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Abstract

Introduction: Volumetric and morphological changes in subcortical brain structures

are present in persons with dementia, but it is unknown if these changes occur prior

to diagnosis.

Methods: Between 2005 and 2016, 5522 Rotterdam Study participants (mean age:

64.4) underwent cerebral magnetic resonance imaging (MRI) and were followed for

development of dementia until 2018. Volume and shape measures were obtained for

seven subcortical structures.

Results: During 12 years of follow-up, 272 dementia cases occurred. Mean volumes

of thalamus (hazard ratio [HR] per standard deviation [SD] decrease 1.94, 95% confi-

dence interval [CI]: 1.55–2.43), amygdala (HR 1.66, 95%CI: 1.44–1.92), and hippocam-

pus (HR 1.64, 95% CI: 1.43–1.88) were strongly associated with dementia risk. Asso-

ciations for accumbens, pallidum, and caudate volumes were less pronounced. Shape

analyses identified regional surface changes in the amygdala, limbic thalamus, and

caudate.

Discussion: Structure of the amygdala, thalamus, hippocampus, and caudate is associ-

ated with risk of dementia in a large population-based cohort of older adults.
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VAN DER VELPEN ET AL. 647

1 BACKGROUND

Worldwide, 50 million individuals currently live with dementia, a pro-

gressive neurodegenerative condition.1 The disease usually clinically

presents itself as cognitive impairment in several domains, including

memory, executive function, language, and visuospatial abilities as well

as changes in behavior or personality.2 The underlying neurobiological

correlates of these symptoms have typically been attributed to patho-

logical changes and atrophy of the medial temporal lobe and cerebral

cortex.3 More recently, subcortical structures have been involved in

dementia research.4

Subcortical brain structures comprise roughly 25% of human total

brain volume and consist of a heterogeneous group of gray matter

nuclei, including the thalamus, basal ganglia, hippocampus, amygdala,

and nucleus accumbens.4 These structures affect awide array of physi-

ological functions, including cognition, emotion regulation, motivation,

and reward.5 Against this background, several studies have shown how

gross morphology of these structures is affected in persons with mild

cognitive impairment (MCI) or dementia, possibly differentially across

apolipoprotein E (APOE) ε4 carriers and non-carriers.6–9 Although pre-
vious studies have mainly focused on volume of subcortical structures,

their shape is thought to yield a deeper understanding of dementia

neuropathology and symptoms.10,11 In fact, one study showed how

regional shape differences across persons provide meaningful insights

into cognitive performance.12

Still, the number of studies on morphology of subcortical struc-

tures besides the hippocampus in the preclinical phase of dementia

is limited.13,14 Studying the subcortex would provide critical knowl-

edgeabout the scopeand localizationof theneuropathological changes

prior to dementia onset, which may then be targeted for disease moni-

toring or even possible intervention. In this study, we studied the asso-

ciation of volume and shape of subcortical brain structures with risk

of dementia in community-dwelling older adults.Wehypothesized that

the shape of subcortical structures would show regional changes asso-

ciated with dementia risk, independent of structure volume.

2 METHODS

2.1 Study population

This study was embedded in the Rotterdam Study, a population-based

cohort study in the city of Rotterdam, the Netherlands.15 Inhabi-

tants of the neighborhood Ommoord were invited to participate in the

study from 1990 onward. Participants were ≥45 years at baseline and

were followed-up every 3 to 4 years. All participants provided writ-

ten informed consent. The Rotterdam Study has been approved by

the institutional review board (Medical Ethics Committee) of the Eras-

mus Medical Center and by the review board of the Dutch Ministry of

Health,Welfare and Sports. All participants providedwritten informed

consent to participate in the study.

Participants were invited for magnetic resonance imaging (MRI) of

the brain from 2005 onward. Between August 2005 and August 2016,

HIGHLIGHTS

∙ Volume and shape of subcortical structures are associated

with dementia risk.

∙ Thalamus and amygdala volumes are related to incident

dementia.

∙ Shape analyses reveal relevance of limbic thalamus for

dementia risk.

RESEARCH INCONTEXT

1. Systematic Review: The authors reviewed scientific liter-

ature using PubMed. The involvement of subcorticalmor-

phological changes and pathology have been previously

described in study populations of persons with dementia.

Recent publications in this field have increasingly focused

on the shape of subcortical structures. These reports are

appropriately cited.

2. Interpretation: Our findings indicate that subcortical

brain structures are highly involved in dementia risk. The

subcortical brain may be crucial to increase our under-

standing the complexity of dementia.

3. Future Directions: The role of subcortical brain struc-

tures in dementia should be included in further research

on (1) etiology of dementia, (2) personalized prediction

models for dementia onset, and (3) biological founda-

tions of neuropsychiatric symptoms in early stages of

dementia.

5913 participants underwent a brain MRI. Follow-up data on demen-

tia diagnosis was complete for 5820 of these participants (censored

prior to MRI, n = 27; unusable follow-up data, n = 66). Participants

with a dementia diagnosis at the time of the MRI scan (n = 60) were

excluded from the study sample, leaving 5760 participants at risk to

develop dementia. Participants with incomplete MRI image segmenta-

tion were excluded (n = 238). The final study sample comprised 5522

participants. Study baseline was determined by time of MRI, resulting

in a baseline period from 2005 to 2013.

2.2 Image acquisition and processing

MRI scanning of the brain was performed on a 1.5 Tesla MRI scan-

ner (Signa Excite II, General Electric Healthcare) with an eight-channel

head coil. The scan protocol included a T1-weighted sequence, proton

density-weighted sequence, T2-weighted fluid attenuated inversion

recovery (FLAIR) sequence, and 3D T2*-weighted gradient-recalled

echo sequence. A detailed protocol of the Rotterdam Scan Study is

described elsewhere.16
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648 VAN DER VELPEN ET AL.

All scans were visually inspected by trained raters for image qual-

ity and evaluated for incidental findings. Cortical infarctswere ratedon

FLAIR, T1-weighted, andprotondensity-weighted sequences andwere

defined as focal parenchymal lesions with the same signal intensity as

cerebrospinal fluid on all sequences and involvement of cortical gray

matter, with a hyperintense rim on FLAIR images when located supra-

tentorially.

Image processing was performed on the T1-weighted sequence

(96 slices, slice thickness 1.6mm [zero padded to 0.8 mm], field of

view 25 cm2, matrix 416 × 256) using FreeSurfer (version 5.1) to

obtain segmentation and volumetrics of subcortical structures.17 Seg-

mentations were obtained for the nucleus accumbens, amygdala, cau-

date, hippocampus, pallidum, putamen, and thalamus in each hemi-

sphere. Global supratentorial gray matter volume was obtained by

automated brain tissue segmentation based on a k-nearest neighbor

(KNN) approach on T1-weighted images.16 All KNN segmentations

were visually inspected by trained raters andmanually correctedwhen

necessary.

Segmentations of subcortical structures were processed to

obtain shape measures, using a previously described shape analysis

pipeline.18,19 In brief, a mesh model was created for the surface

of each structure. Shape curvatures and medial features were

matched to a precomputed template and registered using the

“Medial Demons” framework.20 For each individual surface model,

a medial model was fit following Gutman et al.21 Both medial and

intrinsic features of the shape drive the registration to the pre-

computed template. The registration was performed in the fast

spherical demons framework to minimize metric distortion.22 Shape

templates and mean medial curves were constructed previously

and are distributed as part of the ENIGMA Shape package (http://

enigma.ini.usc.edu/ongoing/enigma-shape-analysis/).

After processing, the resulting meshes for the 14 subcortical struc-

tures consist of a total of 27,120 vertices. Shape was quantified by

two measures: the radial distance and the natural logarithm of the

Jacobian determinant (Figure 1). The radial distance represents the

distance fromthemedial curve to thevertexon the surfaceof the struc-

ture and as such denotes structure thickness. The Jacobian determi-

nant represents the ratio of the subject-specific surface area relative

to the template surface area and captures the shape deformation due

to subregional volume change.19 Positive values of the natural loga-

rithmof the Jacobian determinant indicate a larger subregional volume

(i.e., larger local surface area) of the subject-specific structure relative

to the template. Negative values correspond to a smaller subregional

volume (i.e., smaller local surface area) of the individual structure com-

pared to the template.

2.3 Assessment of dementia

All-cause dementia was the primary outcome in this study. Assess-

ment of dementia was performed at baseline and each consecutive

follow-up visit. During the visit to the research center, participants

were screened for dementia with the Mini–Mental State Examination

F IGURE 1 Methodological description of shapemeasures.
Schematic overview of the derivation of shapemeasures. A, The
Jacobian determinant represents the ratio of the subject-specific
surface area relative to the template surface area and captures the
shape deformation due to subregional volume change. Negative
values correspond to a smaller subregional volume (i.e., smaller local
surface area) of the individual structure compared to the template
(depicted in red). Positive values of the natural logarithm of the
Jacobian determinant indicate a larger subregional volume of the
subject-specific structure relative to the template. B, The radial
distance represents the distance from themedial curve to the vertex
on the surface of the structure and as such denotes structure
thickness. Themedial curve of the thalamus is depicted by a dashed
black line

(MMSE) and the Geriatric Mental State Schedule (GMS) organic

level. Participants with a MMSE < 26 or a GMS > 0 underwent an

examination and informant interviewwith theCambridge Examination

for Mental Disorders of the Elderly (CAMDEX). Electronic linkage of

the study database with medical records from general practitioners

and the Regional Institute for Outpatient Mental Health Care pro-

vided additional continuous surveillance for dementia for the entire

cohort.23 A consensus panel led by a consultant neurologist decided

on the final dementia diagnosis in all cases, in accordance with the

Diagnostic and Statistical Manual of Mental Disorders III-R criteria

for all-cause dementia and the National Institute of Neurological

and Communicative Disorders and Stroke-Alzheimer’s Disease and

Related Disorders Association for the subtype of Alzheimer’s disease

(AD). Clinical neuroimaging was used as an aid to determine the
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VAN DER VELPEN ET AL. 649

subtype of dementia or to rule out other causes when needed. Demen-

tia follow-up was complete until January 1, 2018. Participants were

censored at date of dementia diagnosis, death, loss to follow-up or

January 1, 2018, whichever came first.

2.4 Other measurements

Intracranial volume was obtained by automated MRI segmentation

using FreeSurfer (version 5.1) as a proxy for head size.17 Educa-

tional attainment was assessed during the baseline interview and was

included as a covariate for its association with dementia and subcorti-

cal structures.24 Depressive symptoms were assessed with the Center

for Epidemiologic Studies–Depression scale (CES-D).25 CES-D score

at baseline was included as a covariate because of the association

between depression and subcortical morphology, and depression and

dementia.26 APOE genotype was determined using polymerase chain

reaction in the initial cohort of the Rotterdam Study, and with bi-

allelic Taqman assay in two expansion cohorts of the Rotterdam Study.

Participants were classified into carriers of the APOE ε4 allele (ε2/ε4,
ε3/ε4, or ε4/ε4) and non-carriers (ε2/ε2, ε2/ε3, or ε3/ε3). Blood pressure
was measured twice in sitting position using a random-zero sphygmo-

manometer at the research center, and mean blood pressure was cal-

culated. Serum total cholesterol, high-density cholesterol, and fasting

serum glucose levels were measured at the research center. A dummy

variable was used to adjust for a proportion of glucose samples that

were non-fasted. Use of psycholeptic or psychoanaleptic medication

(Anatomical Therapeutic Chemical Classification code: N05 or N06)

was based on self-report. The ascertainment of coronary heart dis-

ease and clinical stroke diagnoses was based on medical records and

has been described in detail elsewhere.15 Cerebral small vessel dis-

easemarkerswere defined aswhitematter hyperintensity (WMH) vol-

ume, presence of lacunar infarcts, and presence of cerebral microb-

leeds. WMH volume was obtained by automated brain tissue segmen-

tation based on a KNN approach on T1-weighted and FLAIR images.16

Lacunar infarctswere defined as focal lesions of noncortical tissue (size

≥3 and <15 mm), with the same signal intensity as cerebrospinal fluid

on all sequences. Cerebral microbleeds were defined as focal areas

of very low signal intensity on T2*-weighted gradient recalled echo

images, which were not accompanied by signal abnormalities on other

sequences.

2.5 Statistical analyses

Missing covariate data (<1%) were imputed with 5-fold multiple impu-

tation. Cox proportional hazard models were used to assess the risk

of dementia associated with subcortical volume and shape. Time to

dementia was modeled as continuous time in years. All analyses were

adjusted for age, sex, total intracranial volume, education, CES-D

score, systolic blood pressure, fasting blood glucose, total cholesterol,

high-density cholesterol, psychotropic medication (psycholeptic and

psychoanaleptic), presence of lacunar infarcts, presence of cerebral

microbleeds,whitematter hyperintensity volume, stroke, andcoronary

heart disease. Left, right, and mean subcortical volumes were stan-

dardized and used as main determinants in the volume analyses. In a

separate model, we mutually adjusted all mean subcortical volumes

and adjusted for global supratentorial gray matter volume. Correla-

tion between subcortical structures was moderate (mean Pearson’s

r= 0.56, range 0.16–0.73). There was no multicollinearity in the mutu-

ally adjusted model. Analyses for mean subcortical volumes were then

stratified on APOE ε4 carrier status. APOE ε4 homozygote and het-

erozygote carrierswere grouped, due to limitedpower in the ε4/ε4 sub-
group. Interaction was assessed by adding an interaction term of APOE

ε4 carrier status withmean volume of each subcortical structure to the

model.Weadditionally stratified volumeanalyses on sex andon time to

dementia diagnosis (diagnosis within<3.5 years, 3.5–7.0 years, or>7.0

years of follow-up). Schoenfeld residuals were checked for the volume

analyses; the proportional hazards assumptionwasnot violated. Amul-

tiple testing correction for the main volume analyses was not applied,

to prevent under-reporting on potentially relevant associations that

future studies may further explore.

For shape analyses, the radial distance and Jacobian determinant

for each vertexwereused as independent variables, resulting in 54,240

models (radial distance and Jacobian determinant for 27,120 vertices).

Shape measures were adjusted for gross volume of each subcortical

structure in a separate model. Adjusting for both intracranial volume

and gross structure volume did not result in multicollinearity. Shape

analyses were subsequently stratified for APOE ε4 carrier status.
Vertex-wise measurements within and between subcortical struc-

turesmaybe correlated.We therefore determined the number of inde-

pendent vertices per structure by permutation testing (N = 10,000),

using a separate large population-based cohort. Linear regressions for

radial distance and Jacobian determinant of all vertices were run with

a random variable and repeated 10,000 times. The minimum P-value

for each permutationwas extracted and P-valueswere sorted to define

the significance threshold based on the 5% quantile. Next, we divided

0.05by this threshold toobtain thenumberof independent verticesper

structure. The number of independent vertices within a structure was

applied to calculate a structure-specific P-value threshold, using Šidák

correction to control family-wise error.27 The number of indepen-

dent tests and P-value thresholds per structure are presented in Table

SA.1 (Appendix A in supporting information).We additionally applied a

stringent P-value threshold, based on the number of independent tests

for all structures combined. The structure-specific P-threshold was

adopted considering the shape analyses were informed by hypothe-

ses based on the volumetric results, rather than using a completely

hypothesis-free approach. Q-Qplotswere used to inspect the distribu-

tion of expected and observed P-values around the structure-specific

and stringent Šidák-corrected thresholds.

We performed four sensitivity analyses for volume and shape anal-

yses: (1) with AD as outcome, (2) after exclusion of extreme outliers

in subcortical volume (observations outside 2.5 x interquartile range

[IQR]), (3) after exclusion of participants with cortical infarcts on MRI

(N= 203), and (4) after exclusion of APOE ε2 carriers from the APOE ε4
stratifiedmodels. R package gaston was used for theQ-Q plots.28
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TABLE 1 Baseline characteristics

No dementia

(N= 5250)

Incident dementia

(N= 272)

Total sample

(N= 5522)

Age (years), mean (SD) 63.7 (10.6) 76.3 (7.7) 64.4 (10.8)

Women,N (%) 2895 (55.1%) 164 (60.3%) 3059 (55.4%)

Education level,N (%)

Primary education 452 (8.6%) 41 (15.1%) 493 (8.9%)

Lower/intermediate general or lower vocational 1991 (37.9%) 116 (42.6%) 2107 (38.2%)

Intermediate vocational or higher general 1601 (30.5%) 82 (30.1%) 1683 (30.5%)

Higher vocational education or university 1206 (23.0%) 33 (12.1%) 1239 (22.4%)

Depressive symptoms sum score (CES-D), median [IQR] 3.0 [1.0–6.0] 3.0 [1.0–6.0] 3.0 [1.0–6.0]

Clinically relevant depressive symptoms,N cases (%) 367 (7.0%) 18 (6.6%) 385 (7.0%)

Psycholeptics,N (%) 485 (9.2%) 31 (11.4%) 516 (9.3%)

Psychoanaleptics,N (%) 317 (6.0%) 25 (9.2%) 342 (6.2%)

Systolic blood pressure (mmHg), mean (SD) 140 (21.4) 149 (21.3) 140 (21.5)

Hypertension,N (%) 3317 (63.2%) 225 (82.7%) 3542 (64.1%)

Total cholesterol (mmol/L), mean (SD) 5.5 (1.1) 5.4 (1.1) 5.5 (1.1)

HDL cholesterol (mmol/L), mean (SD) 1.5 (0.4) 1.5 (0.4) 1.5 (0.4)

Glucose (mmol/L), mean (SD) 5.6 (1.2) 5.9 (1.3) 5.6 (1.2)

Fasting lab,N nonfasted (%) 103 (2.0%) 12 (4.4%) 115 (2.1%)

Diabetes mellitus,N (%) 650 (12.4%) 54 (19.9%) 704 (12.7%)

Coronary heart disease,N (%) 351 (6.7%) 28 (10.3%) 379 (6.9%)

Stroke,N (%) 151 (2.9%) 30 (11.0%) 181 (3.3%)

Apolipoprotein E ε4 heterozygote,N (%) 1307 (24.9%) 92 (33.8%) 1399 (25.3%)

Apolipoprotein E ε4 homozygote,N (%) 102 (1.9%) 16 (5.9%) 118 (2.1%)

Follow-up time fromMRI scan onward (years), median [IQR] 9.2 [7.1–10.5] 5.4 [3.5–7.5] 9.1 [6.8–10.5]

Dementia diagnosis,N (%)

Alzheimer’s disease - 205 (75.4%) 205 (3.7%)

Vascular dementia - 6 (2.2%) 6 (0.1%)

Primary degenerative dementia (PDD) - 3 (1.1%) 3 (0.1%)

Undetermined - 46 (16.9%) 46 (0.8%)

Other - 12 (4.4%) 12 (0.2%)

Imagingmarkers

Intracranial volume (mL), mean (SD) 1480 (162) 1440 (170) 1480 (163)

Global graymatter volume (mL), mean (SD) 531 (61.6) 510 (59.8) 530 (61.7)

Cortical infarcts,N present (%) 180 (3.4%) 23 (8.5%) 203 (3.7%)

WMHvolume (mL), median [IQR] 3.0 [1.7–6.2] 9.2 [4.3–19.8] 3.1 [1.7–6.7]

Lacunar infarcts,N present (%) 383 (7.3%) 45 (16.5%) 428 (7.8%)

Microbleeds,N present (%) 987 (18.8%) 106 (39.0%) 1093 (19.8%)

Left hemisphere subcortical structures (mL), mean (SD)

Accumbens 0.56 (0.10) 0.51 (0.10) 0.56 (0.10)

Amygdala 1.32 (0.21) 1.16 (0.23) 1.31 (0.21)

Caudate 3.37 (0.52) 3.53 (0.72) 3.38 (0.54)

Hippocampus 3.88 (0.60) 3.34 (0.63) 3.86 (0.61)

Pallidum 1.49 (0.24) 1.33 (0.21) 1.48 (0.24)

Putamen 4.65 (0.65) 4.35 (0.78) 4.64 (0.66)

Thalamus 6.30 (0.78) 5.69 (0.64) 6.27 (0.79)

(Continues)
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VAN DER VELPEN ET AL. 651

TABLE 1 (Continued)

No dementia

(N= 5250)

Incident dementia

(N= 272)

Total sample

(N= 5522)

Right hemisphere subcortical structures (mL), mean (SD)

Accumbens 0.49 (0.10) 0.44 (0.10) 0.49 (0.10)

Amygdala 1.41 (0.21) 1.28 (0.24) 1.40 (0.22)

Caudate 3.49 (0.54) 3.66 (0.76) 3.50 (0.56)

Hippocampus 3.90 (0.56) 3.39 (0.55) 3.87 (0.57)

Pallidum 1.43 (0.25) 1.26 (0.22) 1.42 (0.25)

Putamen 4.49 (0.63) 4.21 (0.77) 4.48 (0.64)

Thalamus 6.31 (0.78) 5.68 (0.66) 6.28 (0.79)

Abbreviations: CES-D, Center for Epidemiologic Studies–Depression scale; HDL, high-density lipoprotein; IQR, interquartile range;MRI,magnetic resonance

imaging; SD, standard deviation;WMH:whitematter hyperintensity.

TABLE 2 Volume of subcortical structures and risk of dementia

Hazard ratios with 95% confidence interval for risk of dementia (n/N= 272/5522)

Left hemisphere Right hemisphere Mean volumes

Mean volumes,

mutually adjusted

Accumbens 1.29 (1.13–1.47) 1.23 (1.07–1.41) 1.31 (1.14–1.50) 1.22 (1.06–1.42)

Amygdala 1.42 (1.26–1.60) 1.46 (1.29–1.66) 1.66 (1.44–1.92) 1.31 (1.10–1.57)

Caudate 0.93 (0.83–1.04) 0.89 (0.79–0.99) 0.90 (0.81–1.01) 0.85 (0.74–0.98)

Hippocampus 1.36 (1.22–1.52) 1.41 (1.26–1.58) 1.64 (1.43–1.88) 1.35 (1.12–1.61)

Pallidum 1.28 (1.09–1.50) 1.32 (1.12–1.57) 1.37 (1.15–1.63) 1.06 (0.86–1.30)

Putamen 1.07 (0.94–1.22) 1.05 (0.92–1.19) 1.06 (0.93–1.22) 0.89 (0.76–1.05)

Thalamus 1.76 (1.42–2.18) 1.88 (1.51–2.33) 1.94 (1.55–2.43) 1.70 (1.32–2.18)

Note: Hazard ratio per standard deviation decrease of volume. Left, right, and mean volumes are adjusted for age, sex, total intracranial volume, education,

Center for Epidemiologic Studies–Depression score, systolic blood pressure, fasting blood glucose, total cholesterol, high-density cholesterol, psychotropic

medication (psycholeptic and psychoanaleptic), presence of lacunar infarcts, presence of cerebral microbleeds, white matter hyperintensity volume, stroke,

and coronary heart disease. Mutually adjusted mean volumes were additionally adjusted for all other subcortical structures and supratentorial gray matter

volume.

Abbreviations: n, number of cases; N, number of persons at risk.

3 RESULTS

Baseline characteristics for 5522 participants are presented in Table 1.

Mean age was 64.4 years and 3059 participants were female. During a

follow-up of 46,661 person-years (median [IQR]: 9.1 years [6.8–10.5]),

272 participants developed dementia, of whom 205 were diagnosed

with AD.

Volumes of all subcortical structures except the putamen were

associated with dementia risk (Table 2). Associations were most pro-

nounced for thalamus (hazard ratio [HR] per standard deviation [SD]

decrease 1.94), amygdala (HR = 1.66), and hippocampus volumes

(HR = 1.64). In the mutually adjusted model, all structures except

the pallidum remained significantly associated with dementia risk.

Larger caudate volume was associated with dementia risk (HR =

0.85). This finding was present in female participants, but not in males

(Appendix A, Figure SA.1 in supporting information).

Accumbens and putamen volumes were associated with dementia

risk in APOE ε4 non-carriers, but not in carriers (P for interaction =

0.004 in accumbens, P for interaction = 0.04 in putamen; Figure 2).

There were no significant differences between APOE ε4 carriers and

non-carriers for the other subcortical structures. Exclusion of APOE ε2
carriers did not change the results. Stratification on time to demen-

tia diagnosis did not result in significant differences between groups

(Appendix A, Figure SA.2 in supporting information).

Associations between subcortical shape and dementia risk are pre-

sented in Figure 3. Smaller subregional volume and thickness of the

dorsal amygdala, dorsomedial and lateral thalamus, and medial and

lateral hippocampus were associated with an increased dementia risk

(Figure 3A–D). Larger subregional volume and thickness of the caudate

tail was associatedwith a higher dementia risk, while the caudate head

showed small clusters of lower thickness (Figure3A–D). Shape changes

were most widespread in the amygdala, where at most 27.3% of
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652 VAN DER VELPEN ET AL.

F IGURE 2 Volume of subcortical structures and risk of dementia
for APOE ε4 carriers and non-carriers. Hazard ratio per standard
deviation decrease of volume. P indicates P-value for the interaction
term (mean structure volume x APOE ε4 carrier status). Incident
dementia cases in APOE ε4 carriers group: 108/1517 (n/N). Incident
dementia cases in APOE ε4 non-carriers group: 164/4005 (n/N).
Models were adjusted for age, sex, total intracranial volume,
education, CES-D score, systolic blood pressure, fasting blood glucose,
total cholesterol, high-density cholesterol, psychotropic medication
(psycholeptic and psychoanaleptic), presence of lacunar infarcts,
presence of cerebral microbleeds, white matter hyperintensity
volume, stroke, and coronary heart disease. Abbreviations: APOE,
apolipoprotein E; CES-D, Center for Epidemiologic
Studies–Depression; CI, confidence interval; HR, hazard ratio; n,
number of cases; N, number of persons at risk

vertices was associated with dementia risk (Table 3, radial distance,

right hemisphere). After adjusting for gross volume of each structure,

most shape measures were no longer significantly associated with

dementia risk (Figure 3E–H; Table 3). The lateral hippocampus and cau-

date tail demonstrated small clusters where larger subregional volume

and thickness were associated with dementia.

Q-Q plots for shape measures show that the observed P-values

overall were smaller than the expected P-values (Figure 3I). P-values

above the Šidák-corrected significance thresholds are reported as sig-

nificant findings. Small observed P-values below the P-value threshold

indicate that more associations between shape and dementia risk are

present, but likely remainundetecteddue to limitedpower.Differences

in number of significant vertices between the structure-specific and

stringent thresholds are small and do not change the interpretation of

the findings.

Associations between subcortical structures and AD were similar

to all-cause dementia (Tables SA.2 and SA.3 in supporting informa-

tion). Associations between shape measures and dementia risk after

stringent P-value correction are presented in Tables SA.4–A.5 and

Figure SA.3 in supporting information. Shape analyses stratified for

APOE ε4 carrier status did not show any differences between groups

(data not shown). None of the sensitivity analyses changed the inter-

pretation of the results.

4 DISCUSSION

In this population-based study of older adults, amygdala, thalamus, hip-

pocampus, and caudate structure was associated with dementia risk.

Smaller overall volume of the thalamus, amygdala, and hippocampus

was associated with incident dementia, accompanied by subregional

volume loss and lower thickness. Larger caudate volume, localized in

the caudate tail, was associated with dementia. After adjusting for

structure-specific volume, associations between subcortical shape and

dementia attenuated strongly.

We found that amygdala structure in dementia-free individuals

was highly associated with dementia risk. This finding aligns with

neuroimaging studies that showed amygdala atrophy in dementia

patients.9,29 Situated in the medial temporal lobe, the amygdala

receives input from the sensory thalamus and cortex, and projects

to prefrontal cortices, hippocampus, accumbens, hypothalamus, and

brain stem.30 Recent research indicates that both positive and neg-

atives outcomes of behavior engage the amygdala, suggesting its

function concerns valence-based learning, besides fear-conditioning

alone.30–32 Importantly, the amygdala is involved in processing social

cues and guiding appropriate affective behavior.33 Amygdala lesions

impair innate and learned responses to social stimuli,31 which may

explain why patients with early-stage dementia demonstrate emotion-

ally or socially inappropriate behaviors.29 Our findings show that the

amygdala contributes to dementia risk and may provide a basis for

future studies on neural substrates of neuropsychiatric symptoms in

cognitive decline.

Thalamus structure was strongly associated with dementia risk,

with effect sizes for volume more pronounced than for hippocampus

and amygdala. Shape changes were localized mainly to the limbic

thalamus. To our knowledge, involvement of the thalamus in dementia

risk has not been described before in a cognitively healthy sample.

Previous studies have reported pathological changes in the thala-

mus in early stages of neurodegenerative diseases, and Braak and

Braak found neurofibrillary changes in the limbic thalamus in the

same stage as the hippocampus.34–36 The anterior, mediodorsal, and

laterodorsal nuclei have been termed the limbic thalamus due to

their dense connections to other structures in the limbic system (e.g.,

hippocampus, amygdala, basal ganglia, and prefrontal cortex) and their

involvement in cognitive function and emotion.10,37 The role of the

thalamus in cognitive function is increasingly established.38,39 Current

literature indicates that it is involved in executive functioning and

memory processing,37 potentially as a modulator of behavior-inducing
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VAN DER VELPEN ET AL. 653

F IGURE 3 Dementia risk associated with shapemeasures of subcortical structures. Associations between subcortical shapemeasures and
dementia are presented as red and blue surface areas for each structure. Red areas indicate that smaller subregional volume or thickness in a
structure has an increased hazard ratio (HR) for dementia. Blue areas indicate that larger subregional volume or thickness of a structure has an
increased HR for dementia. Only vertices with a statistically significant HR after Šidák correction are shown in red or blue. A–D,Model 1:
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654 VAN DER VELPEN ET AL.

feedback to the cortex based on context information.34,40 Com-

bined with our findings, this indicates a central role for the thalamus

in dementia pathology, likely contributing to early cognitive and

emotional symptoms.

Unexpectedly, we found that larger caudate volume, mainly of

the caudate tail, was associated with dementia risk. This finding was

present in female, but not in male, participants. Larger caudate vol-

umes have been described in AD compared to MCI patients, where

this finding was partially explained by female sex and older age,41

and in PSEN1mutation carriers in the prodromal phase of dementia.42

In contrast, caudate atrophy has been associated with conversion

from MCI to AD.43 The caudate volume increase has been sug-

gested as a temporary compensation for cognitive decline due to hip-

pocampal atrophy in preclinical dementia, after which global atro-

phy may affect the caudate too.41,44 Alternatively, measurement error

through issues with image segmentation may explain these conflict-

ing results. Longitudinal studies including imaging-trajectories before

and after dementia diagnosis are needed to replicate and confirm our

findings.

We found no differences between APOE ε4 carriers and non-

carriers, except for accumbens and putamen volumes and dementia

risk in non-carriers. This contrasts to previous studies in AD and MCI

patients, which found that APOE ε4 carriers had more pronounced

hippocampus, amygdala,45,46 thalamus, and caudate volume loss than

non-carriers.8 A study in cognitively healthy adults reported altered

microstructure of the thalamus in APOE ε4 carriers compared to non-

carriers, but not in other subcortical structures.47 Potentially, APOE ε4
carriers have different trajectories of subcortical changes after demen-

tia diagnosis than prior to diagnosis.

The associations between shape and dementia risk attenuated

strongly after adjusting for structure-specific volume, indicating

that shape changes in this preclinical sample were explained mostly

by gross volume. Still, shape measures demonstrate how gross vol-

ume changes are distributed across a structure, providing insight

into localized morphological changes that volume measures alone

do not identify. One study found that a prediction model for con-

version from MCI to AD using subcortical shape was superior to a

volume-based model.48 Future research is needed to study the role of

subcortical volume and shape in prediction of dementia in preclinical

populations.

This study has several strengths and limitations. Strengths include

the population-based design and neuroimaging in a preclinical set-

ting, along with the use of several morphological markers. Although

we were able to identify a substantial number of dementia cases,

power in our stratified analyses for follow-up time and for shape in

APOE ε4 carriers was too low to draw conclusions on morphologi-

cal differences between subgroups. The findings from subgroup anal-

yses should be interpreted with caution due to limited power. We

did not apply a multiple testing correction for the volume analy-

ses, to prevent under-reporting on potentially relevant associations.

Finally, FreeSurfer has been reported to systematically overestimate

subcortical volumes, which may have resulted in some general over-

estimation of our effect estimates, but not in differences between

structures.49,50

In conclusion, subcortical structure, in particular of the amygdala

and thalamus, is strongly related to dementia risk in a general popula-

tion. The underlying etiology and resulting symptoms should be a focus

of future research. Dementia is increasingly recognized as a complex

multifactorial syndrome, with common early neuropsychiatric symp-

toms that warrant attention in addition to the cognitive symptoms,

both in clinic and research. Although dementia research has tradition-

ally had a strong focus on the hippocampus and neocortex, the subcor-

tical brainmay be crucial to increase our understanding the complexity

of dementia.
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VAN DER VELPEN ET AL. 655

TABLE 3 Shape of subcortical structures and dementia risk

Left hemisphere

Jacobian determinant Radial distance

Total Mod. Min. P #Pos, N (%) #Neg, N (%) Mod. Min. P #Pos, N (%) #Neg, N (%)

Accumbens 930 1 5.36*10-5 0 (0.0) 3 (0.3) 1 1.04*10-5 0 (0.0) 42 (4.5)

2 8.85*10-3 0 (0.0) 0 (0.0) 2 4.23*10-3 0 (0.0) 0 (0.0)

Amygdala 1368 1 1.57*10-9 0 (0.0) 372 (27.2) 1 2.39*10-9 0 (0.0) 220 (16.1)

2 8.92*10-5 3 (0.2) 0 (0.0) 2 1.47*10-4 0 (0.0) 0 (0.0)

Caudate 2502 1 1.93*10-5 10 (0.4) 0 (0.0) 1 9.97*10-10 81 (3.2) 56 (2.2)

2 1.26*10-5 11 (0.4) 0 (0.0) 2 9.20*10-10 70 (2.8) 71 (2.8)

Hippocampus 2502 1 7.57*10-6 0 (0.0) 32 (1.3) 1 2.57*10-11 0 (0.0) 140 (5.6)

2 5.71*10-6 85 (3.4) 0 (0.0) 2 6.63*10-8 40 (1.6) 0 (0.0)

Pallidum 1254 1 1.63*10-6 0 (0.0) 13 (1.0) 1 1.27*10-5 0 (0.0) 4 (0.3)

2 1.25*10-4 0 (0.0) 0 (0.0) 2 3.56*10-4 0 (0.0) 0 (0.0)

Putamen 2502 1 1.42*10-5 0 (0.0) 8 (0.3) 1 3.21*10-9 0 (0.0) 27 (1.1)

2 6.05*10-7 47 (1.9) 6 (0.2) 2 6.26*10-10 8 (0.3) 35 (1.4)

Thalamus 2502 1 1.19*10-7 0 (0.0) 78 (3.1) 1 7.78*10-10 0 (0.0) 120 (4.8)

2 1.16*10-5 5 (0.2) 0 (0.0) 2 1.01*10-5 7 (0.3) 3 (0.1)

Right hemisphere

Jacobian determinant Radial distance

Total Mod. Min. P #Pos, N (%) #Neg, N (%) Mod. Min. P #Pos, N (%) #Neg, N (%)

Accumbens 930 1 5.93*10-6 0 (0.0) 62 (6.7) 1 9.65*10-8 4 (0.4) 34 (3.7)

2 1.77*10-5 5 (0.5) 0 (0.0) 2 8.54*10-6 11 (1.2) 4 (0.4)

Amygdala 1368 1 6.76*10-11 0 (0.0) 317 (23.2) 1 5.72*10-13 0 (0.0) 374 (27.3)

2 3.66*10-8 91 (6.7) 0 (0.0) 2 2.29*10-7 12 (0.9) 17 (1.2)

Caudate 2502 1 1.74*10-7 60 (2.4) 0 (0.0) 1 1.20*10-7 152 (6.1) 39 (1.6)

2 1.23*10-6 26 (1.0) 0 (0.0) 2 4.28*10-7 56 (2.2) 70 (2.8)

Hippocampus 2502 1 1.10*10-9 0 (0.0) 246 (9.8) 1 1.70*10-11 0 (0.0) 312 (12.5)

2 1.94*10-9 191 (7.6) 0 (0.0) 2 1.45*10-10 77 (3.1) 11 (0.4)

Pallidum 1254 1 8.16*10-6 0 (0.0) 20 (1.6) 1 5.06*10-5 0 (0.0) 1 (0.1)

2 1.53*10-3 0 (0.0) 0 (0.0) 2 1.62*10-3 0 (0.0) 0 (0.0)

Putamen 2502 1 7.53*10-6 0 (0.0) 29 (1.2) 1 6.46*10-6 0 (0.0) 4 (0.2)

2 8.17*10-7 0 (0.0) 48 (1.9) 2 2.91*10-6 0 (0.0) 23 (0.9)

Thalamus 2502 1 1.14*10-7 0 (0.0) 114 (4.6) 1 8.55*10-9 0 (0.0) 82 (3.3)

2 6.67*10-4 0 (0.0) 0 (0.0) 2 1.43*10-4 0 (0.0) 0 (0.0)

Note: Number of vertices that are significantly associated with dementia risk in Cox proportional hazard models. Structure-specific P-value thresholds

for significant associations after Šidák correction were: accumbens 9.18*10–5; amygdala 9.00*10–5; caudate 5.02*10–5; hippocampus 3.26*10–5; pallidum

6.53*10–5; putamen 4.95*10–5; thalamus 3.82*10–5. Total, total number of vertices per structure; Mod, model; Min. P, lowest P-value for each structure;

#Pos, number of vertices with a statistically significant positive association with the outcome, indicating that an increase in the measure (larger subregional

volume or thickness) is associatedwith a higher dementia risk; #Neg, number of verticeswith a statistically significant negative associationwith the outcome,

indicating that a decrease in themeasure (smaller subregional volume or thickness) is associated with an increased dementia risk.

Model 1: adjusted for age, sex, total intracranial volume, education, Center for Epidemiologic Studies–Depression score, systolic blood pressure, fasting blood

glucose, total cholesterol, high-density cholesterol, psychotropic medication (psycholeptic and psychoanaleptic), presence of lacunar infarcts, presence of

cerebral microbleeds, whitematter hyperintensity volume, stroke, and coronary heart disease.

Model 2: model 1+ adjusted for gross volume of each structure.
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2017Alzheimer’s Association International Conference; no abstract or

other information was published previously. The authors are grateful

to the study participants, the staff from the Rotterdam Study, and the

participating general practitioners and pharmacists.
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