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Heritability and shared environmental
effects of brain diseases in 12,040
extended families
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Brain diseases have complex patterns of genetic and environmental risk factors, and better understanding
of these risks is required for more effective prevention strategies. Participants of the Dutch Brain Research
Registry provided detailed information on family structure and occurrence of brain diseases. A total of
12,040 participants (73% female, aged 64.9 + 11 years) provided information on 101,379 family members
(53% female, aged 62 + 25 years). We estimated heritability (h?) of the nine most common brain diseases
using polygenic modeling in SOLAR and assessed variations in h? through bootstrapping; Alzheimer’s
disease (AD) (h? = 73, range 53-86, P;q, < 0.001), ALS (h* = 72, range 10-98, P, = 0.030), frontotemporal
dementia (FTD) (h? = 48, range 0-97, P;y, = 0.132), vascular dementia (VaD) (h* = 41, range 7-64, P = 0.003),
Lewy Body dementia (h* = 34, range 0-58, P = 0.132), iCVA (h? = 27, 6-59, Py = 0.013), hCVA (h* = 29,
8-57, Piy = 0.007), Parkinson’s disease (PD) (h? = 38, 6-66, Psy, = 0.013), and multiple sclerosis (h* =10,
10-97, P4 < 0.001). Shared environmental effects could be estimated for AD (¢ = 5.8%, Psq, = 0.011), VaD
(€®=9.0%, Ps4 =0.021), FTD (¢? = 9.7%, P;y = 0.33), iCVA (c? = 15.9%, Piq, < 0.001), hCVA (c? = 14.9%,
Psqr=0.005), and PD (c? = 7.5%, Psq = 0.25). These findings underscore the significance of genetic
contribution to most brain diseases and the important role of shared environments in AD and vascular-
related conditions, highlighting initiatives to mitigate modifiable risk factors.

Brain diseases, including Alzheimer’s disease (AD), other dementias, Par-
kinson’s disease (PD), multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS) and stroke, are among the leading causes of death and disability
worldwide'. These disorders have a complex pattern of genetic and envir-
onmental risk factors””, and understanding these risks can improve pre-
vention and treatment. A disease’s genetic contribution, or heritability (%,
represents the proportion of variance explained by shared genetic factors
such as common and rare genetic variation”".

Heritability is estimated using mixed-effects models that quantify
genetic and environmental variance, and has traditionally relied on nuclear
families, small pedigrees, or twin studies’. Previous twin and pedigree stu-
dies estimated heritability for AD at 79% (range 67-88)", ALS 61% (range
38-78)", MS 50% (range 39-61)'*, PD 39% (range 28-44)*, and stroke death

32% (range 4-47)". While heritability estimates for more uncommon brain
diseases, such as frontotemporal dementia (FTD), Lewy body dementia
(DLB), and vascular dementia (VaD) remain limited, recent large-scale
genomic studies have begun to address this gap'*. Nonetheless, conventional
heritability studies, often based on small sample sizes, typically fail to capture
enough cases to reach reliable estimates. Recently, large biobanks and
national registers have emerged as a key method to identify genetic and
environmental influences on brain diseases. This enables the study of her-
itability across a wide range of brain diseases within a large population-based
sample in a single study"’.

Next to estimates of heritability, complex families can be used to
estimate shared environmental factors to brain diseases, such as shared
lifestyle and household conditions’. Environmental exposures, including air
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pollution, pesticides, and heavy metals, are often shared by family members
and may be preventable risks factors for neurodegenerative diseases™'*".
Insights in which diseases are determined by shared environmental factors
can inform public health policies aimed at reducing disease incidence'*'".

Table 1 | Demographic and disease characteristics of the
cohort used for analyses

Subjects

Total: Final analysis 101,379 (100)

cohort

Female 53,958 (53)

Age alive®, mean+SD 57.6+20

Died® 51,296 (51)

Died under5yearsold 6280 (6)

Died 5 years and older 44,555 (44)

Age at death (5 +)°, 76.7+15

mean +SD

Brain diseases N cases N families Ageatonset Rangein
(%) (%) (mean+SD)  onset, years

Alzheimer’s disease 8149 (8) 5195(43) 77.0+8.8 [38-101]

Vascular dementia 2040 (2) 1764 (15) 78.2+8.2 [40-100]

Frontotemporal 244 (0.2) 218 (1.8) 71311 [40-92]

dementia

Lewy Body dementia 192 (0.2) 189 (1.6) 75.7+8.6 [47-97]

Ischemic CVA 2436 (2) 1977 (16) 68.6+13.9 [10-100]

Hemorrhagic CVA 2165 (2) 1765(15) 69.1+15 [11-104]

Parkinson’s disease 1091 (1) 985 (8.2) 67.8+11 [25-95]

Multiple sclerosis 223 (0.2) 203 (1.7) 37.7+11.7 [8-67]

Amyotrophic lateral 71(0.1) 67 (0.6) 63.8+11.3 [32-85]

sclerosis

N (%) unless otherwise specified. Alzheimer’s disease is grouped with dementia of unspecified
etiology.

Total n: a=49,553; b=100,914; c = 50,835.

CVA cardiovascular accident, NA not available, SD standard deviation.

Here, we estimate heritability and shared environmental variance (c*)
for nine brain diseases (including FTD, DLB and VAD) using family
structures and history of thousands of participants of a population-based
research registry.

Results

Subject characteristics

Table 1 presents the subject characteristics. The studied cohort comprised
101,379 individuals of whom 53% was female, with a mean age at assess-
ment of 57.6 + 20 years and a mean age at death of 76.7 + 15 years. AD was
the most frequently reported condition, affecting 8,149 individuals (8.0% of
cohort), with a mean age at onset of 77 + 8.8 years. This was followed by
iCVA in 2436 individuals (2.4%, mean age at onset 69 * 14 years) and hCVA
in 2165 individuals (2.1%, mean age at onset 69 + 15 years). The conditions
with the lowest frequencies were MS, affecting 223 individuals (0.2%, mean
age at onset 38 + 12 years); DLB, affecting 192 individuals (0.2%, mean age
atonset 76 + 8.6 years); and ALS, affecting 71 individuals (0.1%, mean age at
onset 64 * 11 years).

Heritability estimates

We list the diseases from high to low heritability. The heritability of AD,
including dementia of unspecified etiology, was estimated to be 72.8%,
ranging between 53 and 86 (95% confidence interval (CI), P, < 0.001)
(Fig. 1, Supplementary Table 3). Similarly, the heritability of ALS was esti-
mated to be 72.3% (CI 10-98, P, = 0.030), followed by FTD, which was
estimated to be 47.6% (CI 0-97, Pg, = 0.132), and the heritability of VaD
was estimated to be 40.8% (CI 7-64, Pgg, = 0.003). The heritability of PD was
estimated to be 37.9% (CI 6-66, Pgy, = 0.013), and 34.0% for DLB (CI 0-58,
Prgr =0.132). The heritability of hCVA was modest and estimated to be
29.1% (CI 8-57, Pgg, = 0.007), while the heritability of iCVA was estimated
27.4% (CI 6-59, Py, = 0.013). The heritability for MS was estimated to be the
lowest of all diseases: 10.2% (CI 10-97, Pgg, < 0.001).

Shared environmental effect

Shared environmental effect estimates on disease prevalence among family
members ranged from 5.8 to 15.9% (Fig. 1, Supplementary Table 3). Among
the different dementia types, AD showed a small shared environmental
effect of 5.8% (CI 1-14, Pgg, = 0.011). FTD demonstrated a modest, but non-

Fig. 1 | Estimates of genetic (h°) and shared (c%)
environmental effects across brain diseases.

Heritability and Common Environment Across Brain Diseases

*p <0.05, ¥*p < 0.01, ¥*¥*p < 0.001. P values were
adjusted using the Benjamini-Hochberg false dis-
covery rate (FDR) correction. For DLB, MS, and
ALS, the number of affected cases was below 225,
and thus polygenic models did not include a shared
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Disease N Model H2 CI p-value Reference
Alzheimer's 1 Narrow-sense — 60 50-69.6 Guerreiro, 2016
Disease 2 Twin-based —_— 79 67-88 Gatz, 2006

3 SOLAR-based ——— 72.8 53.1-86.28 <0.001*** Dijkstra et al, 2025
Vascular 1 Narrow-sense —— 37.9 28-48.3 Bevan, 2012+
Dementia 2 Twin-based —a— 71 66-76 Carmelli, 1998°

3 SOLAR-based 40.8 6.77-63.97 0.003**  Diikstra et al, 2025
Frontotemporal 1 Narrow-sense Not available
Dementia 2 Twin-based Not available

3 SOLAR-based 47.6 0-97.31 0.132 Dijkstra et al, 2025
Lewy Body 1 Narrow-sense Yt 59.9 55.8-64 Guerreiro, 2019+
Dementia 2 Twin-based Not available

3 SOLAR-based 34 0-57.7 0.132 Diikstra et al, 2025
Ischemic 1 Narrow-sense o oo 37.9 28-48.3 Bevan, 2012+
Stroke 2 Twin-based — 32 4-47 Bak, 2002

3 SOLAR-based: +————s——— 27.4 6.13-58.63 0.013* Dijkstra et al, 2025
Hemorrhagic 1 Narrow-sense —t 29 10.3-52.6 Devan, 2013+
Stroke 2 Twin-based ——— 41 238.7-555 Korja, 2010

3 SOLAR-based: +—————— 29.1 8.31-57.47 0.007** Dijkstra et al, 2025
Parkinson's 1 Narrow-sense — 28 18.8-38.3 Guerreiro, 2016
Disease 2 Twin-based —— 36 28-44 Polderman, 2015

3 SOLAR-based: 37.9 6.32-66.06 0.013* Dijkstra et al, 2025
Multiple 1 Narrow-sense " 19.2 18.5-19.8 Patsopoulos, 2018
Sclerosis 2 Twin-based —— 50 39-61 Fagnani, 2015

3 SOLAR-based 10.2 10.09-97.02 <0.001*** Dijkstra et al, 2025
Amyotrophic 1 Narrow-sense - 21 17.1-24.9 Keller, 2014
Lateral 2 Twin-based —_— 61 38-78 Al-Chalabi, 2010
Sclerosis 3 SOLAR-based: 72.3 9.94-98.31 0.030* Dijkstra et al, 2025

|
0 50 100

Heritability

Fig. 2 | Heritability estimates of brain diseases based on narrow-sense, twin-
based, and SOLAR-based heritability models. *p < 0.05, **p < 0.01, ***p < 0.001.
P values were adjusted using the Benjamini-Hochberg false discovery rate (FDR)
correction. CI = 95% confidence interval, H2 heritability estimate, N = number.
Alzheimer’s disease is a combined category with dementia of unspecified etiology.
Narrow-sense models are based on genome-wide association studies or genome-

wide complex trait analysis4. °Interpret with caution. In the absence of direct twin
studies for vascular dementia, we used a twin study on the heritability of white matter
hyperintensities (WMH) as proxy because WMHs are strongly associated with
small-vessel disease, a major contributor to vascular dementia. See the Supple-
mentary Discussion for further interpretation of our findings.

significant, shared environmental effect of 9.7% (CI 0-41, Py, = 0.33), as
well as VaD of 9.0% (CI 1-20, Pgg, =0.021). Among other brain diseases,
iCVA showed the highest shared environmental effect of 15.9% (CI 1-26,
P4y < 0.001), followed closely by hCV A of 14.9% (CI 1-24, Py, = 0.005). PD
demonstrated a modest shared environmental effect of 7.5% (CI 0-21,
Py = 0.25). Note that for DLB, MS, and ALS the shared environmental
effect could not be calculated due to limited power (fewer than 225 affec-
ted cases).

Discussion

We performed genetic analyses using a large extended family design to
demonstrate significant heritability of common brain diseases including:
AD (including dementia of unspecified etiology), VaD, ischemic CVA,
hemorrhagic CVA, PD, MS, ALS. Notably, we presented the first estimates
for FTD, DLB, and VaD, as prior twin studies lacked such estimates. Next to
genetics and albeit a smaller effect, a significant portion of variability within
families was explained by shared environmental effects for AD, VaD, iCVA,
and hCVA - all diseases known to be strongly associated with vascular risk
factors'.

We estimated heritability, which represents the total genetic con-
tribution to a trait, encompassing both additive effects and more complex
genetic interactions'*”’. Our heritability estimates from extended families
were compared to those from previous twin studies (Fig. 2, Supplementary
Discussion). At large, we confirmed the strong genetic component in AD"’
and ALS", as well as moderate genetic contributions in PD* and stroke".
However, our findings indicated a smaller genetic component in MS (10.2%,
range 10-97), although confidence intervals overlapped with prior estimates
(range 39-61%)". This discrepancy may be attributed to the low prevalence
of MS within families in our cohort (n =223 cases in n =203 families),
leading to a less precise estimate. Additionally, differences between twin-
based and SOLAR-based heritability estimates may arise from

misclassification of diseases, underreporting in older generations and dif-
ferences in statistical power between twin-based studies and complex
pedigree approaches. These differences may have led to either an under-
estimation or overestimation of heritability in our work compared to twin-
based studies.

The rarity of FTD, DLB and VaD precluded previous estimation of
heritability using twin studies, such that we compared our heritability with
other reported measures of familiarity. For FTD, we report moderate genetic
contributions (47.6%, range 0-97), which align with the observation that up
to 40-50% of FTD patients report a family history of dementia’', supporting
the prominent role of hereditary factors in FTD’s etiology. Beyond genetic
causes, while familial mutations account for around one-fifth of FTD cases,
the majority of FTD appears to result from a complex interplay of multiple
genetic and environmental factors™. For DLB, we report a moderate genetic
contribution (34.0%, range 0-58), in line with the findings of a previous
genome-wide complex trait analysis (59.9%, SE 2.1)**. For VaD, heritability
estimates were moderate (40.8%, range 7-64), which is in line with a
genome-wide complex trait analysis on large artery, cardioembolic, and
small vessel stroke (37.9%, SE 5.2)*, and partly in line with a twin study on
white matter hyperintensity volume (71%, range 66-76). As small-vessel
disease is a major contributor to vascular cognitive decline and is strongly
associated with white matter hyperintensities, this further supports a genetic
component in VaD’s pathophysiology.

We estimated heritability using bootstrapping, where each combina-
tion of families in a bootstrap sample may yield a different heritability
estimate. Families with autosomal dominant inheritance patterns (where
heritability is estimated at 100%) are combined with families exhibiting
sporadic disease occurrence. The distribution of heritability across bootstrap
samples provides insight into the underlying genetic architecture of the
diseases. Heritability estimates followed a normal distribution for AD, VaD,
iCVA, hCVA, and PD (Supplementary Fig. 2), which suggests a
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predominantly polygenic basis for these diseases with minimal evidence for
monogenic inheritance. Conversely, heritability distributions observed for
the rarer diseases—i.e., FTD, DLB, MS, and ALS—did not follow a normal
distribution, which suggest a mixture of sporadic cases and potential
monogenic families. These patterns resulted in relatively wide confidence
intervals, and in some cases, bimodal distributions (e.g., for MS and ALS).
Important to note is that the likelihood approach tends to underestimate the
monogenic component of variance because it assumes a continuous dis-
tribution of genetic effects and may not fully capture the discrete, large-effect
contributions of rare monogenic variants™. Nonetheless, these patterns
suggest that while common genetic factors contribute to disease risk, rare
high-impact variants may explain some of the observed variability, parti-
cularly in the less frequent conditions.

While genetic factors dominated most diseases, shared environ-
mental influences also played a notable role, particularly in VaD and
stroke. The strongest shared environmental effects were observed for
iCVA (15.9%) and hCVA (14.9%), with more modest contributions for
VaD (9.0%) and AD, including dementia of unspecified etiology (5.8%).
These findings are partly consistent with existing literature, which reports
environmental effects common to the whole family for stroke at 3-4% and
AD at 3-6%"°.

For stroke, known modifiable risk factors—including shared and
unique environmental effects—include smoking, physical inactivity, dia-
betes, and exposure to air pollutionz". For all-cause dementia, the Lancet
Commission also identified these modifiable dementia risk factors, as well as
low education, depression, and infrequent social contact, among others'.
One study by Low et al. linked these modifiable risk factors to an increased
risk of small vessel disease in midlife, underscoring the need for preventative
measures as early as midlife”.

On the one hand, our study benefits from the use of a large,
community-based volunteer cohort, which offers an alternative for esti-
mating heritability where case ascertainment is often challenging or
unfeasible'***, On the other hand, self-reported data as obtained in our
cohort may involve recall bias and potential misdiagnoses that may impact
accuracy. We cannot exclude family duplication in the dataset, which may
have inflated or deflated heritability estimates. Due to our study design we
are not able to assess the effects of other factors that affect heritability, such as
spousal correlation/assortative mating, maternal effects’, population stra-
tification, and epistasis’.

The genetic components in AD, VaD, iCVA, hCVA, PD, MS, and ALS
ranged from 10 to 73%, emphasizing the need for continued genetic

research to identify risk genes and pathways, and potential therapeutic
targets. The robust shared environmental effect in vascular-related brain
diseases underscores the importance of addressing familial risk factors
through public health initiatives.

Methods

Dutch brain research registry

Data on family structure and the presence of brain diseases were collected
via a digital survey distributed to all subscribers of the Dutch Brain Research
Registry”. This online platform is open for people (minimum age of 18)
interested in brain research. Registrants received an invitation via email and
after showing interest informed consent was obtained through an electronic
procedure. We requested information on first- and second-degree relatives,
including the occurrence and age at onset of 15 brain diseases (Supple-
mentary Table 1). The survey adapted interactively based on participants’
responses. Data was collected from May 2023 to January 2024. Ethical
approval was granted by the medical ethics committee of the VU University
Medical Center (Amsterdam UMC).

Participant selection and family data scope

Of 37,764 invited individuals, 13,972 enrolled (37% response rate, Fig. 3).
Thirteen adoptees and 1919 incomplete surveys were excluded, yielding a
final cohort of 12,040 participants Most participants identified as Dutch
(97%), with a median education level of 6 (Verhage scale, range 1-7)". All
descriptive statistics are in Supplementary Table 1. Participants reported on
156,721 family members (descriptive statistics in Supplementary Fig. 1).
Inclusion criteria required complete data on age, sex, and disease status,
resulting in 101,379 individuals for subsequent analysis.

Data analysis

AD (n=4399) and ‘dementia of unspecified etiology’ (n=3750) were
grouped under AD. Participants were observed to report either AD
(n=2538) or dementia of unspecified etiology (n = 2405), but rarely both
within the same family (n = 642 families, 11%). Thus, the two phenotypes
were nearly mutually exclusive at the family level. Given that AD is the most
common form of dementia, we combined these categories to more accu-
rately capture familial aggregation. Rare diseases (50 cases or less) were
excluded, including Huntingon’s disease, spinocerebellar ataxia, progressive
supranuclear palsy, corticobasal syndrome, and Creutzfeldt-Jakob’s disease.
Cases with dementia onset before age 20 (1 = 6; 0.006% of the cohort), and
cardiovascular accidents before age 10 (n=22) were excluded, as the

N
n=37,764 invited
l J
N
n=13,972 enrolled Excluded: n=13 adopted,
in the study (37%) n=1,919 not completed
l J
N

n=12,040 participants/
family histories included

——
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biological mechanisms of these conditions are not considered to be asso-

ciated with age-related neurodegeneration™".

Statistical analyses

R (v4.3.0) was used to reconstruct pedigrees with custom scripts (https://
github.com/holstegelab/pedigrees) and to analyze data. We used the Linux
Sequential Oligogenic Linkage Analysis Routines (SOLAR-Eclipse) Eclipse
General v9.0.1 (https://www.nitrc.org/projects/se_linux) to estimate
heritability'*’. SOLAR-Eclipse is an imaging genetics analyses software and
uses an iterative maximume-likelihood model. In twin and sibling research, a
strong correlation has been observed between SOLAR and other methods
used to estimate heritability’’. The pedigree-based design assumes additive
genetic effects that are summarized as coefficients of relatedness in a kinship
matrix’’. The percentage of shared genetics follows the principles of
inheritance within families. For example, parent-child relationships and full
siblings share an average of 50% of their genetic factors, grandparent-child
relationships and half-siblings share 25%, while unrelated partners share
0%. SOLAR incorporates this kinship matrix into the following formula™:

Q=2-0-+H-+1-5

where the multivariate normal covariance matrix for a pedigree () is
calculated by the sum of pairwise kinship coefficients (@) times the genetic
phenotypic variance (sé), and I as an identity matrix to calculate the variance
due to a unique environment (s?). In family-based designs the variance due
to a common environment (s2) may be added in which H is the shared
environment matrix.

Polygenic models were computed for all diseases and adjusted for sex,
age, age X sex interaction, squared age (age’), and age” x sex interaction. We
included both linear (age) and non-linear (age®) terms to account for non-
linear effects of age on the outcome, as age-related processes are often not
strictly linear across the lifespan. Additionally, interaction terms between
age and sex (age x sex, age” x sex) were included to adjust for potential sex
differences. Age was determined per disease, prioritizing the reported
symptom onset, followed by age at assessment or age at death. To estimate
the common environmental variance (c%), a household component was
included in the polygenic models. Each family was considered to share a
household. For diseases that affected less than 225 individuals (i.e., DLB, MS,
ALS; Supplementary Table 2), a household component could not be
included due to failure of the models to converge (too little power).

The SOLAR program was designed to determine environmental var-
iance attributable to household components in samples comprising a
maximum of 32,000 individuals. As our sample was over 100 thousand
individuals, we addressed this using bootstrapping. We used 3000 bootstrap
samples, each consisting of 2000 families, to calculate /%, ¢, and €. For AD,
given its high prevalence—with families having between 1 and 14 affected
members (Supplementary Table 2)—we reduced the sample size to 1000
families per bootstrap sample. This resulted in a total of 2890 successful
bootstrap samples after correcting for an error related to the high pre-
valence. All bootstrap sets of families were randomly selected with repla-
cement. To visualize the distribution of heritability estimates, we plotted
distribution and density plots of the bootstrap models of all brain diseases.

To assess robustness, we also computed models without household
components. As this analysis did not impose the threshold of 32,000 indi-
viduals, we selected 1000 bootstrap samples across all 12,040 families to
estimate /1> and ¢’ and their confidence intervals.

Data availability

The data supporting the findings of this study can be accessed upon rea-
sonable request to the corresponding author. The underlying code for this
study is not publicly available but may be made available to qualified
researchers on reasonable request from the corresponding author.

Received: 6 May 2025; Accepted: 27 August 2025;
Published online: 03 November 2025

References

1. G. B. D 2019 Diseases and Injuries Collaborators. Global burden of
369 diseases and injuries in 204 countries and territories, 1990-2019:
a systematic analysis for the Global Burden of Disease Study 2019.
Lancet 396, 1204-1222 (2020).

2. PoldermanT. J. C. et al. Meta-analysis of the heritability of human
traits based on fifty years of twin studies. Nat. Genet. 2015;47. https://
doi.org/10.1038/ng.3285

3. Cannon, J. R. & Greenamyre, J. T. The role of environmental
exposures in neurodegeneration and neurodegenerative diseases.
Toxicol. Sci. 124, 225 (2011).

4.  AnD. &Xu Y. Environmental risk factors provoke new thinking for
prevention and treatment of dementia with Lewy bodies. Heliyon.
2024;10. https://doi.org/10.1016/j.heliyon.2024.e30175

5. Pathan N. et al. Genetic determinants of vascular dementia. Can. J.
Cardiol. Published online 2024. https://doi.org/10.1016/j.cjca.2024.
03.025

6. Barry, C. J.S. et al. How to estimate heritability: a guide for genetic
epidemiologists. Int J. Epidemiol. 52, 624-632 (2023).

7. Mayhew, A. J. & Meyre, D. Assessing the heritability of complex traits
in humans: Methodological challenges and opportunities. Curr.
Genomics 18, 332-340 (2017).

8. Visscher, P. M., Hill, W. G. & Wray, N. R. Heritability in the genomics
era—concepts and misconceptions. Nat. Rev. Genet. 9, 255-266
(2008).

9. Liu, C. et al. Revisiting heritability accounting for shared
environmental effects and maternal inheritance. Hum. Genet 134,
169-179 (2015).

10. Gatz, M. et al. Role of genes and environments for explaining
Alzheimer disease. Arch. Gen. Psychiatry 63, 168-174 (2006).

11. Al-Chalabi A. et al. An estimate of amyotrophic lateral sclerosis
heritability using twin data. J. Neurol Neurosurg. Psychiatry. Published
online 2010. https://doi.org/10.1136/jnnp.2010.207464

12. Fagnani, C. et al. Twin studies in multiple sclerosis: A meta-estimation
of heritability and environmentality. Mult. Scler. 21,1404-1413 (2015).

13. Bak, S., Gaist, D., Skytthe, S. grenH. S. & Christensen, A. K. Genetic
liability in stroke: A long-term follow-up study of Danish twins. Stroke
33, 769-774 (2002).

14. Shade, L. M. P. et al. GWAS of multiple neuropathology
endophenotypes identifies new risk loci and provides insights into the
genetic risk of dementia. Nat. Genet. 56, 2407-2421 (2024).

15. Lewandowski, A. J., Rutter, M. K. & Collins, R. Scientific and clinical
impacts of UK biobank in cardiovascular medicine. Circulation 150,
1907-1909 (2024).

16. Livingston, G. et al. Dementia prevention, intervention, and care: 2024
report of the Lancet standing Commission. Lancet 404, 572-628
(2024).

17. Killin, L. O. J., Starr, J. M., Shiue, I. J. & Russ, T. C. Environmental risk
factors for dementia: a systematic review. BMC Geriatr. 16, 1-28
(2016).

18. Mufoz M. et al. Evaluating the contribution of genetics and familial
shared environment to common disease using the UK Biobank.
Published online 2016. https://doi.org/10.1038/ng.3618

19. Almasy, L. & Blangero, J. Multipoint quantitative-trait linkage analysis
in general pedigrees. Am. J. Hum. Genet 62, 1198-1211 (1998).

20. Amos C. |. Robust variance-components approach for assessing
genetic linkage in pedigrees. Am. J. Hum. Genet. 1994;54:535.
Accessed December 24, 2024. https://pmc.ncbi.nim.nih.gov/articles/
PMC1918121/

21. Greaves, C. V. & Rohrer, J. D. An update on genetic frontotemporal
dementia. J. Neurol. 266, 2075 (2019).

22. Seelaar, H. et al. Distinct genetic forms of frontotemporal dementia.
Neurology 71, 1220-1226 (2008).

23. Guerreiro, R. et al. Heritability and genetic variance of dementia with
Lewy bodies. Neurobiol. Dis. 127, 492 (2019).

npj Dementia| (2025)1:34


https://github.com/holstegelab/pedigrees
https://github.com/holstegelab/pedigrees
https://www.nitrc.org/projects/se_linux
https://doi.org/10.1038/ng.3285
https://doi.org/10.1038/ng.3285
https://doi.org/10.1038/ng.3285
https://doi.org/10.1016/j.heliyon.2024.e30175
https://doi.org/10.1016/j.heliyon.2024.e30175
https://doi.org/10.1016/j.cjca.2024.03.025
https://doi.org/10.1016/j.cjca.2024.03.025
https://doi.org/10.1016/j.cjca.2024.03.025
https://doi.org/10.1136/jnnp.2010.207464
https://doi.org/10.1136/jnnp.2010.207464
https://doi.org/10.1038/ng.3618
https://doi.org/10.1038/ng.3618
https://pmc.ncbi.nlm.nih.gov/articles/PMC1918121/
https://pmc.ncbi.nlm.nih.gov/articles/PMC1918121/
https://pmc.ncbi.nlm.nih.gov/articles/PMC1918121/
www.nature.com/npjdementia

https://doi.org/10.1038/s44400-025-00030-2

Article

24. Bevan, S. et al. Genetic heritability of ischemic stroke and the
contribution of previously reported candidate gene and genomewide
associations. Stroke 43, 3161-3167 (2012).

25. Carmelli, D. et al. Evidence for genetic variance in white matter
hyperintensity volume in normal elderly male twins. Stroke 29,
1177-1181 (1998).

26. Boehme, A. K., Esenwa, C. & Elkind, M. S. V. Stroke risk factors,
genetics, and prevention. Circ. Res. 120, 472-495 (2017).

27. Low, A. et al. Modifiable and non-modifiable risk factors of dementia
on midlife cerebral small vessel disease in cognitively healthy middle-
aged adults: the PREVENT-Dementia study. Alzheimers Res. Ther. 14,
154 (2022).

28. Kochunov P. et al. Homogenizing estimates of heritability among
SOLAR-eclipse, OpenMX, APACE, and FPHI software packages in
neuroimaging data. Front Neuroinform. 2019;13. https://doi.org/10.
3389/fninf.2019.00016

29. Dutch Brain Research Registry. Hersenonderzoek.nl. 2024. https://
hersenonderzoek.nl/

30. F.Verhage. Intelligentie en leeftijd; onderzoek bij Nederlanders van
twaalf tot zevenenzeventig jaar. Published online 1964.

31. Wright, S. Coefficients of inbreeding and relationship. Univ. Chic.
Press 56, 330-338 (1922).

Acknowledgements

We thank all study participants for their valuable contributions to this
research. S.L. was funded for this study by NWO (#733050512, PROMO-
GENODE: a PROspective study of MOnoGEnic causes Of Dementia), a
substantial donation by Edwin Bouw Fonds, Dioraphte and YOD-
INCLUDED (ZonMW project no. 10510032120002), and S.L. is part of the
Dutch Dementia Research Program. S.L. further received funding for the
GeneMINDS consortium, which is powered by Health~Holland, Top Sector
Life Sciences & Health. Research of Alzheimer Center Amsterdam is part of
the neurodegeneration research program of Amsterdam Neuroscience.
Alzheimer Center Amsterdam is supported by Stichting Alzheimer Neder-
land and Stichting Steun Alzheimercentrum Amsterdam. S.L., H.H., M.H. are
recipients of ABOARD, which is a public-private partnership receiving
funding from ZonMW (#73305095007) and Health~Holland, Topsector Life
Sciences & Health (PPP-allowance; #.SHM20106). More than 30 partners
participate in ABOARD. ABOARD also receives funding from de Hersen-
stichting, Edwin Bouw Fonds and Gieskes-Strijbisfonds. L.V. is supported
by grant funding/collaborative study and consultancy/speaker fees from
ZonMw (VENI grant), Amsterdam UMC (Startergrant), Stichting Dioraphte
(biobank DemenTree), Olink, Lilly, and Roche; all paid to her institution.The
work in this manuscript was carried out on the Snellius supercomputer,

which is embedded in the Dutch national e-infrastructure with the support of
SURF Cooperative. Computing hours were granted in 2016, 2017,2018 and
2019 to H.H. by the Dutch Research Council (project name: ‘100plus’;
project numbers 15318 and 17232).

Author contributions

J.D. and S.L. designed the study, had full access to raw data, carried out the
final statistical analyses, wrote the manuscript, and had the final
responsibility to submit for publication. M.H. contributed to the statistical
analyses. All authors—J.D., S.L.,, MH., LW.,H.H.,C.T., W.C,, B.J., PK,,
B.D., M.Z., A.B., L.V.—contributed to the interpretation of the results,
critically reviewed the manuscript, and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s44400-025-00030-2.

Correspondence and requests for materials should be addressed to
Janna |. R. Dijkstra.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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/.

© The Author(s) 2025

npj Dementia| (2025)1:34


https://doi.org/10.3389/fninf.2019.00016
https://doi.org/10.3389/fninf.2019.00016
https://doi.org/10.3389/fninf.2019.00016
https://hersenonderzoek.nl/
https://hersenonderzoek.nl/
https://hersenonderzoek.nl/
https://doi.org/10.1038/s44400-025-00030-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjdementia

	Heritability and shared environmental effects of brain diseases in 12,040 extended families
	Results
	Subject characteristics
	Heritability estimates
	Shared environmental effect

	Discussion
	Methods
	Dutch brain research registry
	Participant selection and family data scope
	Data analysis
	Statistical analyses

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




