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Alejandro Martinez-Carrasco, Nicole Tamvaka, Ronald L Walton, Matthew C Baker, Hannah L Macpherson, Raquel Real, 
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Summary
Background Pick’s disease is a rare and predominantly sporadic form of frontotemporal dementia that is classified as 
a primary tauopathy. Pick’s disease is pathologically defined by the presence in the frontal and temporal lobes of Pick 
bodies, composed of hyperphosphorylated, three-repeat tau protein, encoded by the MAPT gene. MAPT has two 
distinct haplotypes, H1 and H2; the MAPT H1 haplotype is the major genetic risk factor for four-repeat tauopathies 
(eg, progressive supranuclear palsy and corticobasal degeneration), and the MAPT H2 haplotype is protective for 
these disorders. The primary aim of this study was to evaluate the association of MAPT H2 with Pick’s disease risk, 
age at onset, and disease duration.

Methods In this genetic association study, we used data from the Pick’s disease International Consortium, which we 
established to enable collection of data from individuals with pathologically confirmed Pick’s disease worldwide. For 
this analysis, we collected brain samples from individuals with pathologically confirmed Pick’s disease from 35 sites 
(brainbanks and hospitals) in North America, Europe, and Australia between Jan 1, 2020, and Jan 31, 2023. 
Neurologically healthy controls were recruited from the Mayo Clinic (FL, USA, or MN, USA between 
March 1, 1998, and Sept 1, 2019). For the primary analysis, individuals were directly genotyped for the MAPT H1-H2 
haplotype-defining variant rs8070723. In a secondary analysis, we genotyped and constructed the six-variant-defined 
(rs1467967-rs242557-rs3785883-rs2471738-rs8070723-rs7521) MAPT H1 subhaplotypes. Associations of MAPT 
variants and MAPT haplotypes with Pick’s disease risk, age at onset, and disease duration were examined using 
logistic and linear regression models; odds ratios (ORs) and β coefficients were estimated and correspond to each 
additional minor allele or each additional copy of the given haplotype.

Findings We obtained brain samples from 338 people with pathologically confirmed Pick’s disease (205 [61%] male 
and 133 [39%] female; 338 [100%] White) and 1312 neurologically healthy controls (611 [47%] male and 701 [53%] female; 
1312 [100%] White).The MAPT H2 haplotype was associated with increased risk of Pick’s disease compared with the 
H1 haplotype (OR 1·35 [95% CI 1·12 to 1·64], p=0·0021). MAPT H2 was not associated with age at onset (β –0·54 
[95% CI –1·94 to 0·87], p=0·45) or disease duration (β 0·05 [–0·06 to 0·16], p=0·35). Although not significant after 
correcting for multiple testing, associations were observed at p less than 0·05: with risk of Pick’s disease for the 
H1f subhaplotype (OR 0·11 [0·01 to 0·99], p=0·049); with age at onset for H1b (β 2·66 [0·63 to 4·70], p=0·011), 
H1i (β –3·66 [–6·83 to –0·48], p=0·025), and H1u (β –5·25 [–10·42 to –0·07], p=0·048); and with disease duration 
for H1x (β –0·57 [–1·07 to –0·07], p=0·026).

Interpretation The Pick’s disease International Consortium provides an opportunity to do large studies to enhance 
our understanding of the pathobiology of Pick’s disease. This study shows that, in contrast to the decreased risk of 
four-repeat tauopathies, the MAPT H2 haplotype is associated with an increased risk of Pick’s disease in people of 
European ancestry. This finding could inform development of isoform-related therapeutics for tauopathies.

Funding Wellcome Trust, Rotha Abraham Trust, Brain Research UK, the Dolby Fund, Dementia Research Institute 
(Medical Research Council), US National Institutes of Health, and the Mayo Clinic Foundation.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 
license.
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Introduction
Pick’s disease is a rare and predominantly sporadic 
subtype of frontotemporal lobar degeneration. Fronto­
temporal lobar degeneration accounts for approximately 
5% of cases in post-mortem analyses of people who had 
dementia;1 however, given that a definite diagnosis of 
Pick’s disease requires confirmation in post-mortem 
brain issue, owing to the heterogeneity of clinical 
presentation and the absence of a specific in-vivo 
biomarker, the incidence and prevalence of Pick’s disease 
are currently unknown. Brain bank studies suggest that 
Pick’s disease could account for up to 30% of individuals 
with frontotemporal lobar degeneration and tau 
pathology at autopsy, and 10% overall of people who have 
frontotemporal lobar degeneration.2 The prevalence of 
frontotemporal lobar degeneration syndromes has been 
estimated at 10·2 per 100 000 and the incidence at 
1·61 per 100 000 person-years,3 suggesting that the preva­
lence of Pick’s disease could be around 1 per 100 000 with 
an incidence of around 0·2 per 100 000 person years.

Although there are no clinical diagnostic criteria for 
Pick’s disease, the mean age of symptom onset is 
57·0 years (SD 12·5) and the disease presents with 
behavioural change, impaired cognition, and occasionally 
motor difficulties.4–10 Pick’s disease progresses relatively 
rapidly and patients die approximately 10 years after 
disease onset.4–9 Symptomatic treatments are available, 
but currently no treatments can delay disease onset or 
progression.

Neuropathologically, Pick’s disease is classified macro­
scopically by severe frontotemporal, knife-edge like 
cortical atrophy, and microscopically by the presence of 
ballooned neurons and argyrophilic, tau-immunoreactive 
inclusion Pick bodies in frontal and temporal regions.4 

Characteristic Pick bodies consist of aggregates of 
hyperphosphorylated three-repeat tau proteins, which 
are encoded by the MAPT gene on chromosome 17,1,10 
and therefore Pick’s disease is classified as a three-repeat 
tauopathy. MAPT encodes six major tau protein isoforms 
in the adult human brain; these are generated by 
alternative splicing of exons 2, 3, and 10, which influences 
the number of repeat domains across the tau protein.11 
Alternative splicing leading to exclusion of exon 10 
results in three-repeat units in the microtubule 
binding C-terminal domain, generating three-repeat tau 
proteins.12

Rare missense and duplication mutations of MAPT 
have been identified in a small number individuals 
with Pick’s disease or with Pick’s disease-like 
pathology;13–17 however, these data require replication, 
and independent cohorts of individuals with Pick’s 
disease have not reported common missense MAPT 
mutations.18 MAPT also has two well characterised 
common haplotypes, H1 and H2, which developed 
from a 900 kb ancestral genetic inversion event.19 MAPT 
H1 has consistently been associated with an increased 
risk of four-repeat primary tauopathies, such as 
progressive supranuclear palsy and corticobasal 
degeneration, and this haplotype is the strongest 
genetic risk factor for both diseases.20,21 Correspondingly, 
the other haplotype of MAPT, H2, is associated with a 
decreased risk of these disorders. This observation has 
not been replicated in Pick’s disease, perhaps owing to 
the rarity of the disease and the consequent small 
sample sizes in previous studies,22,23 and thus a targeted 
analysis is warranted.

Owing to its low prevalence and the inability to 
diagnose it when the person is alive, Pick’s disease is an 

Research in context

Evidence before this study 
We searched PubMed between Jan 1, 1980, and April 1, 2023, 
using the terms ((Pick’s disease) or (Pick disease)) and 
((genetic*) or (genome wide association study) or (GWAS)), 
for original research articles written in English. We assessed the 
quality of evidence using the Grading of Recommendations 
Assessment, Development, and Evaluation approach. Pick’s 
disease is recognised as a rare frontotemporal dementia that 
presents with  heterogenous clinical features, and no therapies 
are available. Given the rarity of Pick’s disease, few genetic 
studies have been done and an association with MAPT H1 
(observed for other primary tauopathies) or H2 haplotypes was 
unclear. 

Added value of this study
Understanding the genetic cause of the susceptibility and 
progression of Pick’s disease is crucial to identify potential 
therapeutic intervention strategies. The current study is the first 
from the Pick’s disease International Consortium, identifying 

338 individuals with pathologically defined Pick’s disease across 
35 brain banks. With this unique cohort, we were able to 
identify a disease risk association with the MAPT H2 haplotype, 
which has been nominated as protective in primary four-repeat 
tauopathies. 

Implications of all the available evidence 
The establishment of the Pick’s disease International 
Consortium opens opportunities to gain further insight into the 
underlying causes and pathogenesis of Pick’s disease, 
potentially facilitating future genetics studies and providing 
a resource for clinicopathological, epigenetic, transcriptomic, 
and proteomics studies. The association of Pick’s disease risk 
with MAPT H2 suggests that the haplotype status might 
influence the ratio of tau three-repeat and four-repeat isoforms 
and might inform future therapeutic strategies targeting 
MAPT-tau expression (eg, antisense oligonucleotides or 
immunotherapy).
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understudied neurodegenerative disease, and its genetic 
cause is unknown. Studies of MAPT haplotype in Pick’s 
disease have been few, small, and underpowered. 
Moreover, the scarcity of samples from affected indivi­
duals has stalled advancement in understanding how 
MAPT haplotypes and isoforms influence disease risk 
and pathology, and has prevented progress in developing 
isoform-specific therapies. To address the need for larger 
studies, we established the Pick’s disease International 
Consortium to collect data from individuals with patho­
logically confirmed Pick’s disease worldwide (with 
current sites in North America, Europe, and Australia), 
to develop an in-depth consortium database of clinical, 
pathological, and demographic information. The primary 
aim of this study was to evaluate the association of the 
MAPT H2 haplotype with disease risk, age at onset, and 
duration of Pick’s disease.

Methods
Study design
Researchers at Mayo Clinic Brain Bank in Jacksonville, 
FL, USA, and the UK Dementia Research Institute at 
University College London (UCL) Queen Square 
Institute of Neurology, London, UK, established the 
Pick’s disease International Consortium. Investigators 
at the Mayo Clinic led efforts to identify individuals with 
Pick’s disease and obtain their pathological samples 
from North America, South America, and Asia, and 
investigators at UCL led efforts to identify individuals 
with Pick’s disease and obtain their pathological 
samples from Europe and Australia. The criteria for 
individuals to be included in the Pick’s disease 
International Consortium were a neuropathological 
diagnosis of Pick’s disease and availability of frozen 
brain tissue. Exclusion criteria were frontotemporal 
dementia with a cause other than a three-repeat-
predominant tauopathy or unavailability of frozen 
specimens. Institutional Review Board approval was 
obtained for the study at both collection hubs (Mayo 
Clinic and UCL), and each individual brain bank had 
Institutional Review Board approval for collection and 
sharing of specimens. All individuals with Pick’s disease 
and healthy controls gave written consent locally at their 
respective recruitment sites for their clinical data, brain 
or tissue samples, or both, to be used in research 
projects, including genetic studies.

Study participants
Between Jan 1, 2020, and Jan 31, 2023, frozen brain tissue 
from cerebellum or prefrontal cortex were obtained for 
each participant with Pick’s disease identified through 
the Pick’s disease International Consortium and sent to 
one of the two collection hubs. Inclusion criteria for the 
study were that all individuals were self-reported to be 
unrelated to other participants in the study, White, non-
Hispanic (genetically confirmed by array data in 
individuals with Pick’s disease), and also met the Pick’s 

disease International Consortium operational diagnostic 
criteria detailed in the Procedures section. Peripheral 
blood-derived DNA was provided from controls from the 
Mayo Clinic in Jacksonville, FL, or Rochester, MN. 
Controls were deemed as neurologically healthy by 
neurologists at the Mayo Clinic.

Baseline demographic information was collected for all 
individuals (age at onset [where available] and age at 
death for individuals with Pick’s disease, age at blood 
collection for controls, and sex). Disease duration was 
calculated from the difference between age at death and 
age at onset for the subset of 309 individuals with Pick’s 
disease for whom age at onset was available. In addition 
to basic demographic information, the Pick’s disease 
International Consortium also collected information 
related to clinical characteristics (eg, clinical diagnosis, 
behavioural and language impairments, and presence or 

Figure 1: Pathological assessments of brains from individuals with Pick’s 
disease
(A) The superior and dorsolateral surfaces of the frontal cortex and temporal lobe 
often show severe circumscribed knife-edge edge atrophy. (B) Coronal sections of 
the brain show markedly dilated ventricles, cortical atrophy, and hippocampal 
affection. (C) Enlarged, amorphous ballooned neurons. (D) In regions with severe 
astrogliosis and neuronal loss, staining against αβ-crystallin can highlight 
ballooned neurons. (E) Phosphorylated tau antibodies highlight dense spherical 
cytoplasmic neuronal inclusions and can also show marked neuropil staining, 
especially in individuals with concomitant Alzheimer’s type pathology. (F) Gallyas 
silver stains can stain isolated glial lesions or neurofibrillary tangles; however, Pick 
bodies do not show substantial silver staining. (G) Three-repeat tau staining of the 
dentate fascia of the hippocampus shows strong immunoreactivity of spherical 
inclusions. (H) Four-repeat tau staining of the dentate fascia shows negative 
spherical inclusion; however, isolated neurofibrillary tangles might stain positive. 
Images are from individuals with Pick’s disease submitted to Mayo Clinic. 
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absence of parkinsonism) and pathological information 
(eg, Thal phase, Braak stage, and brain weight) for each 
individual with Pick’s disease, as well as noting whether 
other tissues and brain imaging data were available. 
Individuals were removed from this study if a rare MAPT 
missense mutation was identified by Sanger exon 
sequencing (primers are available on request from the 
corresponding authors).

Procedures
Currently, consensus diagnostic criteria for the 
neuropathological diagnosis of Pick’s disease do not 
exist. In many diagnostic centres, a neuropathological 
diagnosis of Pick’s disease relies on a characteristic 
pattern of atrophy and the presence of argyrophilic, 
spherical neuronal inclusions using traditional silver 
staining methods, such as Bielschowsky’s or Gallyas-
Braak silver staining (figure 1). Both methods stain 
Alzheimer’s disease neurofibrillary tangles, yet 
spherical inclusions in Pick’s disease are positive with 
Bielschowsky and negative with the Gallyas-Braak silver 
staining.24 This differentiation is helpful especially for 
centres that rely on immunohistochemistry against 
phosphorylated tau and do not have isotype-specific tau 
antibodies incorporated in diagnostic tests, because 
Alzheimer’s disease and Pick’s disease neuropathological 
changes can coexist in the same patient. Immuno­
histochemistry against epitope-specific tau antibodies 
further helps to distinguish between Alzheimer’s 
disease and Pick’s disease features. Because both 
spherical inclusions and neurofibrillary tangles stain 
positive with antibodies against phosphorylated tau, 
epitope-specific antibodies highlight selective three-
repeat tau spherical inclusions in Pick’s disease, which 

is further validated by antibodies to four-repeat tau if 
these spherical inclusions stain negative (figure 1). This 
distinction is particularly obvious in the granule cell 
neurons of the hippocampal dentate fascia, which can 
be used solely to diagnose Pick’s disease.

Because a harmonised neuropathological diagnostic 
scheme does not exist, it was pivotal to the aims of the 
Pick’s disease International Consortium to define 
operational diagnostic criteria for three-repeat-
predominant tauopathy. All individuals considered for 
inclusion in the Pick’s disease International Consortium 
had an archival neuropathological diagnosis of Pick’s 
disease (ie, the presence of argyrophilic or phosphorylated 
tau positive spherical inclusions) and underwent 
neuropathological assessments at their respective brain 
banks. Owing to the multisite nature of the Consortium, 
each participating centre was requested to report three-
repeat and four-repeat tau staining results for each 
individual. To fulfil our criteria, Pick bodies had to be 
confirmed to be present in each individual and in 
addition each individual had to have three-repeat tau-
positive and four-repeat tau-negative inclusions. The 
additional presence of ballooned neurons and negative 
Gallyas staining of inclusions was preferred (but not 
necessary) to confirm diagnosis. If three-repeat and four-
repeat tau immunohistochemistry had not been done, 
routinely cut sections (up to 7 µm) of unstained, formalin-
fixed paraffin-embedded tissue from hippocampal, 
frontal, or temporal lobe regions were submitted to 
either the Mayo Clinic Brain Bank for Neurodegenerative 
Diseases or UCL for three-repeat and four-repeat tau 
immunohistochemistry assessments, as per the opera­
tional diagnostic criteria (figure 2). Brain samples from 
individuals with Pick’s disease were examined by Pick’s 
disease International Consortium investigators: by two 
neuropathologists (DWD and SFR) at Mayo Clinic 
Brain Bank for Neurodegenerative Diseases or by 
a neuropathologist (TL) and a neurologist (WJS, under 
the supervision of TL) at UCL Queen Square Brain Bank, 
all using the Pick’s disease International Consortium 
operational diagnostic criteria. All sections were 
stained using standard immunohistochemical methods 
(figure 2).25

DNA was extracted from samples from each 
participant at either the Mayo Clinic (North American 
Pick’s disease cohort and all controls) or the UCL Queen 
Square Brain Bank for Neurological Disorders 
(European or Australian Pick’s disease cohort). At the 
Mayo Clinic, genomic DNA was extracted from frozen 
brain tissue from individuals with Pick’s disease and 
from peripheral blood lymphocytes from controls using 
an automated or manual method. Automated 
DNA extractions were carried out using Autogen Tissue 
Kit reagents (Autogen, Holliston, MA, USA) according 
to manufacturer protocols and were processed on the 
Autogen FlexSTAR+ instrument (Autogen, Holliston, 
MA, USA). At the UCL Queen Square Brain Bank for 
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Pathology and Genomic 

Figure 2: Differentiation of Pick’s disease from non-Pick’s disease tauopathy using the Pick’s disease 
International Consortium operational diagnostic criteria
The top row shows a brain sample from an individual with Pick’s disease that met the diagnostic criteria because it 
was positive for AT8 and three-repeat-tau immunoreactive Pick bodies. The bottom row shows a brain sample 
from an individual with a four-repeat tauopathy who had an archival diagnosis of Pick’s disease; the sample was 
positive for AT8 and four-repeat-tau but negative for three-repeat tau immunoreactive Pick bodies. Images are 
from individuals with an archival neuropathological diagnosis of Pick’s disease submitted to University College 
London Queen Square Brain Bank. 
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Neurological Disorders, total genomic DNA was 
extracted from frozen brain tissue using the 
Kleargene XL Nucleic Acid Purification kit (LGC, 
Hoddesdon, UK). DNA quality was assessed with a 
NanoDrop 8000 spectrophotometer (ThermoFisher 
Scientific, Waltham, Massachusetts, USA) and absor­
bance ratios for 260/280 nm were between 1·7 and 2·2, 
and for 260/230 nm were between 2·0 and 2·2.

The MAPT H2 haplotype-tagging variant rs8070723 
was genotyped in all individuals with Pick’s disease and 
controls; the minor allele of rs8070723 corresponds to 
the MAPT H2 haplotype, and the major allele 
corresponds to the MAPT H1 haplotype. Additionally, 
the five common MAPT variants (rs1467967, rs242557 

[the H1c haplotype-tagging variant], rs3785883, 
rs2471738, and rs7521), which along with rs8070723 
define H1 subhaplotypes, were genotyped to assess 
MAPT subhaplotype structure.26,27 North American 
individuals with Pick’s disease and all controls were 
genotyped using TaqMan single-nucleotide poly­
morphism (SNP) genotyping assays on an ABI 7900HT 
Fast Real-Time PCR system (Applied Bio-systems, Foster 
City, CA, USA).28 MAPT variants were genotyped 
according to manufacturer instructions (primer 
sequences available upon request from the 
corresponding authors). Genotypes were called using 
TaqMan Genotyper Software v1.3 (Applied Bio-systems, 
Foster City, CA, USA). European and Australian 

Medicine, Houston Methodist 
Research Institute and Weill 
Cornell Medicine, Houston, 
TX, USA (M D Cykowski MD); 
Department of Neurology, 
Duke University Medical 
Center, Durham, NC, USA 
(S-H J Wang MD PhD); Division 
for Neurogeriatrics, Centre for 
Alzheimer Research, 
Department of Neurobiology, 
Care Sciences and Society, 
Karolinska Institutet, 
Stockholm, Sweden 
(Prof C Graff PhD); Unit for 
Hereditary Dementias, 
Karolinska University Hospital 
Solna, Stockholm, Sweden 
(Prof C Graff); Human Brain and 
Spinal Fluid Resource Center, 
Brentwood Biomedical 
Research Institute, 
Los Angeles, CA, USA 
(R M Nagra PhD); Tanz Centre 
for Research in 
Neurodegenerative Disease 
(Prof G G Kovacs MD PhD) and 
Department of Laboratory 
Medicine and Pathobiology 
(Prof G G Kovacs), University of 
Toronto, Toronto, ON, Canada; 
Laboratory Medicine Program 
and Krembil Brain Institute, 
University Health Network, 
Toronto, ON, Canada 
(Prof G G Kovacs); Fondazione 
Istituto di Ricovero e Cura a 
Carattere Scientifico, Istituto 
Neurologico Carlo Besta, 
Milan, Italy (G Giaccone MD); 
Molecular Neuropathology of 
Neurodegenerative Diseases, 
German Center for 
Neurodegenerative Diseases, 
Tübingen, Germany 
(Prof M Neumann MD); 
Department of 
Neuropathology, University 
Hospital of Tübingen, 
Tübingen, Germany 
(Prof M Neumann); Department 
of Pathology and Laboratory 
Medicine, London Health 
Sciences Centre, London, 
ON, Canada (Prof L-C Ang MD); 
Schulich School of Medicine 
and Dentistry, Western 
University, London, 
ON, Canada (Prof L-C Ang); Life 
and Health Sciences Research 
Institute, School of Medicine, 
University of Minho, Braga, 
Portugal (A Carvalho PhD); 
ICVS/3B’s-PT Government 
Associate Laboratory, Braga/
Guimarães, Portugal 
(A Carvalho); Vlaams Instituut 
voor Biotechnologie-
Universiteit Antwerpen, Center 
for Molecular Neurology, 
University of Antwerp,

A

B
UCL Queen Square Institute of Neurology cohort (Europe or Australia; n=138) 
Netherlands Brainbank, Amsterdam, Netherlands (n=29)
UCL Queen Square Brain Bank, London, UK (n=16)
Neurological Tissue Bank, Biobanc-Hospital Clínic-IDIBAPS, Barcelona, Spain (n=12)
Cambridge Brain Bank, Cambridge, UK (n=10)
Manchester Brain Bank, Manchester, UK (n=9)
London Neurodegenerative Diseases Brain Bank, London, UK (n=8)
South West Dementia Brain Bank, University of Bristol, Bristol, UK (n=8)
Sydney Brain Bank, Sydney, NSW, Australia (n=7)
Neurobiobank München, Munich, Germany (n=7)
Oxford Brain Bank, Oxford, UK (n=7)
Newcastle Brain Tissue Resource, Newcastle-upon-Tyne, UK (n=7)
Neuro-CEB Biobank France, Paris, France (n=5)
Victorian Brain Bank, Florey Institute, Parkville, VIC, Australia (n=5)
Douglas-Bell Canada Brain Bank, Montreal, QC, Canada* (n=3)
The Brain Bank at Karolinska Institutet, Stockholm, Sweeden (n=2)
Fondazione IRCCS Instituto Neurologico Carlo, Milan, Italy (n=2)
DZNE Standort Tübingen, Germany (n=1)

Mayo Clinic, Jacksonville cohort (North America; n=200) 
Mayo Clinic, Jacksonville, FL, or Rochester, MN, USA (n=55)
University of Pennsylvania, Philadelphia, PA, USA (n=18)
University of California, San Francisco, CA, USA (n=16)
Massachusetts General Hospital, Boston, MA, USA (n=15) 
Northwestern University, Chicago, IL, USA (n=14) 
John Hopkins University, Baltimore, MD, USA (n=13) 
Indiana University, Bloomington, IN, USA (n=12)
Banner Sun Health Research, Sun City, AZ, USA (n=9) 
Sunnybrook Health Research, Toronto, ON, Canada (n=9)
Columbia University, New York City, NY, USA (n=9) 
Emory University, Atlanta, GA, USA (n=7) 
University of Texas Southwestern Medical Center, Dallas, TX, USA (n=7) 
University of British Columbia Hospital, Vancouver, BC, Canada (n=5) 
Houston Methodist Hospital, Houston, TX, USA (n=4) 
Duke University, Durham, NC, USA (n=3) 
Krembil Research Institute, University of Toronto, Toronto, ON, Canada (n=2) 
University of California, Los Angeles, CA, USA (n=1)
Parkwood Institute, University of Toronto, Toronto, ON, Canada (n=1)

Figure 3: Countries that have contributed samples to the Pick’s disease International Consortium and sites that contributed to this study
(A) Countries (red) that have contributed Pick’s disease tissues to the Pick’s disease International Consortium to date. Samples from Belgium were included in the 
Pick’s disease International Consortium but not in the present study (B) Recruitment sites that contributed samples to this study. The number of samples from each 
site are listed. Map created from https://www.mapchart.net/. CEB=Collection d’Echantillons Biologiques. DZNE=Deutsches Zentrum für Neurodegenerative 
Erkrankungen. IDIBAPS=Institut d’Investigacions Biomèdiques August Pi i Sunyer. IRCCS=Istituto di Ricovero e Cura a Carattere Scientifico. UCL=University College 
London. *These samples were processed and genotyped at UCL and therefore were included in the UCL cohort.
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individuals with Pick’s disease were genotyped using 
KASP SNP genotyping assays on the Hydrocyler2 system 
(LGC Genomics, Hoddesdon, UK) according to manu­
facturer instructions and were read on a PHERAStar 
FSX plate reader (BMG Labtech, Cary, NC, USA). 
Genotypes were called using Kraken KlusterKaller 
software (LGC Genomics, Hoddesdon, UK). Genotype 
call rates for all individuals were 100% for each variant. 
There was no evidence of a departure from 
Hardy-Weinberg equilibrium in controls for any of the 

six variants (all p>0·01 after Bonferroni correction). All 
individuals with Pick’s disease, but not controls, were 
assessed for European ancestry using genome wide SNP 
genotyping data. Specifically, after standard genotyping 
data quality control steps, we did a principal components 
analysis, merged all individuals with Pick’s disease with 
the European (CEU population code, which refers to 
Utah residents with northern and western European 
ancestry from the Centre d’Etude du Polymorphism 
Humain collection) HapMap reference dataset,29 and 
identified any individuals with non-White European 
ancestry (individuals with Pick’s disease who deviated 
more than six standard deviations from the mean of the 
first 10 principal components of the HapMap3 CEU 
population); individuals with known Hispanic or non-
European ancestry were excluded from our analysis as 
the frequencies of genetic variants can vary substantially 
based on ethnic background,30 and there were too few 
non-European individuals in our study to analyse such 
individuals separately or adjust for this factor in 
regression models. For controls for whom genome-wide 
SNP genotyping data were not available to confirm the 
self-reported White, non-Hispanic ethnicity, we also 
compared the control allele frequencies with the 
population-level allele frequencies on GnomAD, and the 
allele frequencies of controls (n=980) from the Global 
Parkinson’s Genetics Program.31

Statistical analysis
Statistical analyses were done using R Statistical 
Software (version 4.1.2). Associations between individual 
MAPT variants and risk of Pick’s disease were evaluated 
using logistic regression models that were adjusted for 
age (age at death in Pick’s disease and age at blood draw 
in controls) and sex; each variant was assessed as 
number of minor alleles (ie, under an additive model) in 
all regression analysis. Odds ratios (ORs) and 95% CIs 
were estimated and correspond to each additional minor 
allele. In individuals with Pick’s disease, associations of 
individual variants with age at onset were examined 
using linear regression models that were adjusted for 
sex and cohort (Europe or Australia, or North America), 
and associations between individual variants with 
disease duration were assessed using linear regression 
models that were adjusted for sex, age at onset, and 
cohort. Disease duration was considered on the square 
root scale in all regression analyses owing to its skewed 
distribution. Regression coefficients (referred to as β) 
and 95% CIs were estimated and are interpreted as the 
increase in the mean age at onset or disease duration 
(on the square root scale for disease duration) 
corresponding to each additional copy of the minor 
allele. For all associations between individual MAPT 
variants and outcomes, analysis involving rs8070723 
(the H2-tagging variant) was considered as the primary 
analysis, with results for the five remaining variants 
considered as secondary and presented for 

Participants 

Pick’s disease (N=338)

Age at death, years 69 (65–74); 338

Age of disease onset, years 58 (54–65); 309 

Disease duration, years 10 (8–13); 309 

Sex (N=338)

Male 205 (61%)

Female 133 (39%)

Clinical diagnosis (N=328)

Frontotemporal dementia 262 (80%)

Alzheimer’s disease 40 (12%)

Corticobasal syndrome 15 (5%)

Progressive supranuclear palsy 2 (<1%)

Dementia not otherwise specified 8 (2%)

Vascular dementia 1 (<1%)

Behavioural impairment during illness (N=232) 188 (81%)

Language impairment during illness (N=221) 153 (69%)

Parkinsonism during illness (N=206) 56 (27%)

Braak neurofibrillary tangle stage (N=176)

Stage 0 87 (49%)

Stage I 29 (16%)

Stage II 28 (16%)

Stage III 11 (6%)

Stage IV 10 (6%)

Stage V 4 (2%)

Stage VI 7 (4%)

Thal amyloid phase (N=177)

Phase 0 100 (56%)

Phase 1 32 (18%)

Phase 2 18 (10%)

Phase 3 15 (8%)

Phase 4 7 (4%)

Phase 5 5 (3%)

Brain weight, g 980 (880–1083); 296

Healthy controls (N=1312)

Age at blood draw, years 69 (61–75); 1312

Sex

Male 611 (47%); 1312

Female 701 (53%); 1312

Data are median (IQR); N or n (%). All participants with Pick’s disease and healthy 
controls were White and non-Hispanic. Sex was determined by self-report. 

Table 1: Summary of characteristics of the individuals with Pick’s disease 
and controls

https://www.picksdisease.net/
http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/


Articles

www.thelancet.com/neurology   Vol 23   May 2024	 493

completeness. In exploratory analysis, associations of 
rs8070723 with other clinical and neuropathological 
factors were also assessed; these analyses are described 
in the appendix (p 1).

Associations between the six-variant-defined 
(rs1467967-rs242557-rs3785883-rs2471738-rs8070723-
rs7521) MAPT haplotypes and risk of Pick’s disease 
were assessed using the R haplo.stats package 
(version 1.9.5.1).32 Specifically, based on estimated 
haplotype probabilities, the expected number of copies 
of the given haplotype was first estimated for each 
individual, and subsequently logistic regression models 
that were adjusted for age (age at death in Pick’s disease 
and age at blood draw in controls) and sex were used to 
assess the association between the expected number of 
copies of the given haplotype and risk of Pick’s disease.32 
ORs and 95% CIs were estimated and correspond to 
each additional copy of the given haplotype. In analysis 
of individuals with Pick’s disease, associations of six-
variant-defined MAPT haplotypes with age at onset 
were assessed in the same way, based on the expected 
number of copies of the given haplotype,32 except that 
linear regression models were adjusted for sex and 
cohort. Finally, associations of six-variant-defined 
MAPT haplotypes with disease duration were evaluated 
in this same manner32 using linear regression models 

that were adjusted for sex, age at onset, and cohort. 
β-coefficients and 95% CIs were estimated and are 
interpreted as the increase in the mean age at onset or 
disease duration (on the square root scale for disease 
duration) corresponding to each additional copy of the 
given haplotype. Haplotypes occurring in less than 
1% of individuals in a specific analysis were excluded 
from that analysis.

We adjusted for multiple testing separately for each 
outcome measure that was examined (presence of Pick’s 
disease, age at onset, or disease duration). p values less 
than 0·05 were considered as statistically significant in 
the primary analysis involving the MAPT rs8070723 
variant. In secondary analysis assessing associations 
between MAPT haplotypes and outcomes, p values less 
than 0·0028 (18 tests, corresponding to 18 different 
haplotypes with 1% or more frequency in this specific 
analysis) were considered as statistically significant after 
Bonferroni correction in the disease-association analysis, 
and p values less than 0·0031 (16 tests, corresponding to 
16 different haplotypes with ≥1% frequency in this 
specific analysis) were considered as statistically 
significant in the age at onset and disease duration 
analyses. p values less than or equal to 0·05 were 
considered as significant in all remaining analysis. All 
statistical tests were two-sided. Examples of R code for 

MAPT variant Haplotype frequency Association with Pick’s disease

rs1467967 rs242557 rs3785883 rs2471738 rs8070723 rs7521 Individuals with 
Pick’s disease 
(N=338)

Healthy 
controls 
(N=1312)

OR (95% CI) p value

H1b G G G C A A 13·1% 16·0% 0·76 (0·58–1·00) 0·051

H1c A A G T A G 10·2% 11·3% 0·93 (0·70–1·25) 0·65

H1d A A G C A A 7·4% 7·1% 0·99 (0·68–1·42) 0·94

H1e A G G C A A 9·8% 9·0% 1·03 (0·74–1·42) 0·87

H1f G G A C A A 0·0% 1·2% 0·11 (0·01–0·99) 0·049

H1g G A A C A A 0·7% 1·1% 0·43 (0·11–1·65) 0·22

H1h A G A C A A 4·0% 4·1% 0·95 (0·57–1·57) 0·85

H1i G A G C A A 3·9% 4·4% 0·98 (0·60–1·61) 0·95

H1l A G A C A G 3·6% 3·0% 1·11 (0·67–1·84) 0·69

H1m G A G C A G 2·9% 2·9% 1·00 (0·56–1·78) 0·99

H1o A A A C A A 1·1% 2·3% 0·53 (0·23–1·26) 0·15

H1p G G G T A G 1·1% 1·5% 0·82 (0·33–2·04) 0·66

H1r A G G T A G 0·7% 1·1% 0·63 (0·20–2·01) 0·44

H1u A A G C A G 2·4% 2·4% 1·11 (0·58–2·11) 0·75

H1v G G A T A G 2·2% 1·2% 1·50 (0·70–3·21) 0·30

H1x G A A T A G 1·3% 1·3% 1·06 (0·44–2·56) 0·91

H1y A A A T A G 1·4% 1·6% 0·85 (0·34–2·07) 0·71

H2 A G G C G G 28·5% 22·7% 1·34 (1·11–1·63) 0·0028

ORs, 95% CIs, and p values were calculated using the R haplo.stats package; based on estimated haplotype probabilities, the expected number of copies of the given 
haplotype was first estimated for each individual. Subsequently, logistic regression models that were adjusted for age (age at death in individuals with Pick’s disease and age 
at blood draw in healthy controls) and sex were used to assess the association between the expected number of copies of the given haplotype and risk of Pick’s disease. 
ORs and 95% CIs correspond to each additional copy of the given haplotype. p values of less than 0·0028 are considered as statistically significant after applying a Bonferroni 
correction for multiple testing for the 18 different haplotypes that were assessed for association with risk of Pick’s disease. Haplotypes occurring in less than 1% of individuals 
were excluded from the analysis. OR=odds ratio.

Table 2: Associations between MAPT haplotypes and risk of Pick’s disease
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the association analysis involving individual variants 
as well as six-variant-defined haplotypes are in the 
appendix (pp 1–2).

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, writing 
of the report or decision to publish.

Results
338 individuals with pathologically defined Pick’s disease 
were identified from the Pick’s disease International 
Consortium across 35 independent recruitment sites 
and included in this study (205 [61%] male and 
133 [39%] female; 338 [100%] White; figure 3; table 1). 
1312 neurologically healthy controls were identified from 
the Mayo Clinic in Jacksonville, FL (N=881) or Rochester, 
MN (N=431; 611 [47%] male and 701 [53%] female; 
1312 [100%] White; table 1), from March 1, 1998, to 
Sept 1, 2019. Allele and genotype frequencies for each 
variant are in the appendix (p 3). The MAPT rs8070723 
H2 allele was significantly associated with an increased 
risk (in comparison with the H1 allele) of Pick’s disease 
in the overall cohort (OR 1·35 [95% CI 1·12 to 1·64], 

p=0·0021), with minor allele frequencies of 29·0% in the 
338 individuals with Pick’s disease and 23·0% in the 
1312 controls. MAPT rs8070723 was not associated with 
age at onset (β –0·54 [95% CI –1·94 to 0·87], p=0·45) or 
disease duration (β 0·05 [–0·06 to 0·16], p=0·35). Single-
variant associations with risk of Pick’s disease, age at 
onset, and disease duration are shown for all six MAPT 
variants used to define MAPT haplotypes in the 
appendix (pp 4–5). rs242557 was not associated with risk 
of Pick’s disease (OR 0·94 [0·79 to 1·12], p=0·51; 
appendix p 4). We found no significant associations of 
MAPT H2 with the available clinical and neuro­
pathological data (appendix p 6).

Results of the secondary analysis, an evaluation 
of associations between the six-variant-defined 
MAPT haplotypes and risk of Pick’s disease, are in 
table 2. As with the single-variant analysis, the 
H2 haplotype was associated with an increased risk of 
Pick’s disease (OR 1·34 [95% CI 1·11 to 1·63], p=0·0028); 
the slight difference between the two numerical estimates 
is due to the two different analysis approaches. Addi­
tionally, although not significant after correcting for 
multiple testing, weak evidence of an association was 
observed at the p less than 0·05 significance level for the 
rare H1f haplotype (OR 0·11 [0·01 to 0·99], p=0·049), 
with a slightly weaker finding noted for H1b (OR 0·76 
[0·58 to 1·00], p=0·051). We found no other associations 
between MAPT haplotypes and risk of Pick’s disease 
(all p≥0·15; table 2).

Associations of MAPT haplotypes with age at onset 
and disease duration in individuals with Pick’s disease 
are shown in table 3. None of the six-variant-defined 
MAPT haplotypes was significantly associated with age at 
onset or disease duration after correcting for multiple 
testing (p<0·0031 considered significant). However, asso­
ciations at the p less than 0·05 significance level were 
observed with age at onset for H1b (β 2·66 [95% CI 
0·63 to 4·70], p=0·011), H1i (β –3·66 [–6·83 to –0·48], 
p=0·025), and H1u (β –5·25 [–10·42 to –0·07], p=0·048), 
and with a shorter disease duration for H1x (β –0·57 
[–1·07 to –0·07], p=0·026).

Discussion
Pick’s disease is a rare, predominantly sporadic three-
repeat tauopathy that presents primarily as a behavioural 
or language variant of frontotemporal dementia.4–9 Little 
is known regarding its causes or underlying pathobiology. 
To date, no genetic variation has been shown to associate 
with disease risk, although in a small number of indivi­
duals with Pick’s disease, or Pick’s disease-like pathology, 
rare MAPT mutations or duplications have been 
suggested to be causative.13–17 Thus, given the rare nature 
of Pick’s disease, a comprehensive screening of rare 
variants across tau-related genes including copy number 
changes is warranted, and the creation of the Pick’s 
disease International Consortium will facilitate such 
studies. In the present study, we have shown that the 

Association with age of disease onset Association with disease duration

Haplotype frequency 
(N=309)

β (95% CI) p value β (95% CI) p value

H1b 13·3% 2·66 (0·63 to 4·70) 0·011 –0·01 (–0·17 to 0·15) 0·91

H1c 10·0% 1·63 (–0·61 to 3·86) 0·15 0·01 (–0·16 to 0·19) 0·89

H1d 7·2% 0·79 (–1·79 to 3·38) 0·55 –0·15 (–0·35 to 0·05) 0·15

H1e 9·3% 0·52 (–1·94 to 2·98) 0·68 0·05 (–0·14 to 0·24) 0·60

H1h 4·0% 2·03 (–1·57 to 5·64) 0·27 –0·10 (–0·38 to 0·18) 0·50

H1i 4·1% –3·66 (–6·83 to –0·48) 0·025 –0·12 (–0·37 to 0·13) 0·36

H1l 3·5% –1·75 (–5·42 to 1·92) 0·35 0·07 (–0·22 to 0·35) 0·65

H1m 3·1% –1·25 (–5·33 to 2·84) 0·55 0·14 (–0·18 to 0·46) 0·38

H1o 1·2% 0·05 (–6·91 to 7·00) 0·99 0·01 (–0·52 to 0·55) 0·96

H1p 1·0% –5·65 (–12·60 to 1·30) 0·11 0·01 (–0·53 to 0·55) 0·96

H1u 2·2% –5·25 (–10·42 to –0·07) 0·048 –0·38 (–0·78 to 0·02) 0·066

H1v 2·1% –1·74 (–6·61 to 3·13) 0·48 0·30 (–0·07 to 0·68) 0·11

H1x 1·4% –5·39 (–11·84 to 1·07) 0·10 –0·57 (–1·07 to –0·07) 0·026

H1y 1·5% –0·70 (–6·93 to 5·54) 0·83 0·31 (–0·17 to 0·79) 0·21

H1z 1·6% –1·81 (–8·02 to 4·40) 0·57 –0·01 (–0·49 to 0·47) 0·98

H2 29·4% –0·62 (–2·03 to 0·79) 0·39 0·05 (–0·06 to 0·16) 0·39

β values, 95% CIs, and p values were calculated using the R haplo.stats package; based on estimated haplotype 
probabilities, the expected number of copies of the given haplotype was first estimated for each individual. 
Subsequently, linear regression models that were adjusted for sex and cohort (Europe or Australia, or North America) 
were used to assess the association between the expected number of copies of the given haplotype and age of disease 
onset, and linear regression models that were adjusted for sex, age of disease onset, and cohort were used to examine 
the association between the expected number of copies of the given haplotype and disease duration. β values are 
interpreted as the change in the mean value of the given outcome (age of disease onset or disease duration) 
corresponding to each additional copy of the given haplotype. p values of less than 0·0031 are considered as 
statistically significant after applying a Bonferroni correction for multiple testing for the 16 different haplotypes that 
were assessed for association with age of disease onset and disease duration. Haplotypes occurring in less than 1% of 
individuals were excluded from the analysis. 

Table 3: Associations of MAPT haplotype with age of disease onset and disease duration in individuals 
with Pick’s disease



Articles

www.thelancet.com/neurology   Vol 23   May 2024	 495

common MAPT H2 haplotype, which reduces the risk of 
four-repeat-tauopathy, is associated with an increased risk 
of the three-repeat tauopathy Pick’s disease. This finding 
was possible only by establishing a global consortium to 
increase the number of available pathologically defined 
individuals. Previous genetic studies were underpowered 
with only 34 and 33 individuals with Pick’s disease;22,23 
a ten times increase in sample size was needed to 
establish MAPT H2 as a risk factor.

Previous research in frontotemporal dementia linked 
to chromosome 17 with tau pathology has clearly shown 
that mutations in the 5ʹ splice site of MAPT exon 10 can 
increase the expression of the four-repeat tau isoform, 
emphasising how important exon 10 splicing regulation 
is in tangle formation and neurodegeneration.19,33 
Given the association of MAPT H2 with a three-repeat-
tauopathy, and its protection in four-repeat-tauopathy, 
the MAPT H1 haplotype might increase the expression of 
four-repeat tau and the H2 might increase the expression 
of three-repeat tau. Previous studies have attempted 
to investigate the haplotype risk in related neuro­
degenerative disorders (eg, progressive supranuclear 
palsy and corticobasal degeneration; appendix p 7) and 
the subsequent influence on MAPT-tau expression, 
although results have been inconclusive; given the 
presence of six different isoforms in human 
brain, defining specific isoform expression remains 
complex.34–36 The genetic predisposition we describe 
supports the hypothesis that the pathological effects of 
the H1-H2 haplotypes occur via isoform-specific 
expression differences, which might have implications in 
the determination of therapeutic strategies that have 
focused either on overall lowering of tau expression or on 
lowering specifically of four-repeat-tau or increasing 
three-repeat-tau isoforms. The overall balance of tau 
isoforms seems to be important for the primary 
tauopathies but does not in itself explain the mixed 
pathology observed in individuals with Alzheimer’s 
disease; however, an overall increased expression of total 
tau might underly the mixed pathology. Studies on 
haplotype-specific or isoform-specific MAPT expression 
are urgently needed. In addition to providing evidence 
that the MAPT H2 haplotype is associated with 
an increased risk of Pick’s disease, we observed 
associations at the p less than 0·05 significance level of 
H1 subhaplotypes with risk of Pick’s disease, age at 
onset, and disease duration; however, these associations 
will require validation.

This study has strengths, in the large cohort of patients 
with Pick’s disease and the direct genotyping of the 
MAPT H1-H2 haplotype, but there also several 
limitations. Our study did not include a replication 
cohort, as such a cohort does not currently exist, given 
the rare nature of Pick’s disease; future replication of our 
reported risk association between MAPT H2 and Pick’s 
disease will be important. A type 2 error (ie, false-negative 
finding) is possible, and we cannot conclude that there is 

no true association between a given haplotype and risk of 
Pick’s disease simply owing to a non-significant p value 
in this study. Therefore, our OR of 1·35 and p value 
of 0·002 for the association of MAPT H2 with risk of 
Pick’s disease are noteworthy when considering the 
importance and previous knowledge of MAPT in 
tauopathies, even though this p value does not approach 
the threshold of 5×10–⁸ that would be considered 
statistically significant in a genome-wide association 
study. Additionally, without available genome-wide 
SNP data for controls, we were unable to regress out 
genetic principal components or genetically confirm the 
self-reported White or non-Hispanic ethnicity, and 
population stratification could have affected our results. 
However, we used the case genetic principal components 
to exclude any individuals with non-European ancestry, 
and our control MAPT H1-H2 frequencies 
(rs8070723 minor allele frequency 23%) were in keeping 
with published data37,38 and the general population 
frequency (19·7% in non-Finnish Europeans on 
GnomAD). The highest population frequency for 
rs8070723 in gnomAD is 23·8%, which is very similar to 
the control frequency of 23% in this study. Additionally, 
we checked the allele frequency for rs8070723 in a subset 
of 980 neurologically healthy European controls from the 
Global Parkinson’s Genetics Program cohort, which gave 
a frequency of 23%, giving further confidence that 
population stratification was not confounding our 
results. Because our study included only individuals of 
European descent, we cannot extrapolate our findings to 
individuals of other racial and ethnic backgrounds; 
indeed, we hope that we can establish further collab­
oration to create a truly worldwide Pick’s disease 
International Consortium to address this limitation. 
Finally, unfortunately the inclusion of age-matched and 
sex-matched controls from each site, to allow for site-
specific adjustment in our analysis, was not possible.

In summary, Pick’s disease is a rare and understudied 
disease with a devastating effect on both patients and 
their families. Through collaboration and building of the 
Pick’s disease International Consortium, we have a rare 
opportunity to engage in studies that might tease out the 
underlying pathobiology in Pick’s disease. As a primary 
tauopathy, the identification of genetic variants, such as 
MAPT H2, involved in Pick’s disease, might inform the 
study of more common tau-related disorders, such as 
progressive supranuclear palsy, corticobasal degen­
eration, and potentially Alzheimer’s disease. Larger 
unbiased studies to explore genome-wide or structural 
genetic variation in Pick’s disease are now warranted. 
Furthermore, resolving the genetic determinants of 
Pick’s disease might help in establishing diagnostic 
criteria and elucidating dysfunctional pathways to direct 
future therapeutic strategies.
Pick’s disease International Consortium members
Thomas T Warner, Zane Jaunmuktane, Bradley F Boeve, Ranjan Duara, 
Neill R Graff-Radford, Keith A Josephs, David S Knopman, 



Articles

496	 www.thelancet.com/neurology   Vol 23   May 2024

Shunsuke Koga, Melissa E Murray, Kelly E Lyons, Rajesh Pahwa, 
Ronald C Petersen, Jennifer L Whitwell, Lea T Grinberg, Bruce Miller, 
Athena Schlereth, Salvatore Spina, Murray Grossman, David J Irwin, 
EunRan Suh, John Q Trojanowski, Vivianna M Van Deerlin, 
David A Wolk, Theresa R Connors, Patrick M Dooley, Derek H Oakley, 
Iban Aldecoa, Mircea Balasa, Ellen Gelpi, Sergi Borrego-Écija, 
Rosa Maria de Eugenio Huélamo, Jordi Gascon-Bayarri, 
Raquel Sánchez-Valle, Pilar Sanz-Cartagena, Gerard Piñol-Ripoll, 
Eileen H Bigio, Margaret E Flanagan, Emily J Rogalski, 
Sandra Weintraub, Julie A Schneider, Lihua Peng, Xiongwei Zhu, 
Koping Chang, Juan C Troncoso, Stefan Prokop, Kathy L Newell, 
Matthew Jones, Anna Richardson, Federico Roncaroli, Julie Snowden, 
Kieren Allinson, Poonam Singh, Geidy E Serrano, Xena E Flowers, 
James E Goldman, Allison C Heaps, Sandra P Leskinen, 
Sandra E Black, Mario Masellis, Andrew King, Safa-Al Sarraj, 
Claire Troakes, John R Hodges, Jillian J Kril, John B Kwok, 
Olivier Piguet, Sigrun Roeber, Johannes Attems, Alan J Thomas, 
Bret M Evers, Kevin F Bieniek, Anne A Sieben, Patrick P Cras, 
Bart B De Vil, Thomas Bird, Rudolph J Castellani, Ann Chaffee, 
Erin Franklin, Vahram Haroutunian, Max Jacobsen, Dirk Keene, 
Caitlin S Latimer, Richard J Perrin, Jeff Metcalf, Dushyant P Purohit, 
Robert A Rissman, Aimee Schantz, Jamie Walker, Peter P De Deyn, 
Charles Duyckaerts, Isabelle Le Ber, Danielle Seilhean, 
Sabrina Turbant-Leclere, John F Ervin, Inger Nennesmo, James Riehl, 
Benedetta Nacmias, Elizabeth C Finger, Cornelis Blauwendraat, 
Mike A Nalls, Andrew B Singleton, Dan Vitale, Cristina Cunha, 
and Zbigniew K Wszolek.

Contributors
RRV and WJS: equal contribution as first authors, conceptualisation, 
data curation, formal analysis, methodology, investigation, project 
administration, visualisation, and writing (original draft, review, and 
editing). SFR and TL: original draft, data collection, investigation, 
and writing (review and editing). MGH: original draft, formal analysis, 
methodology, visualisation, and writing (review and editing). 
MS and AM-C: investigation, methodology, and writing (review and 
editing). NT: project administration, investigation, and writing (review 
and editing). RLW, MCB, HLM, RRe, AIS-B, and KM: investigation, 
and writing (review and editing). TR, EAC, MD, WWS, EBL, MPF, 
LM-P, TG, JR-O, BG, ACR, CK, JBR, TGB, AFT, JLK, IB, GMH, MG, TA, 
CMM, CLW, NM, SB, IRM, CM, MDC, S-HJW, CG, RMN, GGK, GG, 
MN, L-CA, and AC: resources, data curation, and writing (review and 
editing). HRM and RRa: conceptualisation, resources, and writing 
(review and editing). JAH, DWD, JDR, and OAR: conceptualisation, 
original draft, funding acquisition, supervision, resources, and writing 
(review and editing). All Pick’s disease International Consortium 
members listed in the appendix (p 8–9) were involved in funding 
acquisition, resources, validation, critically reviewing, and approving 
final version of manuscript. All authors confirm that they had full access 
to all the data in this study and accept responsibility of publication 
submission. WJS, RRV, MGH, and OAR verified the data.

Declarations of interest
WJS declares funding from a Wellcome Trust Clinical PhD Fellowship 
(220582/Z/20/Z) and from the Rotha Abraham Trust; and has received 
conference travel funding from the Guarantors of Brain. NT declares 
funding from the 2023 Diana Jacobs Kalman-American Federation for 
Aging Research Scholarship for Pre-Doctoral Research on the biology of 
aging. KM declares funding from the Michael J Fox Foundation, 
Innovation and Technology Commission, Hong Kong Government, 
and the Chow Tai Fook Charity Foundation; affiliations with the 
Hong Kong University of Science and Technology and University 
College London; employment with the Hong Kong Center for 
Neurodegenerative Diseases; and support for speaker and educational 
activity from the National Taiwan University, Yonsei University, and the 
Movement Disorder Society. WWS declares funding from the National 
Institutes of Health (NIH), Tau Consortium, Bluefield Project to Cure 
Frontotemporal Dementia, and the Chan-Zuckerberg Initiative. 
EBL declares funding from the NIH and personal honorarium from 
University of Toronto, Mayo Clinic, St Louis University, Haverford, 
University of Oslo, NIH, and the Association of Frontotemporal 
Dementia. LM-P declares personal honorarium from the Galician 

Society of Neurology and the Spanish Society of Neurology. JBR declares 
funding from the NIH Research Biomedical Research Centre, the 
Medical Research Council, Wellcome Trust, Cambridge Centre for 
Parkinson-plus, PSP association, and Alzheimer’s UK; and has received 
consulting fees from Asceneuron, Astronautx, Astex, Curasen, 
CumulusNeuro, Wave, Prevail, and SVHealth. TGB declares funding 
from the NIH, Michael J Fox Foundation, and Life Molecular Imaging; 
personal consulting fees from Aprinoia Therapeutics; and stock options 
in Vivid Genomics. S-HJW declares funding from NIH and personal 
honorarium from the American Society of Clinical Pathology. 
CG declares funding from the Swedish Frontotemporal Dementia 
Inititative-Schörling Foundation, EU Joint Programme-
Neurodegenerative Disease Research-Prefrontals, EU Joint Programme-
Neurodegenerative Disease Research-Genetic Frontotemporal Dementia 
Initiative-Proximity, the Alzheimer Foundation, Brain Foundation, 
Dementia Foundation, Region Karolinska Institutet-StratNeuro 
Strategiska forskningsområden, Centre for Innovative Medicine, and 
Karolinska Institutet-Region Stockholm Core facility; personal honoraria 
from Demensdagarna Örebro, Diakonia Ersta sjukhus, and 
Göteborgsregionen. GGK declares funding from Edmond J Safra 
Philanthropic Foundation, Michael J Fox Foundation, Parkinson Canada, 
Canada, Canada Foundation for Innovation, MSA Coalition, and 
the NIH; and royalties from a patent for 5G4 synuclein antibody 
(DE102011008153B4); and personal honoraria from the Movement 
Disorders Society. MN declares funding from Deutsche 
Forschungsgemeinschaft and Alzheimer Forschungsinitiative. 
HRM declares funding from the PSP Association, CBD Solutions, 
the Drake Foundation, the Cure Parkinson’s Trust, the Michael J Fox 
Foundation, and Parkinson’s UK; consulting fees from Roche, Amylyx, 
and Aprinoia; personal honoraria from Kyowa-Kirin, BMJ, and the 
Movement Disorders Society; travel support from the Michael J Fox 
Foundation; is a co-applicant on a patent application related to 
C9ORF72 method for diagnosing a neurodegenerative disease 
(PCT/GB2012/052140); and serves on the Cure PSP Association Advisory 
Board, the Association of British Neurologists Movement Disorders 
Special Interest Group, and the Association of British Neurologists 
Neurogenetics Advisory Group. RRa declares consulting fees from 
Arkuda Therapeutics and is on the advisory board for the Kissick Family 
Foundation. JAH declares funding from the Dolby Charities, and 
consulting fees from Eli Lilly and Eisai. JDR declares funding from the 
Bluefied project and the Alzheimer’s Associaton; and consulting fees 
from Novartis, Wave Life Sciences, Prevail, Alector, Aviado Bio, Takeda, 
Arkuda Therapeutics, and Denali Therapeutics. OAR declares internal 
funding from the Mayo Clinic Foundation. All other authors declare no 
competing interests.

Data sharing
The Pick’s disease International Consortium has built a database that 
contains detailed demographic, clinical, and pathological information for 
deidentified participants with Pick’s disease (https://www.picksdisease.
net/). Basic demographic information (eg, age at onset, age at death, 
disease duration, sex, and ethnicity), family history, clinical history 
(eg, behavioural and language impairments, presence of 
parkinsonism, and upper and lower motor deficits), and pathological 
observations (eg, immunohistochemical staining records, Thal phase, 
Braak stage, TDP-43 type, post-mortem intervals, brain weight, and 
vascular pathology), other available tissues, genetic data, and clinical 
imaging data are available for each participant upon request. All requests 
must be submitted to Owen A Ross (ross.owen@mayo.edu), 
William J Scotton (w.scotton@ucl.ac.uk), and Jonathan D Rohrer 
(j.rohrer@ucl.ac.uk).

Acknowledgments
This paper is dedicated to the memory of John Q Trojanowski, who was 
an inspirational researcher and neuropathologist at the University of 
Pennsylvania and pioneered discoveries in tauopathies that resulted in 
improvements to diagnosis and treatment. John was a leader in 
neuroscience and his presence and insights will be thoroughly missed 
by scientists worldwide. We would also like to acknowledge our dear 
colleagues Charles Duyckaerts and Murray Grossman, eminent 
neuropathologists at Sorbonne University, Paris, and University of 
Pennsylvania, USA, who also sadly passed away during our manuscript 



Articles

www.thelancet.com/neurology   Vol 23   May 2024	 497

writing. We sincerely thank all those who contributed towards our 
research, particularly the patients and families who donated brain and 
blood tissues. Without their generous donations the Pick’s disease 
International Consortium would not exist, and this study would not 
have been possible. Direct funding for the current genetic study was 
provided by the Wellcome Trust, Rotha Abraham Trust, Brain 
Research UK, the Dolby Fund, Dementia Research Institute (Medical 
Research Council), US National Institutes of Health (NIH), and the 
Mayo Clinic Foundation. SK receives funding from CurePSP and the 
Rainwater Charitable Foundation, the State of Florida Ed, and 
Ethel Moore Alzheimer’s Disease Research Program (22A05), and Mayo 
Clinic Alzheimer’s Disease Research Center (ADRC). MEM receives 
funding from the State of Florida (20A22), Longitudinal Early-onset 
Alzheimer’s Disease Study Neuropathology Core (U01AG057195), 
and the Chan Zuckerberg Initiative Collaborative Pairs Grant, which are 
paid directly to the institute. KAJ is supported by NIH grants 
(R01 DC014942, R01, R01-AG37491, R01-NS89757, RF1-NS112153, 
and RF1-NS120992). BFB is supported by NIH grants (P30 AG62677, 
U19 AG063911, U01 NS100620, and U19 AG071754), the Robert H and 
Clarice Smith and Abigail Van Buren Alzheimers Disease Research 
Program of the Mayo Foundation, the Lewy Body Dementia Association, 
the Mayo Clinic Dorothy and Harry T Mangurian Jr Lewy Body 
Dementia Program, the Little Family Foundation, and the Turner 
Family Foundation. ZKW is partially supported by the NIH-National 
Institute on Aging (NIA) and NIH-National Institute of Neurological 
Disorders and Stroke (NINDS; 1U19AG063911, FAIN: U19AG063911), 
Mayo Clinic Center for Regenerative Medicine, gifts from the 
Donald G and Jodi P Heeringa Family, the Haworth Family 
Professorship in Neurodegenerative Diseases fund, and The Albertson 
Parkinson’s Research Foundation; serves as principal investigator or 
co-principal investigator on Biohaven Pharmaceuticals (BHV4157-206), 
Neuraly (NLY01-PD-1), and Vigil Neuroscience (VGL101-01.002, 
VGL101-01.201, PET tracer development protocol, and Csf1r biomarker 
and repository project) grants; serves as co-principal investigator of the 
Mayo Clinic APDA Center for Advanced Research; and as an external 
advisory board member for Vigil Neuroscience. OAR and DWD are both 
supported by NINDS Tau Center without Walls Program 
(U54-NS100693) and the NIH (UG3-NS104095). DWD receives research 
support from the NIH (P30 AG062677, U54-NS100693, and 
P01-AG003949), CurePSP, the Tau Consortium, and the Robert E Jacoby 
Professorship. OAR is supported by NIH (P50-NS072187, R01- 
NS078086, U54-NS100693, and U54-NS110435), Department of Defence 
(W81XWH-17-1-0249), the Michael J Fox Foundation, The Little Family 
Foundation, the Mangurian Foundation Lewy Body Dementia Program 
at Mayo Clinic, the Turner Family Foundation, Mayo Clinic Foundation, 
and the Center for Individualized Medicine. Mayo Clinic is also an 
LBD Center without Walls (U54-NS110435). KAJ and JLW receive 
research support from the NIH (R01-DC12519, R01-NS89757, R01-
AG50603, R01-DC14942, R01-AG37491, RF1-NS112153, and RF1-
NS120992). Samples included in this study were clinical controls from 
Mayo Clinic Rochester and Mayo Clinic Jacksonville as part of the 
Alzheimer’s Disease Research Center (P30 AG062677), and the Mayo 
Clinic Study of Aging (U01 AG006786) or tissue donations to the Mayo 
Clinic Brain Bank in Jacksonville, which is supported by CurePSP and 
Mayo Clinic funding. Human tissue samples were provided by the 
Neurodegenerative Disease Brain Bank at the University of California, 
San Francisco, which receives funding support from NIH grants 
P01AG019724 and P50AG023501, the Consortium for Frontotemporal 
Dementia Research, and the Tau Consortium. LTG and SS receive 
funding from NIH grants K24053435 and K08AG052648, respectively. 
ES, JQT, MG, VMVD, DJI, DAW, and EBL all receive funding through 
NIH (ES P01-AG017586, P01-AG066597, P30-AG010124, and 
P30-AG072979; JQT P01-AG017586, P30-AG010124, and P30-AG072979; 
MG P01-AG017586, P01-AG066597, P30-AG010124, and P30-AG072979; 
VMVD P01-AG017586, P01-AG066597, P30-AG010124, and 
P30-AG072979; DJI R01-NS109260, P30-AG010124, P01-AG066597; 
DAW: P30-AG010124, and P30-AG072979; and EBL P01-AG066597, 
P30-AG072979 and U19AG062418). ER, TG, SW, EHB, and MEF receive 
support from NIA under award numbers R01 AG062566, R01 
AG077444, P30 AG13854, P30 AG072977; the National Institute of 
Deafness and Other Communication Disorders (NIDCD) under award 

number R01 DC008552; and the NINDS under award number R01 
NS075075. MEF also receives support from NIA grant K08 AG065463. 
We are grateful to the Banner Sun Health Research Institute Brain and 
Body Donation Program of Sun City, Arizona for the provision of 
human biological materials. The Brain and Body Donation Program has 
been supported by the NINDS (U24 NS072026 National Brain and 
Tissue Resource for Parkinson’s Disease and Related Disorders), 
the NIA (P30 AG19610 Arizona Alzheimer’s Disease Core Center), the 
Arizona Department of Health Services (contract 211002, Arizona 
Alzheimer’s Research Center), the Arizona Biomedical Research 
Commission (contracts 4001, 0011, 05-901 and 1001 to the Arizona 
Parkinson’s Disease Consortium), and the Michael J Fox Foundation for 
Parkinson’s Research. MG is supported by NIH grant P30 AG066511. 
MDC receives funding from NIH grant RF1 NS118584. We thank the 
Columbia University ADRC, funded by NIH grant P30AG066462. 
The ADRC is supported by the NIH, through grant number 
P30AG066462. ACH receives NIH support through P30AG066462. 
The Bryan Brain Bank and Biorepository of the Duke-UNC ADRC and 
SJW are supported by the NIA grant P30AG072958. Brain samples were 
provided by Neuropathology Core of the Massachusetts Alzheimer 
Disease Research Center, which receives funding support from NIH 
grant P30 AG062421, which also supported TRC, PMD, MPF, 
and DHO. DHO was also received support from the Dr and 
Mrs E P Richardson, Jr, Fellowship in Neuropathology. BG is supported 
by the US NIH (grant P30 AG072976). Curation and provision of control 
data was supported in part by the Intramural Research Program of the 
NIH, NIA, Department of Health and Human Services; project number 
ZO1 AG000535; and the National Institute of Neurological Disorders 
and Stroke. This work used the computational resources of the 
NIH high performance computing Biowulf cluster. We also 
acknowledge the Dale E Creighton Brain and Biobank. GGK receives 
funding from The Rossy Foundation and Edmond J Safra Philanthropic 
Foundation. The Douglas-Bell Canada Brain Bank is funded by Healthy 
Brains for Healthy Lives (CFREF), the Réseau Québécois sur le suicide, 
le troubles de l’humeur et les troubles associés (FRQ-S), and by Brain 
Canada. NM is funded by a Canadian Institutes of Health Research 
project grant. WJS receives a Wellcome Trust Clinical PhD Fellowship 
(220582/Z/20/Z). JDR receives a Miriam Marks Brain Research 
UK Senior Fellowship and has received funding from an MRC Clinician 
Scientist Fellowship (MR/M008525/1) and the NIHR Rare Disease 
Translational Research Collaboration (BRC149/NS/MH). TL receives an 
Alzheimer’s Research UK senior fellowship. HRM is supported by 
research grants from Parkinson’s UK, Cure Parkinson’s Trust, 
PSP Association, CBD Solutions, Drake Foundation, Medical Research 
Council, and the Michael J Fox Foundation. RRe is funded by Aligning 
Science Across Parkinson’s. The London Neurodegenerative Diseases 
Brain Bank, KCL, receives funding from the MRC and as part of the 
Brains for Dementia Research project (jointly funded by the 
Alzheimer’s Society and Alzheimer’s Research UK). Cambridge Brain 
Bank is supported by the NIHR Cambridge Biomedical Research 
Centre. JBR receives support from Wellcome Trust (220258) and NIHR 
Cambridge Biomedical Research Centre (BRC-1215-20014). The views 
expressed are those of the authors and not necessarily those of 
the NIHR, the Department of Health and Social Care, PSP Association 
and Evelyn Trust, or the Medical Research Council (SUAG051 R101400). 
We would like to thank the Southwest Dementia Brain Bank (SWDBB), 
their donors and donor’s families for providing brain tissue for this 
study. The SWDBB is part of the Brains for Dementia Research 
programme, jointly funded by Alzheimer’s Research UK and 
Alzheimer’s Society and is supported by Bristol Research into 
Alzheimer’s and Care of the Elderly and the Medical Research Council. 
We acknowledge the Oxford Brain Bank, supported by the Medical 
Research Council, Brains for Dementia Research (Alzheimer Society 
and Alzheimer Research UK), Autistica UK, and the NIHR Oxford 
Biomedical Research Centre. Tissue for this study was provided by the 
Newcastle Brain Tissue Resource which is funded in part by a grant 
from the UK Medical Research Council (G0400074), by NIHR Newcastle 
Biomedical Research Centre awarded to the Newcastle upon Tyne NHS 
Foundation Trust and Newcastle University, and as part of the Brains 
for Dementia Research Programme jointly funded by Alzheimer’s 
Research UK and Alzheimer’s Society. Tissue samples were supplied by 



Articles

498	 www.thelancet.com/neurology   Vol 23   May 2024

The Manchester Brain Bank, which is part of the Brains for Dementia 
Research programme, jointly funded by Alzheimer’s Research UK and 
Alzheimer’s Society. We are indebted to the Fundació de Recerca Clínic 
Barcelona-Institut d’Investigacions Biomèdiques August Pi i Sunyer 
Biobank, integrated in the Spanish National Biobanks Network, for the 
biological human samples and data procurement. GP-R acknowledges 
the support from the Department of Health (PERIS 2019 
SLT008/18/00050). SB-É is funded by the Joan Rodés-Josep Baselga 
grant from the Fundamentos Banco Bilbao Vizcaya Argentaria. Brain 
tissues were obtained from The Netherlands Brain Bank, Netherlands 
Institute for Neuroscience, Amsterdam. The Brain bank at Karolinska 
Institutet receives Centrum för Innovativ Medicin funding. The 
NeuroCEB Neuropathology network includes: Franck Letournel (Centre 
Hospitalier Universitaire [CHU] Angers), Marie-Laure Martin-Négrier 
(CHU Bordeaux), Maxime Faisant (CHU Caen), Claude-Alain Maurage 
(CHU Lille), Vincent Deramecourt (CHU Lille), David Meyronnet 
(CHU Lyon), Delteil Clemence (CHU Marseille), Valérie Rigau 
(CHU Montpellier), Danielle Seilhean (CHU PS, Paris), Susana Boluda 
(CHU PS, Paris), Isabelle Plu (CHU PS, Paris), Dan Christian 
Chiforeanu (CHU Rennes), Florent Marguet (CHU Rouen), and 
Béatrice Lannes (CHU Strasbourg). Brain tissues were received from 
the Victorian Brain Bank, supported by The Florey, The Alfred, 
Victorian Institute of Forensic Medicine and Coroners Court of Victoria 
and funded in part by Parkinson’s Victoria, MND Victoria, FightMND, 
Yulgilbar Foundation and Ian and Maria Cootes. JBK is supported by 
NHMRC Dementia Team 1095127. GMH receives funding from 
NHMRC program grants 1037746 and 1132524, NHMRC Dementia 
Team 1095127, and NHMRC Fellowships 1079679 and 1176607. 
OP receives funding from by NHMRC program grant 1132524 and 
NHMRC Dementia Team 1095127, and NHMRC Fellowships 1103258 
and 2008020. JJK and JRH both receive funding from NHMRC program 
grants 1037746 and 1132524, and NHMRC Dementia Team 1095127. 

Editorial note: The Lancet Group takes a neutral position with respect to 
territorial claims in published maps and institutional affiliations.

References
1	 Dickson DW, Kouri N, Murray ME, Josephs KA. Neuropathology of 

frontotemporal lobar degeneration-tau (FTLD-tau). J Mol Neurosci 
2011; 45: 384–89.

2	 Josephs KA, Hodges JR, Snowden JS, et al. Neuropathological 
background of phenotypical variability in frontotemporal dementia. 
Acta Neuropathol 2011; 122: 137–53.

3	 Coyle-Gilchrist ITS, Dick KM, Patterson K, et al. Prevalence, 
characteristics, and survival of frontotemporal lobar degeneration 
syndromes. Neurology 2016; 86: 1736–43.

4	 Choudhury P, Scharf EL, Paolini MA 2nd, et al. Pick’s disease: 
clinicopathologic characterization of 21 cases. J Neurol 2020; 
267: 2697–704.

5	 Irwin DJ, Brettschneider J, McMillan CT, et al. Deep clinical and 
neuropathological phenotyping of Pick disease. Ann Neurol 2016; 
79: 272–87.

6	 Piguet O, Halliday GM, Reid WGJ, et al. Clinical phenotypes in 
autopsy-confirmed Pick disease. Neurology 2011; 76: 253–59.

7	 Rohrer JD, Lashley T, Schott JM, et al. Clinical and neuroanatomical 
signatures of tissue pathology in frontotemporal lobar 
degeneration. Brain 2011; 134: 2565–81.

8	 Whitwell JL, Tosakulwong N, Schwarz CC, et al. Longitudinal 
anatomic, functional, and molecular characterization of Pick 
disease phenotypes. Neurology 2020; 95: e3190–202.

9	 Yokota O, Tsuchiya K, Arai T, et al. Clinicopathological 
characterization of Pick’s disease versus frontotemporal lobar 
degeneration with ubiquitin/TDP-43-positive inclusions. 
Acta Neuropathol 2009; 117: 429–44.

10	 McKhann GM, Albert MS, Grossman M, Miller B, Dickson D, 
Trojanowski JQ. Clinical and pathological diagnosis of 
frontotemporal dementia: report of the Work Group on 
Frontotemporal Dementia and Pick’s Disease. Arch Neurol 2001; 
58: 1803–09.

11	 Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA. 
Multiple isoforms of human microtubule-associated protein tau: 
sequences and localization in neurofibrillary tangles of Alzheimer’s 
disease. Neuron 1989; 3: 519–26.

12	 Goedert M, Wischik CM, Crowther RA, Walker JE, Klug A. 
Cloning and sequencing of the cDNA encoding a core protein of 
the paired helical filament of Alzheimer disease: identification as 
the microtubule-associated protein tau. Proc Natl Acad Sci USA 
1988; 85: 4051–55.

13	 Tacik P, DeTure M, Hinkle KM, et al. A novel Tau mutation in exon 
12, P. Q336H, causes hereditary pick disease. 
J Neuropathol Exp Neurol 2015; 74: 1042–52.

14	 Bronner IF, ter Meulen BC, Azmani A, et al. Hereditary Pick’s 
disease with the G272V tau mutation shows predominant 
three-repeat tau pathology. Brain 2005; 128: 2645–53.

15	 Neumann M, Schulz-Schaeffer W, Crowther RA, et al. Pick’s disease 
associated with the novel Tau gene mutation K369I. Ann Neurol 
2001; 50: 503–13.

16	 Pickering-Brown SM, Baker M, Nonaka T, et al. Frontotemporal 
dementia with Pick-type histology associated with Q336R mutation 
in the tau gene. Brain 2004; 127: 1415–26.

17	 Wallon D, Boluda S, Rovelet-Lecrux A, et al. Clinical and 
neuropathological diversity of tauopathy in MAPT duplication 
carriers. Acta Neuropathol 2021; 142: 259–78.

18	 Valentino RR, Heckman MG, Johnson PW, et al. Association of 
mitochondrial DNA genomic variation with risk of Pick disease. 
Neurology 2021; 96: e1755–60.

19	 Baker M, Litvan I, Houlden H, et al. Association of an extended 
haplotype in the tau gene with progressive supranuclear palsy. 
Hum Mol Genet 1999; 8: 711–15.

20	 Houlden H, Baker M, Morris HR, et al. Corticobasal degeneration 
and progressive supranuclear palsy share a common tau haplotype. 
Neurology 2001; 56: 1702–06.

21	 Kouri N, Ross OA, Dombroski B, et al. Genome-wide association 
study of corticobasal degeneration identifies risk variants shared 
with progressive supranuclear palsy. Nat Commun 2015; 6: 7247.

22	 Morris HR, Baker M, Yasojima K, et al. Analysis of tau haplotypes 
in Pick’s disease. Neurology 2002; 59: 443–45.

23	 Russ C, Lovestone S, Baker M, et al. The extended haplotype of the 
microtubule associated protein tau gene is not associated with 
Pick’s disease. Neurosci Lett 2001; 299: 156–58.

24	 Murray ME, Kouri N, Lin WL, Jack CR Jr, Dickson DW, Vemuri P. 
Clinicopathologic assessment and imaging of tauopathies in 
neurodegenerative dementias. Alzheimers Res Ther 2014; 6: 1.

25	 Toomey CE, Heywood W, Benson BC, Packham G, Mills K, 
Lashley T. Investigation of pathology, expression and proteomic 
profiles in human TREM2 variant postmortem brains with and 
without Alzheimer’s disease. Brain Pathol 2020; 30: 794–810.

26	 Pittman AM, Myers AJ, Abou-Sleiman P, et al. Linkage 
disequilibrium fine mapping and haplotype association analysis of 
the tau gene in progressive supranuclear palsy and corticobasal 
degeneration. J Med Genet 2005; 42: 837–46.

27	 Allen M, Kachadoorian M, Quicksall Z, et al. Association of 
MAPT haplotypes with Alzheimer’s disease risk and MAPT brain 
gene expression levels. Alzheimers Res Ther 2014; 6: 39.

28	 Heckman MG, Brennan RR, Labbé C, et al. Association of MAPT 
subhaplotypes with risk of progressive supranuclear palsy and 
severity of tau pathology. JAMA Neurol 2019; 76: 710–17.

29	 Altshuler DM, Gibbs RA, Peltonen L, et al. Integrating common 
and rare genetic variation in diverse human populations. Nature 
2010; 467: 52–58.

30	 Hellwege JN, Keaton JM, Giri A, Gao X, Velez Edwards DR, 
Edwards TL. Population stratification in genetic association studies. 
Curr Protoc Hum Genet 2017; 95: 1.22.1–1.22.23.

31	 Global Parkinson’s Genetics Program. GP2: the Global Parkinson’s 
Genetics Program. Mov Disord 2021; 36: 842–51.

32	 Schaid DJ, Rowland CM, Tines DE, Jacobson RM, Poland GA. 
Score tests for association between traits and haplotypes when 
linkage phase is ambiguous. Am J Hum Genet 2002; 70: 425–34.

33	 Hutton M, Lendon CL, Rizzu P, et al. Association of missense and 
5’-splice-site mutations in tau with the inherited dementia FTDP-17. 
Nature 1998; 393: 702–05.

34	 de Jong S, Chepelev I, Janson E, et al. Common inversion 
polymorphism at 17q21.31 affects expression of multiple genes in 
tissue-specific manner. BMC Genomics 2012; 13: 458.



Articles

www.thelancet.com/neurology   Vol 23   May 2024	 499

35	 Myers AJ, Pittman AM, Zhao AS, et al. The MAPT H1c risk 
haplotype is associated with increased expression of tau and 
especially of 4 repeat containing transcripts. Neurobiol Dis 2007; 
25: 561–70.

36	 Valenca GT, Srivastava GP, Oliveira-Filho J, et al. The role of 
MAPT haplotype H2 and isoform 1N/4R in parkinsonism of older 
adults. PLoS One 2016; 11: e0157452.

37	 Höglinger GU, Melhem NM, Dickson DW, et al. Identification of 
common variants influencing risk of the tauopathy progressive 
supranuclear palsy. Nat Genet 2011; 43: 699–705.

38	 Ferrari R, Hernandez DG, Nalls MA, et al. Frontotemporal 
dementia and its subtypes: a genome-wide association study. 
Lancet Neurol 2014; 13: 686–99.


	MAPT H2 haplotype and risk of Pick’s disease in the Pick’s disease International Consortium: a genetic association study
	Introduction
	Methods
	Study design
	Study participants
	Procedures
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


