differences in the means. Fusiform 
gyrus, midtemporal cortex, and tau quantitative traits data from male 
and female participants at both time points were used (Fig. 4). ANOVA 
found statistically significant differences between male and female pa-
tients in the baseline and month 24 fusiform gyrus trait as well as 
baseline tau. 

3.6. Post-hoc comparison association analyses 

To establish the utility of using 2 biological-sex-based models instead 
of factoring biological sex as a covariate, 3 sets of association analyses 
(using all male participants, using all female participants, using all 
participants) predicting a cognitive score using a quantitative trait were 
performed. Fig. 5 displays the results (i.e., p-values) of these analyses 
side-by-side for direct comparison. Data from both relevant time points 
(baseline visit and month 24 visit) were used. The large majority of trait- 
outcome associations were deemed statistically significant 
(p < 1.52 × 10− 4) when using all patient data. However, doing so 
glosses over differences between the male and female sex. For example, 
with the Whole Brain Volume - RAVLT learning association using 
baseline data, the association is statistically significant in female par-
ticipants only. 

4. Discussion 

The Chow test has been successfully used to identify quantitative 
trait-cognitive and functional outcome relationships with statistically 
significant differences between the male and female sexes. The most 
striking disparities occur in relationships involving imaging traits per-
taining to regions of interest such as the fusiform gyrus and midtemporal 
cortex. There were also notable sex differences in CSF total tau and 
phosphorylated tau relationships. 

The magnitude of the sex-based differences has been confirmed and 
visualized through a variety of visualizations (violin plots, scatterplots) 
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Fig. 3. Example linear models learned from male subjects, female subjects, and all subjects, respectively, using baseline and month 24 data. A select number of top 
significant correlations from the Chow tests (see Fig. 1) were chosen; these are the same relationships as those chosen in Fig. 5. Each plot depicts a unique predictor- 
outcome relationship assessed. The horizontal axis of each plot indicates the CSF/imaging predictor (imaging features are in units of cubic centimeters). The vertical 
axis of each plot indicates an age-and-education-adjusted cognitive/functional outcome. Male participants‘ data are represented with orange dots and the general 
regression-fitted trend visualized with an orange trend line. Female participants‘ data are represented with blue dots and the general regression-fitted trend visualized 
with a blue trend line. The overall trend line for all participants is visualized with a green trend line. For ease of viewing, plots have been sorted into rows and 
columns based on the specific predictor and outcome utilized. Importantly, for a given predictor-outcome pair, these visualizations depict differences in the dis-
tribution of male/female participants and show the differences in the trend lines (note the varying slopes and intercepts between lines of different colors); the Chow 
test is valuable for identifying these differences in predictor-outcome relationships. 

Fig. 4. ANOVA to confirm the significance of the difference in AD biomarkers between sex-stratified subpopulations of ADNI QT-PAD samples. Horizontal axis 
depicts subpopulation (male or female); vertical axis describes the predictor biomarker; vertical error bars depict the standard error of data; title reports Cohen’s 
d and 2-tailed t-test p value measuring significance and magnitude of differences between reported means. 
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and post-hoc comparative analyses (bootstrapping, ANOVA, sex- 
stratified association tests). Bootstrapping analysis visually confirms 
that differences in regression coefficients for trait-outcome relationships 
exist between female and male-participant populations. The small dif-
ference in absolute effect sizes (i.e., regression coefficients) between 
males and females is likely an artifact of the scaling units we used. 
However, statistically these differences are significant, which suggests a 
sex disparity. Scatterplot visualizations confirm this intuition by visually 
depicting how sex-specific best fit lines better fit populations of male and 
female participants; therefore, there likely exist significant biological 
effects of biological sex on the identified relationships. ANOVA results 
confirm that some identified CSF/imaging biomarkers may have 
inherent biological differences that proceed to influence the difference 
in the Chow test-identified trait-outcome relationships. Ad-hoc sex- 
stratified association tests work to confirm that factoring biological sex 
as a covariate would miss the insignificance of key associations in male 
versus female participants. Therefore, to obtain optimal predictions, it is 
very necessary to embrace the stratified approach utilized by the Chow 
test. 

Additionally, significant sex-based differences in the QT-PAD quan-
titative imaging and CSF traits have been well-documented in the 
literature, corroborating the abilities of a stratified approach to more 
accurately model indicators of AD. As visualized by the relationship- 
representative scatterplots (Fig. 3) and represented by the violin plots 
of differing regression coefficients (Fig. 2), constant changes in bio-
markers (i.e., a noted gray matter loss, a noted increase in measured 
amyloid burden) are associated with differing effects on adjusted 

cognition/functional scores in male versus female participants. For 
instance, with the same amount of middle temporal gyrus gray matter 
loss, performance loss in the FAQ functional score is faster in female 
than male participants. Therefore, female patients can be seen as more 
vulnerable for Alzheimer’s disease. 

As noted in Section 3, although many relationships are similarly 
significant in the APOE and non-APOE Chow tests, the APOE Chow test 
results are slightly less significant. This difference of significance be-
tween APOE and non-APOE relationships assessed by the Chow test 
implies that APOE explains some of the identified sex differences in AD- 
relevant relationships. Previous work corroborates this intuition: studies 
have identified a significant interaction between the biological effects of 
APOE4 and self-reported biological sex (Altmann et al., 2014; Sampedro 
et al., 2015; Shinohara et al., 2016). Although the interaction between 
APOE4 and biological sex may account for some of the difference in 
significance between the APOE4 and non-APOE4 Chow test results, 
significant sex differences remain in many of the noted relationships. 

A majority of the quantitative trait-cognitive and functional outcome 
associations with statistically significant Chow test p values specifically 
involve the ADAS13, CDRSB, and FAQ cognitive and functional out-
comes. This is likely due to the increased granularity of these 3 clinical 
scales as well as the larger sample sizes of these scales, given their 
prevalence in the clinic. Given their ties to clinical measures of cognitive 
impairment, these scores (as well as other clinical/pathophysiological 
scales such as the MOCA or Braak stage score) may also serve as ideal 
proxies for AD diagnosis and allow us to investigate the changing ability 
of our 11 non-cognitive biomarkers to directly predict AD diagnosis. 

Fig. 5. Heat map showing results of confirmatory association tests. Regression: associate functional and cognitive and functional outcomes (horizontal axis) using a 
variety of imaging and CSF biomarkers (vertical axis) when factoring for age, years of education, and APOE4 status as covariates. Horizontal color bar represents 
population used (male, female, or all subjects) and shade of cells denotes relative-log(Association Test p). Significance was determined by a Bonferroni threshold 
(p < 1.52 × 10− 4) with significant relationships denoted as X. 
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Many of the sex-based differences in key quantitative traits found in 
our analyses were also reported in the literature. These findings in the 
literature corroborate the utility of the Chow test in finding sex-based 
differences in relationships between quantitative traits and clinical 
outcomes. All 20 quantitative trait-cognitive and functional outcome 
associations (including both time points, the APOE and non-APOE trials, 
and 5 cognitive and functional outcomes) involving the FreeSurfer 
fusiform gyrus quantitative trait had a statistically significant Chow test 
p value. For example, Lotze et al. (2019) found in a cohort of 2838 in-
dividuals of an age range from 21–90 years that male participants had a 
larger gray matter volume in the fusiform gyrus (Cohen’s d of 0.40). 
These significant differences may lead to the differing regression co-
efficients involving this imaging phenotype predicting a variety of 
cognitive and functional outcomes. Given its role in multiple complex 
cognitive pathways including face recognition, word recognition, and 
within-category identification, it is understandable this brain region is 
very important in AD. Therefore, AD biomarkers involving the fusiform 
gyrus warrant investigation perhaps as therapeutic targets or early 
predictors of disease. 

Similarly, all 20 quantitative trait-cognitive and functional outcome 
associations (including both time points, the APOE and non-APOE trials, 
and 5 cognitive and functional outcomes) involving the FreeSurfer en-
torhinal cortex quantitative trait had a statistically significant Chow test 
p value. The entorhinal cortex is another brain region that likely plays a 
functional role in AD pathogenesis. Normally playing a key role in 
cognitive processes including memory, navigation, and the perception of 
time, the entorhinal cortex suffers a significant loss of neurons during 
the first stages of AD and serves as a primary location for neurofibrillary 
tangles. Therefore, it is understandable this region may be associated 
with several AD biomarkers. Additionally, other studies have docu-
mented significant differences in the entorhinal cortex that occur on the 
basis of sex, corroborating the findings of this study (Arsenault et al., 
2020). 

Additionally, all 20 quantitative trait-cognitive and functional 
outcome associations (including both time points, the APOE and non- 
APOE trials, and 5 cognitive and functional outcomes) involving the 
FreeSurfer temporal lobe quantitative trait had a statistically significant 
Chow test p value. The temporal lobe also plays a large role in memory, 
processing sensory information for the retention of visual memory, 
language comprehension, and emotion association. A component of the 
temporal lobe denoted the medial temporal lobe is also very important 
for episodic and spatial memory consolidation and storage (Cutsuridis 
and Yoshida, 2017). Therefore, it is understandable that alterations in 
this brain region may be associated with lower cognitive and functional 
outcome scores associated with AD. A previous study has also found that 
the volumes of the temporal lobes varies between male and female 
participants in the context of AD diagnosis, confirming the sex differ-
ences noted in these analyses (Cutsuridis and Yoshida, 2017). An addi-
tional study identified cortical thickness declines in the bilateral 
temporal regions of male participants throughout their progression from 
normal control to Alzheimer’s dementia diagnosis while female partic-
ipants had more stable cortical thickness until mild cognitive impair-
ment but sharper declines from mild cognitive impairment to 
Alzheimer’s dementia (Cieri et al., 2022). 

The total-tau biomarker used in this study is specifically associated 
with neurodegeneration or neuronal injury while phosphorylated tau 
(or p-tau) is associated with the accumulation of neurofibrillary tangles 
(Jack et al., 2018). Although these biomarkers are implicated with 
distinct processes, both tau and p-tau are likely highly significant to AD 
etiology and likely to have an effect—direct or indirect—on the cogni-
tive and functional outcomes examined in this study. There exist mul-
tiple significant trait-outcome relationships involving both tau and 
p-tau, implying that the processes of both neurodegeneration/neuronal 
injury and the accumulation of neurofibrillary tangles may have dif-
ferential effects on female versus male participants. Multiple studies 
have confirmed significant sex differences in total tau and 

phosphorylated tau biomarkers through autopsy-based (Oveisgharan 
et al., 2018), neuroimaging-based (Buckley et al., 2019), and CSF-based 
studies (Altmann et al., 2014; Hohman et al., 2018) in the study of AD. 
Our results confirm the significance of studying these fluid-based bio-
markers in order to clarify the magnitude of these sex-based differences. 
Please recall that both tau and p-tau were evaluated in the Chow tests 
but only tau was evaluated in post-hoc analyses. 

A small minority of the significant relationships involved AV45; no 
significant relationships involve FDG nor ABETA. This general lack of 
significance is surprising given the tendency for 18F-AV-45 to serve as a 
biomarker for beta-amyloid plaque buildup (Choi et al., 2009), FDG-PET 
to identify significant functional changes in the brain (Marcus et al., 
2014), and beta-amyloid imaging to accurately estimate a participant’s 
amyloid-beta burden (Chun, 2018). Additionally, the literature suggests 
the presence of some sex-based effects with the amyloid-beta bio-
markers: a previous study found a significant interaction between sex 
and amyloid-beta-42 on declines in memory and executive function 
(Koran et al., 2017). The relatively few number of identified relation-
ships is likely attributable to low sample sizes and large proportions of 
missing data in the ADNI cohort; although the handful of expected AV45 
relationships identified are reassuring, perhaps a larger and more 
diverse cohort of individuals would allow for the identification of more 
significant relationships. 

Interestingly, an almost-universal majority of the stronger 
biomarker-clinical outcome relationships tend to be in female partici-
pants. This is visualized by the larger-magnitude regression coefficients 
and steeper slopes of trait-outcome relationship best-fit lines corre-
sponding to female-participant populations. These results may imply 
that female participants are therefore more at-risk for Alzheimer’s dis-
ease and/or related cognitive decline, which is generally corroborated 
with the significant sex-based disparities in AD risk reported in the 
literature (Ferretti et al., 2018). 

The different p values for certain associations between male and fe-
male subjects highlight the usefulness of stratified analyses; only a 
stratified analysis would accurately reflect differences in male and fe-
male AD pathophysiology that must be accounted for in models and 
patient care. If sufficient data allow, researchers should use independent 
models for male and female patients when creating models for key AD 
biomarkers associated with AD diagnosis or pathology. This is because 
combining all subjects in a single analysis and factoring patient sex as a 
covariate—the standard approach in large genome-wide association 
studies and machine learning approaches—may overemphasize associ-
ations in just male subjects (as is the case with predicting levels of p-tau 
using FreeSurfer whole brain volume with month 24 data) or just female 
subjects (as is the case with predicting CDRSB scores using FreeSurfer 
whole brain volume with month 24 data). Only in stratified analyses are 
these differential associations visible. 

The Chow test is useful for identifying situations in which the pre-
dictive power of certain AD biomarkers varies between male and female 
subjects. Many of the proposed relationships with significant sex-based 
differences seen in the association studies confirmed by the violin plots 
(Fig. 2), linear models (Fig. 3), and ANOVA (Fig. 4) were noted by the 
Chow test. As such, the Chow test may serve as a useful first step in 
determining which relationships may be worth studying in each sex 
group. This intuition can also help create more robust models for AD 
diagnosis, allowing researchers and clinicians to account for the differ-
ences between male and female participants in AD research and care. 

One concern about the specific results of this study includes the 
overrepresentation of White, non-Hispanic participants. This is one 
weakness of the ADNI cohorts. Future investigations may involve using 
more diverse cohorts to determine if similar sex disparities exist in 
additional patient populations. Additionally, the Chow test can be used 
in conjunction with stratified approaches to locate additional AD-related 
disparities when stratifying on other demographic variables including 
race or socioeconomic status. 

Additionally, there were relatively few measurements available for 
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analysis at the month 24 visit code. It may be possible that the lower 
number of samples has deflated the significance of any noted differences 
between male and female patients. However, given the significance of 
relationships analyzing sex-mediated differences in the AV45 biomarker 
using sufficiently-powerful and numerous baseline data, one can 
conclude that differences involving the AV45 phenotype and other im-
aging biomarkers (i.e., the FDG-PET biomarker) warrant further analysis 
in an independent cohort. 

Biological sex in the current study was measured via self-report. 
Future studies that measure other aspects of sex, such as genetic sex, 
may help to further inform this area of research. Additionally, there is a 
distinct lack of gender-based analysis; given that sex and gender are 
distinct, future work may also examine gender-dependent effects (Hei-
dari et al., 2016). 

Lastly, there may be some concerns regarding the sample size used in 
our study as well as the male/female balance. Ideally, it would be 
possible to utilize a full data set with samples from multiple AD bio-
markers with a suitably large cohort with equal numbers of male and 
female patients. Future studies would involve efforts to verify the results 
of these analyses, perhaps in a different cohort of patients entirely or via 
use of updated statistics and biomarker measurements from the ADNI 
data. 

The primary strengths of this study are (1) the novel use of the Chow 
test and (2) identification of differences in useful trait-outcome re-
lationships. To the best of our knowledge, finding and quantifying sex 
disparities as performed in this manuscript is a novel application of the 
Chow test. The quantification of sex differences in imaging traits and 
CSF traits can improve current models of AD, allowing for more precise 
predictions of disease progression. 

The Chow test also has the unique methodological advantage of 
quantifying the magnitude of sex-based differences. This is a useful 
measure not ordinarily attainable via standard stratified analyses (see 
Fig. 5). Although it is possible to notice a significant sex-based difference 
via direct comparison of p values from different strata, as is done in 
Fig. 5, the Chow test’s utilization of the F statistic can facilitate the 
comparison of different relationships (i.e., comparing individual quan-
titative trait-cognitive and functional outcome pairs). In addition, sex 
interaction models may allow for the identification of trends only pre-
sent in an individual sex group but might not be able to detect subtle 
(but significant!) sex-based differences in trends that exist in both male 
and female populations. Chow test is specifically designed to use a single 
model to detect such difference, and thus is more powerful for this 
specific purpose. Therefore, the Chow test differs from—and therefore is 
well-poised to accompany—other sex-stratified and sex-interaction 
studies because it can evaluate the significance of the difference be-
tween the effect sizes of a pair of models. 

The differences noted in our analyses here have the potential to 
inform the models used to predict AD pathogenesis: although using 
patient biological sex is a decent first step, given the magnitude of these 
differences (with p < 10− 6 in some cases), it may be necessary to spe-
cifically account for sex-related differences in AD biomarkers in future 
analyses. In doing so, our analysis provides guidance for researchers 
searching for neurobiological factors that may explain sex-based dif-
ferences in cognition and daily functioning. 

5. Conclusions 

While prior studies mainly investigated sex effects on AD bio-
markers, this work examined how sex modified the effects of imaging 
and CSF biomarkers on AD cognitive and functional outcomes at a va-
riety of time points. Chow tests were performed to determine the 
magnitude and statistical significance of sex differences and found 
several significant differences involving imaging and CSF biomarkers 
such as the Fusiform and MidTemp FreeSurfer outcomes and measure-
ments of Tau protein. These results are also consistent with prior results 
showing significant sex differences in imaging/CSF biomarkers, 

highlighting the viability of our approach in measuring the quantitative 
effect(s) sex has on both key AD-related biological measures. This novel 
application of the Chow test to quantify the magnitude of sex differences 
in addition to the analysis of AD-relevant cognitive scores in lieu of AD 
diagnosis have enhanced the robustness of statistical analyses. The im-
aging/CSF quantitative trait-cognitive score pairs highlighted by the 
Chow tests and post-hoc analyses should be studied in more detail from a 
biological perspective to confirm the presence of such effects. Future 
directions may include applying the intuition gained from these analyses 
to help build fairer sex-stratified predictive models. Such models may 
promote precision medicine and help elucidate how biological factors 
drive the sex-based pathological disparity in AD. 
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