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Abstract

Background Alzheimer’s disease (AD) heritability is estimated to be around 70-80%. Yet, much of it remains to be explained.
Studying transmission patterns may help in understanding other factors contributing to the development of AD.

Objective In this study, we aimed to search for evidence of autosomal recessive or X- and Y-linked inheritance of risk factors
in a large cohort of Portuguese AD patients.

Methods We collected family history from patients with AD and cognitively healthy controls over 75 years of age. We
compared the proportions of maternal and paternal history in male and female patients and controls (to search for evidence
of X-linked and Y-linked inherited risk factors). We compared the risk of developing AD depending on parents’ birthplace
(same vs. different), as a proxy of remote consanguinity. We performed linear regressions to study the association of these
variables with different endophenotypes.

Results We included 3090 participants, 2183 cognitively healthy controls and 907 patients with AD. Men whose mother had
dementia have increased odds of developing AD comparing to women whose mother had dementia. In female patients with
a CSF biomarker-supported diagnosis of AD, paternal history of dementia is associated with increased CSF phosphorylated
Tau levels. People whose parents are from the same town have higher risk of dementia. In multivariate analysis, this proxy
is associated with a lower age of onset and higher CSF phosphorylated tau.

Conclusions Our study gives evidence supporting an increased risk of developing AD associated with an X-linked inherit-
ance pattern and remote consanguinity.

Keywords Family - Alzheimer - X-chromosome - Homozygosity - Consanguinity

Introduction

Alzheimer’s disease (AD) stands as the most prevalent
neurodegenerative disorder. Its heritability is estimated at
70-80% [1, 2]. Despite this, only three genes (APP, PSENI,
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and PSEN2) are associated with known pathogenic variants
transmitted in a Mendelian autosomal dominant manner,
accounting for less than 1% of cases [3]. The APOE gene
remains the primary identified genetic risk factor, contribut-
ing to an estimated 9.3% of the heritability [1]. Additionally,
numerous genes with common variants of small effect have
been unveiled through increasingly expanding genome-wide
association studies (GWAS). Nonetheless, a considerable
portion of AD heritability remains unexplained [1, 4].

Hence, it is hypothesized that rare variants with moderate
to large impact may explain much of this missing heritability
and be the major factor driving the development in AD in
many families [5]. However, some other factors may explain
the missing heritability, such as effects like epistasis [6] and
gene-environment interaction [7], the fact that GWAS have
caveats in ascertaining heritability [8], or the exclusion of
sexual chromosomes in past GWAS [9]. Notably, the inves-
tigation of X- and Y-linked heritability remains underex-
plored, alongside the potential contribution of homozygous
risk factors to the inherited risk of AD [10].

In fact, a positive family history is a recognized risk factor
for AD [11], with genetics being the principal contributor
to that risk [12]. Studying family history and investigating
transmission patterns across diverse populations may shed
light on additional factors influencing AD development. In
this study, we aim to investigate evidence for autosomal
recessive or X- and Y-linked inheritance patterns of risk
genetic variants within a large cohort of Portuguese Alzhei-
mer’s disease patients.

Methods
Participant selection

We collected patients from a convenience sample of patients
from a cohort of AD patients followed at the Dementia
Clinic, Neurology Department of University Hospital of
Coimbra, Portugal. This center serves as the tertiary refer-
ral hospital in the central region of Portugal, comprising
around 2.2 million people. All patients underwent a thor-
ough diagnostic investigation including standard clinical
evaluation, neuropsychological assessment, laboratory
analysis, and imaging studies. Per routine, patients under
75 years of age at the first evaluation are proposed to CSF
collection or amyloid-PET. AD diagnosis was established by
the most recent criteria [13, 14]. Patients were considered
to have early-onset AD (EOAD) if the age of onset was of
65 or lower, and late-onset AD (LOAD), if the age of onset
was 66 or higher.

Controls were collected in the hospital (patients for other
non-neurological conditions and relatives that came with
patients to the clinic) and nursing homes, all with a normal
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MMSE (according to the Portuguese normative data [15])
and with collateral history of normal cognitive status. To
decrease the odds of future dementia, only subjects with
more than 75 years of age at the time of the collection were
included. Subjects with a diagnosis (or suspicion of) of Par-
kinson’s disease or other form of degenerative parkinsonism,
Frontotemporal dementia or other form of dementia, amyo-
trophic lateral sclerosis or other form of neurodegenerative
disorder were excluded.

Family history was collected with subjects and relatives,
through a systematic questionnaire. The questionnaire asked
for place of birth of the father and the mother, age of death,
cause of death (if known), history of dementia, and age of
onset of the dementia, number of siblings, number of sisters
and brothers, age of death (if dead), cause of death, his-
tory of dementia in any of the siblings, age of onset of the
dementia.

APOE and CSF analysis

For APOE genotyping, DNA was isolated from whole
EDTA-blood using a commercial kit (Roche Diagnostics
GmbH, Manheim, Germany) and APOE genotype was
determined by polymerase chain reaction-restriction frag-
ment length polymorphisms assay [16]. CSF was obtained
by lumbar puncture and biomarkers (Af42, t-tau and p-tau)
measurements were performed as previously reported by
Baldeiras et al. [17]. Pre-analytical and analytical procedures
were done in accordance with the Alzheimer’s Association
guidelines for CSF biomarkers determination [18]. External
quality control of the assays was performed under the scope
of the Alzheimer’s association quality control program for
CSF biomarkers [18]. CSF biomarkers were classified as
normal/abnormal according to previously reported labora-
tory reference values [19].

Analysis
Y-chromosome linked inheritance

To study a possible link of the genetic risk of AD and vari-
ants in the Y chromosome, we compared (1) the propor-
tion of AD versus controls in male and female subjects with
paternal history of dementia. The hypothesis is that if part
of the risk is linked with the Y chromosome, male descend-
ants would have a higher proportion of dementia. We also
compared (2) the proportion of AD in males with paternal
history of dementia with all females with positive parental
history of dementia (to increase power) and (3) males with
maternal history of dementia (to account for differential risk
of AD depending on sex). Comparisons with other dyads are
also shown to better frame these results.
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X-chromosome linked inheritance

To investigate a possible link of the genetic risk of AD
and variants in the X chromosome, we compared (1) the
proportion of patients with AD in females whose moth-
ers had dementia and in males whose mother had demen-
tia. The hypothesis is that due to random X-chromosome
inactivation, X linked risk will be attenuated in women.
We also compared (2) male patients with maternal history
of dementia with female patients with paternal history of
dementia; (3) male patients with all females with parental
history of dementia. Comparisons with other dyads are
also shown to better frame these results.

In female patients with AD, we also studied the asso-
ciation of maternal and paternal history of dementia with
some AD endophenotypes (age of onset, CSF Amyloid-
Beta,,, CSF total-Tau and CSF phosphorylated-Tau),
adjusted for other variables.

Remote consanguinity

To investigate the possible role of homozygous factors
underlying the risk of AD, we studied the risk in par-
ticipants whose parents were born in the same place
with those whose parents were born in different places.
Places that were considered different towns or villages,
although neighboring each other, were considered as dif-
ferent. We compared both groups in terms of risk of AD
and the relationship with some AD endophenotypes (age
of onset, CSF Amyloid-Beta,,, CSF total-Tau and CSF
phosphorylated-Tau).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statis-
tics software version 26. Normality was ascertained using
the Kolmogorov—Smirnov test. Categorical variables are
represented using frequencies and were compared through
Chi-square tests. Ordinal or discrete variable are reported as
means as they are better perceived, but were studied using
median values and were compared through Mann—Whit-
ney U tests. Subjects with both parents with dementia were
disregarded when univariate analysis was performed, but
included when performing linear regressions.

To compare the different parent-descendant dyads (as
described in the previous paragraphs) to assess differential
risk of developing AD, we compared the proportions of
patients and controls who had positive or negative pater-
nal/maternal history of dementia. From those we calculated
odds and then odds ratios. From odds ratios, we calculated
significance, according to the following equation:

In(®) - 0
1 1
np(1=p) ~ nip/(1-ph)

where @ is the odds ratio, n and n’ are the samples sizes and
p and p’ are the proportions.

We performed different linear regressions in the subset of
female AD patients with CSF biomarkers to study relation-
ships between paternal and maternal history and these endo-
phenotypes. We chose to study only female, because it was
the larger group, giving higher power to detect associations.
We performed a logistic regression to determine if having
parents with the same birthplace is associated with AD risk.
To probe for support of this relationship from biological
markers, we studied this in the linear regression models
abovementioned, which included only female AD patients
with CSF biomarkers.

All the assumptions of these models were verified. Alpha
was set for 0.05. Due to the exploratory nature of our study,
we did not correct for multiple comparisons.

Ethics

The present research complied with the ethical guidelines for
human experimentation stated in the Declaration of Helsinki
and was approved by the Ethics Board of Coimbra Univer-
sity Hospital. An informed consent was obtained from all the
participants after the aims and procedures of investigation
were fully explained by a member of the study group.

Results

We included 3090 participants, 2183 cognitively healthy
controls and 907 patients with AD. Of the patients, 237
(25.5%) were diagnosed with EOAD and 670 (74.3%) with
LOAD. APOE polymorphism status was determined for
1667 (76.4%) of the controls and 836 (92.2%) of the AD
patients. It was possible to ascertain paternal history of cog-
nitive status from 3006 subjects and maternal history of cog-
nitive status from 3055 subjects. In others, either the father
was unknown, subjects lost connection with the parents, or
family history could not be recollected by the relatives (and
patients could not recollect this information accurately). For
2745 (1838 controls and 907 patients) local of birth of both
parents was collected.

In the patients, 331 had CSF biomarkers data and 102 had
amyloid PET status. Other demographic variables, APOE
and family history are reported in Table 1.

Positive family history is far more frequent in patients
(EOAD and LOAD). Both EOAD and LOAD patients have
a positive family history in around half of the cases. Posi-
tive maternal history of dementia is more frequent in EOAD
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Table 1 Demographic, APOE
and family history variables of

Controls (n=2183) AD patients (n=907) p

patients and controls Female sex (1, %)

Education (years + SD)

Age of onset (years +SD)
APOEe€2€?2 (n, %)
APOEe€2€3 (n, %)
APOEe€2€4 (n, %)
APOEe€3€3 (n, %)
APOEe€3 €4 (n, %)
APOEe4€e4 (n, %)

Positive family history of dementia (1, %)
Positive paternal family history of dementia (n, %)
Positive maternal family history of dementia (n, %)

Siblings with dementia (n, %)
Parents from the same town (1, %)

CSF amyloid-Beta,, (pg/mL +SD)

CSF total-Tau (pg/mL +SD)

CSF phosphorylated-Tau (pg/mL + SD)

1408 (64.5) 565 (62.3) 0.250
39+35 55+44 <0.001
71.7+9.1
6 (0.4) 2(0.2) <0.001
185 (11.1) 37 (4.4)
15 (0.9) 13 (1.6)
1210 (72.6) 394 (47.1)
240 (14.4) 311(37.2)
11 (0.7) 79 (9.5)
414 (19.4) 417 (48.8) <0.001
100 (4.7) 116 (13.5) <0.001
193 (8.9) 232 (26.3) <0.001
178 (8.2) 208 (23.0) <0.001
1275 (58.4) 543 (60.0) 0.470
516.8+189.1
637.9+346.2
105.9+62.7

AD Alzheimer’s disease, SD standard deviation, APOE apolipoprotein E, CSF cerebrospinal fluid

than in LOAD, whereas positive paternal history is similar.
LOAD patients have more frequently a sibling with dementia
(supplemental Table 1).

Having positive family history (both maternal and pater-
nal) seems to lead to a larger increase in risk of develop-
ing AD in men than in women. However, we did not find
statistically significant differences in terms of AD risk in
Y-chromosome related dyads (father—son) versus the other
dyads. Male subjects with maternal history of dementia have
a larger increase in the risk of developing AD than that of
their female counterparts (Table 2). To better capture this
relationship, we performed linear regressions for different
endophenotypes in female AD patients (Table 3). Paternal
history (but not maternal) is associated with reduced CSF
tau and increased phosphorylated-tau (Table 3).

Concerning the remote consanguinity hypothesis, hav-
ing parents from the same town increases the odds for AD
(Tables 3, 4). This association was further investigated in
the linear regression models abovementioned (Table 3) and
they revealed an association of this proxy with lower age of
onset and higher CSF-phosphorylated tau, but higher CSF
Amyloid-Beta,, and lower tau.

Discussion

We report on a reasonably sized population study, with
well-characterized AD patients and controls with an age at
collection over 75. Positive parental history of dementia is
more common in early-onset cases, especially maternal his-
tory. Men with a maternal history of dementia develop AD
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more frequently than women whose mother had dementia.
In female patients with a CSF-supported diagnosis of AD,
paternal history of dementia is associated with lower CSF
total Tau, but increased CSF phosphorylated Tau. People
whose parents are from the same town have higher risk of
dementia. In multivariate analysis in AD patients with CSF
biomarkers, this proxy is associated with a lower age of
onset and higher CSF phosphorylated tau, but lower tau and
higher CSF amyloid-Beta,,.

Concerning the positive family history in EOAD versus
LOAD, we found that around half (50.9%) of the EOAD
patients have a first degree relative with dementia (with a
slightly lower proportion—48.1%—in LOAD patients).
EOAD have parental family history more frequently than
LOAD. This is driven mostly by maternal history, since
EOAD patients have maternal family history more frequently
than LOAD patients but paternal family history was compa-
rable between EOAD and LOAD. Parental family history is
more common in EOAD than in LOAD, supporting that var-
iants with a larger impact are probably driving most of the
risk in EOAD patients. LOAD patients have more siblings
with dementia, possibly due to the fact that LOAD patients
have older siblings, and this risk may be driven more by
age than genetic risk. Men with positive parental history of
dementia have a larger increase in odds of developing AD
than women with the same history, suggesting that genetics
may be more determinant in men than in women.

Women have an increased risk of developing AD
[20], which has been attributed to different reasons,
such as longer longevity [21] and hormonal differences
[21]. A possible role of common risk variants in the
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g _ X-chromosome could be one explanation for differential
i 5 5 sex prevalence [22, 23]. Sexual chromosomes are typically
% g ; E disregarded in GWAS [9]. Twin studies, although show-
E <9 ing higher within-pair correlations for female co-twins,
§ failed to demonstrate sex differences in heritability [24].
g g 2 Yet, X chromosome inactivation complicates analysis in
= é 2 g S that setting, masking some of the genetic input. In our
5 z ; RS study, sons of women with dementia have higher odds of
i < S developing AD than daughters of women with dementia.
f = This suggests that some variants in the X-chromosome
2 % a2 a2 may carry some AD risk, which may either be recessive or
% g % % 5 % not expressed due to X-inactiv%ltion in \yomen, but become
£ g yg 2 é" ], apparent in men. Further studies on this matter are of the
g utmost importance, as they may help to understand why
-c% fo women have an increased risk of AD, and may lead to new
S 5 ~ o s therapeutic targets, especially important to this higher risk
) i 5 3 5 = @ 8 group. Interestingly, in women with AD, paternal family
g ‘GF; 3 ]‘ Iz ] i Tl Cli history (but not maternal) was associated with higher CSF
g =2 & 78 8 phosphorylated-tau levels, but reduced total tau-levels.
= 5 This suggests a link between the X-chromosome variants
%) é‘) R R T and tau phosphorylation pathways, \.Nith patients with
é é—‘é 8 & E S a2 =3 paternal history hav1'ng less tau, but yv1th 1ncr§as<'ed lev?ls
S ;»l T S T of tau phosphorylation. These findings are in line with
f) <5 S S S S some other related findings, such as the X-chromosome
z < being associated with tau pathology [25] and the fact that
5 _§ e e e e there is an apparent sex-specific modulation of tau phos-
3 f 29223882 €3]  phorylation [26, 271,

E Z T T n T i T n T We did not find an association between Y-chromosome
’a@ £ 8 e Te T e Se e ™ inheritance and the risk of AD. However, male patients with
% < paternal family history of dementia developed AD more fre-
=z 5| &8 o quently than women with the paternal family history. This
£ s § ? S 2 § S § = % < § 3 g‘: S relationship may be masked by the higher prevalence of
-_é“% g -5:2 c|f E C||5 Cli c||5 E n E ﬁ E ﬁ E dementia in women, so it is possible (even likely) there is
g c @ I S an association, but our study was underpowered.

5 5 | % In this study, we used the birthplace of the parents as a
E E § proxy of autozygosity. Having the same birthplace suggests
; g % e o g o ¥ g that the parents’ genetic pogl woul[g;]e ir;g;d’ whlich will
G o ¥ SO B R B lead to homozygosity enrichment . results were
e é s 2 & & & 8 in line with this, as people with parents with the same birth-
% E g f = g g 5 g g place hade2 €2 and €4 €4 more frequently (supplemental
é i % 9 5 % § 5 5 § 5 Table 2). Previous studies with genetic data on large popula-
£e |5 % Tg I 3 L 2 a tions demonstrated that autozygosity and runs of homozygo-
s 3 <8 ne = = o - © sity [10] are associated with the risk of dementia [29]. We
£ e g S & further demonstrate that this proxy is associated not only
é g § % § g o with a higher risk of dementia, but also with a lower age
2 Rl E % % g <§r '!g %/ E = g of onset and higher levels of phosphorylated tau, endophe-
5 % g 53 gS83ISss § g¢ notypes of the disease. Yet, we found an inverse relation-
- o - - 7o« ship with tau and CSF Ap,,. This could mean that the main
ég j‘é 5 < g § homozygous factors in our population are more associated
E g g w5 &g 1 1 with Tau-related than a.my101d—relatefi pathways, or th.at
Oy ? 1 LS 1 1 3 § patients with autozygosity may have increased burden in
@ g 58 é ; s, = E g% other steps of the pathophysiology of the disease, develop-
"E E gE Z°32 = s 2 Z° ing disease before the levels of CFB Ap,, decrease as much.
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Table 3 Linear regression models to test the association of maternal and paternal history of dementia in women and different outcome variables
(age of onset, CSF amyloid-Beta,,, CST TOTAL-Tau and CSF phosphorylated Tau), adjusting for different covariates

Age of onset (3, 95% CI,
Py

CSF amyloid-Betay, (f,
95% CI, p)°

CST total-Tau (8, 95%
CL p)*

CSF phosphorylated Tau (B,
95% CI, p)*

Paternal history of
dementia

Maternal history of
dementia

Parents from the same
town

Age at LP

Education

Age of onset

APOE

CSF amyloid-Beta,,

CST total-Tau

CSF phosphorylated Tau

Year of birth

—0.175, [— 1.785, 1.435],
p=0.830

0.561, [— 0.626, 1.747],
p=0.352

— 1.447, [- 2.500,
—0.393],p =0.007

0.000, [— 0.001, 0.000],
»=0.350

0.026, [ 0.069, 0.122],
p=0.587

— 1.572, [ 2.665,
—0.479], p=0.005

0.006, [0.003, 0.009],
p<0.001

— 0.006, [— 0.009,
—0.002], p=0.001

0.034, [0.015, — 0.053],
p<0.001

— 0.888, [— 0.956,
— 0.820], p <0.001

51.674, [- 31.522,
134.871], p=0.222

49.727, [- 11.542,
110.996], p=0.111

71.505, [16.674, 126.335],
p=0.011

0.011, [- 0.008, 0.029],
p=0.258

0.125, [—4.832, 5.081],
p=0.960

16.243, [8.260, 24.226],
p<0.001

— 33.486, [— 91.504,
24.532], p=0.256

0.209, [0.022, 0.395],
p=0.028

—0.244, [~ 1.256, 0.768],
p=0.635

13.305, [5.329, 21.280],
p=0.001

— 99.295, [— 168.961,
—29.628], p =0.006

— 14.178, [- 66.967,
38.611], p=0.596

— 69.366, [— 115.948,
—22.784], p=0.004

—0.006, [— 0.022, 0.010],
p=0.430

0.316, [- 3.921, 4.554],
p=0.883

— 11.453, [— 18.397,
— 4,510, p=0.001

—37.637, [— 87.088,
11.815], p=0.135

0.153, [0.016, 0.289],
p=0.028

4.899, [4.552, 5.247],
p<0.001

— 8.615, [- 15.539,
— 1.6901, p =0.015

19.302, [6.305, 32.300],
p=0.004

—0.750, [- 10.628, 9.128],
p=0.881

4.135, [21.563,], p = 0.004

0.001, [— 0.002, 0.004],
»p=0.403

—0.163, [- 0.954, 0.629],
p=0.686

2.337,[1.048, 3.6271,
p<0.001

9.266, [0.072, 18.460],
p=0.048

—0.006, [- 0.032, — 0.020],
p=0.635

0.171, [0.159, 0.183],
p<0.001

1.991, [0.710, 3.272],
p=0.003

AD Alzheimer’s disease, APOE apolipoprotein E, CSF cerebrospinal fluid
*F(10, 149)=178.826, p<0.001, R>=0.841
5(10, 149)=6.106, p <0.001, R*=0.291
€(10, 149)=95.853, p<0.001, R?=0.865
4(10, 149)=98.263, p<0.001, R>=0.868

(® is the relative odds ratio, in bold where p<0.05)

Table 4 Logistic regression for demographic variables and risk of
developing Alzheimer’s disease (y*(5, 2663) = 1448.749, -2 log likeli-
hood =1955.493, Nagelkerke R?=0.58 1)

Variable OR 95% confidence interval p

Sex 1.040 0.826, 1.310 0.738

Age of onset 0.768 0.750, 0.785 <0.001

Education 0.978 0.948, 1.009 0.169
APOE (>1 €4 allele) 1.556 1.255,1.930 <0.001

Parents from the same 1.308 1.042, 1.643 0.021

town

OR odds ratio, APOE apolipoprotein E

Our study has some limitations. First, we draw hypothesis
from population data and not genetic data. Family history
was collected through the family and may be biased. We
could not ascertain for true paternity. Remote consanguinity
was evaluated through parents’ place of birth, a rough meas-
ure, especially prone to error when both parents are from the
same city. The associations were not controlled for possible
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confounders, such as parental socioeconomic status, paren-
tal education or others. Many of our associations were also
supported with further associations with endophenotypes in
the CSF biomarker supported patients, giving it additional
strength. However, we collected a large cohort of subjects,
carefully evaluated by an experienced team, with biomarker-
supported diagnosis in a large proportion of the patients.

In conclusion, in a reasonably large study of the Portu-
guese population, we give indirect evidence supporting the
existence of genetic risk variants in the X-chromosome and
autosomal recessive alleles carrying AD risk. This stresses
the importance of adequate study of genetic variants in the
sex chromosomes in Alzheimer’s disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-024-12673-x.

Acknowledgements Nothing to report.

Author contributions Miguel Tabuas-Pereira, Célia Kun-Rodrigues,
José Bras, Rita Guerreiro, Isabel Santana: conception and design of


https://doi.org/10.1007/s00415-024-12673-x

Journal of Neurology (2024) 271:6983-6990

6989

the study, Miguel Tébuas-Pereira, Catarina Bernardes, Joao Duraes,
Marisa Lima, Ana Rita Nogueira, Jorge Saraiva, Teresa Tabuas, Mari-
ana Coelho, Kimberly Paquette, Kaitlyn Westra, Célia Kun-Rodrigues,
Maria Rosario Almeida, Inés Baldeiras, José Bras, Rita Guerreiro, Isa-
bel Santana: acquisition and analysis of data or Miguel Tabuas-Pereira,
José Bras, Rita Guerreiro, Isabel Santana: drafting a significant portion
of the manuscript or figures.

Funding Open access funding provided by FCTIFCCN (b-on).
Research reported in this publication was supported by the National
Institute on Aging of the National Institutes of Health under Award
Number RO1AG067426. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

Data availability Data is available by request to the authors or in the
NIH repository.

Declarations
Conflicts of interest The authors have nothing to disclose.

Ethical standard The present research complied with the ethical guide-
lines for human experimentation stated in the Declaration of Helsinki
and was approved by the Ethics Board of Coimbra University Hospital.
An informed consent was obtained from all the participants after the
aims and procedures of investigation were fully explained by a member
of the study group.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Karlsson IK, Escott-Price V, Gatz M, Hardy J, Pedersen NL, Shoai
M, Reynolds CA (2022) Measuring heritable contributions to Alz-
heimer’s disease: polygenic risk score analysis with twins. Brain
Commun 4:fcab308

2. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA,
Berg S, Fiske A, Pedersen NL (2006) Role of genes and envi-
ronments for explaining Alzheimer disease. Arch Gen Psychiatry
63:168-174

3. Guerreiro RJ, Gustafson DR, Hardy J (2012) The genetic archi-
tecture of Alzheimer’s disease: beyond APP, PSENS and APOE.
Neurobiol Aging 33:437-456

4. Escott-Price V, Hardy J (2022) Genome-wide association studies
for Alzheimer’s disease: bigger is not always better. Brain Com-
mun 4:fcac125

5. Khani M, Gibbons E, Bras J, Guerreiro R (2022) Challenge
accepted: uncovering the role of rare genetic variants in Alzhei-
mer’s disease. Mol Neurodegener 17:3

6. Wang H, Bennett DA, De Jager PL, Zhang Q-Y, Zhang H-Y
(2021) Genome-wide epistasis analysis for Alzheimer’s disease

10.

11.

12.

13.

14.

15.

16.

17.

18.

and implications for genetic risk prediction. Alzheimers Res Ther
13:55

Dunn AR, O’Connell KMS, Kaczorowski CC (2019) Gene-by-
environment interactions in Alzheimer’s disease and Parkinson’s
disease. Neurosci Biobehav Rev 103:73-80

Andrews SJ, Renton AE, Fulton-Howard B, Podlesny-Drabiniok
A, Marcora E, Goate AM (2023) The complex genetic architec-
ture of Alzheimer’s disease: novel insights and future directions.
eBioMedicine 90

Gorlov IP, Amos CI (2023) Why does the X chromosome lag
behind autosomes in GWAS findings? PLoS Genet 19:¢1010472
Wang YT, Therriault J, Servaes S, Tissot C, Rahmouni N, Mac-
edo AC, Fernandez-Arias J, Mathotaarachchi SS, Benedet AL,
Stevenson J, Ashton NJ, Lussier FZ, Pascoal TA, Zetterberg H,
Rajah MN, Blennow K, Gauthier S, Rosa-Neto P; Alzheimer’s
Disease Neuroimaging Initiative (2021) Sex-specific modula-
tion of amyloid-p on tau phosphorylation underlies faster tangle
accumulation in females. Brain 147(4):1497-1510. https://doi.
org/10.1093/brain/awad397

Cannon-Albright LA, Foster NL, Schliep K, Farnham JM, Teer-
link CC, Kaddas H, Tschanz J, Corcoran C, Kauwe JSK (2019)
Relative risk for Alzheimer disease based on complete family
history. Neurology 92:e1745-e1753

Mars N, Lindbohm JV, della Briotta Parolo P, Widén E, Kaprio
J, Palotie A, Ripatti S, (2022) Systematic comparison of family
history and polygenic risk across 24 common diseases. Am J
Hum Genet 109:2152-2162

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack
CR, Kawas CH, Klunk WE, Koroshetz WJ, Manly JJ, Mayeux
R, Mohs RC, Morris JC, Rossor MN, Scheltens P, Carrillo
MC, Thies B, Weintraub S, Phelps CH (2011) The diagnosis
of dementia due to Alzheimer’s disease: recommendations
from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 7:263-269

Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL,
Blennow K, DeKosky ST, Gauthier S, Selkoe D, Bateman
R, Cappa S, Crutch S, Engelborghs S, Frisoni GB, Fox NC,
Galasko D, Habert M-0O, Jicha GA, Nordberg A, Pasquier F,
Rabinovici G, Robert P, Rowe C, Salloway S, Sarazin M, Epel-
baum S, de Souza LC, Vellas B, Visser PJ, Schneider L, Stern Y,
Scheltens P, Cummings JL (2014) Advancing research diagnos-
tic criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet
Neurol 13:614-629

Santana I, Duro D, Lemos R, Costa V, Pereira M, Simdes MR,
Freitas S (2016) Mini-mental state examination: screening and
diagnosis of cognitive decline, using new normative data. Acta
Med Port 29:240-248

Crook R, Hardy J, Duff K (1994) Single-day apolipoprotein E
genotyping. J Neurosci Methods 53:125-127

Baldeiras I, Santana I, Leitdo MJ, Gens H, Pascoal R, Tabuas-
Pereira M, Beato-Coelho J, Duro D, Almeida MR, Oliveira CR
(2018) Addition of the AP42/40 ratio to the cerebrospinal fluid
biomarker profile increases the predictive value for underlying
Alzheimer’s disease dementia in mild cognitive impairment. Alz-
heimers Res Ther 10:33

Mattsson N, Andreasson U, Persson S, Arai H, Batish SD, Ber-
nardini S, Bocchio-Chiavetto L, Blankenstein MA, Carrillo MC,
Chalbot S, Coart E, Chiasserini D, Cutler N, Dahlfors G, Duller
S, Fagan AM, Forlenza O, Frisoni GB, Galasko D, Galimberti D,
Hampel H, Handberg A, Heneka MT, Herskovits AZ, Herukka
S-K, Holtzman DM, Humpel C, Hyman BT, Igbal K, Jucker M,
Kaeser SA, Kaiser E, Kapaki E, Kidd D, Klivenyi P, Knudsen
CS, Kummer MP, Lui J, Lladé A, Lewczuk P, Li Q-X, Martins
R, Masters C, McAuliffe J, Mercken M, Moghekar A, Molinuevo
JL, Montine TJ, Nowatzke W, O’Brien R, Otto M, Paraskevas GP,

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/brain/awad397
https://doi.org/10.1093/brain/awad397

6990

Journal of Neurology (2024) 271:6983-6990

19.

20.

21.

22.

23.

24.

Parnetti L, Petersen RC, Prvulovic D, de Reus HPM, Rissman RA,
Scarpini E, Stefani A, Soininen H, Schroder J, Shaw LM, Skin-
ningsrud A, Skrogstad B, Spreer A, Talib L, Teunissen C, Tro-
janowski JQ, Tumani H, Umek RM, Van Broeck B, Vanderstichele
H, Vecsei L, Verbeek MM, Windisch M, Zhang J, Zetterberg H,
Blennow K (2011) The Alzheimer’s Association external quality
control program for cerebrospinal fluid biomarkers. Alzheimers
Dement 7:386-395.e6

Baldeiras I, Santana I, Garrucho M, Pascoal R, Lemos R, Santiago
B, Oliveira C (2012) CSF biomarkers for the early diagnosis of
Alzheimer’s disease in a routine clinical setting—the first Portu-
guese study. Sinapse 12:14-22

Beam CR, Kaneshiro C, Jang JY, Reynolds CA, Pedersen NL,
Gatz M (2018) Differences between women and men in inci-
dence rates of dementia and Alzheimer’s disease. J Alzheimers
Dis 64:1077-1083

Pike CJ (2017) Sex and the development of Alzheimer’s disease.
J Neurosci Res 95:671-680

Zhang X, Gomez L, Below JE, Naj AC, Martin ER, Kunkle BW,
Bush WS (2024) An X chromosome transcriptome wide associa-
tion study implicates ARMCXG6 in Alzheimer’s disease. J Alzhei-
mers Dis 98:1053-1067

Mosconi L, Berti V, Swerdlow RH, Pupi A, Duara R, de Leon
M (2010) Maternal transmission of Alzheimer’s disease: prodro-
mal metabolic phenotype and the search for genes. Hum Genom
4:170-193

Beam CR, Kaneshiro C, Jang JY, Reynolds CA, Pedersen NL,
Gatz M (2020) A twin study of sex differences in genetic risk
for all dementia, Alzheimer’s disease, and non-AD dementia. J
Alzheimers Dis 76:539-551

@ Springer

25.

26.

217.

28.

29.

Davis EJ, Solsberg CW, White CC, Miflones-Moyano E, Sirota M,
Chibnik L, Bennett DA, De Jager PL, Yokoyama JS, Dubal DB
(2021) Sex-specific association of the X chromosome with cog-
nitive change and tau pathology in aging and Alzheimer disease.
JAMA Neurol 78:1-6

Wang YT, Therriault J, Servaes S, Tissot C, Rahmouni N, Mac-
edo AC, Fernandez-Arias J, Mathotaarachchi SS, Benedet AL,
Stevenson J, Ashton NJ, Lussier FZ, Pascoal TA, Zetterberg H,
Rajah MN, Blennow K, Gauthier S, Rosa-Neto P (2024) Alzhei-
mer’s disease neuroimaging initiative. Sex-specific modulation
of amyloid-f on tau phosphorylation underlies faster tangle accu-
mulation in females. Brain 147(4):1497-1510. https://doi.org/10.
1093/brain/awad397

Niu J, Igbal K, Liu F, Hu W (2021) Rats display sexual dimor-
phism in phosphorylation of brain tau with age. J Alzheimers Dis
82:855-869

Abdellaoui A, Hottenga J-J, de Knijff P, Nivard MG, Xiao X,
Scheet P, Brooks A, Ehli EA, Hu Y, Davies GE, Hudziak JJ, Sul-
livan PF, van Beijsterveldt T, Willemsen G, de Geus EJ, Penninx
BWIJH, Boomsma DI (2013) Population structure, migration,
and diversifying selection in the Netherlands. Eur ] Hum Genet
21:1277-1285

Napolioni V, Scelsi MA, Khan RR, Altmann A, Greicius MD
(2020) Recent consanguinity and outbred autozygosity are associ-
ated with increased risk of late-onset Alzheimer’s disease. Front
Genet 11:629373


https://doi.org/10.1093/brain/awad397
https://doi.org/10.1093/brain/awad397

	Exploring first-degree family history in a cohort of Portuguese Alzheimer’s disease patients: population evidence for X-chromosome linked and recessive inheritance of risk factors
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participant selection
	APOE and CSF analysis
	Analysis
	Y-chromosome linked inheritance
	X-chromosome linked inheritance

	Remote consanguinity
	Statistical analysis
	Ethics

	Results
	Discussion
	Acknowledgements 
	References




