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Abstract

Objective: This study aimed to evaluate the volumes of thalamic subnuclei known
to function in large-scale cognitive networks between progressive mild cognitive
impairment (pMCl) and stable MCI (sMCI) groups progressing to dementia.

Materials and Methods: Magnetic resonance imaging and clinical data of 31 pMCl
(Age: 68.66+6.86; education: 15.71+2.46; gender: 15 female) and 31 sMCI (Age: 7018+7.24;
education: 16.2312.68; gender: 13 female) patients with no statistically significant dif-
ferences in age, gender, education, and follow-up interval (mean 21 months) from the
Alzheimer's Disease Neuroimaging Initiative database were used. FreeSurfer software
was used for individual thalamus segmentation and volume calculation. Thalamic
nuclei were divided into anterior, medial, posterior, lateral, ventral, and intralaminar
nucleus groups. The volumes of each nucleus were normalised using intracranial
volume. Normalised volumes were compared between groups using independent
samples t-test, and false discovery rate (FDR) correction was applied. Correlation
analysis was performed using florbetapir (AV45) PET scores to evaluate the relation-
ship between amyloid burden in the brain and volumetric decrease.

Results: Statistically significant volumetric decreases were detected in the bilat-
eral anterior (Right: t=2.432 pes=0.048; Left: t=2.327 prr=0.048) and lateral (t=2.372
Pror=0.048) nucleus groups in pMCl compared to sSMCI. A negative correlation was found
between PET scores and bilateral anterior nucleus groups (Right: r=-0.353 p=0.026, left:
r=-0.350 p=0.026).

Conclusion: In our study, the anterior thalamic nucleus group, closely associated with
memory, showed reduced volume in MCI patients who progressed to dementia, and
this reduction correlated with amyloid burden in the brain. Based on the findings of
our study, the anterior thalamic nucleus group may provide supportive value to other
MRI biomarkers in predicting conversion to dementia.

Keywords  Thalamus - Mild cognitive impairment + Magnetic resonance imaging *

Dementia - Volumetric analysis

Journal of istanbul Faculty of Medicine

104




Thalamic subnuclei volumetry in mild cognitive impairment

INTRODUCTION

Mild cognitive impairment (MCI) is defined as a clinical condition
characterised by cognitive impairment that exceeds what is expected
for an individual's age and education level but without significant
functional impairment in activities of daily living.

Furthermore, MCI, which corresponds to the prodromal phase of
Alzheimer's disease (AD) dementia, is also defined as its potentially
reversible phase (1). Clinically, MCl is divided into two types:
progressive MCI (pMCl), which progresses to dementia over time, and
stable MCI (sMCl), which maintains cognitive status for an extended
period (2). Distinguishing these two groups is crucial for developing
targeted interventions and follow-up strategies.

It has been accepted that the relationship between brain and
behaviour lies at the core of large-scale neural networks and
can be revealed by describing these networks in detail. In this
context, network-based models are gaining importance to describe
the internal organisation of cortical and subcortical components
of large-scale neural networks (3). However, a centripetal approach
is also needed to fully understand large-scale networks in which
higher-level cognitive functions are performed. In this regard,
the thalamus, a critical hub for regulating higher-level cognitive
functions such as episodic memory, attention, and executive
functions, has become a focal point (4 5). In addition, structural
and functional neuroimaging studies have also shown that thalamic
atrophy and functional connectivity changes occur in the preclinical
and prodromal stages of AD and are particularly associated with
impairments in memory and executive functions (6-9). Accordingly,
focusing on subnuclei of the thalamus in the process of dementia
may allow for the evaluation of broader cortico-subcortical network
disorders, moving beyond neurodegenerative models that have
historically focused on the hippocampus and medial temporal lobe
structures.

This study aimed to investigate the volumetric changes in six major
nuclei groups (anterior, lateral, ventral, intralaminar, medial, and
posterior) of the thalamus between the pMCl and sMCI groups using
structural magnetic resonance imaging (MRI) data and to evaluate
whether the thalamus has potential as an early biomarker to predict
conversion to dementia.

MATERIALS AND METHODS
Participants

All data used in this study were obtained from the Alzheimer's

Disease Neuroimaging Initiative (ADNI) database (https://adni.loni.

uscedu/). ADNI is a multicenter, longitudinal study to develop
and validate biomarkers for the early detection and monitoring
of AD. The ADNI study was approved by the Institutional Review
Boards of all participating institutions, and written informed consent
was obtained from all participants or their legal representatives.
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In this study, 3 Tesla structural MRI scans (baseline acquisition),
18F-florbetapir-positron emission tomography ([8F] AV45-PET), and
clinical data of a total of 62 individuals diagnosed with mild cognitive
impairment (MCI) from the ADNI database were used. Participants
who met the following criteria were included in the study: (i)
diagnosis of MCI at baseline visit, (i) documentation of whether
participants converted from MCI to dementia at the follow-up visit,
(iii) availability of baseline 3 Tesla T1-weighted structural MRI scans,
and (iv) complete demographic and clinical data. In line with these
criteria, participants were divided into two groups as pMCl and sMCl,
depending on whether they showed a transformation from MCl to
AD-type dementia at the end of the follow-up period.

Volumetric analysis of magnetic resonance imaging data

(https://surfernmrmgh.harvard.edu, version 7.2.0)
software was used to segment anatomical MRI data. All volumetric
analyses were conducted exclusively on baseline MRI images, which
correspond to the initial clinical assessment. In the first stage,
standard recon-all steps in FreeSurfer were applied to all individual
MRI images (10, 11). After this stage, the skull peeling process and
segmentation outputs of all individual MRI images were examined
using Freeview. Following the quality control procedure, no manual
correction was required, and no participants were excluded due
to segmentation failures. In the advanced segmentation stage, 25
thalamus thalamic nuclei were divided into subnuclei based on the
thalamus atlas created by Iglesias et al. using high-resolution MRI
and histological data, and volume values were calculated for each
participant (12). The 25 thalamic nuclei obtained were anatomically
grouped and six subgroups were created. The six thalamic nucleus
groups are presented in three dimensions in Figure 1. Additionally,
to reduce the potential inter-individual influence of head size
differences, all nuclei volumes were normalised using the estimated
total intracranial volume.

FreeSurfer

M Anterior group
Lateral group
M Ventral group

M Intralaminar group

M Medial group
Posterior group

Figure 1. Three-dimensional representation of the six major thalamic nucleus
groups. I: Inferior, S: Superior, A: Anterior, P: Posterior, M: Medial, L: Lateral

Statistical analysis

Statistical analyses were performed using SPSS (IBM SPSS Statistics
version 30, https://www.ibm.com/tr-tr/products/spss-statistics) and
R version 4.0.0 (https://www.r-project.org). First, the Shapiro-Wilk
test was used to determine whether the data showed a normal
distribution. Then, statistical analyses were performed using the
independent sample t-test for continuous variables and the chi-
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square test for categorical variables. Multiple comparisons in the
volumetric analyses of the thalamic subnuclei were controlled
using the False Discovery Rate (FDR) correction. All p-values were
adjusted using the Padjust function in R (13). The FDR correction
was applied across all 12 thalamic nuclei (6 left, 6 right). The
significance threshold for volumetric statistical analyses was set at
Pror<0.05 (FDR-corrected). Linear regression analysis was performed
to estimate ['8F] Av45 PET reflecting the pathological burden of
disease using the significant volumetric changes observed between
groups as independent variables. Since three linear regression
analyses were performed, Bonferroni correction was applied, and the
significance threshold was set at p<0.017.

RESULTS
Demographic and clinical results

The statistical analysis results of demographic and clinical data
are presented in Table 1. No statistically significant difference
was found between the groups in terms of age, education
status, and gender (t=0.761, p>0.05; t=0.971, p>0.05; x2=0.261, p>0.05,
respectively). Additionally, no statistically significant difference was
found between the groups in terms of the follow-up interval (t=0.844,
p>0.05). In clinical evaluations, Mini Mental State Examination
(MMSE) scores at follow-up were found to be lower in the pMCI group
compared to the sMCI group (t=4.715, p<0.001), whereas there was no

Table 2. Volumetric analysis of thalamic nuclei subgroups
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difference between the groups in MMSE-baseline scores (t=1.929,
p>0.05).

Table 1. Demographic and clinical details of the groups

Meansstandard deviation

Test p values

sMCI (n=31) pMcI (n=31)
Age 70.18+7.24 68.66+6.86 0.761" N.S.
Education 16.23+2.68 15.71+2.46 0971 N.S.
Gender (Male/Female) 18 /13 16 /15 0.261* N.S.
Follow-up interval 21.48+10.71 21.68+10.92 0.844" N.S.
MMSE (Baseline) 28.26+1.505 27.26+2.46 1.929¢ N.S.
MMSE (Follow-up) 27.77:2.48 20.87+7.61 47150 <0.001

pMCI: Progressive mild cognitive impairment, sMCl: Stable mild cognitive
impairment, MMSE: Mini Mental State Examination, t: Independent Samples t: Test,
+: Chi-square, The significance threshold was set as p<0.05.

Volumetric analysis results

As a result of statistical analysis, significant volume decrease was
detected in bilateral anterior group (Right: t=2432, p =0.048; Left:
t=2.327, p=0.048) and lateral group (t=2.372, p=0.048) thalamic nuclei
in the pMCl group compared to the sMCl group. No statistically
significant difference was detected in the other nucleus groups.
Analysis results are presented in detail in Table 2 and Figure 2.

Volume-to-eTIV ratio
(x10super [-6])

t values Pror Cohen’s d 95% CI

sMCI pMCl
Right
Anterior group 100.607+19.545 89.839+15.021 2432 0.048* 0618 (0105 1125]
Lateral group 97.817421.055 85.978+18143 2372 0.048* 0.602 [0.0911109]
Ventral group 1796140+171.008 1730.902+172.925 1494 0120 0.379 [-0125 0.880]
Intralaminar group 266.703+28.610 251.822 + 25525 2161 0.051 0.549 [0.039 1.054]
Medial group 650.637+98.701 633152+88.876 0733 0.266 0186 [-0.314 0.684]
Posterior group 1369.935+163.320 1330.365+138.482 1.029 0.205 0.261 [-0.240 0.760]
Left
Anterior group 89.238+19.263 79.09414.763 2327 0.048* 0.591 [0.080 1.098]
Lateral group 98.967+21.289 90.865+17.725 1628 0108 0.414 [-0.091 0.915]
Ventral group 1753.913+120.209 1690.246+169.640 1.705 0108 0433 [-0.073 0.935]
Intralaminar group 257.375£22.701 249 443424 494 1294 0150 0.329 [-0174 0.829]
Medial group 6419124106196 631.776+88.928 0407 0.343 0103 [-0.395 0.601]
Posterior group 1346.984+123.218 1323.680+139.437 0.697 0.266 0177 [-0.322 0.675]

Values shown are in meansstandard deviation. Independent sample t-test analysis was performed and the significance threshold was determined as p<0.05 by applying false
discovery rate correction to the results. pMCl: Progressive mild cognitive impairment, sMCI: Stable mild cognitive impairment, R: Right, L: Left; eTIV: Estimated total intracranial

volume, CI: Confidence intervals
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Figure 2. Plots of independent samples t-test comparisons for the thalamic
nuclei are presented. Mean volumes to estimated total intracranial volume ratios
[x10°%] have been reported (False Discovery Rate-corrected significance threshold
*p<0.05). pMCl: Progressive mild cognitive impairment, SMCl: Stable mild cognitive
impairment, eTIV: estimated Total Intracranial Volume

Linear regression analysis results

To investigate to what extent the bilateral anterior and right lateral
group nuclei predicted PET scores, linear regression analyses were
performed using each left and right anterior and right lateral group
nuclei normalised volumes as the dependent variables and ['8F]
AV45 PET scores as the independent variables. As a result of the
multiple comparison correction, only the left anterior group nuclei
surpassed the significance threshold. The left anterior group nuclei
volume (R=0.391, R2=0153, F=6.847, p=0.013) explained 15% of the
variance in PET scores (Figure 3). No statistically significant regression
was found in the right lateral group nuclei (p>0.017) and right anterior
group nuclei (p=0.017).

Left anterior group

1501
Standardized coefficient f = -0.391 p = 0.013
Tt-all .
1254 Te-al
2 ° o~~~"“~-
F “ et
= 100{ . *
-
?
[e]
-
Q 75
£
3
S
501 "‘~.’___ °
251
0.9 1.1 13 15 17

[18F1 AV45 PET

Figure 3. Linear regression analysis results between normalized volumes in left
anterior group thalamic nuclei and ["8F] Av45 PET. The significance threshold in
the analysis was set as p<0.017.
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DISCUSSION

In this study, volumetric comparisons of six major thalamic nuclei
groups were performed between the sMCl and pMCI groups using
structural MRI data. As a result of the analysis, a decrease in the
bilateral anterior and right lateral group nuclei was detected in pMCI
compared to sMCI. In addition, to examine the relationship between
the volume decrease in these anatomical regions and the amount
of amyloid in the brain, regression analysis was performed between
volume values and ['8F] Av45 PET scores, and a negative regression
was found between the left anterior group nuclei and [8F] Av45 PET.

Structural neuroimaging studies show that the total volume of the
bilateral thalamus decreases in the clinical course of AD (6, 14, 15).
A neuroimaging study focusing on the thalamus subgroup nuclei
in AD reported that the volume of the medial group nuclei was
reduced in the MCI and AD dementia groups compared to those
with subjective cognitive impairment (8). Bernstein et al. reported
that the anteroventral, mediodorsal, pulvinar, medial geniculate,
and centromedian nuclei were significantly smaller in late MCI and
AD cases than in healthy controls (9). Another neuroimaging study
reported significant differences in the anterior, lateral, and posterior
nucleus groups between the healthy control, MCl, and AD groups
(7). Post hoc comparisons showed that the volume of the anterior
and posterior nucleus groups was lower in the AD group compared
to the healthy control and MCI groups (7). Cross-sectional studies in
the literature consistently report a decrease in total thalamic volume
in AD; however, findings regarding thalamic nuclei subgroups are
inconsistent across the preclinical, prodromal, and dementia stages
of the disease. Additionally, the effect sizes observed in our study
(Cohen's d=0.6) are moderate but consistent with a recent study
showing subregion-specific volumetric reductions in thalamic nuclei
in neurodegenerative conditions (16). However, these studies did not
evaluate patients with MCI longitudinally, and it is unknown whether
these patients are progressive or stable. Nevertheless, our findings
of volume reduction in the anterior and lateral nuclei groups are
consistent with studies reported in the literature.

When the anterior group nuclei of the thalamus are classified
anatomically, they consist of anteroventral, anterodorsal, and
anteromedial nuclei (12). When evaluated functionally, the
laterodorsal nuclei are also considered within the anterior group
nuclei due to their connections with the limbic system (17). In
this context, when evaluating the study findings, the lateral group
nuclei, which consist of the laterodorsal and lateroposterior nuclei,
can be considered together with the anterior group nuclei. In the
study, the difference detected between the groups only in the
anterior and lateral group nuclei, especially in the right hemisphere,
supports the fact that both nucleus groups work together. Anterior
group nuclei are among the basic components of the Papez circuit,
which play an important role in maintaining episodic memory
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functions (18). Furthermore, the anterior group of nuclei is located
at the centre of the hippocampal-anterior thalamic axis defined
by Aggleton and Brown (19). This critical location allows them to
collaborate with the hippocampus, mammillary bodies, retrosplenial
cortex, and prefrontal areas, thus ensuring the functional integrity
of the Papez circuit (19-22). The study by Swartz and Black
demonstrated that anterior-medial thalamic lesions are relatively
frequent across different dementia syndromes and are strongly
associated with accelerated cognitive decline (23). Furthermore,
in Wernicke-Korsakoff syndrome, the anterior thalamic nuclei are
particularly vulnerable, and neuronal loss in this region is considered
a key contributor to the episodic memory impairments characteristic
of the disorder (24). Moreover, the fact that amnestic syndromes have
been reported in the literature as a result of cerebrovascular events
affecting the anterior group nuclei also supports the importance of
this nucleus group (25). When considered holistically, considering
both their anatomical location and critical connections to the limbic
system, the anterior group nuclei play a crucial role in memory
functions. In this context, the volume reduction of the anterior group
nuclei in pMCI detected in our study may underlie the progressive
deterioration in memory functions.

Braak et al. reported that, as a result of postmortem examinations,
the most prominent amyloid plague accumulation in AD was seen
in the anteroventral nucleus, which is located among the anterior
group nuclei, and that this pathological plague accumulation could
prevent communication between limbic circuits (26). In our study, the
negative correlation finding between the anterior group nuclei and
['8F] AV45 PET, which expresses the amount of amyloid plague in the

-
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brain, supports this specific accumulation. In this context,
considering the sensitivity of the anterior group nuclei to the
accumulation of amyloid plaques and their critical role in
memory functions, the significant volume loss and amyloid plaque
accumulation in this nucleus group may be an important potential
marker for the transformation to dementia.

Finally, although our study conducted specific and rigorous analyses,
the relatively small sample size in each group can be considered a
limitation. Therefore, we aimed to address this limitation by applying
conservative statistical adjustments. In future studies, analyses
focusing on thalamic subgroup nuclei in larger datasets will be

necessary for elucidating the course of AD.

CONCLUSION

Our findings indicate that patients progressing to dementia show a
more pronounced volume reduction in the anterior thalamic nuclei,
suggesting that these nuclei may be particularly susceptible to early
neurodegenerative processes and may contribute to disruptions
in networks supporting episodic memory. Furthermore, although
hippocampal atrophy remains a classical marker in AD, previous
research points to thalamic degeneration as a factor that may
influence or potentially accelerate cognitive decline. In conclusion,
the anterior thalamic nuclei may support the classification
performance of MRI-based hiomarkers derived from larger cohorts
and may show potential utility in identifying individuals at higher
risk of progression to dementia in AD.
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