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HIGHLIGHTS

« We examined volumetric and functional connectivity changes in the thalamus in Alzheimer’s disease.
« Medial group nuclei are significantly affected in Alzheimer’s disease.
« The thalamo-frontal and thalamo-occipital connections are affected in Alzheimer’s disease.

ARTICLE INFO ABSTRACT
Article history: Objective: Memory processes known to be impaired in Alzheimer’s disease (AD) are maintained by a
Accepted 23 June 2024 large-scale neurocognitive network with subcortical components, including the thalamus. Therefore,

Available online 9 July 2024 we aimed to examine the volumetric and functional changes of the thalamic nuclei at different scales

across AD stages.
Methods: MRI data of patients diagnosed with 20 AD dementia (ADD), 30 amnestic mild cognitive impair-
) . ment (MCI), and 30 subjective cognitive impairment (SCI) were used. Volumetric and functional connec-
Thalamic Nuclei .. . . . . .
Volumetric analysis F1v1ty anfalyzes were performed by c.11v1d1nfg the thalamus into anterior, medial, posterior, lateral and
Functional magnetic resonance imaging intralaminar nucleus groups and their specific subnuclei.
Functional connectivity Results: In the course of AD, the volume of the medial group nuclei, especially the mediodorsal medial
magnocellular (MDm) nucleus, decreases. Medial group nuclei and MDm functional connectivity with
frontal areas were decreased both in ADD and MCI compared to SCI group, while both of them increased
their functional connectivity with visual areas in the ADD group compared to the MCI group.
Conclusions: Our study suggests that the medial group of the thalamus, and specifically the MDm, may be
affected in AD.
Significance: Specific thalamic nuclei may be a critical anatomical region for investigating structural and
functional changes in AD.
© 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights are
reserved, including those for text and data mining, Al training, and similar technologies.
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative process with
progressive cognitive impairment. Although preceded by a
decades-long amyloid deposition during the pre-clinical stage,
neuronal loss, thus, clinical symptoms are closely related to the
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the initial target of NFTs, giving rise to the progressive spread along
the nodes of the episodic memory neural network, which includes
intrinsic hippocampal circuitry and the larger Papez circuit (Braak
etal., 2011; Braak and Braak, 1991). This spread pattern is reflected
clinically by early progressive amnesia, which, in the later stages, is
associated with multiple cognitive deficits, and dementia as the
NFTs spread to the neocortex. The initial stage can be further sub-
divided into subjective cognitive impairment (SCI) and mild cogni-
tive impairment (MCI) stages according to the detection of
objective memory loss in the latter.

Starting with the paradigm shift during the last decade of the
previous century, the network approach to the brain-behavior rela-
tionship replaced the older centrist/localizationist approach.
Accordingly, different cognitive domains are no longer localized
within the dedicated cortical centers but within the large-scale dis-
tributed neural networks, which contain not only cerebral cortical
nodes but also subcortical components, such as cerebellar, thala-
mic, and striatal (Mesulam, 1990). This shift radically changed
the conception of subcortical structures. Thalamus is no longer a
mere sensory-relay station of an ascending sensory pathway on
its voyage from the peripheral sensory receptor to its primary cor-
tex; likewise, the striatum is no longer a mere motor-relay station
on the descending motor pathway. The cortical parcellation of
sensory-motor and cognitive functions is also true for the cerebel-
lum, striatum, and thalamus (Buckner et al., 2011; Choi et al., 2012;
Hwang et al.,, 2017; Yeo et al., 2011). So, different subnuclei of the
thalamus are components of different neural networks.

The thalamic component of the Papez circuit is the anterior tha-
lamic nuclei (ATN). It receives afferents via the mamillo-thalamic
tract and sends efferents to the posterior cingulate and retrosple-
nial cortices via the ventral thalamo-cingulate bundle. The amnes-
tic state resulting from anterior thalamic infarctions due to polar
artery occlusion is well-established (Cipolotti et al., 2008;
Schmahmann, 2003). The mediodorsal nucleus (MD) is put forward
as “another candidate owing to its dense connections with subhip-
pocampal structures” (Danet et al., 2015). Especially, magnocellu-
lar MD in addition to being the main communicant of the
orbitofrontal cortex is reciprocally connected with those “subhip-
pocampal paralimbic structures,” namely, the entorhinal, perirhi-
nal, and the parahippocampal cortices (Mitchell and Chakraborty,
2013; Mitchell, 2015; Pergola et al., 2018).

In addition to the typical presenting findings of hippocampal
volume reduction in Alzheimer’s disease, it has also been reported
that the thalamus suffers from volume loss in the disease
(Bernstein et al., 2021; Shi et al., 2009; Zidan et al., 2019). More-
over, postmortem studies revealed that certain pathological
changes were also observed in specific thalamic nuclei in the early
stages of the disease (Bobinski et al., 1999; Roh et al.,, 2011). Even
before hippocampal atrophy, atrophy of the thalamus and the cau-
date nucleus has been reported in patients with presymptomatic
familial AD (Ryan et al., 2013). Recently, the corticothalamic net-
work was suggested as having “the potential to be a master regu-
lator of diverse cognitive and behavioral domains that are affected
in AD” (Jagirdar and Chin, 2019). Hypoconnectivity within the
default mode network (DMN), which consists of the medial pre-
frontal cortex, the posterior cingulate cortex as the major cortical
hubs and the inferior parietal lobules, lateral temporal cortex,
and the hippocampal formation as the other cortical nodes is an
early sign of the disease (Spreng et al., 2010; Zhou and Seeley,
2014). ATN and MD were previously suggested as the components
of the DMN (Alves et al., 2019).

In this context, we hypothesize that specific thalamic nuclei will
be affected both structurally and functionally at different stages of
Alzheimer’s disease. On the other hand, other thalamic nuclei
interconnected with modality-specific sensorimotor cortices
would be relatively intact. Furthermore, considering that func-
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tional connectivity changes precede atrophic changes between dif-
ferent stages of the disease, altered functional connectivity (both
hypoconnectivities and compensatory hyperconnectivities) of
these thalamic subnuclei may be more pronounced (Alves et al.,
2019). Therefore, this study aimed to investigate the sensitivity
of thalamic subnuclei to progressive neurodegeneration during
Alzheimer’s disease by using advanced segmentation methods on
anatomical and functional MRI data.

2. Materials and methods
2.1. Participants

The study included 20 participants diagnosed with ADD, 30
with MCI, and 30 with SCI who were followed up in the Depart-
ment of Neurology, Behavioral Neurology and Movement Disorders
Unit of Istanbul University, Istanbul Faculty of Medicine. All partic-
ipants were assessed using the Mini-Mental State Examination
(MMSE), Clinical Dementia Rating (CDR), Free and Cued Selective
Reminding Test (FCSRT) (Buschke, 1984; Folstein et al., 1975;
Ivnik et al.,, 1997; Morris, 1991) and geriatric depression scale
(Ertan et al., 1997; Yesavage et al., 1982). Clinical diagnosis was
made in three patient groups using neuropsychological test scores.
Additionally, T2-weighted and FLAIR MRI images of all participants
were examined by an experienced neurologist for hyperintensity
and high resolution T1-weighted coronal images were used to
determine the medial temporal lobe atrophy (MTA) scores
(Scheltens et al., 1992).

For the ADD group, patients were diagnosed according to the
typical ADD clinical criteria of the National Institute on Aging
and Alzheimer’s Association (NIA-AA), and participants with a
CDR score of 0.5 or 1 and without any neuropsychiatric diagnosis
other than dementia were included (McKhann et al., 2011). In
the diagnosis of MCI, the memory score threshold value, which
has a high probability of turning into ADD, was preferred (Grober
et al., 2010). Therefore, the MCI group consisted of patients diag-
nosed with MCI, according to the Petersen criteria, with a CDR
score of 0.5 and an FCSRT-total free recall (TFR) score of 24 or less
(Grober et al., 2010; Petersen, 2004). Participants with subjective
memory complaints with a CDR score of 0 and an FCSRT-TFR score
higher than 24 were included in the SCI group (Jessen et al., 2014).
On the other hand, participants with current or past neurological
or psychiatric disorders that could negatively affect cognition,
comorbid major depression, major head trauma accompanied by
loss of cognition, white matter T2/FLAIR hyperintensity with Faze-
kas scores greater than 1 on clinical MRI examinations, as well as
contraindications for MRI scanning were excluded from the study.

2.2. MRI acquisition

The structural MRI images were acquired at Hulusi Behcet Life
Sciences Research Laboratory, Istanbul University, using a 3-Tesla
magnetic resonance imaging system (Phillips, Achieva, Best, The
Netherlands) equipped with a 32-channel SENSE head coil. High-
resolution T1-weighted structural images were recorded with 3D
TFE (Turbo Field Echo) sequence in the axial plane (aligned with
the anterior commissure-posterior commissure line) with the fol-
lowing parameters: Total scan time: 5 min 55 s, time of repetition/-
time of echo: 8.3/3.8 ms, flip angle: 8°, field of view:
220 x 240 mm, matrix: 252 x 227, 180 axial slices (with no gap),
reconstructed to 1 mm? isotropic voxels. Resting-state functional
MRI data were recorded with echo-planar imaging (EPI) sequence
in the axial plane (anterior commissure-posterior commissure
aligned) with the following parameters: TR / TE: 3000 / 30 ms,
FOV: 212 x 199 mm, flip angle: 80° acquisition matrix size:
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64 x 59, voxel size: 3.31 x 3.31 x 3. 31 mm, 195 volumes, each con-
taining 48 axial slices covering the whole brain, were obtained
with a total scan time of 10 min.

2.3. Structural MRI analysis

Structural MRI data were segmented using FreeSurfer
(https://surfer.nmr.mgh.harvard.edu, version Dev 6.0.0). Firstly,
FreeSurfer standard recon-all steps were applied to the individual
structural data of all participants (Fischl et al., 2002). After this
stage, each participant’s skull-stripping and segmentation pro-
cesses were visually inspected using Freeview. In the next step,
detailed segmentation was performed to obtain 25 thalamic nuclei
using the thalamus atlas created by Iglesias and colleagues (2018)
based on high-resolution MRI and histological data (Iglesias et al.,
2018). Subsequently, volume values per thalamic nuclei derived
from this atlas were calculated for each participant. The obtained
25 thalamic nuclei were grouped anatomically, and 6 major groups
were formed (Iglesias et al., 2018). Thalamic nuclei are grouped as
follows:

i. Anterior group: anteroventral (AV) nucleus,

ii. Lateral group: laterodorsal (LD), lateral posterior (LP) nuclei

iii. Ventral group: ventral anterior (VA), ventral anterior mag-
nocellular (VAmc), ventral lateral anterior (VLa), ventral lat-
eral posterior (VLp), ventral posterolateral (VPL),
ventromedial (VM) nuclei

iv. Intralaminar group: central medial (CeM), central lateral
(CL), paracentral (Pc), centromedian (CM), parafasicular (Pf)
nuclei

v. Medial group: paratenial (Pt), medial ventral-reuniens (MV-
re), mediodorsal medial magnocellular (MDm), mediodorsal
lateral parvocellular (MDI) nuclei

vi. Posterior group: lateral geniculate (LGN), medial geniculate
(MGN), limitans-suprageniculate (L-SG), pulvinar anterior
(PuA), pulvinar medial (PuM), pulvinar lateral (PuL), pulv-
inar inferior (Pul) nuclei

Thalamic subgroups are shown in three dimensions in Fig. 1.
The ratio of each segment volume-to-estimated total intracranial
volume (eTIV) was calculated and used in further statistical
analysis to adjust for potential inter-individual head size
differences.
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2.4. Functional MRI analysis

Preprocessing steps were performed using CONN functional
connectivity toolbox version 18b (https://web.conn-toolbox.org/)
(Nieto-Castanon, 2020; Whitfield-Gabrieli and Nieto-Castanon,
2012) and SPM 12 (Statistical Parametric Mapping version 12;
https://www.fil.ion. ucl.ac.uk/spm12/) (Penny et al., 2011). Ini-
tially, the functional images were realigned to the first image to
correct for within-scan head movement. The Artifact Detection
Tools (ART) toolbox was then used to check for potential outlier
scans representing excessive head motion or signal intensity spikes
(Behzadi et al., 2007). For this purpose, 5 standard deviations from
the mean intensity of the entire session as used for the global-
signal z-value threshold. 0.9 mm threshold or greater differences
from the previous scan as used for the composite motion difference
criteria. Having been coregistered with the functional images, the
structural images were segmented into white matter, gray matter,
and cerebrospinal fluid (Friston et al., 1995). The individual trans-
formation matrix was obtained during the normalization step of
the structural data to the Montreal Neurological Institute (MNI)
standard space and used for the spatial normalization of the func-
tional images (Friston et al., 1995). Finally, the functional data
resampled to 2 x 2 x 2 mm voxels were smoothed by spatial con-
volution with an isotropic Gaussian kernel (full-width half maxi-
mum = 8 mm).

The denoising procedure of the CONN toolbox, including a lin-
ear regression of potential noise effects in the BOLD signal and
temporal band-pass filter (Nieto-Castanon, 2020), was applied to
the functional data to remove the impact of potential noise sources
such as movement and physiological effects. Using an anatomical
component-based noise correction (aCompCor), method instead
of the removal of global signal (Behzadi et al., 2007), potential
noise components derived from WM and CSF signals were esti-
mated and subsequently included as confounds in the denoising
step in addition to six motion parameters obtained in the realign-
ment step and their first order derivatives of twelve motion com-
ponents. Furthermore, outlier scans of subjects defined with ART
in the preprocessing step were included as potential noise effects.
Finally, the impact of the scanning session was included in con-
founding effects to decrease the influence of slow, linear trends
in the BOLD signal (Nieto-Castanon, 2020). Then a 0.01 - 0.1 Hz
bandpass filter was applied to the functional images to filter effects
from noise sources.

Anterior Group
M Lateral Group
M Ventral Group

M Intralaminar Group

Medial Group

Posterior Group

Fig. 1. 3D representation of thalamic nuclei; I: Inferior; S: Superior; A: Anterior; P: Posterior; M: Medial; L: Lateral.
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Since the most prominent morphometric changes from the tha-
lamic nuclei obtained as a result of the segmentation process were
in the medial group nuclei and MDm, these thalamic nuclei were
chosen as the region of interest (ROI) for seed-to-voxel functional
connectivity analysis. Segmentation was performed using the
MNI 2 mm standard space FreeSurfer pipeline to generate thalamic
nuclei seeds. After the segmentation stage, medial group and MDm
nuclei seeds were obtained (Fig. 2). Functional connectivity
changes of ROIs were compared between the three groups using
analysis of variance (ANOVA) at the second level, with py, < 0.001
at the voxel level and family-wise error (FWE) adjusted
Prwe < 0.0125 at the cluster level. The significance threshold was
set as prwe < 0.017 in pairwise comparisons by applying Bonferroni
correction.

2.5. Statistical analysis

Statistical analyses were conducted on the volumetric values of
normalized thalamic nuclei using the SPSS (IBM SPSS Statistics ver-
sion 26, https://www.ibm.com/tr-tr/products/spss-statistics) sta-
tistical program. Analysis of covariance (ANCOVA) was applied by
controlling the effect of age, education, and gender with the group
as an independent/between-subject factor.

In the first step, the total volumes of the thalamic subgroups for
each hemisphere were compared; then, in the second step, differ-
ences in the thalamic subnuclei were examined. By applying Bon-
ferroni correction for multiple comparisons, the significance
threshold was set as p < 0.0042 (for 6 thalamic subgroups x 2 hemi-
spheres, 0.05/12 = 0.0042) for thalamic subgroups and p < 0.001
(for 25 thalamic subnuclei x 2 hemispheres, 0.05/50 = 0.001) for
thalamic subnuclei. Bonferroni correction was also applied for post
hoc analysis of anatomical regions that showed significant differ-

Clinical Neurophysiology 165 (2024) 127-137

ences in ANCOVA results. In addition, linear regression analysis
was performed to predict the memory scores on FCRST-TFR using
the significant volumetric changes observed in the AD progress
as independent variables.

Demographic, clinical, and volumetric data were first examined
using the Shapiro-Wilk test to determine whether they followed a
normal distribution. One-way analysis of variance (ANOVA) with
post hoc comparisons was performed using Bonferroni correction
for the normally distributed data. For the data without normal dis-
tribution and/or containing outliers, the Kruskal-Wallis H test, and
post-hoc pairwise comparisons were performed using the Mann-
Whitney U test with Bonferroni correction for multiple compar-
isons. The Chi-square test was performed to examine the gender
distribution between the groups.

3. Results
3.1. Demographic and clinical results

Demographic and clinical statistical analysis results of the
groups included in the study are given in Table 1. No statistically
significant differences were found among the 3 groups in terms
of education, age, gender ratio or depression scores (Respectively,
x? = 1.647, p = 0439; x> = 3.209, p = 0.201; %2 = 4.469,
p =0.107; F(2,77) = 0.757, p = 0.473).

There were statistically significant differences between the 3
groups in terms of FCSRT-TFR scores (F (2,77) = 111.984,
p < 0.001), MMSE scores (2 = 36.122, p < 0.001) and MTA scores
(x? = 30.343, p < 0.001). In post hoc comparisons, while the SCI
group performed better than the MCI (p < 0.001) and ADD
(p<0.001) groups in terms of FCSRT-TFR scores, the MCI group also
performed better than the ADD group (p < 0.001). Likewise, in post

+ I Medial Group
MDm

Fig. 2. Sagittal, coronal, and axial sections of an MNI 152 template showing the medial group and mediodorsal medial magnocellular nuclei seeds. The green and red colors
represent the medial group, and only the red represents the mediodorsal medial magnocellular nucleus. MDm: Mediodorsal medial magnocellular. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Demographic and clinical characteristics of the groups.

Mean * standard deviation

Post hoc results

SCI (n = 30) MCI (n = 30) ADD (n = 20) Test SCI vs. ADD SCI vs. MCI MCI vs. ADD
Age 62.57 £ 7.93 63.90 + 7.63 67.40 £ 10.19 3.209¢ - - -
Gender(F/M) 11/19 19/ 11 11/9 4.469" - - -
Education 13.07 + 4.83 11.20 + 4.96 11.15 + 4.54 1.647¢ - - -
GDS 7.00 + 4.80 6.52 + 4.61 8.39 £ 6.11 0.757° - - -
MTA? 01[0-2] 1[0 -2] 21[1-4] 30.343¢ p < 0.001 p =0.063 p < 0.001
MMSE 29.03 £ 1.24 27.90 + 1.69 2320 +3.85 36.122° p <0.001 p =0.044 p <0.001
FCSRT-TFR 3053 +4.13 18.23 + 4.46 8.40 +7.34 111.984° p < 0.001 p < 0.001 p < 0.001

SCI: Subjective cognitive impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia; F: Female; M: Male; MMSE: Mini-Mental State Examination;
FCSRT-TFR: Free and Cued Selective Reminding Test-Total Free Recall; GDS: Geriatric Depression Scale; MTA: Medial Temporal Lobe Atrophy; “One-way ANOVA, p-values
were Bonferroni corrected for multiple comparisons; "Chi-square; “Kruskal-Wallis H test and Mann-Whitney U test for post hoc comparisons using Bonferroni correction;
dMedian [minimum-maximum)| values were presented. The significance threshold was set as p < 0.05.
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hoc comparisons of MMSE, the SCI group performed better than
the MCI (U = 257.500, p = 0.044) and ADD (U = 33.500, p < 0.001)
groups, and the MCI group also performed better than the ADD
(U =80.000, p < 0.001) group. There was also significant difference
among the groups in terms of the MTA score. Post hoc comparisons
revealed that the MTA score of the ADD group was higher than
both those of the MCI (U = 114.500, p < 0.001) and SCI
(U =53.000, p <0.001) groups, while no statistically significant dif-
ference was detected between the MCI and SCI groups
(U =310.000, p = 0.063).

3.2. Volumetric results of the thalamic subgroups and nuclei

ANCOVA revealed a significant difference between the groups
only in the medial group of each left and right thalamus (Table 2,
Fig. 3). Post-hoc pairwise comparisons showed that compared to
the ADD group, the SCI group had larger volumes of both left and
right medial nuclei, while the MCI group had only a larger left
medial nuclei volume (SCI vs. ADD: p = 0.0014 for Ileft;
p = 0.0003 for right; MCI vs. ADD: p = 0.008). MCI vs ADD compar-
isons were not significantly different (Fig. 3).

Further comparison to scrutinize which nucleus within the
medial group was mainly responsible for the volumetric differ-
ences between the groups revealed significant differences only
for the left and right MDm (p = 0.0002; p = 0.0001, respectively)
(Table 3). Post hoc comparisons showed that both the SCI group
and the MCI group had larger volumes for both left and right
MDm than ADD group (SCI vs. ADD: p = 0.0003; p = 0.00007,
respectively; MCI vs. ADD: p = 0.004; p < 0.024, respectively),
MCI vs ADD comparisons were not significantly different (Fig. 3).
Statistical analysis results of all thalamic nuclei are given in Appen-
dix Table A1.

3.3. Linear regression analyses

To investigate to what extent the medial nuclei and MDm
nucleus predicted memory scores, linear regression analyses were
performed using each left and right MDm and medial group nuclei
volume as the dependent and FCRST-TFR scores as the independent
variables. The left medial group nuclei volume (R = 0.463,
R?>=0.215, F(1,78) = 21.321, p < 0.001) explained the memory per-
formance by 20%, while the right medial group nuclei volume
(R = 0.469, R? = 0.220, F(1,78) = 21.940, p < 0.001) explained 21%.
On the other hand, the left MDm volume (R?* = 0. 265, K1,
78) = 28.187, p < 0.001) explained 26% while the right MDm vol-

Table 2
Thalamic nuclei volumetric analysis results.
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ume (R? = 0. 246, F(1, 78) = 25.445, p < 0.001) explained 24% of
the variance in the memory performance.

3.4. Functional connectivity analyses findings

The MDm nucleus and medial group nuclei of the left and right
thalami that demonstrated significant volume differences between
the groups in the structural analysis were defined as ROIs to be
used as seed regions in the seed-to-voxel functional connectivity
analysis. Separate ANCOVAs across the three groups revealed sig-
nificant group effects for the bilateral medial group nuclei, and
bilateral MDm nuclei.

The left medial group nuclei seed showed altered FC with the
left superior frontal gyrus. In the post-hoc comparisons, ADD group
demonstrated increased FC with the bilateral lingual gyri, right
intracalcarine, lateral occipital, and cuneal cortices compared to
the MCI groups. On the other hand, the left medial group FC to
bilateral medial frontal, superior frontal, and paracingulate gyri,
and the right frontal pole was decreased in the ADD group com-
pared to the SCI group. No significant FC differences were found
between the MCI and SCI groups (Table 4; Fig. 4). Similarly, the
right medial group nuclei seed showed altered FC with the left
superior frontal gyrus across the three groups. Post-hoc compar-
isons revealed decreased FC in the ADD group with the bilateral
medial frontal gyri, left superior frontal gyrus, and right paracingu-
late gyrus compared to the SCI. No significant FC difference was
found in the SCI vs. MCI and MCI vs. ADD comparisons (Table 4,
Fig. 4).

When we used the left MDm as the seed region, ANCOVA
showed altered FC with the right paracingulate cortex and bilateral
superior and medial frontal gyri. Post-hoc comparisons revealed
that the ADD group demonstrated increased FC with the bilateral
lingual gyri, right intracalcarine cortex, right lateral occipital cor-
tex, right cuneal cortex, and right occipital pole compared to the
MCI group. On the other hand, in the ADD group, FC was decreased
in bilateral medial frontal, superior frontal, and paracingulate gyri
compared to the SCI group. No significant FC differences were
found between the MCI and SCI groups (Table 4, Fig. 5). For the
right MDm seed, ANCOVA revealed altered FC with the left superior
frontal gyrus and right frontal pole across the three groups. Post
hoc analyses showed decreased FC with the left superior frontal,
medial frontal gyri, and anterior cingulate gyrus in the ADD
patients, and bilateral frontal poles in the MCI participants com-
pared to the SCI group (Table 4, Fig. 5). No significant FC differences
were found between the ADD and MCI groups.

Volume-to-eTIV ratio (x10°6)

2

Ne| MCcI ADD F (2,74) P n
Right
Anterior Group 122.610 + 4.124 121.463 + 4.024 112.414 + 4938 1.409 0.251° 0.037
Lateral Group 144.740 + 5304 138.429 + 5.175 125.461 * 6.350 2.645 0.078° 0.067
Ventral Group 2643.007 + 79.983 2774.311 + 65.188 2673.967 + 66.804 0.976 0.382° 0.026
Intralaminar Group 414.196 + 10.852 424.684 + 10.589 435.852 + 12.993 0.784 0.461° 0.021
Medial Group 895.945 + 15.560 849.173 £ 15.184 784.856 * 18.630 8.285 0.001° 0.183
Posterior Group 1575.322 + 36.669 1565.617 + 35.782 1473.850 + 43.903 1.793 0.174° 0.046
Left
Anterior Group 110.388 + 3.725 108.910 + 3.635 94.230 + 4.460 4.423 0.015" 0.107
Lateral Group 140.406 + 5.235 143.598 + 5.108 119.286 + 6.268 5.017 0.009° 0.119
Ventral Group 2618.988 + 59.864 2690.147 + 58.416 2516.965 + 71.674 1.775 0.177° 0.046
Intralaminar Group 400.747 + 11.130 405.554 + 10.861 412.751 + 13.325 0.229 0.796° 0.006
Medial Group 931.231 £ 18.918 911.625 + 18.460 821.063 * 22.650 7.398 0.001° 0.167
Posterior Group 1742.830 * 40.219 1752.620 * 39.246 1631.050 + 48.153 2.205 0.117° 0.056

Values shown are in mean * standard deviation. ANCOVA was performed by controlling the effect of age, education, and gender (Bonferroni-corrected significance threshold
of thalamic subgroups ”p < 0.0042 [0.05/12]). SCI: Subjective cognitive impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia; R: Right; L: Left.
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Fig. 3. Post hoc comparisons of anatomical regions with significant differences as a result of ANCOVA between 3 clinical groups. Mean volumes to eTIV ratios have been
reported (Bonferroni-corrected significance threshold *p < 0.05; **p < 0.01; ***p < 0.001). MDm: Mediodorsal medial magnocellular; SCI: Subjective cognitive impairment;

MCI: Mild cognitive impairment; ADD: Alzheimer's disease dementia.

Table 3
Volumetric findings for the thalamic nuclei within the medial group.

Volume-to-eTIV ratio (x10°)

2

Ne| McI ADD F (2,74) P n
Right
MDI 247.961 + 4.959 238.030 + 4.839 234.948 + 5.937 1.581 0.213 0.041
MDm 631.047 £ 12.029 594.725 £ 11.738 544.330 + 14.402 10.201 0.0001* 0.216
MV-Re 10.252 + 0.458 9.505 + 0.447 8.869 + 0.548 1.821 0.169 0.047
Pt 6.685 + 0.195 6.912 £+ 0.190 6.708 + 0.234 0.399 0.672 0.011
Left
MDI1 251.800 + 5.787 252.330 + 5.647 234.666 *+ 6.928 2.343 0.103 0.060
MDm 662.631 + 14.053 642.754 + 13.713 570.739 + 16.825 9.073 0.0002* 0.197
MV-Re 10.087 + 0.376 9.606 + 0.367 9.090 + 0.450 1.385 0.257 0.036
Pt 6.713 £ 0.195 6.935 + 0.190 6.567 + 0.233 0.800 0.453 0.021

Values shown are in mean + standard deviation. ANCOVA was performed by controlling the effect of age, education, and gender (Bonferroni-corrected significance threshold
of thalamic subnuclei *p < 0.001 [0.05/50]). SCI: Subjective cognitive impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia; R: Right; L: Left;
MDI: Mediodorsal lateral parvocellular; MDm: Mediodorsal medial magnocellular; MV-Re: Medial ventral-reuniens; Pt: Paratenial.

4. Discussion

In this study, it was aimed to examine the volumetric and func-
tional connectivity changes between SCI, MCI and ADD groups of
the specific nuclei of the thalamus, which is a very heterogeneous
structure histologically and functionally. As a result of volumetric
and functional connectivity analyses, our findings indicated that
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MD nuclei were affected in AD. MDm, the main paralimbic
cortices-related thalamic nucleus was indeed becoming smaller
and altering its pattern of connectivity along the disease course.
But this shrinkage/misconnection became significant only in the
dementia stage compared to both pre-dementia stages (SCI and
MCI). The modality-specific cortices-related nuclei indeed showed
no differences among the groups. MDm did not differ between SCI
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Table 4
The functional connectivity differences between groups.
Seed Regions Contrast MNI Coordinate Cluster Size Regions PrwE
L Medial Group Group differences 04, 38, 38 482 R-Paracingulate gyrus, R-SFG 0.000672
-20, 24, 56 365 L-SFG 0.003579
28, 32, 50 286 R-MFG, R-SFG 0.012242
ADD > MCI 28, -46, -04 1077 R-Lingual gyrus, 0.000008
R-Intracalcarine cortex
16, -82, 40 523 R-Lateral occipital cortex, 0.001765
R-Cuneal cortex
-22, -50, -02 381 L-Lingual gyrus 0.009163
ADD < SCI 04, 36, 38 1626 R-SFG, R-MFG, <0.000001
R-Paracingulate gyrus,
L-Paracingulate gyrus, R-FP
-20, 24, 56 612 L-SFG, L-MFG 0.000729
L MDm Group differences 04, 38, 38 453 R-Paracingulate gyrus, R-SFG 0.001027
-20, 24, 56 356 L-SFG 0.004180
ADD > MCI 28, -46, -4 1059 R-Lingual gyrus, 0.000009
R-Intracalcarine cortex
16, -82, 40 756 R-Lateral occipital cortex, 0.000144
R-Cuneal cortex, R-OP
-26, -58, -12 356 L-Lingual gyrus 0.011860
ADD < SCI 04, 38, 38 1466 R-MFG, R-SFG, <0.000001
R-Paracingulate gyrus,
L-Paracingulate gyrus
-20, 24, 56 716 L-SFG, L-MFG 0.000254
R Medial Group Group differences -24, 34, 44 354 L-SFG 0.004657
ADD < SCI -22, 34, 46 616 L-SFG, L-MFG 0.000809
32,32,50 350 R-MFG 0.015430
02, 42, 30 347 R-Paracingulate gyrus 0.016006
R MDm Group differences -22,23,44 358 L-SFG 0.003962
08, 56, 08 301 R-FP 0.009589
MCI < SCI 08, 56, 08 363 L-FP, R-FP 0.012550
ADD < SCI -22, 34, 46 583 L-SFG, L-MFG 0.001041
-12, 54, 08 529 Anterior cingulate gyrus 0.001850

SCI: Subjective cognitive impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia; MDm: Mediodorsal medial magnocellular; SFG: Superior frontal
gyrus; MFG: Middle frontal gyrus; FP: Frontal pole; OP: Occipital pole; R: Right; L: Left; FWE: Family-wise error; MNI: Montreal Neurological Institute. The threshold for
ANOVA analysis was set to p < 0.001 at the voxel level and pgwg < 0.0125 at the cluster level. Bonferroni correction was applied for pairwise comparisons, and the significance

threshold was set at ppwg < 0.017.

and MCI, despite a trend. ATN, the main limbic-related thalamic
nuclei, and MDI/PuM, the main heteromodal thalamic nuclei were
not discriminatory among the groups, again despite trends.

In the functional connectivity analyses in which medial group
nuclei and MDm were selected as ROIs, both ADD and MCI patients
displayed significantly decreased functional connectivity to the
frontal areas in comparison to the SCI participants. Whereas, both
the medial group and MDm increased their functional connectivity
to the visual areas in the ADD group, compared to the MCI group.
Our findings suggest that thalamo-cortical connections are affected
in AD and this pattern of influence is associated with the course of
the disease.

MDm is also part of the parahippocampal-prefrontal memory
system, which includes the perirhinal, parahippocampal, and med-
ial prefrontal cortices (Aggleton, 2012). Lesions observed in exper-
imental animals and humans showed the role of the mediodorsal
thalamus in recognition memory (Cross et al.,, 2013). A study by
Pardilla-Delgado et al., 2021, demonstrated no significant differ-
ence in thalamic volumes between the AD patients with and with-
out mutation in the PSEN1 E280A gene, however, they found a
negative correlation between the medial thalamus and, to a lesser
extent, posterior thalamus volumes with both cortical amyloid
load and entorhinal cortex tau load (Pardilla-Delgado et al.,
2021). Our finding indicating the volumes of the medial group
nuclei and MDm accounted for a small to medium proportion of
the variance in the memory scores of FCRST-TFR, also supports
the role of these thalamic nuclei in memory function.

MDm has also been recognized as reciprocally connected with
primary olfactory cortices and higher-order olfactory areas in the
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orbitofrontal cortex (Courtiol and Wilson, 2015; Tham et al,
2009). In this context, volume reduction in MDm may also con-
tribute to olfactory dysfunction which was frequently reported in
AD (Quarmley et al., 2017; Velayudhan et al., 2015; Ward et al,,
2017).

The reason for the lack of MDm volume differences between the
SCI and MCI groups may be due to the use of only clinical diagnos-
tic criteria and the absence of neurobiological biomarkers in this
study. Positive CSF biomarker rates in individuals clinically diag-
nosed with SCI and MCI have been reported to be 7-24% and
50.1%, respectively (Hwang et al., 2019; Parnetti et al., 2019). On
the other hand, the CSF biomarker rate is up to 92% in individuals
clinically diagnosed with AD (Hwang et al., 2019). The absence of
neurobiological biomarkers can be considered an important limita-
tion of our study, as it has the potential to lead to false positive
findings by reducing the volumetric contrast between our SCI
and MCI groups.

Due to its location and critical connections in the Papez circuit,
the anterior thalamus is important for memory functions (Aggleton
et al., 2016). The anterior thalamus is also where the neurofibril-
lary tangles are observed at the earliest stages of NFT spread. Braak
and Braak notes their incidental presence in antero-dorsal nucleus
(AD) in their stage I and presence in small amounts in stage II
(noted as i and + respectively) (Braak and Braak, 1991). A recent
study by Low and colleagues revealed that there was no difference
in the anterior thalamus volume between the amyloid-positive
MCI and healthy control groups, but in the ADD group compared
to the MCls and healthy controls (Low et al., 2019). Although the
anterior thalamus could not recover from conservative Bonferroni
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Effect of Left Medial Group

Fig. 4. Functional connectivity differences between 3 clinical groups for medial group nuclei. The threshold for ANOVA analysis was set to p < 0.001 at the voxel level and
Prwe < 0.0125 at the cluster level. Bonferroni correction was applied for pairwise comparisons, and the significance threshold was set at ppwg < 0.017. SCI: Subjective cognitive
impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia.

correction in our study, this may be due to its very small size. In the was thought to be located within the ATN, was included in the “lat-
atlas we used, the “anterior group” nuclei included the antero- eral group” nuclei. The fact that we did not find any discriminatory
dorsal, antero-medial and antero-ventral nuclei, while LD, which changes among the groups in pulvinar volumes may be interpreted
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Effect of Left MDm
R‘ .'j ‘\ o"

ADD > MCI

Fig. 5. Functional connectivity differences between 3 clinical groups for mediodorsal medial magnocellular nucleus. The threshold for ANOVA analysis was set to p < 0.001 at
the voxel level and pgwg < 0.0125 at the cluster level. Bonferroni correction was applied for pairwise comparisons, and the significance threshold was set at ppwg < 0.017. SCI:
Subjective cognitive impairment; MCI: Mild cognitive impairment; ADD: Alzheimer’s disease dementia; MDm: Mediodorsal medial.
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likewise. The heteromodal nucleus PuM was hidden within the
posterior group nuclei along with several first-order (MGN and
LGN) and second-order (PuL and Pul) nuclei.

Since the thalamus has highly diverse cortical connections
along with its highly heterogeneous substructures, it is not surpris-
ing to show functional connectivity changes to widespread cortical
structures. In our study, when we examined the functional connec-
tivity changes of the specific subnuclei of the thalamus where the
volumetric changes observed in the late stage of the disease, we
found that the medial group and its MDm nuclei of both the left
and right thalami decreased their functional connectivity to the
superior and medial frontal areas in ADD patients compared to
the SCI participants, whereas the right MDm nucleus with its
decreased functional connectivity with the frontal poles was the
only thalamic region that differed the MCI subjects from the SCIs.
In addition to the decreasing FC throughout the disease (mostly
for SCI vs ADD), the opposite pattern was obtained only for the left
medial group and its MDm nuclei seed, where these thalamic areas
increased their FC with occipital areas in the ADD patients, com-
pared to the MClIs. This increased FC may indicate a misconnection
or a compensatory effort that occurs during the dementia stage of
the disease. A similar finding has been previously reported. Cai et al
showed that with connectivity decreases in various frontal and
temporal areas along the cognitive impairment continuum, there
was also thalamo-visual FC (in fusiform gyrus and precuneus)
increases in early MCI, and late MCI compared to healthy controls
and comparison of two patient groups also revealed an increased
connectivity in the late MCI group, which were interpreted as com-
pensatory activity (Cai et al., 2015).

5. Conclusion

In conclusion, the main findings of the study are the decreased
connectivity of medial group nuclei and MDm with frontal areas,
which may explain the episodic memory deficits seen in the dis-
ease. On the other hand, the most critical finding is the reduced
functional connectivity between the MDm nucleus and the frontal
pole between SCI and MCI, which also provides a clue for an early
imaging marker of the disease. FC alterations of the medial group
and MDm nuclei of the thalamus with various cortical structures
indicate that thalamo-frontal and thalamo-occipital connectivities
are conversely affected in the course of AD. These findings demon-
strate the importance of focusing on specific sub-nuclei to better
understand the course of the disease and suggest the thalamic seg-
mentation algorithm as a useful and sensitive tool to investigate
structural and functional changes throughout the disease.
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