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Abstract

Age, female sex, and APOE epsilon 4 (APOE4) genotype are the three greatest risk fac-

tors for late-onset Alzheimer’s disease (AD). The convergence of these risks creates a

hypometabolic AD-risk profile unique to women, which may help explain their higher life-

time risk of AD. Less is known about APOE4 effects in men, although APOE4 positive

men also experience an increased AD risk. This study uses 31Phosphorus Magnetic Res-

onance Spectroscopy (31P-MRS) to examine effects of sex and APOE4 status on brain

high-energy phosphates [adenosine triphosphate (ATP), phosphocreatine (PCr), inor-

ganic phosphate (Pi)] and membrane phospholipids [phosphomonoesters (PME), phos-

phodiesters (PDE)] in 209 cognitively normal individuals at risk for AD, ages 40–65, 80%

female, 46% APOE4 carriers (APOE4+). Women exhibited lower PCr/ATP and PCr/Pi

levels than men in AD-vulnerable regions, including frontal, posterior cingulate, lateral

and medial temporal cortex (multi-variable adjusted p�0.037). The APOE4+ group exhib-

ited lower PCr/ATP and PCr/Pi in frontal regions as compared to non-carriers (APOE4-)

(multi-variable adjusted p�0.005). Sex by APOE4 status interactions were observed in

frontal regions (multi-variable adjusted p�0.046), where both female groups and APOE4

+ men exhibited lower PCr/ATP and PCr/Pi than APOE4- men. Among men, APOE4

homozygotes exhibited lower frontal PCr/ATP than heterozygotes and non-carriers.

There were no significant effects of sex or APOE4 status on Pi/ATP and PME/PDE mea-

sures. Among midlife individuals at risk for AD, women exhibit lower PCr/ATP (e.g. higher

ATP utilization) and lower PCr/Pi (e.g. higher energy demand) than age-controlled men,

independent of APOE4 status. However, a double dose of APOE4 allele shifted men’s

brains to a similar metabolic range as women’s brains. Examination of brain metabolic
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heterogeneity can support identification of AD-specific pathways within at-risk subgroups,

further advancing both preventive and precision medicine for AD.

Introduction

Aging, female sex and Apolipoprotein E ε4 (APOE4) genotype are the strongest risk factors

for late-onset Alzheimer’s disease (AD) [1]. The sex-based prevalence of AD is well docu-

mented with women accounting for over 60% of all those affected [2]. The lifetime risk of

developing AD at age 45 is almost double in women than in men [2], an effect that is only par-

tially explained by differences in survival rates and longevity [3, 4].

Additionally, sex differences in the effects of APOE4 on AD risk are well documented, with

female carriers being affected earlier and in higher numbers than male carriers, though both

sexes experience elevated risk relative to non-carriers [5, 6], a finding additionally dependent

on age [7]. Further, APOE4 has a negative impact on AD biomarkers in a sex-dependent way,

with generally larger risk estimates for women than men [8–13].

However, the interplay between age, chromosomal sex, and APOE4 genotype is complex,

as multiple studies indicate differential effects of APOE4 allele dose on sex-related AD risk [5,

14–16]. Women heterozygous for APOE4 have a 4-fold increase in the risk of AD, whereas

homozygous women and men with two copies of the APOE4 allele exhibit a 12-15-fold

increase in risk as compared to non-carriers [5, 14–16].

The molecular mechanisms underlying the age, sex, and APOE4-linked heterogeneity in

AD are under investigation. It has been proposed that this “triad of AD risk” exerts its actions

via progressive alterations of coordinated systems biology events, especially bioenergetic cas-

cades, that can span decades [1]. It is now accepted that the pathophysiological mechanisms of

AD are activated years prior to clinically detectable symptoms and form the basis of a ~20 year

prodromal phase of the disease [17]. Preclinical evidence indicates that all three major AD risk

factors profoundly impact cerebral metabolic and bioenergetic processes starting in midlife, if

not sooner, highlighting the role of mitochondrial function for AD risk [1, 18].

The brain is the most energetically demanding organ of the body, and is thus vulnerable

to even modest declines in ATP generation [18]. Brain glucose hypometabolism, mitochon-

drial dysfunction, and reduced oxidative phosphorylation (OXPHOS) are consistent find-

ings in AD [19–21]. A decline in mitochondrial function has been observed prior to the

formation of amyloid-beta (Aβ) plaques, including decreased mitochondrial respiration,

metabolic enzyme expression and activity, increased oxidative stress, and increased mito-

chondrial Aβ load [22–25].

Clinical 18F-fluoro-deoxygluose (FDG) Positron Emission Tomography (PET) studies also

demonstrate reduced cerebral glucose metabolism (CMRglc) early in the course of AD [26,

27], especially among women at risk for AD [10, 28–32] and asymptomatic APOE4 carriers

[33–36]. Consistent with preclinical work, in some studies, the extent of glucose hypometabo-

lism exceeded that of Aβ load in at-risk women [10, 30]. However, the PET signal is based on

trapping fluoro-deoxyglucose after phosphorylation to deoxy-glucose-6-phosphate, and there-

fore does not provide information on oxidative mitochondrial metabolism.
31Phosphorus Magnetic Resonance Spectroscopy (31P-MRS) is the only technique currently

available that enables in vivo examination of brain mitochondrial function via mapping of

intracellular high-energy phosphates (HEP), such as adenosine triphosphate (ATP), phospho-

creatine (PCr), and inorganic phosphate (Pi) from mitochondria [37–39]. Using 31P-MRS,
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alterations in cerebral HEP levels have been reported in MCI and AD patients [40–42]. Alter-

ations in 31P-MRS-derived phosphomonoesters (PME) and phosphodiesters (PDE) have also

been noted [43, 44]. Currently, no studies have used 31P-MRS to test for metabolic abnormali-

ties among asymptomatic, cognitively normal individuals at risk for AD.

Herein, we conducted a whole-brain, multi-slice 31P-MRS study to test for effects of sex and

APOE4 status on HEP metabolites and membrane phospholipids in cognitively normal mid-

life men and women at risk for AD.

Methods

Participants and data

This is a natural history, non-interventional study of cognitively normal men and women ages

40–65 years, carrying risk factors for late-onset AD such as a family history and/or APOE4

genotype. Participants were recruited at the Weill Cornell Medicine (WCM) Alzheimer’s Pre-

vention Program between 2018–2022 by self-referral, flyers, and word of mouth.

Our inclusion and exclusion criteria have been previously described [10, 28–32]. Briefly, all

participants had Montreal Cognitive Assessment (MoCA) score�26 and normal cognitive test

performance by age and education [10, 28–32]. Exclusion criteria included medical conditions

that may affect brain structure or function (e.g., stroke, any neurodegenerative diseases, major

psychiatric disorders, hydrocephalus, demyelinating disorders such as Multiple Sclerosis,

intracranial mass, and infarcts on MRI), use of psychoactive medications, and contraindica-

tions to MR imaging. All participants received medical, neurological, laboratory, cognitive and

MRI exams, including volumetric MRI and 31P-MRS within 6 months of each other.

The patients’ sex was determined by self-report. A family history of late-onset AD was elic-

ited using standardized questionnaires [10, 28–32]. APOE4 genotype was determined using

standard qPCR procedures [10, 28–32]. Participants carrying one or two copies of the APOE4

allele were grouped together as APOE4 carriers (APOE4+), and compared to non-carriers

(APOE4-).

Standard protocol approvals, registrations, and patient consents

All methods were carried out in accordance with relevant guidelines and regulations. All

experimental protocols were approved by the Weill Cornell Medicine Institutional Review

Board. Written informed consent was obtained from all participants.

Brain imaging

Image acquisition. All participants received a 3D volumetric T1-weighted MRI scan on a

3.0 T GE MR 750 Discovery scanner (General Electric, Waukesha, WI) [BRAVO; 1x1x1 mm

resolution, 8.2 ms repetition time (TR), 3.2 ms echo time (TE), 12˚ flip angle, 25.6 cm field of

view (FOV), 256x256 matrix with ARC acceleration] using a 32-channel head coil. The
31P-MRS scan was acquired on the same scanner as the MRI, typically on the same day, using a

dual tuned 31P/1H quadrature head coil (Clinical MR Solutions, Brookfield, WI).

A 3 Plane Localizer image with 20 images in each orthogonal direction was acquired. Prior

to MRS scanning, shimming was performed using a 1H single voxel technique placed over the

entire brain avoiding the air-tissue interfaces. Shimming was done using 1H placement of a

box in the cerebrum avoiding the hard palate and air/tissue interfaces, and typically performed

2–3 times to achieve a desired linewidth of ~20-30Hz for the whole brain. The 2D-CSI 31P vol-

ume of interest covered the whole brain with 8 slices of 3 cm thickness. Each slice had an 8x8

grid of voxels covering the entire slice. The slices were placed in the sagittal direction centered
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at midline. As a result, multiple 2D slices were acquired resulting in an 8x8x8 grid with a 24

cm FOV. The true acquired 31P-MRS voxel size was 3x3x3 cm for a volume of 27 cc/voxel.

Zero-filling in k-space was done once in-plane resulting in a nominal voxel size of 1.5x1.5x3

cm for a volume of 6.75 cc/voxel.

Spectroscopic imaging parameters included 2048 points, 5000 Hz sweep width, 2000 ms

TR, 2 averages, 55˚ flip angle at 51.3 MHz in the sagittal plane. After 31P-MRS was complete, a

high-resolution, 8-slice sagittal T2-Fluid Attenuated Inversion Recovery sequence [FLAIR;

2200 ms TR, 12 ms TE, 780 ms inversion time (TI), 24 cm FOV, 0.94x0.94 mm] was acquired

at exactly the same location with a 5 mm slice thickness at exactly the same location as each of

the 31P-MRS CSI slices for reference.

Image analysis. MRS data was processed using XSOS (Dikoma Shungu/Xiangling Mao;

Weill Cornell Medicine) written in IDL [45, 46] (Excelis Visual, Boulder, CO). Raw data was

loaded into the program and processed using Hamming and Fermi k-space filters, a 7.5 mm

center voxel shift, 20 Hz exponential filtering and zero-filling in time, x and y-domains prior

to 3D Fast Fourier Transformation. A fixed first order phase of 4200˚ was applied to all spectra

and data was automatically phased in zero order. Visualization of the PCr linewidth was done

for the center voxel in each slice. The PCr peak was set at 0.0 ppm and the central spectrum set

as a reference, and susceptibility corrections performed throughout the data set. Zero and first

order phasing along with baseline correction was applied prior to peak area integration to all

other voxels in the CSI data set by an experienced analyst (JPD). All spectra within a slice were

analyzed contributing (8�8) 64 spectra in-plane � 4 slices for a total of 256 spectra per subject.

Peak area integration was performed around each of the seven well-resolved resonance

peaks identified in S1 Fig: inorganic phosphate (Pi), phospho-creatine (PCr), total ATP (sum

of α-ATP, β-ATP and γ-ATP moieties), phosphodiesters (PDE), and phosphomonoesters

(PME). Peak areas of all reproducible resonances were found. The MRS processing software

creates a 16x16 voxel image for each slice with the signal intensity equal to the peak area of the

metabolite of interest in each voxel. The central 4 slices were co-registered in SPM to the 3D

BRAVO sequence by using the 8-slice concordant image set acquired at the time of MRS. The

integral of each metabolite resonance was calculated and expressed as a percent area of the

total phosphorous signal in the corresponding spectrum. The ratios PCr/ATP, PCr/Pi, Pi/

ATP, and PME/PDE were then computed, as this process allows for correction of many factors

which can make absolute quantitation of 31P concentration difficult.

The 3D T1-Weighted BRAVO MRI scan was automatically processed using FreeSurfer 6.0

running under the Centos 7 Linux environment. Images were then processed in Statistical

Parametric Mapping (SPM8) (http://www.fil.ion.ucl.ac.uk/spm/) implemented in Matlab 2021

(MathWorks; Natick,MA) [10, 28–32]. For each participant, we used the Normalized Mutual

Information routine of SPM8 [47] to first align the T1 BRAVO sequence to the reference T2-

FLAIR acquired at exactly the same location as the 31P-MRS CSI slices. The parametric metab-

olite MRS maps were then subsequently aligned with the skull stripped 3D T1-Weighted Free-

Surfer scan. Volumetric MRI scans were resampled to a 256x256x256 matrix array whereas the

parametric metabolite MRS maps were resized to 256x256 images but not interpolated beyond

the original 16x16x8 matrix given partial volume errors would occur. The co-registered MRI

and MRS maps were quantified using the subcortical gray and white matter segmentation

tools implemented in FreeSurfer 6.0 and Desikan-Killiany Atlas-based regions of interest

(ROI) [48, 49] applied to the aligned MRI for regional sampling.

We focused on brain regions with known metabolic vulnerability to metabolic aging and

AD, including: frontal cortex (middle and superior frontal gyrus); PCC (posterior cingulate

gyrus and precuneus); temporal cortex (inferior, middle and superior temporal gyrus); and

medial temporal lobe (hippocampus, amygdala, entorhinal and parahippocampal gyrus) [26,
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27]. The mean metabolite signal in each ROI was then computed using FreeSurfer. We also

obtained total intracranial volume for normalization purposes.

Quality control. Both a qualitative and quantitative quality control (QC) evaluation of the

results was performed. The qualitative evaluation included visual QC inspection of the original

spectra and fitting results done by the same experienced analyst (JPD). If a metabolite peak

was visually present, and its fit was assigned to the correct resonance—giving a minimal resi-

due in the subtraction spectrum—the fitting result was accepted. For three participants, MRS

spectra failed to fit properly due to excessively low signal-to-noise and had to be filtered out of

the analysis. For all other participants, all peaks were visually identified as being present in ade-

quate concentration in the center voxel of each slice prior to analysis. As a check, the quality of

the PCr peak was always viewed and the peak shifted to 0.0 ppm as a reference. If the PCr peak

was not clearly visible in the central voxel, the data in that slice was then not used in subse-

quent calculations. Only the last slice was excluded on less than 5% of all cases. However, the

other three remaining slices were used for analysis.

Quantitative QC was performed using statistical analysis of metabolite ratios using data

visualization and interquartile range methods. This identified three additional subjects with

out-of-range values in at least one metabolite ratio in at least one region, typically medial tem-

poral lobe, which also led to exclusion.

Covariates

All analyses were adjusted by age (years) and total intracranial volume (cc). For exposures

showing significant associations with outcome measures, we further examined midlife health

indicators as confounders, including hypertension (systolic blood pressure�140 mm Hg or

diastolic blood pressure�90 mm Hg and/or use of anti-hypertensive medications), hypercho-

lesterolemia (plasma cholesterol�240 mg/dL), and hyperinsulinemia (HOMA-IR>1.8).

Statistical analysis

Analyses were performed in SPSS v.25. Clinical measures were examined with general linear

models or chi-squared tests as appropriate. Cohort characteristics are described using mean

(standard deviation) and n, percentage (%), stratified by exposure group.

All brain imaging outcomes are continuous and were scaled to standard deviations and cen-

tered at 0. Standardized outcomes are reported in the results and figures. To enable compari-

son with previous studies and for clinical interpretability, unstandardized, multivariable

adjusted metabolite measures are reported in the tables.

We used multivariable general linear models to test for differences in metabolite ratios by

fixed effects of sex (men vs. women) and APOE4 status (APOE4+ vs APOE4-). For metabolites

showing sex and APOE4 effects, we included a four-level exposure interaction term (levels:

male APOE4+ vs male APOE4- vs. female APOE4+ vs female APOE4-). Regression models

were constructed to obtain global P values to test for multivariable outcomes across brain

regions for each metabolite, adjusting by the confounders listed above. A Bonferroni multiple

comparisons adjustment was used to control the familywise error rate while simultaneously

assessing the significance of pairwise comparisons between groups, at p<0.05.

Finally, we conducted a sensitivity analysis to examine the effect of APOE4 dose on regional

outcomes showing combined effects of sex and APOE4 status. Univariate linear models were

used to test for effects of sex, APOE-dose [non-carrier (APOE4-), heterozygote (APOE4+/-),

homozygote (APOE4+/+)], and their interactions at p<0.05. Given the descriptive nature of

this analysis and the smaller percentage of APOE4 homozygotes, Sidak tests were used to
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assess the significance of pairwise multiple comparisons between APOE4-dose groups within

the male and female groups.

Results

Participants

We enrolled 233 participants for this study. Of these, 24 were excluded due to incidental find-

ings on MRI (n = 5 small vessel disease or lacunar infarctions, n = 2 meningiomas, n = 1 mild

hydrocephalus, n = 1 demyelination), MR artifacts (n = 2), incomplete 31P-MRS studies

(n = 3) or out-of-range metabolite ratios (n = 3), and incomplete APOE4 data (n = 7). The

remaining 209 participants were examined, including 166 women and 43 men with complete

clinical exams, cognitive testing, APOE4 genotype, MRI and 31P-MRS exams.

Participant characteristics are shown in Table 1. Seventy-three women (44%) and 24 men

(56%) were APOE4+. Groups were comparable for demographic measures. The male group

included more cases of hypertension than the female group, whereas the female group included

more cases of hypercholesterolemia than the male group (p<0.05), with no effects of APOE4 sta-

tus (Table 1). Hypertension and high cholesterol were included as confounders in the analyses.

Sex and APOE4 status effects on phosphorus metabolites

PCr/ATP measures by sex and APOE4 status are found in Table 2.

Adjusting by age and total intracranial volume, both sex (p<0.001) and APOE4 status

(p = 0.040) were associated with PCr/ATP in AD-vulnerable regions. As shown in Fig 1A, on

post-hoc analysis, women exhibited lower PCr/ATP than men in all regions examined, which

remained significant after multivariable adjustment (p�0.037), whereas effect of APOE4 was

restricted to frontal cortex, with APOE4 carriers exhibiting lower frontal PCr/ATP than non-

carriers (multivariable adjusted p = 0.007).

The interaction between sex and APOE4 status reached significance in frontal regions

(multivariable adjusted p = 0.046), and was driven by both female groups and the APOE4

+ male group exhibiting lower PCr/ATP than APOE4- men. No differences were observed

between APOE4+ men and either female group (p�0.234). As a result, a gradient was observed

such as: APOE4- men > APOE4+ men = APOE4- women = APOE4+ women (Table 2 and

Fig 1A).

Table 1. Participant characteristics.

Men Women

APOE4- APOE4+ APOE4- APOE4+

N 19 24 93 73

Age, years 51(6) 51(8) 51(6) 51(6)

Education, years 18(2) 18(2) 17(2) 17(2)

Ethnicity, % white 74 75 72 86

AD family history, % 68 50 56 70

APOE4 dose, % homozygous -- 12 -- 7

MoCA scores, unitless 29(1) 29(2) 29(2) 29(1)

Hypertension, % 21 17 7 8

Hypercholesterolemia, % 5 0 17 15

Hyperinsulinemia, % 11 13 7 13

Values are mean (SD) unless otherwise specified. Abbreviations: APOE4 carriers (APOE4+) vs non-carriers (APOE4-).

https://doi.org/10.1371/journal.pone.0281302.t001
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Adjusting by age and total intracranial volume, both sex (p = 0.003) and APOE4 status

(p = 0.023) were associated with PCr/Pi in AD-vulnerable regions (Table 3 and Fig 1B).

Table 2. Regional PCr/ATP by sex and APOE4 status.

Region Group APOE4 status N Mean SE 95% C.I.

Frontal Men APOE4- 19 3.162 0.118 2.929 3.395

APOE4+ 24 2.723� 0.103 2.519 2.926

Women APOE4- 93 2.530� 0.049 2.433 2.628

APOE4+ 73 2.469� 0.056 2.359 2.580

Temporal Men APOE4- 19 3.403 0.102 3.202 3.604

APOE4+ 24 3.182 0.089 3.007 3.358

Women APOE4- 93 3.134 0.043 3.050 3.218

APOE4+ 73 3.112� 0.048 3.016 3.207

PCC Men APOE4- 19 3.067 0.117 2.836 3.298

APOE4+ 24 2.921 0.102 2.719 3.123

Women APOE4- 93 2.797 0.049 2.700 2.893

APOE4+ 73 2.775 0.056 2.665 2.884

Medial temporal Men APOE4- 19 4.545 0.134 4.281 4.808

APOE4+ 24 4.246 0.117 4.016 4.475

Women APOE4- 93 4.173 0.056 4.063 4.283

APOE4+ 73 4.187 0.063 4.062 4.311

Unstandardized means, SE, adjusted by age and total intracranial volume, with 95% confidence intervals (CI). �Different from APOE4- men, p<0.05.

Abbreviations: APOE4 carriers (APOE4+) vs non-carriers (APOE4-); ATP, total adenosine triphosphate; PCC, posterior cingulate cortex and precuneus; PCr,

phosphocreatine.

https://doi.org/10.1371/journal.pone.0281302.t002

Fig 1. Effects of sex and APOE4 status on brain high-energy phosphates. Plots show mean high-energy phosphate (HEP) in frontal

cortex for each pairwise comparison, with 95% confidence intervals (C.I.). �P<0.05, corrected for multiple comparisons.

Abbreviations: APOE4-, non-carriers; APOE4+, carriers; ATP, total adenosine triphosphate; PCr, phosphocreatine; Pi, inorganic

phosphate.

https://doi.org/10.1371/journal.pone.0281302.g001
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Following post-hoc analyses, women exhibited lower PCr/Pi than men in frontal, lateral and

medial temporal regions (multivariable adjusted p�0.010), though not in PCC. As with PCr/

ATP, APOE4 effects were restricted to frontal cortex, with APOE4 carriers exhibiting lower

PCr/Pi than non-carriers (multivariable adjusted p = 0.005; Fig 1B).

The interaction of sex and APOE4 status reached significance in frontal regions (multivari-

able adjusted p = 0.008), and was driven by both female groups and the APOE4+ male group

exhibiting lower PCr/Pi than APOE4- men (p<0.001). There were no differences between

APOE4+ men and either female group (p�0.96) (Table 3 and Fig 1B). As a result, a gradient

was noted such as: APOE4- men > APOE4+ men = APOE4- women = APOE4+ women.

There were no significant effects of sex or APOE4 status on Pi/ATP (p>0.144; Table 4 and

Fig 1C) or PME/PDE measures (p>0.211; Table 5 and Fig 2).

Sensitivity analysis

Analysis of APOE4 dose was restricted to regional metabolites showing interaction effects of

sex and APOE4 status, e.g. PCr/ATP and PCr/Pi in frontal regions. Albeit limited by the small

number of APOE4 homozygotes, gender-related effects of APOE4 dose were observed for

frontal PCr/ATP (p = 0.010). As shown in Fig 3, PCr/ATP levels were progressively lower by

APOE4 dose among men, such as: APOE4-/- > APOE4+/- > APOE4+/+, whereas decreased

PCr/ATP occurred in women regardless of APOE genotype.

Discussion

This 31P-MRS study of cognitively normal midlife individuals at risk for AD demonstrates

influences of sex and APOE4 status on mitochondrial PCr/ATP and PCr/Pi in AD-vulnerable

regions, independent of age, total intracranial volume, and midlife health indicators. As com-

pared to men, women exhibited lower PCr/ATP and PCr/Pi, reflecting higher brain ATP

Table 3. Regional PCr/Pi by sex and APOE4 status.

Region Group APOE4 status N Mean SE 95% C.I.

Frontal Men APOE4- 19 16.708 1.043 14.652 18.765

APOE4+ 24 12.494� 0.911 10.698 14.290

Women APOE4- 93 11.107� 0.436 10.248 11.966

APOE4+ 73 10.978� 0.494 10.003 11.953

Temporal Men APOE4- 19 22.400 1.243 19.949 24.850

APOE4+ 24 19.423 1.085 17.284 21.563

Women APOE4- 93 18.492� 0.519 17.468 19.516

APOE4+ 73 18.254� 0.589 17.092 19.416

PCC Men APOE4- 19 13.169 1.050 11.099 15.239

APOE4+ 24 14.079 0.917 12.271 15.886

Women APOE4- 93 13.081 0.439 12.216 13.946

APOE4+ 73 12.388 0.498 11.407 13.369

Medial temporal Men APOE4- 19 31.251 2.419 26.481 36.021

APOE4+ 24 27.158 2.113 22.993 31.324

Women APOE4- 93 24.839 1.011 22.845 26.832

APOE4+ 73 23.213� 1.147 20.951 25.474

Unstandardized means, SE, adjusted by age and total intracranial volume, with 95% confidence intervals (CI).

�Different from APOE4- men, p<0.05

Abbreviations: APOE4 carriers (APOE4+) vs non-carriers (APOE4-); PCC, posterior cingulate cortex and precuneus; PCr, phosphocreatine; Pi, inorganic phosphate.

https://doi.org/10.1371/journal.pone.0281302.t003
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utilization and demand, respectively, in AD-vulnerable regions, independent of APOE4 status.

Additionally, APOE4 carriers exhibited higher energy needs in frontal regions as compared to

non-carrier status, which were driven by male APOE4 homozygotes.

Table 5. Regional phosphomonoesters/phosphodiesters (PME/PDE) by sex and APOE4 status.

Region Sex APOE4 status N Mean SE 95% C.I.

Frontal Men APOE4- 19 1.754 0.118 1.521 1.988

APOE4+ 24 1.838 0.103 1.634 2.041

Women APOE4- 93 1.596 0.049 1.498 1.693

APOE4+ 73 1.634 0.056 1.524 1.745

Temporal Men APOE4- 19 2.956 0.118 2.724 3.188

APOE4+ 24 2.993 0.103 2.790 3.195

Women APOE4- 93 3.019 0.049 2.922 3.116

APOE4+ 73 2.855 0.056 2.745 2.965

PCC Men APOE4- 19 1.912 0.129 1.658 2.166

APOE4+ 24 1.627 0.113 1.404 1.849

Women APOE4- 93 1.629 0.054 1.522 1.735

APOE4+ 73 1.592 0.061 1.472 1.713

Medial temporal Men APOE4- 19 4.041 0.205 3.638 4.445

APOE4+ 24 4.270 0.179 3.918 4.623

Women APOE4- 93 4.196 0.086 4.028 4.365

APOE4+ 73 3.991 0.097 3.800 4.182

Unstandardized means, SE, adjusted by age and total intracranial volume, with 95% confidence intervals (CI). Abbreviations: APOE4 carriers (APOE4+) vs non-carriers

(APOE4-); PME/PDE, phosphomonoesters/phosphodiesters.

https://doi.org/10.1371/journal.pone.0281302.t005

Table 4. Regional Pi/ATP by sex and APOE4 status.

Region Sex APOE4 status N Mean SE 95% C.I.

Frontal Men APOE4- 19 .434 0.036 0.363 0.505

APOE4+ 24 .464 0.032 0.402 0.526

Women APOE4- 93 .490 0.015 0.460 0.520

APOE4+ 73 .463 0.017 0.429 0.497

Temporal Men APOE4- 19 .487 0.022 0.444 0.530

APOE4+ 24 .514 0.019 0.476 0.552

Women APOE4- 93 .525 0.009 0.507 0.543

APOE4+ 73 .524 0.010 0.504 0.544

PCC Men APOE4- 19 .500 0.025 0.451 0.550

APOE4+ 24 .449 0.022 0.406 0.493

Women APOE4- 93 .463 0.011 0.442 0.484

APOE4+ 73 .472 0.012 0.448 0.495

Medial temporal Men APOE4- 19 .663 0.034 0.597 0.730

APOE4+ 24 .682 0.029 0.624 0.741

Women APOE4- 93 .727 0.014 0.699 0.754

APOE4+ 73 .734 0.016 0.703 0.766

Unstandardized means, SE, adjusted by age and total intracranial volume, with 95% confidence intervals (CI). Abbreviations: APOE4 carriers (APOE4+) vs non-carriers

(APOE4-); ATP, total adenosine triphosphate; PCC, posterior cingulate cortex and precuneus; Pi, inorganic phosphate.

https://doi.org/10.1371/journal.pone.0281302.t004
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AD is characterized by a long prodromal period of approximately 20 years, during which

the disease progresses to clinically diagnosed dysfunction [17]. Identifying people at risk for

AD while still in a modifiable transition state is likely critical for reversing or delaying disease

progression. The three major AD risk factors—age, female sex, and APOE4 genotype—have a

profound impact on brain bioenergetics [18], resulting in glucose hypometabolism [36],

down-regulation of mitochondrial genes involved in OXPHOS [50], altered Aβ processing and

decline in regenerative capacity [19–21]. In humans, both female sex and APOE4 genotype

have been associated with reduced CMRglc in asymptomatic at-risk individuals [10, 28–36].

However, previous FDG-PET work was limited to assessment of the glycolytic pathway and

did not provide direct information on brain mitochondrial activity.

Currently, no 31P-MRS studies have investigated APOE4 effects on brain phosphorus

metabolites, and few studies have examined sex effects among cognitively normal individuals.

Two studies tested for sex differences across the adult lifespan, reporting somewhat contrasting

Fig 2. Effects of sex and APOE4 status on brain membrane phospholipids. Plots show mean PME/PDE measures in

frontal cortex for each pairwise comparison, with 95% confidence intervals (C.I.). Abbreviations: APOE4-, non-

carriers; APOE4+, carriers; PDE, phosphodiesters; PME, phosphomonoesters.

https://doi.org/10.1371/journal.pone.0281302.g002
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results. The largest study examined 125 individuals ages 20–85 years, reporting lower PCr/

ATP (higher ATP utilization; averaged α-, β-, and γ-ATP resonances) and PCr/Pi (energy

demand) in frontal, occipital, and temporal cortices in women as compared to men [51]. The

other study, totaling 34 healthy volunteers ages 21–84 (20 men and 14 women), found no sex

differences in α-, β-, or γ- nucleoside di- and tri-phosphate (NTP), Pi, or PCr measures [52].

The use of relative vs. absolute measures makes these studies difficult to compare. Nonetheless,

from a methodological perspective, metabolite ratios are considered more reliable, as they are

less prone to acquisition issues such as transmit and receive field variation, signal-to-noise

ratio (SNR), and partial volume averaging concerns. By using metabolite ratios, a study of 74

cognitively normal, middle-aged post-menopausal women of known APOE4 status (48%

APOE4 carriers) reported higher α-ATP utilization in temporal and frontal regions as com-

pared to 45 age-controlled men [30], thus consistent with [51].

In the present study with a sample of over 200 middle-aged (40–65 year-old) individuals

carrying established risk factors for AD, women exhibited lower PCr/ATP (higher ATP

Fig 3. Effects of APOE4 dose on PCr/ATP and PCr/Pi. Plots show mean PCr/ATP and PCr/Pi measures in frontal

cortex by APOE-dose group in men and women, with 95% confidence intervals (C.I.). �P<0.05, corrected for multiple

comparisons. Abbreviations: APOE4-, non-carriers; APOE4-/+, heterozygous carriers; APOE4+/+, homozygous

carriers; ATP, total adenosine triphosphate; PCr, phosphocreatine; Pi, inorganic phosphate.

https://doi.org/10.1371/journal.pone.0281302.g003
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utilization; averaged α-, β-, and γ-ATP resonances) in AD-vulnerable regions including PCC,

frontal, lateral and medial temporal cortices, and lower PCr/Pi (energy demand) in all regions

except PCC as compared to age-controlled men. Additionally, we found male-specific associa-

tions between APOE4 carrier status and ATP utilization in frontal cortex, as men with two

copies of APOE4 allele exhibited similar measures as the combined female group, but higher

ATP utilization as compared to men with one APOE4 copy and to non-carriers. This effect is

exemplified in Fig 4.

When interpreting present results relative to existing literature, it is important to note that

prior 31P-MRS investigations of HEP metabolites in AD patients show generally mixed results.

This is likely due to many studies being limited by small sample sizes, as well as to differences

in brain regions examined, metabolite outcome reporting, and imaging methodology [53].

Older studies were also limited by acquisitions performed at 1.5 Tesla with only surface coil

localization and lower SNR than 3.0 Tesla, resulting in limited coverage and introduction of

inhomogeneous spin excitation [54]. Generally, older 31P-MRS reports on differences between

AD patients and elderly controls provided mixed findings. Some reports indicated no differ-

ences in PCr/NTP or NTP (mostly comprised of the β-phosphate) in AD patients as compared

to controls [55, 56], suggesting that NTP measures might be less sensitive to AD-related

changes than ATP. While both lower [57] and higher [42, 58] γ-ATP have been reported in

AD vs. controls, with no differences in α- or β-ATP observed in older studies [42, 57, 58], a

recent study at 7 Tesla reported lower PCr/ATP, which averaged the α-, β-, and γ-ATP

Fig 4. Schematic representation of sex and APOE4 status effects on midlife mitochondria phosphorus metabolites measured with
31P-MRS. All panels: Phosphorus metabolites assessed with 31P-MRS include phosphocreatine (PCr) rephosphorylated from creatine (Cr)

using adenosine triphosphate (ATP) derived from chemical exchange of inorganic phosphate (Pi) and adenosine diphosphate (ADP) in

mitochondria. Membrane phosphodiesters (PDE) and phosphomonoesters (PME) are also shown. Left panel: PCr/ATP and PCr/Pi are

lower in women vs. men in frontal, temporal, medial temporal and posterior cingulate cortex (blue). Middle panel: PCr/ATP and PCr/Pi

are lower in APOE4 carriers (APOE4+) vs. non-carriers (APOE4-) in frontal cortex (red). Right panel: PCr/ATP and PCr/Pi are lower in

females and male APOE4 carriers vs. male non-carriers in frontal cortex (purple).

https://doi.org/10.1371/journal.pone.0281302.g004
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resonances, in AD patients as compared to healthy controls [40], whereas another study at 3

Tesla reported no differences [41]. Additionally, there is mixed evidence of lower [57] and

higher PCr [41, 42] in AD patients compared to controls, or no differences [55, 56]. PCr levels

may be reduced at the milder stages of AD but increase as dementia worsens [57].

AD-related alterations in PCr/Pi have also been noted, although results are again mixed

with studies showing lower [40, 56] or higher [41] ratios in AD patients relative to controls.

Additionally, results vary by brain region, as one report found lower PCr/Pi in frontal cortex

of AD patients as compared to controls [56], while some studies have observed alterations in

temporal cortex [40, 41] but not in frontal cortex [40].

Previous studies of age effects in cognitively normal individuals indicate that PCr, PCr/ATP

and PCr/Pi generally increase with age [51, 52, 59]. However, these studies examined larger

age ranges (20–85 years) as compared to 40–65 years in the current study. Moreover, in the

only study that examined the combined effects of age and sex, women exhibited a nearly con-

tinuous increase of PCr/ATP with age except between the decades 20–29 and 30–39 years, 40–

49 and 50–59 years, and 60–69 and 70–79 years [51]. In contrast, PCr/ATP in men only

increased after age 70 [51]. On the other hand, PCr/Pi showed a slight decrease with age in

women and an increase in men ages 70–79 years [51]. These results suggest presence of sex-

specific turning points in brain ATP utilization, with earlier effects in women than in men,

thus consistent with present findings. Overall, more studies with larger samples and follow-up

evaluations are required to accurately characterize how HEP metabolite trajectories vary by

sex and APOE status during normal aging and with AD.

Under normal aerobic conditions, mitochondrial ATP production increases to match

increased energy demand, the former being reflected by a decrease in the PCr/ATP ratio [19].

Lower PCr/ATP and PCr/Pi ratios coupled with no difference in Pi/ATP ratio indicates that

the sex and APOE4 differences are driven by reduced reserve in PCr to generate spare ATP. As

such, as compared to men, women’s brains appear to require more effort to maintain stable

energy production to meet increased energy demand in regions with known metabolic vulner-

ability to AD, further indicating that midlife hypometabolism might be an early female-specific

indicator of prodromal AD [1, 18]. However, in frontal regions, male APOE4 homozygotes

exhibited a similar metabolic range as women, identifying a male-specific APOE4-dose depen-

dent earlier site of metabolic vulnerability. This is consistent with preclinical evidence for

upregulation of glycolysis and TCA cycle pathways, and thus increased oxidative metabolism

in humanized APOE4 mice [60].

Present findings support clinical and epidemiological studies indicating interactive effects

of chromosomal sex and APOE4 allele on AD risk. Female APOE4 carriers are more likely

than male carriers to develop AD, with a nearly 4- and 10-fold increased risk in women with

one and two APOE4 alleles, respectively [1, 5, 14–16]. On the other hand, men heterozygous

for APOE4 exhibit essentially no increase in AD risk, whereas those with two copies of APOE4

allele carry similar or greater risk for MCI and AD than homozygous women [5, 13, 15, 16].

Additionally, in women, carrying one APOE4 allele shifts the AD risk curve five years earlier,

while two alleles shifts the curve to 10 years earlier in both women and men [61]. However,

there is some evidence that sex-related differences in APOE4 effects on AD risk may change

with disease progression. Overall risk for MCI is higher in men, whereas progression to AD

occurs faster in women, at least partly in APOE4-dependent ways [13, 15, 16].

Biomarker studies provide further evidence for sex-related APOE4 effects on AD risk.

Female APOE4 carriers with MCI or mild AD exhibit a higher burden of AD pathology, as

well as greater CSF tau and tau/Aβ ratios than male APOE4 carriers with the same diagnosis

[8, 9, 14, 62]. Among cognitively normal individuals, female APOE4 carriers exhibit greater

hippocampal atrophy, cortical thinning, and brain hypometabolism [8–13] and higher Aβ
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deposition as compared to genotype-controlled men [10]. None of the above studies reported

AD biomarker alterations in male APOE4 carriers. However, investigations of APOE4 dose

effects in MCI patients show that APOE4 homozygous men exhibit smaller hippocampal vol-

ume than APOE4 homozygous women [11]. In another study of MCI and AD patients, while

both female APOE4 heterozygotes and homozygotes showed increased tau deposition com-

pared to female non-carriers, only male APOE4 homozygotes had increased tau deposition

compared to male non-carriers [63].

Present results of bioenergetic alterations in frontal cortex of male APOE4 homozygotes is

consistent with previous evidence that two copies of APOE4 are necessary to increase AD risk

in men. Our data adds to previous literature by showing that metabolic abnormalities are evi-

dent already during the normal stages of cognition among men aged 40–65 years. Addition-

ally, we identify the frontal cortex as an early site of APOE4-related metabolic compromise in

males. Previous studies of asymptomatic APOE4 carriers identified the frontal cortex as a site

of early metabolic vulnerability, especially in presence of a double APOE4 allele dose, for both

men and women [33–36]. Greater hypometabolism in frontal cortex has been associated with

conversion from MCI to AD [64], possibly due to Aβ deposition and tau acetylation with AD

progression [65–67].

On the other hand, we didn’t find significant effects of APOE4 status on ATP requirements

among women. This suggests that the effects of female sex may outweigh those of APOE4 sta-

tus on at least some aspects of brain bioenergetics in midlife. Female sex is a known risk factor

for reduced cerebral metabolic activity [1, 18], which has been linked to declines in 17β-estra-

diol during the menopause transition, or perimenopause [68]. In animal models, perimeno-

pause decreases cerebral glucose utilization while triggering compensatory mechanisms to

preserve ATP production by mitochondria, including increased breakdown of amino acids,

fatty acids (β-oxidation), and ketone bodies [69–72]. However, continued reliance upon these

pathways prompts white matter catabolism [70], Aβ dysmetabolism [24], and neurodegenera-

tion [69]. As the majority of women in our studies were of perimenopausal or early postmeno-

pausal age, higher brain ATP utilization in AD-vulnerable regions may reflect the

compensatory shift to utilization of high energy lipid fuel observed in animals. As our study is

underpowered to simultaneously examine effects of sex, APOE4 and menopause status, more

work is warranted to characterize the independent and synergistic contributions of these AD

risk factors on brain mitochondria function in midlife women.

Alternatively, as APOE4 effects are age-dependent [7, 73], and most clinical studies indicat-

ing a higher risk of AD among female APOE4 carriers were conducted in older populations, it

is possible that APOE4 effects on ATP usage in women may become evident at older ages. For

instance, a recent metabolomic analysis of older cognitively impaired and non-impaired indi-

viduals revealed alterations in serum metabolites associated with mitochondria energy produc-

tion in post-menopausal women as compared to men, which were more pronounced among

APOE4 carriers [74]. This suggests that APOE4 effects on mitochondria metabolism may

become evident at older ages in women. It is also possible that metabolic changes in brain and

periphery may follow a different time course.

We observed no significant effects of sex or APOE4 status on Pi/ATP and PME/PDE mea-

sures. To date, only one study examined sex differences in Pi/ATP (e.g. ATP hydrolysis), report-

ing lower ratios in temporal cortex and higher ratios in parietal cortex of women as compared

to men across the adult lifespan [51]. Unlike our study, these results were not corrected for mul-

tiple comparisons. This suggests that sex-related PCr/ATP and PCr/Pi alterations may be of

greater magnitude than, or precede Pi/ATP effects. Some studies also found Pi/ATP alterations,

as well as changes in PME and PDE in AD patients as compared to healthy controls [43, 44],

warranting further investigations of these biomarkers for the early detection of AD.
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Strengths and limitations

This study has several strengths. To our knowledge, this is the first 31P-MRS study to investi-

gate the interactive effects of sex and APOE4 status on phosphorus metabolites in a large

group of well characterized, cognitively normal middle-aged individuals carrying established

risk factors for AD. All participants had clinical and cognitive exams, laboratory tests, and

APOE4 assessments. We acquired multi-slice 2D-CSI 31P-MRS scans that cover the whole

brain, thus mapping multiple voxels over a whole grid instead of large single voxels, which

enabled us to simultaneously assess phosphorus metabolites in several AD-vulnerable regions.

Results were significant after a stringent Bonferroni correction for multiple comparisons, and

after multi-variable correction for age, midlife health indicators, and intracranial volume.

All participants in this study were cognitively intact, with cognitive performance within

norms by age and education. As such, present results indicate that brain OXPHOS markers

measured by 31P-MRS may precede changes in cognitive performance as related to AD risk.

Mounting evidence indicates sex differences and APOE4 effects in the prevalence, symptom-

atology, and pathophysiology of AD [3, 4]. Despite experiencing an earlier onset and accelerated

progression of AD pathology, women maintain clinically defined normal memory performance

longer than men [75]. One theory suggests that sex differences in cerebral metabolism may

explain, in part, the differences in disease progression, possibly delaying onset of clinical symp-

toms in women [76]. More work and longitudinal follow-ups are needed to characterize

changes in brain 31P-MRS ATP utilization as a function of sex, APOE4, and cognitive status.

Our sample was comprised of middle-aged, highly educated, 75% white individuals, which

limits the generalizability of our results. More studies are needed to replicate these findings in

community-dwelling individuals randomly recruited from the population.

Finally, evaluation of metabolite peak areas using XSOS is operator-dependent and may

introduce subjective errors due to phase distortions and baseline roll although the same 1st-

order phase shift was applied to all subjects. While this might be a source of methodological

bias, our technique is well validated [45, 46] and all fittings were performed by the same MRI

physicist with over 20 years of experience in processing MRS data (JPD). As pointed out by

others, 31P-MRS measurements are affected by many acquisition characteristics such as trans-

mit and receive field variation, SNR, and partial volume averaging [51, 77]. In our study, all

participants were scanned with the same dual tuned 31P/1H birdcage head coil with identical

transmit and receive gains. Further, to overcome these issues and in keeping with the litera-

ture, we reported metabolite ratios, which are less sensitive to such factors.

We have not yet examined pH measures from our spectra. As some studies report pH alter-

ations in AD patients as compared to controls [41, 58] or during normal aging [52, 59], this is

of interest for future studies of AD risk, as well.

Conclusions

Present 31P-MRS results in midlife individuals at risk for AD indicate complex interactions

between chromosomal sex and APOE4 genotype on brain energy production and demand

from mitochondria. Examination of metabolic heterogeneity can support identification of

AD-specific pathways within at-risk subgroups, further advancing precision medicine for AD

prevention.

Supporting information

S1 Fig. 31P-MRS spectra of two representative participants. Seven well-resolved resonance

peaks were identified, including the HEP molecules phosphocreatine (PCr), adenosine tri-

phosphate (α-ATP, β-ATP and γ-ATP), and inorganic phosphate (Pi); and membrane
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phosphomonoesters (PME) and phosphodiesters (PDE). Pi and phospholipids are located to

the left of PCr. Resonant peaks from the three phosphate groups of ATP (γ-, α-, and β-ATP

from left to right) are located to the right of PCr. A spectrum from the frontal lobe is shown in

(A) a 55 year-old woman and (B) a 55 year-old man.

(TIF)

Author Contributions

Conceptualization: Jonathan P. Dyke, Roberta Diaz Brinton, Lisa Mosconi.

Data curation: Steven Jett, Jonathan P. Dyke, Lisa Mosconi.

Formal analysis: Lisa Mosconi.

Funding acquisition: Roberta Diaz Brinton, Lisa Mosconi.

Investigation: Steven Jett, Jonathan P. Dyke, Camila Boneu Yepez, Camila Zarate, Caroline

Carlton, Eva Schelbaum, Grace Jang, Silky Pahlajani, Schantel Williams, Lisa Mosconi.

Methodology: Jonathan P. Dyke, Lisa Mosconi.

Project administration: Lisa Mosconi.

Resources: Roberta Diaz Brinton, Lisa Mosconi.

Software: Jonathan P. Dyke, Lisa Mosconi.

Supervision: Lisa Mosconi.

Validation: Lisa Mosconi.

Visualization: Lisa Mosconi.

Writing – original draft: Steven Jett, Jonathan P. Dyke, Lisa Mosconi.

Writing – review & editing: Steven Jett, Jonathan P. Dyke, Camila Boneu Yepez, Camila

Zarate, Caroline Carlton, Eva Schelbaum, Grace Jang, Silky Pahlajani, Schantel Williams,

Roberta Diaz Brinton, Lisa Mosconi.

References
1. Riedel BC, Thompson PM, Brinton RD. Age, APOE and sex: Triad of risk of Alzheimer’s disease. J Ste-

roid Biochem Mol Biol. 2016; 160:134–47. https://doi.org/10.1016/j.jsbmb.2016.03.012 PMID:

26969397

2. Alzheimer’s Association. 2021 Alzheimer’s disease facts and figures. Alzheimer’s & dementia: the jour-

nal of the Alzheimer’s Association. 2021; 17(3):327–406. https://doi.org/10.1002/alz.12328 PMID:

33756057

3. Ferretti MT, Iulita MF, Cavedo E, Chiesa PA, Schumacher Dimech A, Santuccione Chadha A, et al. Sex

differences in Alzheimer disease—the gateway to precision medicine. Nature reviews Neurology. 2018;

14(8):457–69. https://doi.org/10.1038/s41582-018-0032-9 PMID: 29985474

4. Rahman A, Jackson H, Hristov H, Isaacson RS, Saif N, Shetty T, et al. Sex and Gender Driven Modifiers

of Alzheimer’s: The Role for Estrogenic Control Across Age, Race, Medical, and Lifestyle Risks. Front

Aging Neurosci. 2019; 11:315. https://doi.org/10.3389/fnagi.2019.00315 PMID: 31803046

5. Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, et al. Effects of age, sex, and eth-

nicity on the association between apolipoprotein E genotype and Alzheimer disease: a meta-analysis.

Jama. 1997; 278(16):1349–56.

6. Kim J, Basak JM, Holtzman DM. The role of apolipoprotein E in Alzheimer’s disease. Neuron. 2009; 63

(3):287–303. https://doi.org/10.1016/j.neuron.2009.06.026 PMID: 19679070

7. Neu SC, Pa J, Kukull W, Beekly D, Kuzma A, Gangadharan P, et al. Apolipoprotein E Genotype and

Sex Risk Factors for Alzheimer Disease: A Meta-analysis. JAMA Neurol. 2017; 74(10):1178–89. https://

doi.org/10.1001/jamaneurol.2017.2188 PMID: 28846757

PLOS ONE Effects of sex and APOE ε4 genotype on brain mitochondrial high-energy phosphates in midlife individuals

PLOS ONE | https://doi.org/10.1371/journal.pone.0281302 February 14, 2023 16 / 20

https://doi.org/10.1016/j.jsbmb.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/26969397
https://doi.org/10.1002/alz.12328
http://www.ncbi.nlm.nih.gov/pubmed/33756057
https://doi.org/10.1038/s41582-018-0032-9
http://www.ncbi.nlm.nih.gov/pubmed/29985474
https://doi.org/10.3389/fnagi.2019.00315
http://www.ncbi.nlm.nih.gov/pubmed/31803046
https://doi.org/10.1016/j.neuron.2009.06.026
http://www.ncbi.nlm.nih.gov/pubmed/19679070
https://doi.org/10.1001/jamaneurol.2017.2188
https://doi.org/10.1001/jamaneurol.2017.2188
http://www.ncbi.nlm.nih.gov/pubmed/28846757
https://doi.org/10.1371/journal.pone.0281302


8. Hohman TJ, Dumitrescu L, Barnes LL, Thambisetty M, Beecham G, Kunkle B, et al. Sex-Specific Asso-

ciation of Apolipoprotein E With Cerebrospinal Fluid Levels of Tau. JAMA neurology. 2018. https://doi.

org/10.1001/jamaneurol.2018.0821 PMID: 29801024

9. Altmann A, Tian L, Henderson VW, Greicius MD, Investigators AsDNI. Sex modifies the APOE-related

risk of developing Alzheimer disease. Annals of neurology. 2014; 75(4):563–73.

10. Mosconi L, Berti V, Quinn C, McHugh P, Petrongolo G, Varsavsky I, et al. Sex differences in Alzheimer

risk: Brain imaging of endocrine vs chronologic aging. Neurology. 2017; 89(13):1382–90. https://doi.

org/10.1212/WNL.0000000000004425 PMID: 28855400

11. Fleisher A, Grundman M, Jack CR Jr., Petersen RC, Taylor C, Kim HT, et al. Sex, apolipoprotein E epsi-

lon 4 status, and hippocampal volume in mild cognitive impairment. Arch Neurol. 2005; 62(6):953–7.

https://doi.org/10.1001/archneur.62.6.953 PMID: 15956166

12. Damoiseaux JS, Seeley WW, Zhou J, Shirer WR, Coppola G, Karydas A, et al. Gender modulates the

APOE ε4 effect in healthy older adults: convergent evidence from functional brain connectivity and spi-

nal fluid tau levels. J Neurosci. 2012; 32(24):8254–62.

13. Buckley RF, Mormino EC, Amariglio RE, Properzi MJ, Rabin JS, Lim YY, et al. Sex, amyloid, and APOE

ε4 and risk of cognitive decline in preclinical Alzheimer’s disease: Findings from three well-character-

ized cohorts. Alzheimer’s & dementia: the journal of the Alzheimer’s Association. 2018; 14(9):1193–

203.

14. Payami H, Montee KR, Kaye JA, Bird TD, Yu CE, Wijsman EM, et al. Alzheimer’s disease, apolipopro-

tein E4, and gender. Jama. 1994; 271(17):1316–7. PMID: 8158809

15. Mortensen EL, Høgh P. A gender difference in the association between APOE genotype and age-

related cognitive decline. Neurology. 2001; 57(1):89–95. https://doi.org/10.1212/wnl.57.1.89 PMID:

11445633

16. Beydoun MA, Boueiz A, Abougergi MS, Kitner-Triolo MH, Beydoun HA, Resnick SM, et al. Sex differ-

ences in the association of the apolipoprotein E epsilon 4 allele with incidence of dementia, cognitive

impairment, and decline. Neurobiol Aging. 2012; 33(4):720–31 e4. https://doi.org/10.1016/j.

neurobiolaging.2010.05.017 PMID: 20619505

17. Sperling RA, Karlawish J, Johnson KA. Preclinical Alzheimer disease-the challenges ahead. Nature

reviews Neurology. 2013; 9(1):54–8. https://doi.org/10.1038/nrneurol.2012.241 PMID: 23183885

18. Wang Y, Brinton RD. Triad of Risk for Late Onset Alzheimer’s: Mitochondrial Haplotype, APOE Geno-

type and Chromosomal Sex. Front Aging Neurosci. 2016; 8:232. https://doi.org/10.3389/fnagi.2016.

00232 PMID: 27757081

19. Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases.

Nature. 2006; 443(7113):787–95. https://doi.org/10.1038/nature05292 PMID: 17051205

20. Gibson GE, Shi Q. A mitocentric view of Alzheimer’s disease suggests multi-faceted treatments. J Alz-

heimers Dis. 2010; 20(0 2):S591. https://doi.org/10.3233/JAD-2010-100336 PMID: 20463407

21. Swerdlow RH. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. J Alzheimers Dis.

2018; 62(3):1403–16. https://doi.org/10.3233/JAD-170585 PMID: 29036828

22. Pratico D, Uryu K, Leight S, Trojanoswki JQ, Lee VM. Increased lipid peroxidation precedes amyloid

plaque formation in an animal model of Alzheimer amyloidosis. J Neurosci. 2001; 21(12):4183–7.

https://doi.org/10.1523/JNEUROSCI.21-12-04183.2001 PMID: 11404403

23. Du H, Guo L, Yan S, Sosunov AA, McKhann GM, Yan SS. Early deficits in synaptic mitochondria in an

Alzheimer’s disease mouse model. Proc Natl Acad Sci U S A. 2010; 107(43):18670–5. https://doi.org/

10.1073/pnas.1006586107 PMID: 20937894

24. Yao J, Irwin RW, Zhao L, Nilsen J, Hamilton RT, Brinton RD. Mitochondrial bioenergetic deficit precedes

Alzheimer’s pathology in female mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 2009;

106(34):14670–5. https://doi.org/10.1073/pnas.0903563106 PMID: 19667196

25. Mattson MP, Magnus T. Ageing and neuronal vulnerability. Nature reviews Neuroscience. 2006; 7

(4):278–94. https://doi.org/10.1038/nrn1886 PMID: 16552414

26. Jack CR Jr., Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, et al. Tracking pathophysi-

ological processes in Alzheimer’s disease: an updated hypothetical model of dynamic biomarkers. The

Lancet Neurology. 2013; 12(2):207–16. https://doi.org/10.1016/S1474-4422(12)70291-0 PMID:

23332364

27. Mosconi L. Brain glucose metabolism in the early and specific diagnosis of Alzheimer’s disease. FDG-

PET studies in MCI and AD. Eur J Nucl Med Mol Imaging. 2005; 32(4):486–510. https://doi.org/10.

1007/s00259-005-1762-7 PMID: 15747152

28. Mosconi L, Berti V, Quinn C, McHugh P, Petrongolo G, Osorio RS, et al. Correction: Perimenopause

and emergence of an Alzheimer’s bioenergetic phenotype in brain and periphery. PLoS One. 2018; 13

(2):e0193314. https://doi.org/10.1371/journal.pone.0193314 PMID: 29447296

PLOS ONE Effects of sex and APOE ε4 genotype on brain mitochondrial high-energy phosphates in midlife individuals

PLOS ONE | https://doi.org/10.1371/journal.pone.0281302 February 14, 2023 17 / 20

https://doi.org/10.1001/jamaneurol.2018.0821
https://doi.org/10.1001/jamaneurol.2018.0821
http://www.ncbi.nlm.nih.gov/pubmed/29801024
https://doi.org/10.1212/WNL.0000000000004425
https://doi.org/10.1212/WNL.0000000000004425
http://www.ncbi.nlm.nih.gov/pubmed/28855400
https://doi.org/10.1001/archneur.62.6.953
http://www.ncbi.nlm.nih.gov/pubmed/15956166
http://www.ncbi.nlm.nih.gov/pubmed/8158809
https://doi.org/10.1212/wnl.57.1.89
http://www.ncbi.nlm.nih.gov/pubmed/11445633
https://doi.org/10.1016/j.neurobiolaging.2010.05.017
https://doi.org/10.1016/j.neurobiolaging.2010.05.017
http://www.ncbi.nlm.nih.gov/pubmed/20619505
https://doi.org/10.1038/nrneurol.2012.241
http://www.ncbi.nlm.nih.gov/pubmed/23183885
https://doi.org/10.3389/fnagi.2016.00232
https://doi.org/10.3389/fnagi.2016.00232
http://www.ncbi.nlm.nih.gov/pubmed/27757081
https://doi.org/10.1038/nature05292
http://www.ncbi.nlm.nih.gov/pubmed/17051205
https://doi.org/10.3233/JAD-2010-100336
http://www.ncbi.nlm.nih.gov/pubmed/20463407
https://doi.org/10.3233/JAD-170585
http://www.ncbi.nlm.nih.gov/pubmed/29036828
https://doi.org/10.1523/JNEUROSCI.21-12-04183.2001
http://www.ncbi.nlm.nih.gov/pubmed/11404403
https://doi.org/10.1073/pnas.1006586107
https://doi.org/10.1073/pnas.1006586107
http://www.ncbi.nlm.nih.gov/pubmed/20937894
https://doi.org/10.1073/pnas.0903563106
http://www.ncbi.nlm.nih.gov/pubmed/19667196
https://doi.org/10.1038/nrn1886
http://www.ncbi.nlm.nih.gov/pubmed/16552414
https://doi.org/10.1016/S1474-4422(12)70291-0
http://www.ncbi.nlm.nih.gov/pubmed/23332364
https://doi.org/10.1007/s00259-005-1762-7
https://doi.org/10.1007/s00259-005-1762-7
http://www.ncbi.nlm.nih.gov/pubmed/15747152
https://doi.org/10.1371/journal.pone.0193314
http://www.ncbi.nlm.nih.gov/pubmed/29447296
https://doi.org/10.1371/journal.pone.0281302


29. Mosconi L, Rahman A, Diaz I, Wu X, Scheyer O, Hristov HW, et al. Increased Alzheimer’s risk during

the menopause transition: A 3-year longitudinal brain imaging study. PLoS One. 2018; 13(12):

e0207885. https://doi.org/10.1371/journal.pone.0207885 PMID: 30540774

30. Mosconi L, Berti V, Dyke J, Schelbaum E, Jett S, Loughlin L, et al. Menopause impacts human brain

structure, connectivity, energy metabolism, and amyloid-beta deposition. Sci Rep. 2021; 11(1):10867.

https://doi.org/10.1038/s41598-021-90084-y PMID: 34108509

31. Rahman A, Schelbaum E, Hoffman K, Diaz I, Hristov H, Andrews R, et al. Sex-driven modifiers of Alz-

heimer risk. Neurology. 2020; 95(2):e166.

32. Schelbaum E, Loughlin L, Jett S, Zang C, Jang G, Malviya N, et al. Association of Reproductive History

With Brain MRI Biomarkers of Dementia Risk in Midlife. Neurology. 2021:10.1212/

WNL.0000000000012941. https://doi.org/10.1212/WNL.0000000000012941 PMID: 34732544

33. Reiman EM, Caselli RJ, Chen K, Alexander GE, Bandy D, Frost J. Declining brain activity in cognitively

normal apolipoprotein E epsilon 4 heterozygotes: A foundation for using positron emission tomography

to efficiently test treatments to prevent Alzheimer’s disease. Proc Natl Acad Sci U S A. 2001; 98

(6):3334–9. https://doi.org/10.1073/pnas.061509598 PMID: 11248079

34. Reiman EM, Chen K, Alexander GE, Caselli RJ, Bandy D, Osborne D, et al. Functional brain abnormali-

ties in young adults at genetic risk for late-onset Alzheimer’s dementia. Proc Natl Acad Sci U S A. 2004;

101(1):284–9. https://doi.org/10.1073/pnas.2635903100 PMID: 14688411

35. Protas HD, Chen K, Langbaum JB, Fleisher AS, Alexander GE, Lee W, et al. Posterior cingulate glu-

cose metabolism, hippocampal glucose metabolism, and hippocampal volume in cognitively normal,

late-middle-aged persons at 3 levels of genetic risk for Alzheimer disease. JAMA Neurol. 2013; 70

(3):320–5. https://doi.org/10.1001/2013.jamaneurol.286 PMID: 23599929

36. Reiman EM, Chen K, Alexander GE, Caselli RJ, Bandy D, Osborne D, et al. Correlations between apoli-

poprotein E ε4 gene dose and brain-imaging measurements of regional hypometabolism. Proceedings

of the National Academy of Sciences. 2005; 102(23):8299–302.

37. Chaumeil MM, Valette J, Guillermier M, Brouillet E, Boumezbeur F, Herard AS, et al. Multimodal neuro-

imaging provides a highly consistent picture of energy metabolism, validating 31P MRS for measuring

brain ATP synthesis. Proc Natl Acad Sci U S A. 2009; 106(10):3988–93. https://doi.org/10.1073/pnas.

0806516106 PMID: 19234118

38. Du F, Zhu XH, Qiao H, Zhang X, Chen W. Efficient in vivo 31P magnetization transfer approach for non-

invasively determining multiple kinetic parameters and metabolic fluxes of ATP metabolism in the

human brain. Magnetic resonance in medicine. 2007; 57(1):103–14. https://doi.org/10.1002/mrm.

21107 PMID: 17191226

39. Du F, Zhu XH, Zhang Y, Friedman M, Zhang N, Ugurbil K, et al. Tightly coupled brain activity and cere-

bral ATP metabolic rate. Proc Natl Acad Sci U S A. 2008; 105(17):6409–14. https://doi.org/10.1073/

pnas.0710766105 PMID: 18443293

40. Das N, Ren J, Spence J, Chapman SB. Phosphate Brain Energy Metabolism and Cognition in Alzhei-

mer’s Disease: A Spectroscopy Study Using Whole-Brain Volume-Coil (31)Phosphorus Magnetic Res-

onance Spectroscopy at 7Tesla. Front Neurosci. 2021; 15:641739. https://doi.org/10.3389/fnins.2021.

641739 PMID: 33889067

41. Rijpma A, van der Graaf M, Meulenbroek O, Olde Rikkert MGM, Heerschap A. Altered brain high-energy

phosphate metabolism in mild Alzheimer’s disease: A 3-dimensional (31)P MR spectroscopic imaging

study. Neuroimage Clin. 2018; 18:254–61. https://doi.org/10.1016/j.nicl.2018.01.031 PMID: 29876246

42. Mandal PK, Akolkar H, Tripathi M. Mapping of hippocampal pH and neurochemicals from in vivo multi-

voxel 31P study in healthy normal young male/female, mild cognitive impairment, and Alzheimer’s dis-

ease. Journal of Alzheimer’s disease: JAD. 2012; 31 Suppl 3:S75–86. https://doi.org/10.3233/JAD-

2012-120166 PMID: 22426021

43. Nitsch RM, Blusztajn JK, Pittas AG, Slack BE, Growdon JH, Wurtman RJ. Evidence for a membrane

defect in Alzheimer disease brain. Proc Natl Acad Sci U S A. 1992; 89(5):1671–5. https://doi.org/10.

1073/pnas.89.5.1671 PMID: 1311847

44. Pettegrew JW, Panchalingam K, Hamilton RL, McClure RJ. Brain membrane phospholipid alterations in

Alzheimer’s disease. Neurochem Res. 2001; 26(7):771–82. https://doi.org/10.1023/a:1011603916962

PMID: 11565608

45. Weiduschat N, Mao X, Beal MF, Nirenberg MJ, Shungu DC, Henchcliffe C. Sex differences in cerebral

energy metabolism in Parkinson’s disease: a phosphorus magnetic resonance spectroscopic imaging

study. Parkinsonism Relat Disord. 2014; 20(5):545–8. https://doi.org/10.1016/j.parkreldis.2014.02.003

PMID: 24593902

46. Henchcliffe C, Shungu DC, Mao X, Huang C, Nirenberg MJ, Jenkins BG, et al. Multinuclear Magnetic

Resonance Spectroscopy for in Vivo Assessment of Mitochondrial Dysfunction in Parkinson’s Disease.

PLOS ONE Effects of sex and APOE ε4 genotype on brain mitochondrial high-energy phosphates in midlife individuals

PLOS ONE | https://doi.org/10.1371/journal.pone.0281302 February 14, 2023 18 / 20

https://doi.org/10.1371/journal.pone.0207885
http://www.ncbi.nlm.nih.gov/pubmed/30540774
https://doi.org/10.1038/s41598-021-90084-y
http://www.ncbi.nlm.nih.gov/pubmed/34108509
https://doi.org/10.1212/WNL.0000000000012941
http://www.ncbi.nlm.nih.gov/pubmed/34732544
https://doi.org/10.1073/pnas.061509598
http://www.ncbi.nlm.nih.gov/pubmed/11248079
https://doi.org/10.1073/pnas.2635903100
http://www.ncbi.nlm.nih.gov/pubmed/14688411
https://doi.org/10.1001/2013.jamaneurol.286
http://www.ncbi.nlm.nih.gov/pubmed/23599929
https://doi.org/10.1073/pnas.0806516106
https://doi.org/10.1073/pnas.0806516106
http://www.ncbi.nlm.nih.gov/pubmed/19234118
https://doi.org/10.1002/mrm.21107
https://doi.org/10.1002/mrm.21107
http://www.ncbi.nlm.nih.gov/pubmed/17191226
https://doi.org/10.1073/pnas.0710766105
https://doi.org/10.1073/pnas.0710766105
http://www.ncbi.nlm.nih.gov/pubmed/18443293
https://doi.org/10.3389/fnins.2021.641739
https://doi.org/10.3389/fnins.2021.641739
http://www.ncbi.nlm.nih.gov/pubmed/33889067
https://doi.org/10.1016/j.nicl.2018.01.031
http://www.ncbi.nlm.nih.gov/pubmed/29876246
https://doi.org/10.3233/JAD-2012-120166
https://doi.org/10.3233/JAD-2012-120166
http://www.ncbi.nlm.nih.gov/pubmed/22426021
https://doi.org/10.1073/pnas.89.5.1671
https://doi.org/10.1073/pnas.89.5.1671
http://www.ncbi.nlm.nih.gov/pubmed/1311847
https://doi.org/10.1023/a:1011603916962
http://www.ncbi.nlm.nih.gov/pubmed/11565608
https://doi.org/10.1016/j.parkreldis.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24593902
https://doi.org/10.1371/journal.pone.0281302


Annals of the New York Academy of Sciences. 2008; 1147(1):206–20. https://doi.org/10.1196/annals.

1427.037 PMID: 19076443

47. Ashburner J, Friston KJ. Voxel-based morphometry—the methods. NeuroImage. 2000; 11(6 Pt 1):805–

21. https://doi.org/10.1006/nimg.2000.0582 PMID: 10860804

48. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling

system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.

NeuroImage. 2006; 31(3):968–80. https://doi.org/10.1016/j.neuroimage.2006.01.021 PMID: 16530430

49. Fischl B. FreeSurfer. NeuroImage. 2012; 62(2):774–81. https://doi.org/10.1016/j.neuroimage.2012.01.

021 PMID: 22248573

50. Xu P-T, Li Y-J, Qin X-J, Kroner C, Green-Odlum A, Xu H, et al. A SAGE study of apolipoprotein

E3/3, E3/4 and E4/4 allele-specific gene expression in hippocampus in Alzheimer disease. Molec-

ular and Cellular Neuroscience. 2007; 36(3):313–31. https://doi.org/10.1016/j.mcn.2007.06.009

PMID: 17822919

51. Rietzler A, Steiger R, Mangesius S, Walchhofer LM, Gothe RM, Schocke M, et al. Energy metabolism

measured by 31P magnetic resonance spectroscopy in the healthy human brain. J Neuroradiol. 2021.

https://doi.org/10.1016/j.neurad.2021.11.006 PMID: 34871672

52. Forester BP, Berlow YA, Harper DG, Jensen JE, Lange N, Froimowitz MP, et al. Age-related changes

in brain energetics and phospholipid metabolism. NMR Biomed. 2010; 23(3):242–50. https://doi.org/10.

1002/nbm.1444 PMID: 19908224

53. Song T, Song X, Zhu C, Patrick R, Skurla M, Santangelo I, et al. Mitochondrial dysfunction, oxidative

stress, neuroinflammation, and metabolic alterations in the progression of Alzheimer’s disease: A meta-

analysis of in vivo magnetic resonance spectroscopy studies. Ageing Research Reviews. 2021;

72:101503. https://doi.org/10.1016/j.arr.2021.101503 PMID: 34751136
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