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Abstract

Introduction: Hormones may be one possible mechanism underlying sex differences

in dementia incidence.We examinedwhether presumed differential prenatal hormone

milieu is related to dementia risk by comparing dementia rates in same- and opposite-

sex dizygotic twin pairs in male and female twins.

Methods: The sample comprised 43,254 individuals from dizygotic twin pairs aged 60

and older from the Swedish Twin Registry. Survival analyses were conducted sepa-

rately for females andmales.

Results: Female twins from opposite-sex pairs had significantly lower dementia risk

than female twins from same-sex pairs, but the differences emerged only after age 70

(hazard ratio=0.64,P=0.004). Resultswerenot explainedbypostnatal risk factors for

dementia, and no interaction between twin type and apolipoprotein E (APOE) ε4 was

found.Male twins from same-sex versus opposite-sex pairs did not differ significantly.

Discussion: The results suggest that relatively masculine prenatal hormone milieus

correlate with lower dementia risk in females.
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Sex differences in dementia prevalence are well documented.1,2

Although findings are inconsistent, evidence has been found for higher

incidence rates of dementia in women than men in both European and

U.S. samples.3-5 Sex differences in dementia rates generally emerge

after age 80,6,7 with some studies suggesting divergence in the late

80s3 or even after age 90.8

Mechanisms underlying sex differences in dementia risk remain

unknown. Sex steroid hormones might contribute to sex differences in

dementia rates via both activational effects (ie, transient actions of sex

hormones in adulthood) and organizational effects (ie, permanent or

persisting changes in brain structure and function).9-11 Sex differences

in dementia due to activational effects suggest sex-specific declines in

sex hormones with aging,12 while the possible role of organizational

effects have rarely been investigated.9 Prenatal hormone milieu has

been suggested to show organizational effects during critical prena-

tal and early postnatal periods as it mediates sexual differentiation
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of the brain, which occurs during critical prenatal and early postnatal

periods.13

Prenatal hormone milieu contributes to permanent sexually dimor-

phic characteristics in animal models. For example, female rodents

with a higher level of perinatal testosterone exposure exhibited mas-

culinized characteristics in adulthood, such as greater food intake

and aggression, when compared to control group populations.14-16

In humans, females with congenital adrenal hyperplasia, a condition

that produces high levels of adrenal androgens from early in gesta-

tion, displayed increased male-typical and decreased female-typical

behaviors.17 It, thus, seems possible that differences in prenatal hor-

mone milieu between males and females leads to persistent sexual dif-

ferentiation that may affect sex differences in dementia rates.

Effects of prenatal hormonemilieu on dementia risk can be inferred

by comparing twins fromsame-sex andopposite-sex pairs. As observed

in rodent and swine studies,16,18 females with adjacent male fetuses

are exposed to elevated concentrations of testosterone prenatally,19

leading to more masculinized traits compared to females with adja-

cent female fetuses only. Also, males with adjacent female fetuses

show demasculinized traits compared to males with adjacent male

fetuses.20,21 In human studies, due to ethical constraints, prenatalmea-

sures of hormone concentration are generally not available.

In human studies of same-sex and opposite-sex twin pairs, effects

of prenatal hormone milieu have been inferred for cognitive abilities

that are presumed to favor eithermales or females. For example, males

and females with a female co-twin exhibited larger vocabularies than

their counterparts with a male co-twin.22,23 Females with a male co-

twin outperformed thosewith a female co-twin on theMental Rotation

Test.24-26 No effects were found, however, for a variety of non-verbal

and verbal cognitive tests.27 Postnatal factors, like different develop-

mental experiences of being raised with an opposite- versus same-sex

sibling, also might account for differences between twins from same-

sex and opposite-sex pairs. A recent study separated prenatal from

postnatal factors and found that females with male co-twins experi-

enced worse educational and labor-market outcomes and were less

likely to marry and have children.28 The differences remained among

a subset of women whose male co-twins died very early in life, sup-

porting the interpretation that prenatal hormone milieu, rather than

postnatal socialization resulting from having a male sibling, explained

observed differences. Most twin studies of prenatal testosterone with

cognitive outcomes have not included middle-aged and older adults,

and to date no study has examined same-sex versus opposite-sex twin

pairs with respect to dementia risk.

Apolipoprotein E (APOE) ε4 is the most significant genetic risk fac-

tor for late-life dementia29,30 and might be a more potent risk fac-

tor for women than men.31,32 Women with one APOE ε4 allele have

up to a four-fold increased risk compared to those with APOE ε3,
whereas in men, only those with two APOE ε4 alleles demonstrated

increased risk.31,33 Excess risk associated with APOE ε4 alleles might

be age dependent, as women with one APOE ε4 allele showed a higher

AD risk than men only at younger ages.32 Moreover, in studies ear-

lier in life, infants and children who were APOE ε4 carriers displayed

significantly thinner cortices.34,35 Child APOE ε4 carriers with a family

HIGHLIGHTS

∙ Females from opposite-sex twin pairs had lower dementia

risk than females from same-sex dizygotic twin pairs.

∙ The effect of twin type (opposite- vs same-sex) on demen-

tia risk in females was not evident until age 70.

∙ Twin typepredicteddementia risk in females after control-

ling for postnatal risk factors.

∙ Interactions between twin type and apolipoprotein E

(APOE) ε4 were not found on dementia risk for men or

women.

∙ One possible inference is that a relatively masculine pre-

natal hormonemilieumay lower dementia risks in females.

RESEARCH INCONTEXT

1. Systematic review: As mechanisms for sex differences

in dementia risk remain unresolved, with possible pre-

natal hormone differences not heretofore considered,

the authors reviewed the literature on sex differences

in dementia risk and on the twin testosterone transfer

hypothesis using traditional sources (eg, PubMed, Google

Scholar).

2. Interpretation: We showed that women from opposite-

sex twin pairs had lower dementia risk compared to

women from same-sex dizygotic twin pairs. One possi-

ble inference is that a relatively masculine prenatal hor-

monemilieu correlateswith lowerdementia risk, suggest-

ing that prenatal hormonal environment may be relevant

to greater risk in women compared tomen.

3. Future directions: Mechanisms linking female prenatal

sex hormones to dementia risk should be considered and

whether apolipoprotein E (APOE) ε genotype moderates

effects of prenatal hormonal exposure and dementia risk,

a question that should be addressed in future studies.

history of AD also exhibited impaired cognitive performance.36,37

However, how differences in prenatal hormonal milieu might con-

tribute to the female bias of APOE ε4 remains unknown. We, thus,

tested whether hypothesized prenatal hormonal milieu moderated

effects of APOE ε4 on dementia risk.

In the current study, we compared risk of dementia for female and

male members of same-sex and opposite-sex dizygotic twin pairs. We

asked two research questions. First, are there differences in demen-

tia risk between women in same-sex and in opposite-sex twin pairs,

and if so, can the difference be explained by postnatal risk factors?

Lower dementia risk in female and male twins with male co-twins,

compared to those with female co-twins, would lend support for the



LUO ET AL. 3 of 8

F IGURE 1 Selection of analytic sample in the
Swedish Twin Registry

hypothesis that a relatively more masculine, compared to feminine,

hormone milieu in utero may lower dementia risk, adjusting for post-

natal risk factors. Finally, does the interaction between twin type and

APOE ε4 predict dementia risk?

1 METHOD

1.1 Participants

The sample was drawn from the same-sex and opposite-sex dizygotic

(DZ) twins participating in the Swedish Twin Registry (STR).38 A flow

diagram for the sample is displayed in Figure 1.

Thedata used in the current study include twins bornbetween1906

and 1957who had information on dementia status fromnational regis-

ters or from clinical dementia diagnoses. For thosewith dementia, only

those who had age at onset for dementia equal to or older than age

60 were included in the analytic sample. Individuals without a diagno-

sis of dementia were included if their age at death or the last follow-

up was equal to or older than age 60. The analytic sample included

43,254 individual twins, including 13,348 female same-sex twins (SS

females), 11,710 male same-sex twins (SS males), 9,274 female twins

from opposite-sex pairs (OS females), and 8,922 male twins from

opposite-sex pairs (OS males). Table 1 presents the total analytic sam-

ple and subsamples by sex and twin type (same- vs opposite-sex).
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TABLE 1 Demographic information for the female andmale dizygotic twin samples and the subsamples tested in the study

Number of

individual

twins

Birth yearmean

and range

Proportion of

sample with

dementia

Average age

at onset and

SD

Average

censored

age and SD

Female SS twins

Entire sample 13,348 1933 (1906, 1957) 14.5% 77.56 (6.81) 75.08 (9.37)

Sample with APOE ε4
data

2,827 1935 (1906, 1956) 16.3% 78.75 (6.79) 76.45 (9.09)

Female OS twins

Entire sample 9,274 1938 (1906, 1956) 11.5% 76.37 (6.69) 73.77 (8.89)

Sample with APOE ε4
data

2,278 1938 (1908, 1956) 11.5% 76.64 (6.75) 75.52 (8.56)

Male SS twins

Entire sample 11,710 1934 (1906, 1956) 8.9% 75.80 (6.84) 73.21 (8.34)

Sample with APOE ε4
data

2,142 1936 (1906, 1956) 12.7% 77.03 (7.16) 76.27 (8.17)

Male OS twins

Entire sample 8,922 1938 (1906, 1957) 9.3% 75.39 (6.40) 73.36 (8.40)

Sample with APOE ε4
data

2,230 1937 (1907, 1956) 11.4% 76.79 (6.07) 75.82 (7.88)

Abbreviations: APOE, apolipoprotein E; OS= opposite-sex; SD, standard deviation; SS= same-sex.

APOE ε4 allele data were available for only a subset of the sample

and included 5,105 individual female DZ twins and 4,372 individual

DZ male twins. Female and male twin subsamples with APOE ε4 allele

data differed fromsubsampleswithoutAPOE ε4 allele data on all demo-

graphic variables (ie, year of birth, dementia diagnosis, age at onset,

time in study, and source of dementia diagnosis; Table S.1 in Supple-

ment).

1.2 Measures

Dementiainformationwas available fromeither clinical diagnosis by the

research teamduring the studies or one of the SwedishNational Regis-

ters. Clinical diagnoses were based on in-person dementia diagnostic

clinical workup. Individuals were cognitively screened and, if flagged

for the possibility of cognitive impairment, followed up in-person. Final

dementia diagnoses were established in multidisciplinary consensus

conferences using information from the in-person workup and medi-

cal records according to Diagnostic and Statistical Manual of Mental

Disorders (DSM)-III-R or DSM-IV criteria for dementia. For all individ-

uals not cognitively screened and cases that occurred after last follow-

up, dementia status was determined using International Classification

of Disease codes for dementia in the Swedish National Patient Reg-

ister (NPR), Outpatient Register (OPR), or Cause of Death Register

(CDR). In addition, dementia medication according to the Anatomical

TherapeuticChemical classificationwas tracked in thePrescribedDrug

Register (PDR) from 2005 onward and used as a proxy for dementia

diagnosis. The subsample with clinical diagnosis information differed

on all demographic and key variables from the subsample with reg-

istry information only (see Supplementary Table S.2). We, thus, per-

formed sensitivity analyses using only cases with clinical diagnosis

information.

For individuals diagnosed with dementia through clinical workup,

age at onset was estimated from the proxy interview at the in-person

assessment andmedical records. For cases identified through registers,

only age at first record of dementia was available. Previous work has

shown a lag time of 4 to 5.5 years between age at onset ascertained at

clinical workup and first record of dementia in the NPR or OPR.39,40

An update based on themost recent record linkage (Karlsson, personal

communication) shows that the mean number of years between age at

onset through clinical assessment and first registered recordof demen-

tia among those with both clinical and registry determined dementia

was 5 years in the NPR, OPR, and PDR, and 9 years for dementia regis-

tered in the CDR. These corrections were applied in the present analy-

ses. For cases identified throughCDR, randomerrorwas added to each

twin’s age at onset tomodel actual variability in age at onset.

Individual twins had number of APOE ε4 alleles either directly geno-
typed or imputed (sample sizes presented in Supplementary Table S.3).

Imputed values were based on the Illumina OmniExpress genotyping

array. Imputationwasbasedon the1000GenomesProject phase1ver-

sion 3 data.41

1.3 Statistical analysis

The key design feature is comparing SS females to OS females, and

SS males to OS males (twin type). In all analyses, birth year (cen-

tered at 1957) and the interaction between birth year and twin type

were included as covariates to test moderation by age/cohort. Family

was included as a random effect to account for dependency between
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same-sex pairs. The total number of families was 16,623 for females

and 15,546 for males.

First, we conducted logistic regression analyses to compare demen-

tia risk between same-sex and opposite-sex individuals. Given that

sex differences in longevity could result in different dementia rates,

ordinary least squares linear regressions were estimated to exam-

ine whether female and male individuals from same-sex pairs and

opposite-sex pairs differed in longevity. All analyses were performed

within sex.

Next, differences in dementia risk by twin type were tested using

survival analysis.We first examinedKaplan-Meier estimates of the sur-

vivor function to examine the conditional probability that individuals

were free fromdementiaper yearbeyondage60by twin type. Individu-

als who did not develop dementia were censored at age of death or age

at last follow-up. Ties were handled using the Efronmethod.42 Survival

curves were estimated within female and male groups. We then used

Cox proportional hazard regression to estimate effects of twin type on

dementia risk.42 InCox regression, the logarithmof thehazard function

is the conditional probability of dementia given that the twin survived

up to a specific moment in time, that is, instantaneous risk of demen-

tia. Traditional assumptions of Cox regression were made: (1) log haz-

ard functions are identical across groups and (2) log hazard functions

are equidistant at everypossiblemomentbetweengroups. Partialmax-

imum likelihood was used to estimate all models. All models were fit in

the survival package (version 3.1-8) in R 3.5.1.43

We next entered education, exercise, vascular risk, and postnatal

hormone exposure into Cox regression models to estimate whether

twin type remained significant, adjusting for effects of postnatal risk

factors. (Information about postnatal covariates is presented in the

supplemental material, including descriptive statistics). Not all twins

had complete records for the postnatal risk factors, so we imputed

missing records using multivariate imputation by chained equations in

the mice package (version 3.7.0). Variables with missing values were

imputed using separate multivariate models.44 As data were missing

by design (ie, covariates were not collected for part of the sample), we

assumed missing data were missing at random. Even under conditions

ofmissing not at random,multiple imputation leads to reduction in bias

of population estimates.45 We imputed 25 data sets, which were then

analyzed using Cox regression with TYPE = IMPUTATION in Mplus

8.2.46 Pooled estimates are reported.

Finally, Cox regression models were fit to the twin subsample with

APOE ε4 information. In thesemodels, we includedmain effects of twin

type, APOE ε4 allele status, and their interaction on dementia risk.

2 RESULTS

Logistic regression results show that opposite-sex female twins had

significantly lower dementia odds than same-sex females (odds ratio

[OR] = 0.37, .95 confidence interval [CI]: [0.25, 0.54], P < 0.001).

Opposite-sex male twins also displayed significantly lower demen-

tia odds than same-sex males (OR = 0.47, .95 CI: [0.31, 0.70], P <

0.001). For twinswhowere deceased, linear regression results indicate

F IGURE 2 Survival curves for female with same-sex co-twins (red
line) and female with opposite-sex co-twins (blue line) tested at age 60
and beyond. DZOS= dizygotic opposite-sex twins; DZSS= dizygotic
same-sex twins. Shaded region around each curve is the 95%
confidence band

F IGURE 3 Survival curves for male with same-sex co-twins (red
line) andmale with opposite-sex co-twins (blue line) tested at age 60
and beyond. DZOS= dizygotic opposite-sex twins; DZSS= dizygotic
same-sex twins. Shaded region around each curve is the 95%
confidence band

that females from opposite-sex pairs had shorter longevity than their

same-sex counterparts while males from same-sex pairs had shorter

longevity than their opposite-sex counterparts (b = −0.83, P < 0.001

for females; b = 0.64, P = 0.001 for males). The observed difference,

however, was negligible (Cohen’s d= 0.09,M= 79.75 in OS females,M

= 80.57 in SS females; Cohen’s d = 0.07, M = 77.64 in OS males, M =

77.00 in SSmales).

Figures 2 and 3 display the Kaplan-Meier survival curves for female

and male twins, respectively. Survival curves significantly diverged in
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female twins in the mid-80s with OS twins surviving longer than SS

twinswhereas the overlapping 95%confidence bands in themale twins

suggest no significant difference in survival rates.

Cox regression model results suggest that dementia risk of female

twins from opposite-sex pairs did not significantly differ from risk of

females from same-sex pairs (hazard ratio [HR] = 0.83, .95 CI = [0.65,

1.06], P= 0.141). Similarly, dementia risk inmale twins did not differ by

twin type (HR= 0.96, .95 CI= [0.74, 1.25], P= 0.751).

For females, birth year nearly significantly moderated effect of twin

type on dementia risk (P = .075). A plot of dementia risk HRs by

birth year for same-sex and opposite-sex female twins (see Supple-

mentary Figure S.1) reveals that same-sex female twins have much

greater risk of dementia than opposite-sex twins in groups born in ear-

lier birth years than in later birth years. We, thus, performed post-

hoc Cox regression analyses in which dementia diagnoses before age

70 or before age 80 were left-censored. With left censoring before

age 70, opposite-sex females had significantly lower risk of dementia

than same-sex females (HR = 0.64, .95 CI = [0.48, 0.87], P = 0.004).

Left censoring before age 80 showed an even greater reduction in

dementia risk in opposite-sex female twins (HR = 0.38, .95 CI = [0.21,

0.68], P= 0.001). Complementary analyses inmale twins revealed non-

significant effects of twin type.

To test for postnatal explanations, we adjusted the Cox regres-

sion for effects of education, exercise, postnatal hormone exposure,

and vascular risk. Summary of the pooled estimates are presented in

Table 2. (Hierarchical Cox regression model results are presented in

Supplementary Tables S.5–S.7). Effects of twin typewere notmarkedly

reduced after adjusting for postnatal risk factors of dementia, regard-

less of left-censoring age.

For the subsample of twins with information on APOE ε4 alleles,

effects of twin type, APOE ε4, and their interactions on dementia were

similar in both female and male twins (see Supplementary Table S.8).

The effect of the number ofAPOE ε4 alleleswas significant. Thosewith-
outAPOE ε4alleleswere least likely tobediagnosedwithdementia. The

interaction effect between twin type and APOE ε4was not statistically
significant.

3 DISCUSSION

The current studyexaminedprenatal hormonemilieu inferred from the

sex of one’s co-twin, APOE ε4, and their interaction, with findings hav-

ing implications for possible mechanisms underlying sex differences

in dementia risk. Opposite-sex female twins displayed lower demen-

tia rates compared to same-sex female twins. Effect of twin type on

dementia riskwasmoderatedby age in female twins, as statistically sig-

nificant excessdementia riskwasobservedabove70, butnotbelowage

70. Thesedifferencesby twin typewerenot explainedbypostnatal hor-

mone exposure or other postnatal risk factors for dementia nor were

theymoderatedbynumberofAPOE ε4 alleles. Finally,weonly observed
main effects of APOE ε4 alleles on dementia risk, with no differences

by sex, consistent with recent research.32 The results provide partial

support for the hypothesis that prenatal exposure to a relatively mas-

TABLE 2 Log odds and standard errors of the effects of twin type
and postnatal covariates on dementia risk in female twins

Model 1 Model 2 Model 3

Testing from age 60

Twin type −0.19 (0.13) −0.15 (0.13)

Education −0.04 (0.01) −0.04 (0.01)

Exercise −0.002 (0.08) 0.00 (0.08)

Vascular risk 0.03 (0.02) 0.03 (0.02)

Postnatal hormone

exposure

0.01 (0.002) 0.01 (0.002)

Testing from age 70

Twin type −0.44 (0.15) −0.40 (0.15)

Education −0.04 (0.01) −0.04 (0.01)

Exercise 0.01 (0.08) 0.02 (0.08)

Vascular risk 0.04 (0.02) 0.04 (0.02)

Postnatal hormone

exposure

0.01 (0.002) 0.01 (0.002)

Testing from age 80

Twin type −0.96 (0.29) −0.94 (0.30)

Education −0.06 (0.01) −0.06 (0.01)

Exercise 0.05 (0.12) 0.05 (0.12)

Vascular risk 0.02 (0.03) 0.02 (0.03)

Postnatal hormone

exposure

0.002 (0.003) 0.002 (0.003)

Note. Bolded values indicate P< 0.05. Parameter estimates are pooled esti-

mates across 25 imputed data sets. Birth year and the interaction between

birth year and twin type were statistically adjusted for in all models.

culine milieu might lower dementia risk in female twins, but with the

effect emerging only after age 70, that is, in older birth years where

risk is higher in general. For males, although differences in dementia

risk were found between OSmale twins and SS male twins with simple

logistic regression, the findings were not supported in Cox regression

models. Taken together we conclude that our results do not confirm a

difference betweenmen fromOSpairs compared tomen fromSS pairs.

The current findings provide speculative support for organizational

effects of hormones on dementia risk, as in utero hormones were not

directly assessed. The twin testosterone transfer (TTT) hypothesis has

suggested the possibility of hormonal transfer between fetuses from

the same pregnancy,19,47 leading to masculinization of female twins

with male co-twins. However, the observed differences in dementia

risk by twin type may also be affected by postnatal risk factors. In the

current study, after controlling for postnatal factors (education, exer-

cise, vascular risk, and postnatal hormonal exposure) that might con-

tribute to the discrepancy in dementia risk by twin type, the effects of

twin type on dementia risk remained significant in female twins older

than age 70, indicating dementia risk associatedwith twin typewas not

explained by postnatal factors. Thus, results in the current study pro-

vide provisional evidence for the protective effects of a relatively mas-

culine prenatal hormone environment on dementia, suggesting that
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sex differences in prenatal hormone environment may be relevant to

women’s increased risk of dementia compared tomen’s.

Prenatal hormone milieu may influence dementia risk through sev-

eral possible pathways. For example, different sex steroid hormone

concentrations during the prenatal period may have an impact on sex-

ual differentiation of the brain, which yields permanent structural and

functional differences between adultmale and female brains.9,48 These

differences, in turn, may heighten risk of dementia in women. This pos-

sibility is consistent with prior findings on the effects of sexual differ-

entiation on neuropathology in Alzheimer transgenicmice. Specifically,

Alzheimer-related pathology in 3xTg-AD mice was reduced by mas-

culinization of females and increased by feminization ofmales.49 While

the mechanism is unknown, our finding that lower dementia risk for

females from OS twin pairs compared to SS twin pairs emerged only

after age 70 or 80 is consistent with the observation that greater risk

for dementia in women than in men generally emerges only after age

80.3,6

Finding more pronounced effects for females than for males was

expected. Most reviews of TTT have found stronger support for pre-

dictions about women than about men.21,47 In explanation, it has been

suggested that, because male fetuses are already exposed to high lev-

els of testosterone, the effect of co-gestationmaybemore pronounced

for females than for males.47 Available literature does not support a

consistent prediction. Greater brain volumes, which would be protec-

tive for dementia,50 have been reported for both male and female 9-

year-olds with a male co-twin compared to children with a female co-

twin.51 However, this result was not replicated in a sample aged 30

years, on average.51 On the other hand, males fromOS twin pairs have

been found to have higher vocabulary scores than males from SS twin

pairs.22,23 Both linguistic ability and educational attainment have been

related to lower dementia risk.50 In the present study, therewas no dif-

ference in education between OS and SS male twin pairs, and no data

for vocabulary.

Finally, number of APOE ε4 alleles exerted significant effects on

dementia risk similarly in both female and male twins. Most but not all

previous studies have indicatedmore substantial effects of APOE ε4 on
dementia risk in women compared to men,31,33 and a linear effect in

females for one versus two alleles, which was not seen here. Interac-

tion effects between the number of APOE ε4 alleles and twin typewere
non-significant, contrary to hypothesis.

There are several limitations to the current study. First, information

about APOE ε4 alleles was only available in a subset of twins, result-

ing in greater possibility of Type II error. Second, due to limited sample

sizes of twins with different types of dementia, especially in the subset

of twins with APOE ε4 alleles measured, we did not conduct analyses

of different types of dementia. Third, longevity was found to be higher

in same-sex females compared to opposite-sex females. However, the

small differences observed between twin types do not appear to be

meaningful. Finally, direct measures of prenatal hormone environment

were unavailable. Thus, factors other than prenatal hormone environ-

ment may account for differences in dementia risk that emerged by

twin type.

In sum, the current study suggests possible effects of prenatal hor-

mone environment on dementia risk, which may contribute to sex dif-

ferences in dementia risk. Further research is needed, however, to sup-

port the supposition that prenatal hormone environment and APOE ε4
allele status interact to increase women’s dementia risk.
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