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Dementia risk and thalamic nuclei volumetry 
in healthy midlife adults: the PREVENT 
Dementia study

Sita N. Shah,1 Maria-Eleni Dounavi,1 Paresh A. Malhotra,2,3 Brian Lawlor,4,5

Lorina Naci,4,5 Ivan Koychev,6 Craig W. Ritchie,7 Karen Ritchie8 and John T. O’Brien1

A reduction in the volume of the thalamus and its nuclei has been reported in Alzheimer’s disease, mild cognitive impairment and 
asymptomatic individuals with risk factors for early-onset Alzheimer’s disease. Some studies have reported thalamic atrophy to occur 
prior to hippocampal atrophy, suggesting thalamic pathology may be an early sign of cognitive decline. We aimed to investigate volu-
metric differences in thalamic nuclei in middle-aged, cognitively unimpaired people with respect to dementia family history and apo-
lipoprotein ϵ4 allele carriership and the relationship with cognition. Seven hundred participants aged 40–59 years were recruited into 
the PREVENT Dementia study. Individuals were stratified according to dementia risk (approximately half with and without parental 
dementia history). The subnuclei of the thalamus of 645 participants were segmented on T1-weighted 3 T MRI scans using FreeSurfer 
7.1.0. Thalamic nuclei were grouped into six regions: (i) anterior, (ii) lateral, (iii) ventral, (iv) intralaminar, (v) medial and (vi) pos-
terior. Cognitive performance was evaluated using the computerized assessment of the information-processing battery. Robust linear 
regression was used to analyse differences in thalamic nuclei volumes and their association with cognitive performance, with age, sex, 
total intracranial volume and years of education as covariates and false discovery rate correction for multiple comparisons. We did not 
find significant volumetric differences in the thalamus or its subregions, which survived false discovery rate correction, with respect to 
first-degree family history of dementia or apolipoprotein ϵ4 allele status. Greater age was associated with smaller volumes of thalamic 
subregions, except for the medial thalamus, but only in those without a dementia family history. A larger volume of the mediodorsal 
medial nucleus (Pfalse discovery rate = 0.019) was associated with a faster processing speed in those without a dementia family history. 
Larger volumes of the thalamus (P = 0.016) and posterior thalamus (Pfalse discovery rate = 0.022) were associated with significantly 
worse performance in the immediate recall test in apolipoprotein ϵ4 allele carriers. We did not find significant volumetric differences 
in thalamic subregions in relation to dementia risk but did identify an interaction between dementia family history and age. Larger 
medial thalamic nuclei may exert a protective effect on cognitive performance in individuals without a dementia family history but 
have little effect on those with a dementia family history. Larger volumes of posterior thalamic nuclei were associated with worse recall 
in apolipoprotein ϵ4 carriers. Our results could represent initial dysregulation in the disease process; further study is needed with func-
tional imaging and longitudinal analysis.
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Graphical Abstract

Introduction
Alzheimer’s disease is the most common cause of dementia, 
characterized by cognitive decline associated with the pres-
ence of amyloid beta plaques and neurofibrillary tangles.1

Some of the earliest symptoms that present during the pro-
dromal stages include disturbances in mood, sleep and mo-
tivation.2 Cognitive domains affected include episodic 
memory, visuospatial awareness, executive function, atten-
tion, speech and language.2

Inherited autosomal dominant genetic mutations in the 
amyloid precursor protein (APP) and presenilin 1 (PSEN1) 
and 2 (PSEN2) genes cause early-onset Alzheimer’s disease, 
which presents before the age of 65 years.3 Mutations in 
these genes result in the excess production and accumulation 
of amyloid beta 42 (Aβ42).3 Individuals with these mutations 

display a strong family history for early-onset Alzheimer’s 
disease.3 Most cases of sporadic Alzheimer’s disease are of 
late onset, typically presenting in individuals over 65 years 
of age and associated with several genetic risk factors, par-
ticularly possession of the apolipoprotein ϵ4 (APOE4) 
allele.4 Homozygote APOE4 carriers have a greater risk 
of developing Alzheimer’s dementia than heterozygotes.4

APOE4 carriers exhibit greater medial temporal lobe atro-
phy, tau accumulation and cognitive dysfunction compared 
to non-carriers and are more likely to experience mild cogni-
tive impairment (MCI) prior to overt dementia.5-8

Much of the focus on brain changes at the earliest stages of 
disease have been on the hippocampus and medial temporal 
lobe.9 However, other structures, like the thalamus and pos-
terior brain regions, have shown early pathological changes 
in the Alzheimer’s disease process.10-12 A reduction in the 
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volume of these areas has been shown to correlate with 
poorer cognition in people with Alzheimer’s dementia and 
MCI.12-15 Volume loss in the hippocampus and the thalamus 
appears to precede atrophy of other structures such as the 
amygdala, where a volume reduction is only seen in people 
with Alzheimer’s dementia.16

The thalamus comprises of 25 nuclei in each brain hemi-
sphere (Table 1).17 Multiple studies have shown changes in 
the thalamic nuclei in Alzheimer’s dementia.18,19 At autopsy, 
amyloid plaques have been found in almost all thalamic nu-
clei in Alzheimer’s dementia, especially the anteroventral nu-
cleus.20 Neurofibrillary tangles have been identified in the 
anterior and intralaminar thalamic subregions, and the later-
odorsal and anteroventral nuclei.20 Neuronal loss and 
neurofibrillary tangles have also been found in the antero-
dorsal, dorsomedial and pulvinar nuclei.21-23

Only a few studies have investigated volumetric changes in 
the thalamic nuclei in individuals with early- and late-onset 
Alzheimer’s disease and MCI. Asymptomatic and symptom-
atic PSEN1 and APP mutation carriers have been found to 
have reduced thalamic volumes compared to healthy con-
trols, while those with dementia exhibited a reduction in 
temporal and parietal volumes.24 A reduction in the volumes 
of the mediodorsal, pulvinar and medial geniculate (MGN) 
nuclei has been identified in early MCI.25 The same nuclei, 
with the addition of the anteroventral and centromedian nu-
clei, are significantly smaller in individuals with late MCI 
and Alzheimer’s dementia compared to healthy controls.25

Van de Mortel et al.26 found the volume of the ventrolateral 

thalamus was reduced in those with early MCI compared to 
those with normal cognition. Hippocampal and temporal at-
rophy only became evident in late MCI and Alzheimer’s de-
mentia, suggesting that thalamic pathology may be one of 
the first signs of cognitive decline.26 Low et al.27 have identi-
fied significantly smaller anterior and posterior thalamic sub-
nuclei volumes and greater leftward ventral thalamic 
atrophy in Alzheimer’s dementia compared to MCI and 
healthy controls.

The thalamus plays a key role in cognition, especially in re-
call and processing speed.28,29 Deficits in episodic memory 
and executive function have been noted, with executive dys-
function being linked to damage in the medial thalamus.30,31

Individuals exhibit difficulties with cognitive flexibility fol-
lowing a thalamic stroke.31 They also display difficulties 
with recognition and a greater response time, which is asso-
ciated with volume loss of the mediodorsal lateral nuclei.32

Other case reports of thalamic strokes involving the medio-
dorsal medial (MDm) and lateral territory have reported 
greater problems with recall rather than recognition.33

Processing speed has been shown to be related to the thal-
amus in individuals with multiple sclerosis.34,35 Atrophy of 
the anterior and superior left thalamus has been associated 
with slower processing speeds.29

Collectively, there is evidence suggesting the thalamus is 
affected early in the pathological course of Alzheimer’s dis-
ease and may even predate hippocampal changes.26

Thalamic pathology may be implicated in the initial cogni-
tive changes during the prodromal stages of Alzheimer’s dis-
ease. A better understanding of the sequence of structural 
brain changes and cognitive performance can identify bio-
markers to prevent dementia in those at risk.

We aimed to investigate differences in the volumes of the 
thalamus and its nuclei and the effect on cognitive perform-
ance with respect to dementia family history (FHD) and 
APOE4 carriership in a middle-aged, cognitively normal co-
hort, without signs of global atrophy.36 We hypothesized the 
volume of the thalamus would be reduced in APOE4 carriers 
compared to non-carriers and also reduced in individuals 
with FHD compared to those without. We further hypothe-
sized that volumetric loss would be more prominent in the 
anterior and medial thalamic nuclei and would be related 
to recall ability.

Materials and methods
Participants
Seven hundred cognitively healthy (absence of dementia or 
other neurological or major psychiatric conditions) partici-
pants aged between 40 and 59 years were recruited to the 
PREVENT Dementia study, which includes four sites in 
the UK (Oxford, Cambridge, Edinburgh and West 
London) and one in Ireland (Dublin). The study protocol 
has been described extensively before.37 A variety of recruit-
ment strategies were used with the aim of purposefully 

Table 1 Thalamic nuclei and their groupings as 
suggested by Iglesias et al.17

Group Nuclei

Anterior Anteroventral (AV)
Lateral Laterodorsal (LD)

Lateral posterior (LP)
Ventral Ventral anterior (VA)

Ventral anterior magnocellular (VAmc)
Ventral lateral anterior (VLa)
Ventral lateral posterior (VLp)
Ventral posterolateral (VPL)
Ventromedial (VM)

Intralaminar Central medial (CEM)
Central lateral (CL)
Paracentral (Pc)
Centromedian (CM)
Parafascicular (Pf)

Medial Paratenial (Pt)
Reuniens (medial ventral) (MVre)
Mediodorsal medial magnocellular (MDm)
Mediodorsal lateral parvocellular (MDl)

Posterior Lateral geniculate (LGN)
Medial geniculate (MGN)
Limitans (suprageniculate) (LSG)
Pulvinar anterior (PuA)
Pulvinar medial (PuM)
Pulvinar lateral (PuL)
Pulvinar inferior (PuI)

Others Reticular
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recruiting a cohort where approximately half the partici-
pants had a parental FHD and half did not. Strategies in-
cluded approaching children of individuals with dementia 
using the dementia register database from the West London 
Mental Health National Health Service (NHS) Trust, using 
other local site volunteer registers, word of mouth, the Join 
Dementia Research website and PREVENT Dementia website 
(https://www.joindementiaresearch.nihr.ac.uk/ and https:// 
preventdementia.co.uk/). All subjects provided written in-
formed consent, and the study was approved by the 
London-Camberwell St Giles NHS Ethics Committee (REC 
reference; 12/LO/1023), which acts in accordance with the 
Declaration of Helsinki of 1975 (and as revised in 1983). 
Participants were stratified according to FHD, which was de-
fined as having one or both parents with dementia.

All participants underwent cognitive testing and MRI im-
aging at one of the five sites. Participants underwent APOE4 
genotyping using QuantStudio12K. Those without FHD or 
APOE4 alleles were control subjects for each respective 
analysis.

Cognitive analysis
Participants underwent cognitive testing using the computer-
ized assessment of information (COGNITO) battery.38 This 
computerized cognitive battery tests a wide range of cogni-
tive domains, such as attention, language, visuospatial 
awareness and memory, and has demonstrated good test– 
retest reliability.38 The following measures and tests were 
used for the cognitive analyses: 

(i) Number of names correctly recalled in the immediate 
recall test (test of recall ability). Participants were asked 
to list the nine names that had been read aloud to them 
immediately after acquisition.

(ii) Number of names correctly recalled in the delayed re-
call test (test of recall ability). Participants had to recite 
the names they had previously learned after completing 
other tests.

(iii) Number of elements correctly recalled in the descriptive 
recall test (test of recall ability). Subjects had to recall 
27 visual descriptive words or phrases they had been 
told as part of a short descriptive excerpt.

(iv) Number of elements correctly recalled in the narrative 
recall test (test of recall ability). Participants had to re-
call 27 elements that had been told to them in a logical 
sequence as part of a story.

(v) Time to first click in the visual and auditory attention 
test (test of working memory), which was used as a 
marker of processing speed. Participants were shown 
a shape and had to click on the identical shape while 
counting the sounds that were being played.

(vi) Number of correct trials in the Stroop test (test of cog-
nitive flexibility). Participants had to match the name of 
a colour to the button containing the name of the col-
our, a picture of the colour to the name of the colour 
and the name of the colour written in that colour to 
the colour name button.

(vii) These tests were selected as they have previously been 
shown to be sensitive to thalamic dysfunction.28,29,31-35,39

Image analysis
As part of the PREVENT Dementia MRI protocol, a 
T1-weighted magnetization-prepared rapid gradient echo se-
quence was acquired on 3 T Siemens (Siemens Healthcare, 
Erlangen, Germany) scanners with models varying depend-
ing on the scanning site (Prisma, Verio, Prisma fit and Skyra).

Participants were excluded if they did not have an MRI 
scan (n = 55) available. The remaining 645 T1-weighted 
MRI scans were analysed using FreeSurfer 7.1.0 software 
and in particular the recon-all pipeline. Subsequently, a thal-
amic nuclei segmentation module, which is part of the 
FreeSurfer software, was applied (https://freesurfer.net/ 
fswiki/ThalamicNuclei) to segment the thalamic nuclei. 
This software has been validated to segment thalamic nuclei 
and is based on a probabilistic map determined from post- 
mortem histology samples and ex vivo MRI brain scans.17

This is a validated atlas and demonstrates good test–retest re-
liability.17 It can identify 25 nuclei in each thalamic hemi-
sphere. These nuclei were grouped into the following 
regions: anterior, lateral, ventral, intralaminar, medial and 
posterior, as suggested by Iglesias et al.17 and shown in 
Table 1. Following segmentation, all scans underwent qual-
ity control, which was based on visual inspection of the 
scans. Scans were excluded from analysis if they included in-
cidental findings, pathological lesions, or if the segmentation 
process had failed. This involved scans where the segmenta-
tion was missing several contiguous voxels or contained a 
lesion, as seen in Fig. 1. Fifteen scans were excluded due 
to pathological findings, and a further 15 scans because 
of failed segmentation, leaving 615 included for further 
analysis.

Thalamic volumes underwent ComBat harmonization to 
account for differences in the scanning equipment across 
the five sites. ComBat harmonization is used to account 
for the variability attributed to different sites and/or scan-
ners.40 Age, sex, years of education, APOE4 and FHD 
were used as modulating variables. Four subjects were ex-
cluded from analysis looking at the effect of FHD due to in-
complete information about their FHD. Four different 
subjects had incomplete information about APOE4 status 
and were excluded for analyses involving APOE4 status. 
Six hundred and eleven participants were included for ana-
lyses involving FHD, and 611 subjects were included for 
analysis involving APOE4 status.

Statistical analysis
Statistical analyses were carried out using R Statistical 
Software (version 4.1.0). A Shapiro–Wilk test was used to as-
sess normality. Robust linear regression was used with age, 
sex, years of education and total intracranial volume as cov-
ariates. Initial analyses were confined to the thalamus and its 
six subregions, as suggested by Iglesias et al.,17 to identify 
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any subtle changes in this young cohort. A false discovery 
rate (FDR) method was applied to correct for multiple com-
parisons. A P < 0.05 was considered statistically significant. 
For any regions with a significant PFDR-value, further ana-
lysis investigating the nuclei within that region, as shown 
in Table 1, was undertaken with FDR correction.

Chi-squared and Wilcoxon rank-sum tests were used to 
check for any statistical differences in baseline characteristics 
between the two groups. Volumetric differences of the thal-
amus and its subregions were compared with respect to FHD 
and APOE4 status. An interaction analysis was carried out to 
evaluate the effect of volumes of the regions of interest 
(ROIs) and FHD or APOE4 on cognitive performance. The 
effect of interactions between age and FHD and age and 
APOE4 on volumes of the ROI was investigated. 
Spearman’s correlation was used to determine the direction-
ality of significant interactions.

Results
The baseline characteristics for those included are summar-
ized in Table 2. There were significant differences in the num-
ber of APOE4 carriers between FHD-positive and 
FHD-negative groups (P = 0.002) and the mean age (P =  
0.037) and number of individuals with FHD (P = 0.002) be-
tween APOE4 carriers and non-carriers.

Volumetric differences with respect 
to FHD
We did not find a significant difference in the volume of the 
whole thalamus when comparing FHD-positive and 
FHD-negative groups (t = −0.68, P = 0.497). However, indi-
viduals with a positive FHD had a trend towards a smaller 
medial thalamus compared to FHD-negative group (t =  
−2.417, P = 0.016, PFDR = 0.095, β = −0.080), as shown in 
Fig. 2.

Volumetric differences with respect 
to APOE4 status
We did not find a difference in the volume of the thalamus 
with respect to APOE4 status (t = 0.105, P = 0.917). We 

also did not find any volumetric differences of the thalamic 
subregions with respect to APOE4 that survived FDR 
correction.

Interaction between age and 
Alzheimer’s disease risk factors in 
predicting thalamic volumes
There were significant interactions between age and FHD sta-
tus in predicting volumes of the thalamus and its subregions 
except the medial thalamus, as shown in Fig. 3 and 
Supplementary Fig. 1 (thalamus, t = 2.828, P = 0.005; anter-
ior, t = 2.115, P = 0.035, PFDR = 0.042; ventral, t = 2.226, 
P = 0.026, PFDR = 0.04; intralaminar, t = 2.754, P = 0.006, 
PFDR = 0.018; lateral, t = 3.025, P = 0.003, PFDR = 0.016; 
medial, t = 1.922, P = 0.055, PFDR = 0.055; posterior, t =  
2.231, P = 0.026, PFDR = 0.04). Greater age was associated 
with smaller volumes of these ROIs in the FHD-negative 
group (Supplementary Table 1; thalamus, ρ = −0.153, P =  
0.010; anterior, ρ = −0.103, P = 0.083; ventral, ρ = −0.117, 
P = 0.047; intralaminar, ρ = −0.157, P = 0.008; lateral, ρ =  
−0.138, P = 0.019; posterior, ρ = −0.137, P = 0.020). We 
did not find any significant interactions that survived FDR 
for age and APOE4 in predicting thalamic volumes.

Associations with cognition with 
respect to FHD
Cognition was assessed using tasks assessing processing 
speed, recall and cognitive flexibility. We did not find any sig-
nificant effects of FHD status alone on performance on any of 
the cognitive tests that survived FDR correction (immediate 
recall, t = 0.565, P = 0.572, PFDR = 0.969; delayed recall, 
t = 2.454, P = 0.014, PFDR = 0.086; descriptive recall, 
t = 2.157, P = 0.031, PFDR = 0.094; narrative recall, t =  
−0.244, P = 0.807, PFDR = 0.969; processing speed, 
t = −0.452, P = 0.651, PFDR = 0.969; Stroop test, t =  
−0.029, P = 0.977, PFDR = 0.977).

FHD status alone had no impact on the latency of re-
sponses in the visual and auditory attention test, as a marker 
of processing speed. However, there was a significant inter-
action between FHD and volume of the medial thalamus 
(t = 2.659, P = 0.008, PFDR = 0.048) in predicting processing 

Table 2 Summary of the demographics of the study participants

Characteristic Total, n = 615
FHD positive,  

n = 325
FHD negative,  

n = 286
APOE4 carrier,  

n = 235
APOE4 non-carrier, 

n = 376

Mean age ± SD (years) 51.1 ± 5.4 51.6 ± 4.9 50.6 ± 6.0 50.6 ± 5.5 51.5 ± 5.4
Mean years of education ± SD 16.7 ± 3.4 16.5 ± 3.2 16.9 ± 3.7 16.9 ± 3.6 16.6 ± 3.3
FHD Positive: 52.8%;  

negative: 46.5%
N/A N/A Positive: 60.4%; 

negative: 38.7%
Positive: 47.6%; 
negative: 51.9%

APOE4 status Carrier: 38.2%; 
non-carrier: 61.2%

Carrier: 43.7%; 
non-carrier: 55.1%

Carrier: 31.8%; 
non-carrier: 68.2%

N/A N/A

Sex Male: 38.2%;  
female: 61.8%

Male: 36.0%;  
female: 64.0%

Male: 40.9%;  
female: 59.1%

Male: 37.0%;  
female: 63.0%

Male: 39.1%;  
female: 60.9%

SD, standard deviation; APOE4, apolipoprotein ϵ4; FHD, dementia family history (parental); N/A, not applicable.
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speed as displayed in Fig. 4 and Supplementary Fig. 2. Within 
the medial thalamus, there were significant interactions be-
tween the MDm nucleus and FHD (t = 2.831, P = 0.005, 
PFDR = 0.019) in predicting processing speed. A larger vol-
ume of the MDm in those without FHD was associated 
with shorter time to first click, indicating a faster processing 
speed (Supplementary Table 2; medial thalamus, ρ =  
−0.255, P < 0.001; MDm, ρ = −0.260, P < 0.001). We did 
not find any significant interactions between the volumes of 
the ROI and FHD status on performance on the immediate, 
delayed, descriptive and narrative recall tests and Stroop test.

Associations with cognition with 
respect to APOE4 status
We did not find any significant differences in performance on 
any of the cognitive tests with respect to APOE4 status alone 
(immediate recall, t = −0.405, P = 0.685, PFDR = 0.822; de-
layed recall, t = 0.824, P = 0.410, PFDR = 0.806; descriptive 
recall, t = 1.217, P = 0.224, PFDR = 0.806; narrative recall, 
t = 0.882, P = 0.378, PFDR = 0.806; processing speed, 
t = 0.617, P = 0.537, PFDR = 0.806; Stroop test, t = −0.223, 
P = 0.823, PFDR = 0.823).

There was a significant interaction between the volumes of 
the thalamus (t = −2.416, P = 0.016) and posterior thalamus 
(t = −2.914, P = 0.004, PFDR = 0.022) and APOE4 status in 
predicting the number of names correctly recalled in the im-
mediate recall test (Fig. 5; Supplementary Fig. 3). Within the 
posterior region, significant interactions were noted between 
APOE4 status and the limitans suprageniculate (LSG, t =  
−2.268, P = 0.024, PFDR = 0.033), MGN (t = −2.755, P =  
0.006, PFDR = 0.011), pulvinar anterior (PuA, t = −3.256, 
P = 0.001, PFDR = 0.008), pulvinar medial (PuM, t =  
−2.936, P = 0.003, PFDR = 0.008) and the pulvinar lateral 
(PuL, t = −2.930, P = 0.004, PFDR = 0.008) nuclei. Larger 
volumes in these regions were associated with worse per-
formance in the immediate recall in APOE4 carriers 
(Supplementary Table 3; thalamus, ρ = −0.180, P = 0.006; 
posterior thalamus, ρ = −0.234, P < 0.001; LSG, ρ =  
−0.185, P = 0.004; MGN, ρ = −0.150, P = 0.021; PuA, 
ρ = −0.237, P < 0.001; PuM, ρ = −0.241, P < 0.001; PuL, 
ρ = −0.209, P = 0.001).

We did not find any significant interactions between the 
volumes of the ROI and APOE4 status in predicting per-
formance in the delayed, descriptive and narrative recall 
tests, processing speed or Stroop test.

Discussion
We previously reported that we have not identified any struc-
tural changes in whole brain volumes, cortical thickness and 
hippocampal subfields with respect to FHD and APOE4 sta-
tus in this cohort.36 In the present study, we found that indi-
viduals with a positive FHD display a non-significant trend 
towards a smaller medial thalamus, but not the thalamus it-
self, compared to those without FHD. We did not find any 

significant differences in cognitive performance on several 
tests with respect to FHD status alone. Greater age was asso-
ciated with smaller volumes of all thalamic regions, except 
the medial thalamus in individuals without FHD. A larger 
volume of the MDm nucleus was associated with faster pro-
cessing speeds in those without FHD. Comparatively, the vo-
lumes of these nuclei were not associated with cognitive 
performance in the FHD-positive group.

We did not find any significant volumetric or cognitive dif-
ferences with respect to APOE4 alone. However, larger vo-
lumes of the thalamus and posterior thalamus, specifically 
the MGN, LSG, PuA, PuL and PuM, were associated with 
worse performance on the immediate recall test in APOE4 
carriers.

To our knowledge, this is the first study to investigate 
volumetric changes in the thalamic nuclei in a preclinical co-
hort at midlife. The volume of the thalamus is reduced 
in MCI and Alzheimer’s dementia, with some studies report-
ing thalamic atrophy occurring prior to hippocampal 
atrophy.16,26,41-44 Volumes of several thalamic nuclei such 
as the mediodorsal, centromedian, pulvinar and medical gen-
iculate are reduced in MCI and Alzheimer’s dementia.25,45

Pardilla-Delgado et al.46 did not find any significant volu-
metric differences in the thalamus or its subregions but did 
find smaller volumes of the medial thalamus were associated 
with amyloid and tau pathology in middle-aged PSEN1 car-
riers, largely made up of individuals who were cognitively 
unimpaired and a small number with MCI.46 We have iden-
tified some non-significant, subtle changes in the thalamic 
subregions, but it could be that our cohort is too young to 
observe a significant change yet as it may only be evident 
in those with higher disease burden.

Greater age was associated with smaller volumes of all 
thalamic subregions, except for the medial thalamus, in indi-
viduals without FHD. It could be that we do not see the same 
relationship with age in individuals with FHD as the volumes 
of the thalamus would have already started to decline as part 
of the disease process.16,24 It is well established that thalamic 
volumes tend to decline with increasing age in cognitively 
healthy individuals.47-49 Thalamic nuclei appear to atrophy 
at different rates with increasing age in cognitively unim-
paired individuals.50 The anteroventral, lateral geniculate, 
MGN, centromedian and pulvinar are some of the nuclei 
with higher atrophy rates.50 Interestingly, Pardilla-Delgado 
et al.46 reported a significant negative correlation between 
age and volumes of the thalamus, and the medial and poster-
ior subregions, but not the other subregions, in non-carriers 
of the PSEN1 mutation, although this study did not perform 
correction for multiple comparisons and so results should be 
considered preliminary. Our results are similar to that from 
published studies, but it is worth noting that we did not 
find the same relationship between age and the medial thal-
amus in individuals without FHD. Our results may indicate 
the medial thalamus is the last region to atrophy in normal 
aging. Alternatively, there may be subtle changes occurring 
in that region with increasing age, which the segmentation al-
gorithm is not sensitive enough to identify.
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We found a larger volume of the MDm was associated with a 
faster processing speed in individuals without FHD. The med-
iodorsal nucleus is implicated in cognition and cognitive flexi-
bility, primarily due to its link to the prefrontal cortex.51-53

Functional MRI (fMRI) has shown increased connectivity in 
healthy individuals between the hippocampus and several thal-
amic nuclei such as the mediodorsal, laterodorsal and medio-
ventral at the encoding stage to be associated with delayed 
recall ability of previously learned associations.54 Successful re-
call tasks have been associated with greater activation of the 
mediodorsal nucleus and prefrontal cortex during encoding 
and retrieval, indicating a role for these areas in recall and rec-
ognition.28 Bilateral MDm lesions in rhesus monkeys impair 
the acquisition of new memories while leaving previously learn-
ed memories intact.55 Though we did not find an effect of med-
ial thalamic nuclei volumes and cognition in the FHD-positive 
group, it could be possible that smaller volumes of these regions 
may affect cognition later in the disease process.

The effect of APOE4 in midlife is not fully understood. 
While we did not find any significant volumetric differences, 
Cacciaglia et al.56 reported a significant increase in the vol-
ume of the right medial thalamus in middle-aged, cognitively 
unimpaired APOE4 carriers, in a dose-dependent manner, 
compared to non-carriers. However, some studies have re-
ported no significant differences in cognitive performance 
with respect to APOE4 alone.57-59 Others have found car-
riers exhibit a greater decline in memory and cognition 
over time compared to non-carriers.5,59,60 Li et al.61 reported 
APOE4 carriers had reduced hippocampal functional con-
nectivity to areas such as the thalamus, and episodic memory 
was positively correlated with hippocampal functional con-
nectivity in carriers, highlighting connectivity changes in 
components of the Papez circuit evident at midlife.

Rather surprisingly, we found larger volumes of several nu-
clei in the posterior thalamus were associated with worse per-
formance in the immediate recall test in APOE4 carriers. 
Cacciaglia et al.58 demonstrated APOE4 mediates opposite re-
lationships between grey matter volumes and episodic mem-
ory and executive function. Scarmeas et al.62 have reported 
increased perfusion to regions including the insula, pulvinar 
and cuneus, accompanied by decreased perfusion to parietal 
and frontal regions in Alzheimer’s dementia, and this is nega-
tively correlated with Mini Mental State Examination and re-
call performance.62 Our findings could indicate larger volumes 
of the posterior thalamus and its nuclei may not confer benefit 
on recall ability. Alternatively, it may represent a change in one 
area that may only occur in conjunction with alterations with 
other structures that we have not yet identified.

van de Mortel et al.26 have found the thalamus is affected 
early in the disease course, even prior to hippocampal atro-
phy, suggesting it may be one of the first signs of cognitive de-
cline. The thalamus may be affected early as it forms part of 
the Papez circuit, which is important for episodic memory.10

The thalamus aids in several processes in addition to cogni-
tion, such as sleep and hearing, which are affected in the pro-
dromal stages of Alzheimer’s disease, which also indicates an 
early involvement of the thalamus in the disease 

process.2,63,64 There has been little study of the role of thal-
amic nuclei in Alzheimer’s disease, and this may be because 
the precise function of all nuclei is not yet known. As we learn 
more about the functions of specific nuclei, we will be able to 
better understand how the thalamus and its nuclei aid in cog-
nition, hearing and sleep. Greater understanding of this could 
lead to the development of novel neuroimaging biomarkers.

Strengths of our study include our relatively large sample 
size, as 611 subjects were included in the final analysis. 
Furthermore, we used a validated segmentation software to 
segment the thalamus into its nuclei. These scans then under-
went a visual quality control inspection to remove any scans 
with evidence of incidental pathology or failed segmentation 
to ensure these results did not affect the analysis. To account 
for differences in scanners used in our five study sites, we per-
formed ComBat harmonization on the volumetric data.

Limitations of our study include the use of 3 T MRI. Our 
volumetric results did not survive FDR correction, and as 
such, these results should be considered preliminary, poten-
tially showing some underlying trends, and require replica-
tion in other cohorts. A 7 T MRI may be better to identify 
any subtle volumetric changes. The cross-sectional nature 
of this study did not permit investigation of the progression 
of volumetric changes and the effect on cognition over time. 
In future studies, additional MRI modalities, such as fMRI, 
may be used to identify functional connectivity changes in 
the investigated ROI at this stage. Another limitation is that 
although sizeable, our study may not have been large enough 
to detect a difference, especially if it is very subtle. Although 
we could not find a study with published volumes of thalamic 
nuclei in preclinical stages in individuals at risk of late-onset 
Alzheimer’s disease, middle-aged PSEN1 mutation carriers 
have demonstrated a significant difference in the volume of 
the left thalamus (6962 mm3) in presymptomatic PSEN1 mu-
tation carriers compared to healthy controls (7177 mm3).42 If 
our population showed similar differences, a much smaller 
sample size than included here [of 124 in each group (high 
risk versus low risk)] would have a power of 80%, assuming 
an alpha value of 0.05 to detect such a difference, though we 
acknowledge an autosomal dominant group at risk of 
early-onset Alzheimer’s disease may show larger effects than 
our sporadic dementia group. A final limitation is that we 
did not investigate the relationship between volumes of the 
ROI and markers of Alzheimer’s disease pathology (Aβ42 

and tau), which are not currently available for the cohort.
In conclusion, we did not find any significant volumetric 

differences in the thalamic nuclei in relation to FHD or 
APOE4 allele status, although individuals with a FHD may 
display a trend towards a smaller volume of the medial thal-
amus. Greater age was associated with smaller volumes in all 
thalamic subregions except the medial thalamus in those 
without FHD. A larger volume of the MDm nucleus was as-
sociated with faster processing speeds in individuals without 
FHD. Contrastingly, larger volumes of several nuclei in the 
posterior thalamus are associated with worse performance 
in the immediate recall test in APOE4 carriers. Our findings 
may indicate an initial dysregulation process, whereby the 
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coupling of thalamic nuclei volumes to cognition changes 
but neither volumetric nor cognitive deficits are yet apparent 
in at-risk groups.
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online.
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cortical atrophy in Alzheimer disease: Parallel atrophy of thalamus 
and hippocampus. Alzheimer Dis Assoc Disord. 2014;28(1):65-72.

12. Wang ML, Wei XE, Fu JL, et al. Subcortical nuclei in Alzheimer’s 
disease: A volumetric and diffusion kurtosis imaging study. Acta 
Radiol. 2018;59(11):1365-1371.

13. Roh JH, Qiu A, Seo SW, et al. Volume reduction in subcortical re-
gions according to severity of Alzheimer’s disease. J Neurol. 2011; 
258(6):1013-1020.

14. Yi HA, Möller C, Dieleman N, et al. Relation between subcortical grey 
matter atrophy and conversion from mild cognitive impairment to 
Alzheimer’s disease. J Neurol Neurosurg Psychiatry. 2016;87(4): 
425-432.

15. de Jong LW, van der Hiele K, Veer IM, et al. Strongly reduced vo-
lumes of putamen and thalamus in Alzheimer’s disease: An MRI 
study. Brain. 2008;131(Pt 12):3277-3285.

16. Zidan M, Boban J, Bjelan M, et al. Thalamic volume loss as an early 
sign of amnestic mild cognitive impairment. J Clin Neurosci. 2019; 
68:168-173.

17. Iglesias JE, Insausti R, Lerma-Usabiaga G, et al. A probabilistic atlas 
of the human thalamic nuclei combining ex vivo MRI and histology. 
Neuroimage. 2018;183:314-326.

18. Swartz RH, Black SE. Anterior-medial thalamic lesions in dementia: 
Frequent, and volume dependently associated with sudden cognitive 
decline. J Neurol Neurosurg Psychiatry. 2006;77(12):1307-1312.

19. Hornberger M, Wong S, Tan R, et al. In vivo and post-mortem 
memory circuit integrity in frontotemporal dementia and 
Alzheimer’s disease. Brain. 2012;135(Pt 10):3015-3025.

20. Braak H, Braak E. Alzheimer’s disease affects limbic nuclei of the 
thalamus. Acta Neuropathol. 1991;81(3):261-268.

21. Xuereb JH, Perry RH, Candy JM, Perry EK, Marshall E, Bonham 
JR. Nerve cell loss in the thalamus in Alzheimer’s disease and 
Parkinson’s disease. Brain. 1991;114(Pt 3):1363-1379.

22. Paskavitz JF, Lippa CF, Hamos JE, Pulaski-Salo D, Drachman DA. 
Role of the dorsomedial nucleus of the thalamus in Alzheimer’s dis-
ease. J Geriatr Psychiatry Neurol. 1995;8(1):32-37.

23. Kuljis RO. Lesions in the pulvinar in patients with Alzheimer’s dis-
ease. J Neuropathol Exp Neurol. 1994;53(2):202-211.

24. Lee GJ, Lu PH, Medina LD, et al. Regional brain volume differences in 
symptomatic and presymptomatic carriers of familial Alzheimer’s dis-
ease mutations. J Neurol Neurosurg Psychiatry. 2013;84(2):154-162.

25. Bernstein AS, Rapcsak SZ, Hornberger M, Saranathan M; 
Alzheimer’s Disease Neuroimaging Initiative. Structural changes 

Dementia risk and thalamic nuclei volumetry                                                                BRAIN COMMUNICATIONS 2024: Page 13 of 14 | 13

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae046#supplementary-data
https://preventdementia.co.uk/
https://preventdementia.co.uk/


in thalamic nuclei across prodromal and clinical Alzheimer’s dis-
ease. J Alzheimers Dis. 2021;82(1):361-371.

26. van de Mortel LA, Thomas RM, van Wingen GA; Alzheimer’s 
Disease Neuroimaging Initiative. Grey matter loss at different stages 
of cognitive decline: A role for the thalamus in developing 
Alzheimer’s disease. J Alzheimers Dis: JAD. 2021;83(2):705-720.

27. Low A, Mak E, Malpetti M, et al. Asymmetrical atrophy of thalamic 
subnuclei in Alzheimer’s disease and amyloid-positive mild cogni-
tive impairment is associated with key clinical features. 
Alzheimers Dement (Amst). 2019;11:690-699.

28. Pergola G, Ranft A, Mathias K, Suchan B. The role of the thalamic 
nuclei in recognition memory accompanied by recall during encod-
ing and retrieval: An fMRI study. Neuroimage. 2013;74:195-208.

29. Bergsland N, Zivadinov R, Dwyer MG, Weinstock-Guttman B, 
Benedict RH. Localized atrophy of the thalamus and slowed cogni-
tive processing speed in MS patients. Mult Scler. 2016;22(10): 
1327-1336.

30. Van der Werf YD, Scheltens P, Lindeboom J, Witter MP, Uylings 
HB, Jolles J. Deficits of memory, executive functioning and atten-
tion following infarction in the thalamus; a study of 22 cases with 
localised lesions. Neuropsychologia. 2003;41(10):1330-1344.

31. Liebermann D, Ploner CJ, Kraft A, Kopp UA, Ostendorf F. A dysex-
ecutive syndrome of the medial thalamus. Cortex. 2013;49(1):40-49.

32. Pergola G, Güntürkün O, Koch B, Schwarz M, Daum I, Suchan B. 
Recall deficits in stroke patients with thalamic lesions covary with 
damage to the parvocellular mediodorsal nucleus of the thalamus. 
Neuropsychologia. 2012;50(10):2477-2491.

33. Ruggeri M. Left dorsomedial thalamic damage impairs verbal recall 
more than recognition: A case report. Cogn Behav Neurol. 2016; 
29(3):158-165.

34. Bisecco A, Stamenova S, Caiazzo G, et al. Attention and processing 
speed performance in multiple sclerosis is mostly related to thalamic 
volume. Brain Imaging Behav. 2018;12(1):20-28.

35. Batista S, Zivadinov R, Hoogs M, et al. Basal ganglia, thalamus and 
neocortical atrophy predicting slowed cognitive processing in mul-
tiple sclerosis. J Neurol. 2012;259(1):139-146.

36. Dounavi ME, Newton C, Jenkins N, et al. Macrostructural brain al-
terations at midlife are connected to cardiovascular and not inher-
ited risk of future dementia: The PREVENT-Dementia study. 
J Neurol. 2022;269(8):4299-4309.

37. Ritchie CW, Ritchie K. The PREVENT study: A prospective cohort 
study to identify mid-life biomarkers of late-onset Alzheimer’s dis-
ease. BMJ Open. 2012;2(6):e001893.

38. Ritchie K, De Roquefeuil G, Ritchie C, et al. COGNITO: 
Computerized assessment of information processing. J Psychol 
Psychother. 2014;4(2):136.

39. Scarpina F, Tagini S. The stroop color and word test. Front Psychol. 
2017;8:557.

40. Orlhac F, Eertink JJ, Cottereau AS, et al. A guide to combat har-
monization of imaging biomarkers in multicenter studies. J Nucl 
Med. 2022;63(2):172-179.

41. Yang J, Pan P, Song W, et al. Voxelwise meta-analysis of gray matter 
anomalies in Alzheimer’s disease and mild cognitive impairment 
using anatomic likelihood estimation. J Neurol Sci. 2012;316(1– 
2):21-29.

42. Ryan NS, Keihaninejad S, Shakespeare TJ, et al. Magnetic resonance 
imaging evidence for presymptomatic change in thalamus and caud-
ate in familial Alzheimer’s disease. Brain. 2013;136(Pt 5):1399-1414.

43. Li YD, He HJ, Dong HB, Feng XY, Xie GM, Zhang LJ. 
Discriminative analysis of early-stage Alzheimer’s disease and nor-
mal aging with automatic segmentation technique in subcortical 
gray matter structures: A multicenter in vivo MRI volumetric and 
DTI study. Acta Radiol. 2013;54(10):1191-1200.

44. Han SH, Pyun JM, Yeo S, et al. Differences between memory encod-
ing and retrieval failure in mild cognitive impairment: Results from 
quantitative electroencephalography and magnetic resonance volu-
metry. Alzheimers Res Ther. 2021;13(1):3.

45. Zarei M, Patenaude B, Damoiseaux J, et al. Combining shape and 
connectivity analysis: An MRI study of thalamic degeneration in 
Alzheimer’s disease. Neuroimage. 2010;49(1):1-8.

46. Pardilla-Delgado E, Torrico-Teave H, Sanchez JS, et al. 
Associations between subregional thalamic volume and brain path-
ology in autosomal dominant Alzheimer’s disease. Brain Commun. 
2021;3(2):fcab101.

47. Hughes EJ, Bond J, Svrckova P, et al. Regional changes in thalamic 
shape and volume with increasing age. Neuroimage. 2012;63(3): 
1134-1142.

48. Pfefferbaum A, Sullivan EV, Zahr NM, Pohl KM, Saranathan M. 
Multi-atlas thalamic nuclei segmentation on standard T1-weighed 
MRI with application to normal aging. Hum Brain Mapp. 2023; 
44(2):612-628.

49. Van Der Werf YD, Tisserand DJ, Visser PJ, et al. Thalamic volume 
predicts performance on tests of cognitive speed and decreases in 
healthy aging. A magnetic resonance imaging-based volumetric ana-
lysis. Brain Res Cogn Brain Res. 2001;11(3):377-385.

50. Choi EY, Tian L, Su JH, et al. Thalamic nuclei atrophy at high and 
heterogenous rates during cognitively unimpaired human aging. 
Neuroimage. 2022;262:119584.

51. Rikhye RV, Gilra A, Halassa MM. Thalamic regulation of switch-
ing between cortical representations enables cognitive flexibility. 
Nat Neurosci. 2018;21(12):1753-1763.

52. Browning PG, Chakraborty S, Mitchell AS. Evidence for mediodor-
sal thalamus and prefrontal cortex interactions during cognition in 
macaques. Cereb Cortex. 2015;25(11):4519-4534.

53. Niimi K, Matsuoka H, Aisaka T, Okada Y. Thalamic afferents to 
the prefrontal cortex in the cat traced with horseradish peroxidase. 
J Hirnforsch. 1981;22(2):221-241.

54. Wagner IC, van Buuren M, Fernández G. Thalamo-cortical coup-
ling during encoding and consolidation is linked to durable memory 
formation. Neuroimage. 2019;197:80-92.

55. Mitchell AS, Gaffan D. The magnocellular mediodorsal thalamus is 
necessary for memory acquisition, but not retrieval. J Neurosci. 
2008;28(1):258-263.

56. Cacciaglia R, Molinuevo JL, Falcón C, et al. Effects of APOE-ϵ4 al-
lele load on brain morphology in a cohort of middle-aged healthy 
individuals with enriched genetic risk for Alzheimer’s disease. 
Alzheimers Dement. 2018;14(7):902-912.

57. Zokaei N, Giehl K, Sillence A, et al. Sex and APOE: A memory advan-
tage in male APOE ϵ4 carriers in midlife. Cortex. 2017;88:98-105.

58. Cacciaglia R, Molinuevo JL, Falcón C, et al. APOE-ϵ4 risk variant 
for Alzheimer’s disease modifies the association between cognitive 
performance and cerebral morphology in healthy middle-aged indi-
viduals. Neuroimage Clin. 2019;23:101818.

59. Greenwood PM, Espeseth T, Lin MK, Reinvang I, Parasuraman R. 
Longitudinal change in working memory as a function of APOE geno-
type in midlife and old age. Scand J Psychol. 2014;55(3):268-277.

60. Paranjpe MD, Chen X, Liu M, et al. The effect of ApoE ϵ4 on lon-
gitudinal brain region-specific glucose metabolism in patients with 
mild cognitive impairment: A FDG-PET study. Neuroimage Clin. 
2019;22:101795.

61. Li W, Antuono PG, Xie C, et al. Aberrant functional connectivity in 
Papez circuit correlates with memory performance in cognitively in-
tact middle-aged APOE4 carriers. Cortex. 2014;57:167-176.

62. Scarmeas N, Habeck CG, Zarahn E, et al. Covariance PET patterns 
in early Alzheimer’s disease and subjects with cognitive impairment 
but no dementia: Utility in group discrimination and correlations 
with functional performance. Neuroimage. 2004;23(1):35-45.

63. Wang HF, Zhang W, Rolls ET, et al. Hearing impairment is asso-
ciated with cognitive decline, brain atrophy and tau pathology. 
EBioMedicine. 2022;86:104336.

64. Kanemoto H, Kazui H, Adachi H, et al. Thalamic pulvinar metab-
olism, sleep disturbances, and hallucinations in dementia with 
Lewy bodies: Positron emission tomography and actigraphy study. 
Int J Geriatr Psychiatry. 2020;35(8):934-943.

14 | BRAIN COMMUNICATIONS 2024: Page 14 of 14                                                                                                         S. N. Shah et al.


	Dementia risk and thalamic nuclei volumetry in healthy midlife adults: the PREVENT Dementia study
	Introduction
	Materials and methods
	Participants
	Cognitive analysis
	Image analysis
	Statistical analysis

	Results
	Volumetric differences with respect to FHD
	Volumetric differences with respect to APOE4 status
	Interaction between age and Alzheimer’s disease risk factors in predicting thalamic volumes
	Associations with cognition with respect to FHD
	Associations with cognition with respect to APOE4 status

	Discussion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References


