Received: 18 June 2022

Revised: 23 September 2022

W) Check for updates

Accepted: 5 October 2022

DOI: 10.1002/alz.12850

RESEARCH ARTICLE

Alzheimer’s &Dementia

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

A structural and resting-state functional connectivity
investigation of the pulvinar in elderly individuals and
Alzheimer’s disease patients

Halil Aziz Velioglu®? |
Lutfu Hanoglu?°

1Science for Life Laboratory, Department of
Women'’s and Children’s Health, Karolinska
Institute, Stockholm, Sweden

2Functional Imaging and Cognitive-Affective
Neuroscience Lab (FINCAN), Health Sciences
and Technology Research Institute (SABITA),
Regenerative and Restorative Medicine
Research Center (REMER), Istanbul Medipol
University, Istanbul, Turkey

3 Anatomy PhD Program, Graduate School of
Health Sciences, Kocaeli University, Kocaeli,
Turkey

4Department of Anatomy, School of Medicine,
Istinye University, Istanbul, Turkey

5Department of Psychology, Faculty of Arts
and Sciences, Acibadem University, Istanbul,
Turkey

6Department of Neurology, School of
Medicine, Istanbul Medipol University,
Istanbul, Turkey

7Department of Physiology, Istanbul Medipol
University, International School of Medicine,
Istanbul, Turkey

8 Alanya Alaaddin Keykubat University, School
of Medicine, Alanya/Antalya, Turkey

Correspondence

Burak Yulug, Alanya Alaaddin Keykubat
University, School of Medicine,
Alanya/Antalya, Turkey.

E-mail: burakyulug@gmail.com

Behcet Ayyildiz®>*
| Zubeyir Bayraktaroglu®’ |

| Sevilay Ayyildiz>* | Bernis Sutcubasi® |

Burak Yulug?®

Abstract

In Alzheimer’s disease (AD), structural and functional changes in the brain may give
rise to disruption of specific cognitive functions. The aim of this study is to investigate
the functional connectivity alterations in the pulvinar’s subdivisions and total pulvinar
voxel-based morphometry (VBM) changes in individuals with AD and healthy controls.
A seed-based functional connectivity analysis was applied to the anterior, inferior, lat-
eral, and medial pulvinar in each hemisphere. Furthermore, VBM analysis was carried
out to compare gray matter (GM) volume differences in the pulvinar and thalamus
between the two groups. Connectivity analysis revealed that the pulvinar subdivisions
had decreased connectivity in individuals with AD. In addition, the pulvinar and tha-
lamus in each hemisphere were significantly smaller in the AD group. The pulvinar
may have arole in AD-related cognitive impairments and the intrinsic connectivity net-
work changes and GM loss in pulvinar subdivisions suggest the cognitive deterioration
occurring in those with AD.

KEYWORDS
Alzheimer’s disease, cognitive impairment, functional magnetic resonance imaging, pulvinar,
thalamus, voxel-based morphometry

Highlights

* The pulvinar may play a role in pathophysiology of cognitive impairments in those
with Alzheimer’s disease (AD).

* Decreased structural volume and functional connectivity were found in patients
with AD.

* The inferior pulvinar is functionally the most affected subdivision by AD compared

to the others.
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1 | NARRATIVE
1.1 | Contextual background

Structural and functional changes in the brain at the macroscopic
level are observed shortly after neuronal damage at the microscopic
level, characterized by protein depositions in numerous brain areas,
subsequently causing further brain volume loss.1> This is consistent
with longitudinal data from Alzheimer’s disease (AD) patients showing
widespread loss of brain volume particularly affecting the gray mat-
ter (GM) and contributing directly to impaired cognitive function as
confirmed by anatomical-weighted magnetic resonance imaging (MRI)
scans and several cognitive tests.2 However, specific cognitive func-
tions including attention and executive function are associated not only
with temporohippocampal functions, but also with other regions, such
as the thalamus, involved in a number of specific attention and exec-
utive cognitive functions.®” One good example of this is the role of
the thalamus in cognition in the elderly population, although its role is
rarely mentioned in neuroimaging studies of AD patients.®? This may
be due to methodological differences between studies and overfocus
on conventional anatomical regions obstructing the identification of
other brain regions, such as the thalamus, involved in AD.

The pulvinar, which is the largest nucleus of the thalamus in pri-
mates, was firstly described by Cajal in 1911 as a “visual pulvinar”
According to Cajal, the pulvinar is more developed in primates while
it is absent in rodents and other many creatures.'© A recent study
showed that the pulvinar makes up 30% of thalamus volume in pri-
mates and humans and occupies a much smaller size in rodents’
thalamus volume! suggesting that the pulvinar is well developed in
higher mammals, particularly in humans and primates, compared to the
other creatures.!?

The pulvinar is cytoarchitectonically subdivided into the anterior
pulvinar (PuA), inferior pulvinar (Pul), medial pulvinar (PuM), and lat-
eral pulvinar (Pul) exerting strong connectivity with various cortical
areas, including the visual cortex and several heteromodal association
and limbic areas leading to its consideration as a thalamic associa-
tive nucleus.®14 The pulvinar receives the most divergent inputs from
the cortex and sends related efferents to it,'> creating an extensive
and reciprocal connectivity between the pulvinar and cortical areas.
Several studies show that these abovementioned widespread con-
nections of the pulvinar may contribute to advanced cognitive,1”
emotional,’®1? and somatosensory?° capabilities. This was confirmed
with several diffusion tensor imaging (DTI) studies showing strong con-
nections of the pulvinar with prefrontal, posterior parietal, inferior
temporal association areas; frontal eye fields; visual cortical areas (V1,
V2, V3, V4, and V5); superior colliculus; posterior parietal cortex; pri-
mary motor cortex; dorsal prefrontal cortex; orbitofrontal cortex; and
caudate nucleus.?! Also, task-based functional magnetic resonance
imaging (fMRI) studies determined that the pulvinar contributes to sev-
eral attention functions, attributing a special role to PuM depending
on the task performed.?2 In line with this, the connections between
the PuM and the posterior parietal, inferior temporal, cingulate, ret-
rosplenial, and prefrontal cortical areas have been directly associated
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RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed the literature
using traditional (e.g., PubMed) sources. The pulvinar is
the largest nucleus of the thalamus and has extensive
connections with multimodal cortical areas. However,
the effects of the pulvinar are poorly understood in
Alzheimer’s disease (AD), and it is unclear if decreased
pulvinar connectivity influences cognition during the
pathophysiology of AD.

2. Interpretation: Our study increases knowledge about
function of the pulvinar, and especially alteration of its
volume and functional connectivity in AD. The changes in
the pulvinar in those with AD has the potential to help
interpret mechanisms of cognitive impairment.

3. Future Directions: These findings highlight the need to
consider that structural and functional alteration of the
pulvinar may play a critical role in the pathophysiology
of AD. Task-based functional magnetic resonance imaging
studies could help examine our inference about altered
pulvinar connectivity in AD.

with directed attention, executive functions, and working memory.2324

Similarly, the Pul and PuL, known as the “visual pulvinar’2>26 exhibit
strong network connections with visual cortical areas, including the
occipital, temporal, and parietal lobes through critical subcortical com-
ponents of the dorsal and ventral stream of visual cortical processing.2’
Based on these unique anatomical and functional properties, lesions
in the pulvinar can dramatically impair several attentional, visuomotor,
and emotional processes. For instance, unilateral lesions of the pulvinar
result in a contralateral neglect syndrome resembling that resulting
from lesions of the posterior parietal cortex. Additionally, patients with
pulvinar lesions have encoding deficits of spatial information leading
to difficulty in filtering of distracting information.282? Moreover, the
pulvinar supports the attentional process by distinguishing between
contextually relevant and irrelevant somatosensory stimuli and coor-
dinating multimodal signals due to its connection with association
cortices.?® Hence, relevant lesions might lead to several spatial and
temporal attention deficits.3* Additionally, motor deficits occur by the
loss of integrative pulvinar connections. Wilke et al. observed reach
and grasp deficits after selective pulvinar lesion in humans suggest-
ing the role of PuM in motor planning of voluntary actions.®? Taken
together, based on its strong connectivity with various cortical areas,
including the visual cortex and several heteromodal association and
limbic areas, the pulvinar represents a novel subcortical prototypical
associative center. For instance, with its participation in heavy dynamic
interconnections, the pulvinar might make the right hemisphere espe-
cially important in lateralization in spatial coding of object position.
Similarly, based on its reciprocal connections with the amygdala and

inferotemporal cortex, containing face-selective neurons, complete
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unilateral loss of the pulvinar might led to considerable difficulties in
recognizing fearful facial expressions, and face orientation. In short, the
pulvinar facilitates a large attention-related communication network
system including both sensory and higher-order cortices, by coordinat-
ing their interactions in the temporal domain to maintain the function
of key arousal and cognitive networks.

The purpose of this study was to evaluate functional and volumet-
ric changes in the pulvinar in AD patients and healthy controls using
resting-state fMRI (rs-fMRI) and T1-weighted MRI scans. To the best
of our knowledge, this is the first study directly investigating structural
volumes in the pulvinar along with functional connectivity of the PuA,
Pul, PuL, and PuM subdivisions in both AD and healthy controls.

1.2 | Study conclusions and disease implications

Decreased volumes were observed in the pulvinar, a region that was
believed to be not typically related to cognitive function or AD. How-
ever, both longitudinal studies and neuropathological models, such
as Braak’s staging, indicate that the pulvinar is an important area
affected by neurofibrillary tangles.2é This is consistent with sev-
eral neuroanatomical studies demonstrating noticeable connections
between the pulvinar and cognitive brain regions involved in cognition
and AD in both humans and animals.'32 For instance, one recent study
indicated the role of ventral thalamic GM degeneration in cognitive
impairment in AD.8 Additionally, specific abnormalities of the pulvinar
region were linked to Lewy body dementia associated with special cog-
nitive impairments involving attention, and visuospatial and memory
processes.3*3> Briefly, our results suggest the pulvinar may play a role
in AD-related cognitive impairment which, together with other criti-
cal regions, was affected in this study, and may contribute to cognitive
deficits.

Interestingly, the largest volume reductions in the pulvinar indicate
adivergent role of the pulvinar in executive functions, visual attention,
and working memory.”16:18 Although global differences were observed
in AD-related GM volumes, the pulvinar region remained significantly
affected in AD dementia at the < 0.01 level. Based on the previous lit-
erature suggesting that thalamic AD-related volumetric reductions are
not uniform,3¢ we have obtained age-corrected values. Additionally,
we performed correlation analysis between ages and imaging results
(time series) separately in the control and AD groups. After accounting
for the age differences between the groups, we have observed no sig-
nificant changes in the structural and functional data, which was also
suggested with our correlation analysis in separated groups.

The connectivity of the pulvinar in non-human primates has been
well described with its diverse connections with cortical and subcorti-
cal regions. These non-human neuroanatomical studies reported that
the pulvinar is interconnected with the prefrontal cortex, posterior
cingulate cortex, inferior temporal gyrus, inferior parietal lobule, insu-
lar cortex, visual cortical areas, amygdala, superior colliculus, pons,
and putamen, highlighting the role of the pulvinar as a multimodal
integration center.232457 |n our study the general connectivity pat-

tern is consistent with studies shown in monkeys and our rs-fMRI

data represent a considerable fraction shown in the previous monkey
studies.

In our study, we found a considerable asymmetry between left and
right pulvinar connectivity (Tables 1 and 2). This is in line with the
previous study by Cotton and Smith indicating a greater activation in
the left pulvinar than the right side associated with greater activa-
tion suggesting the role of the functional laterality of the pulvinar®® in
attentional processes. Furthermore, although anatomical pulvinar con-
nections are symmetrical, laterality of parietal function coupled with
parietal interconnections with the pulvinar®? may result in asymmetric
pulvinar activity.%8

Also, our functional data suggested the role of the pulvinar in AD.
Similar to our previous Parkinson’s disease study, in which decreased
functional connectivity was observed in patients, and which attributed
aspecial role of the pulvinar in social integration and motor movements
(unpublished data) altered functional connectivity was determined in
AD patients in the present study. Our observation of significant func-
tional alterations in the AD group may suggest that thalamic network
function may be prominent during the progression to late AD stages
where also other regions degenerate to a similar degree. More specifi-
cally, our findings of significant functional differences between healthy
controls and patients with AD may suggest that decreased thalamic
network function may be seen in the early dementia stages, after
which progression to late stages occurs, in which other regions also
degenerate to a similar degree.

The results of this study are generally in line with recent cognitive
data showing that posterior thalamic atrophy may be a predictor of
cognitive decline and therefore a game-changer region in dementia, in
addition to late-degenerated hippocampal regions.?4%-42 Evidence for
this is provided by our finding that cognitive rates of change are cor-
related with concurrent changes in structural and functional pulvinar
parameters, yielding a strong clinical message that posterior thala-
mic degeneration may play a pivotal role in cognitive impairment. The
present research identified the pulvinar structurally and functionally
affected region in AD and confirmed previous reports of the contri-
bution of the pulvinar to attention, executive function, and working
memory.20

In sum, this study provides additional structural insight into the cog-
nitive deterioration occurring in AD and proposes an additional role
of the (posterior) thalamus in the cognitive deterioration that charac-
terizes AD, which may eventually be of assistance in the prognosis and

treatment of disease progression.

1.3 | Study limitations and recommendations for
future studies

This article provides information about the pulvinar nucleus, which has
not received the attention it deserves, in the pathophysiology of AD.
This study is limited by our inability to evaluate all participants’ motor,
cognitive, and mood performance in detail. Such information may be
particularly useful for clarifying the functional and structural changes

in the specific pulvinar nuclei in AD. On the other hand, the current
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N\
35 screened participants from
Istanbul Medipol University
Neurology Department
J/
4 participants were excluded due to
artefacts and excessive movements
in MRI machine
N
31 screened participants included

J

16 Alzheimer Disease’s 15 healthy controls

FIGURE 1 Flowchart of the study showing the participants’
acceptance. MRI, magnetic resonance imaging

study had a small sample size and such studies conducted in a large
population would be better to address the role of the pulvinar in AD.
Despite these minor limitations, the precise role of the pulvinar in AD
remains to be elucidated and further studies are needed. Although rs-
fMRI provides an excellent opportunity to investigate the connectivity
of the pulvinar in AD patients, the role and contribution of the pulvinar
to AD would be better identified in task-based fMRI studies involving

specific tasks that assess motor, cognitive, and social functions.

2 | METHODS
2.1 | Participants

Sixteen individuals diagnosed with AD and 15 healthy controls, who
had no neurological disease and traumatic history, were included in
the present study (Figure 1). All participants completed a medical
history and physical examination and underwent structural imaging
and rs-fMRI. Mini Mental State Examination (MMSE) was used as
the global cognitive assessment. All AD patients had mild to severe

AD symptoms (Clinical Dementia Rating > 1). The Istanbul Medipol

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

University ethical committee approved the present study (Ethical
Report: E-10840098-772.02-6112-E. 1139).

2.2 | Imaging acquisition

The rs-fMRI and T1-weighted anatomical images were acquired in a
Philips Achieva 3 Tesla scanner (Philips Medical Systems). The T1-
weighted images were obtained with following parameters: 190 slices,
field of view (FOV) = 256 x 256 x 190 mm, voxel size=1x 1 x 1 mm,
repetition time (TR) = 8.1 ms, echo time (TE) = 3.7 ms, flip
angle = 8°. The rs-fMRI scans were obtained by a T2-weighted
gradient-echo echo-planar imaging (GE-EPI) sequence with the follow-
ing parameters: TR 2230 ms, TE 30 ms, 300 volumes, 35 axial slices,
FOV = 240 x 240 x 140 mm, voxel size = 3 x 3 x 4, flip angle 77,
with a duration 12 minutes. The participants were requested to keep
their eyes open and not move their heads during the scan to get a good
quality resting image.

2.3 | rs-fMRI data processing

The seed-based resting-state functional connectivity analysis was pro-
cessed using functional connectivity toolbox v18 (CONN; http://web.
mit.edu/swg/software.htm) running under Statistical Parametric Map-
ping 12 (SPM12; http://wwwfil.ion.ucl.ac.uk/spm/software/spm12/),
in MATLAB 20b version (MathWorks).** The preprocessing pipeline
involves the following steps: realignment and unwarping, slice-timing
correction, structural segmentation and normalization, functional nor-
malization, outlier identification, and functional smoothing. Functional
images of each participant were realigned to account for head move-
ments. Previous studies have explored that realignment is not suffi-
cient to remove motion artefacts, and that head movements canimpact
functional connectivity results.**#> Thus, artefact removal tools (ART)
were used to scrub outlier scans for functional images.*” Participant
head movement realignment and scrubbing parameters (using the
conservative setting with 95th percentiles with linear motion parame-

ters > 0.5 mm and global-signal z > 3 value threshold) were assigned

FIGURE 2 Coronal (A), axial (B), and sagittal (C) sections of an MNI_152 template showing the pulvinar nucleus seeds. Eight seeds were
generated by FreeSurfer thalamic segmentation of the MNI_152 template. The anterior pulvinar, inferior pulvinar, lateral pulvinar, and medial
pulvinar are blue, green, red, and light blue colors in both hemispheres, respectively. MNI, Montreal Neurological Institute
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Healthy Control

Alzheimer’s Disease

FIGURE 3 The mean group resting state functional connectivity map of left PuA, Pul, PuL, PuM seeds are shown, respectively, in A1, A2, A3,
A4 for healthy controls and in B1, B2, B3, B4 for the Alzheimer’s disease group. All maps are family-wise error corrected at P < 0.00625 with a
minimum of 10 voxels for each cluster. The slice labels are in Montreal Neurological Institute standard space. The color bar represents t statistics.
The red patches show the functionally positive correlated areas with pulvinar seeds in both groups, and the purple patches show the functionally
negative correlated areas with pulvinar seeds in both groups. The regions shown in this figure are described in Table 1. PuA, anterior pulvinar; Pul,

inferior pulvinar; PuL, lateral pulvinar; PuM, medial pulvinar

as first-level covariates in the denoising procedure. The structural
and functional images were registered after the scrubbing. Conse-
quently, low-resolution functional images were aligned to the plane of
high-resolution structural images and made ready for the normaliza-
tion step. Preprocessing using the tissue probability maps normalized
structural images into GM, white matter (WM), and cerebrospinal
fluid (CSF). The functional and anatomical images were resliced to
2 X 2 x 2 mm voxels and normalized into the Montreal Neurologi-
cal Institute (MNI) space during normalization. Functional data were
smoothed with an 8-mm full width at half maximum (FWHM) Gaussian
kernel. In the denoising step, functional images were band-pass filtered
to 0.008-0.09 Hz to reduce the effect of noise after preprocess-
ing. The six motion parameters and their first-order derivatives were

then regressed, as well as the signals collected from WM, CSF as an

anatomical component-based noise correction process (aCompCor),
and the confounding factors deriving from the resting condition.*® The
eight pulvinar subdivision regions of interest (ROls), obtained through
FreeSurfer thalamic segmentation, were added to the CONN toolbox
in seed-to-voxel analysis. In the first-level analysis, the average time
series of all ROls were extracted for the BOLD time series, and the cor-
relation coefficients between the BOLD time series obtained from each
brain voxel were computed. For statistical analysis, these correlation
coefficients were then z-transformed using the Fisher transformation.
All ROl z-values were compared between the two groups using analysis
of variance (ANOVA) at the second level, with p,,c < 0.001 at the voxel
level and family-wise error (FWE) adjusted ppwe < 0.05 at the cluster
level. The Bonferroni-corrected results were given after P-values were

corrected for multiple comparisons (pFWE-BC < 0.00625).
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FIGURE 4 The mean group resting state functional connectivity map of right PuA, Pul, PuL, PuM seeds are shown, respectively, in A1, A2, A3,
A4 for healthy controls and in B1, B2, B3, B4 for the Alzheimer’s disease group. All maps are family-wise error corrected at P < 0.00625 with a
minimum of 10 voxels for each cluster. The slice labels are in Montreal Neurological Institute standard space. The color bar represents t statistics.
The red patches show the functionally positive correlated areas with pulvinar seeds in both groups, and the purple patches show the functionally
negative correlated areas with pulvinar seeds in both groups. The regions shown in this figure are described in Table 2. PuA, anterior pulvinar; Pul,

inferior pulvinar; PuL, lateral pulvinar; PuM, medial pulvinar

2.4 | Structural processing

The Computational Anatomy Toolbox (CAT12, http://dbm.neuro.uni-
jena.de/cat/), an extension toolbox of Statistical Parametric Mapping
software (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/) in MAT-
LAB (20b) was used to process the high-resolution 3D T1-weighted
images for voxel based-morphometry (VBM) analysis.*® The high-
resolution T1 images were affine registered, corrected for bias-field
inhomogeneities, and segmented into GM, WM, and CSF tissues
according to the MNI template space. In addition, total intracranial
volume (TIV) was calculated to correct for different brain sizes and vol-
umes. Finally, the GM images were smoothed using a Gaussian filter
(8 mm full-width half-maximum, FWHM) via the standard SPM mod-
ule “Smooth” to increase the signal-to-noise ratio. A quality check, the

homogeneity of the GM tissues, was assessed after the preprocessing.

Group differences in pulvinar and thalamus volumes were compared
by one-way ANOVAs. The subjects’ age and TIVs in the design matrix
were added as covariates because certain researchers showed that
the age and TIV of subjects had an impact on the VBM results.*? To
address multiple comparisons, all statistical maps were reported after
correction as voxel-level threshold: uncorrected P < 0.001, cluster level
threshold: FWE P < 0.05.

2.5 | Thalamus segmentation for pulvinar seeds

We performed autonomic thalamus segmentation using FreeSurfer
software (http://surfer.nmr. mgh.harvard.edu/) to create the seeds in
the current study. The thalamic nuclei of MNI 2 mm standard space

were automatically segmented using the “recon-all” function.’® The
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FIGURE 5 Group connectivity differences between groups for left pulvinar, PuA, Pul, PuL, PuMin A, B, C, D, E, respectively. P-value measures
the difference between groups by one-way analyses of covariance (P < 0.001 voxel and P-FWE < 0.00625 at cluster level). FWE, family-wise error;
PuA, anterior pulvinar; Pul, inferior pulvinar; PuL, lateral pulvinar; PuM, medial pulvinar
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FIGURE 6 Group connectivity differences between groups for right pulvinar, PuA, Pul, PuL, PuMin A, B, C, D, E, respectively. P-value
measures the difference between groups by one-way analyses of covariance (P < 0.001 voxel and P-FWE < 0.00625 at cluster level). FWE,
family-wise error; PuA, anterior pulvinar; Pul, inferior pulvinar; PuL, lateral pulvinar; PuM, medial pulvinar
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TABLE 3 The functional connectivity differences between groups

MNI
coordinate Region Clusters size FWE
Left-pulvinar 08,-34,12 L-R thalamus 1019 0.000000
L-hippocampus
L-PuA -12,-22,10 L-thalamus 203 0.004305
L-Pul -16,-30,02 L-thalamus, PCC, 257 0.000319
L-hippocampus
14,-28,00 R-thalamus, PCC, 216 0.000392
R-hippocampus
Brainstem
L-PuL -18,-28,00 L-thalamus 196 0.000331
L-PuM -08,-26, 10 L-R thalamus 355 0.000002
Right-pulvinar -12,-34,10 L-R thalamus 814 0.000000
R-PuA 10,-22,10 L-R thalamus 310 0.000008
R-Pul -18,-30,00 L-thalamus, PCC, 152 0.002169
L-hippocampus
-10, -44,-24 Brainstem 81 0.002223
L-cerebellum
14,-30,00 R-thalamus, 200 0.003558
R-hippocampus
R-PuL 16,-26,16 R-thalamus 141 0.000726
R-PuM -06,-30, 14 L-R thalamus 316 0.000002

Notes: P-value assesses the difference between groups by one-way analyses of covariance (P < 0.001 voxel and P-FWE < 0.00625 at cluster level). The related

regions showed stronger connectivity in the healthy group compared to the AD group.

Abbreviations: AD, Alzheimer’s disease; FWE, family-wise error; PuA, anterior pulvinar; Pul, inferior pulvinar; PuL, lateral pulvinar; PuM, medial pulvinar

PuA, Pul, PuL, and PuM in each hemisphere were selected as seeds

252

after the thalamus segmentation (Figure 2). The guidelines provided by
Williams were followed to convert the seeds from FreeSurfer format

(.mgh/.mgz) to Nifti (.nii/.nii.gz) format.>*

251 | Results

The average age of the AD group is 70.31 + 7.8 years (nine females
and seven males); the average age of the healthy control group is
60.26 + 9.37 years (nine females and six males). We found no differ-
ences between groups in terms of sex in the two groups (P > 0.005).
Healthy subjects without any history of neurological diseases had
higher MMSE (mean: 28) scores. On the other hand, patients with
AD who had mild to severe AD symptoms had lower MMSE (mean:
17) scores. The AD group had statistically significant higher ages
(P < 0.005) and lower cognitive performance according to the scores
in the MMSE compared to the healthy group (P < 0.001). Based on
this significant clinical data we included the mean age and MMSE as
covariates in the functional connectivity and VBM analysis to control
for covariates by group interactions (one-way analyses of covariance
and post hoc [Bonferroni] tests), which gave the following results.

Within-group functional connectivity

We found extensive functional connectivity of the pulvinar in healthy
controls. Interestingly, the regions demonstrating functional connec-
tivity with the pulvinar were mainly similar to AD. We found functional
connectivity between the left pulvinar nucleus and the thalamus,
hippocampus, amygdala, cerebellum, and cortical areas, including
the precuneus cortex, superior parietal lobule, supramarginal gyrus,
fusiform cortex, inferior temporal gyrus, middle temporal gyrus, pos-
terior parahippocampal gyrus, lateral occipital cortex, lingual gyrus,
intracalcarine cortex, frontal medial cortex, precentral gyrus, middle
frontal gyrus, superior frontal gyrus, anterior cingulate cortex, poste-
rior cingulate cortex, and paracingulate gyrus in healthy controls. In the
AD group, the left pulvinar nucleus exhibited connectivity to the thala-
mus, putamen, hippocampus, cerebellum, and cortical areas including
inferior frontal gyrus, middle frontal gyrus, superior frontal gyrus, sup-
plementary motor cortex, precentral cortex, fusiform cortex, inferior
temporal gyrus, precuneus cortex, postcentral gyrus, lingual gyrus,
intracalcarine cortex, supra calcarine cortex, insular cortex, anterior
cingulate cortex, posterior cingulate cortex (Table 1 and Figure 3).
We identified functional connectivity of the right pulvinar nucleus
with the thalamus, hippocampus, brainstem, cerebellum, and cortical
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Alzheimer’s disease Mean differences (P-value)

Mean % SD %
Right pulvinar 0.82069 0.084392
Left pulvinar 0.64909 0.067201
Right thalamus 4.92291 0.281830
Left thalamus 4.82235 0.276868

Healthy
control > Alzheimer’s
Mean % SD % disease
0.63339 0.097854 **0.000
0.50084 0.061259 **0.000
3.97637 0.710437 **0.000
3.91705 0.756019 **0.000

Abbreviations: L, left; R, right; SD, standard deviation; VBM, voxel-based morphometry.

**P<0.01.

areas, including angular gyrus, postcentral gyrus, precuneus cortex,
supramarginal gyrus, superior parietal lobule, fusiform cortex, intracal-
carine cortex, lingual gyrus, inferior frontal gyrus, middle frontal gyrus,
precentral gyrus, insular cortex, anterior cingulate cortex, posterior
cingulate cortex in healthy controls. In the AD group, the right pulv-
inar nucleus exhibited connectivity to the thalamus, putamen, pallidum,
caudate, hippocampus, cerebellum, and cortical areas including angu-
lar gyrus, precuneus cortex, postcentral gyrus, supramarginal gyrus,
superior parietal lobule, fusiform cortex, intracalcarine cortex, lateral
occipital cortex, lingual gyrus, middle temporal gyrus, precentral gyrus,
supplementary motor cortex, insula cortex, posterior cingulate cortex
(Table 2 and Figure 4; P < 0.00625 p-FEW corrected).

2.5.3 | Between-groups functional connectivity

The present study found a significant correlation between group dif-
ferences in functional connectivity of the pulvinar and its subdivisions.
In particular, the stronger connectivity was found in the left pulvinar
with bilateral thalamus and left hippocampus; PuA with left thalamus;
left Pul with bilateral thalamus, bilateral hippocampus, and posterior
cingulate cortex; left PuL with the left thalamus; left PuM with bilateral
thalamus; right pulvinar with bilateral thalamus; right PuA with bilat-
eral thalamus; right Pul with bilateral thalamus, bilateral hippocampus,
left brainstem, and posterior cingulate cortex; right PuL with right tha-
lamus; right PuM with bilateral thalamus in healthy controls group than
in the AD group (Table 3 and Figures 5 and 6; P < 0.00625 p-FWE
corrected).

2.5.4 | Voxel-based morphometry analysis

The mean volumes of pulvinar and whole thalamus are shown for the
two study groups in Table 4. In the VBM analysis between patients with
AD and healthy controls, the total volume of both pulvinars in patients
with AD was significantly smaller compared to the healthy controls
(P < 0.000). Furthermore, whole thalamus volume in each hemisphere
was also significantly reduced in the AD group compared to the healthy
controls (P < 0.000).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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