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Abstract.

Background: Increasing evidence suggests that thalamic nuclei may atrophy in Alzheimer’s disease (AD). We hypothesized
that there will be significant atrophy of limbic thalamic nuclei associated with declining memory and cognition across the
AD continuum.

Objective: The objective of this work was to characterize volume differences in thalamic nuclei in subjects with early and late
mild cognitive impairment (MCI) as well as AD when compared to healthy control (HC) subjects using a novel MRI-based
thalamic segmentation technique (THOMAS).

Methods: MPRAGE data from the ADNI database were used in this study (n=540). Healthy control (n =125), early MCI
(n=212), late MCI (n=114), and AD subjects (n=89) were selected, and their MRI data were parcellated to determine
the volumes of 11 thalamic nuclei for each subject. Volumes across the different clinical subgroups were compared using
ANCOVA.

Results: There were significant differences in thalamic nuclei volumes between HC, late MCI, and AD subjects. The
anteroventral, mediodorsal, pulvinar, medial geniculate, and centromedian nuclei were significantly smaller in subjects with
late MCI and AD when compared to HC subjects. Furthermore, the mediodorsal, pulvinar, and medial geniculate nuclei were
significantly smaller in early MCI when compared to HC subjects.

Conclusion: This work highlights nucleus specific atrophy within the thalamus in subjects with early and late MCI and AD.
This is consistent with the hypothesis that memory and cognitive changes in AD are mediated by damage to a large-scale
integrated neural network that extends beyond the medial temporal lobes.

Keywords: Alzheimer’s disease, Alzheimer’s disease neuroimaging initiative, mild cognitive impairment, Papez circuit,
thalamic nuclei, thalamus, thalamus optimized multi-atlas segmentation, THOMAS

INTRODUCTION

'Data used in preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data-

base (http://adni.loni.usc.edu). As such, the investigators within the
ADNI contributed to design and implementation of ADNI and/or
provided data but did not participate in analysis or writing of this
report. A complete listing of ADNI investigators can be found
at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply _AD
NI_Acknowledgement_List.pdf

*Correspondence to: Manojkumar Saranathan, PhD, 1501 N.
Campbell Ave, P.O. Box 245067, Tucson, AZ 85724, USA. Tel.:
+1 507 269 0601; E-mail: manojsar @radiology.arizona.edu.

Alzheimer’s disease (AD), the most prevalent form
of dementia afflicting over 5.8 million people in the
United States [1], has long been linked to patho-
logical changes seen in the medial temporal lobe,
mainly the hippocampus [2, 3]. The hippocampus
has a well-characterized role in episodic memory
[4], the decline of which is a hallmark of AD. Not
surprisingly, neuroimaging studies in AD invariably
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show substantial atrophy of the hippocampus [5-10].
While the hippocampus certainly plays a significant
role in the pathogenesis of AD, there is growing
evidence that the hippocampus is part of a larger net-
work of brain regions implicated in episodic memory,
namely the limbic memory circuit, or the Papez cir-
cuit[11]. The limbic memory circuit is a set of cortical
and subcortical structures and their interconnections
that includes the hippocampus, anterior thalamic
nuclei (anteroventral, anterodorsal, anteromedial),
the fornix, mammillary bodies, and the posterior cin-
gulate region [11]. Given their established role in
episodic memory [12], changes anywhere within this
circuit could play arole in the memory loss associated
with AD. In addition to the limbic memory circuit,
the mediodorsal (MD) nucleus has also been shown
to serve an important role in memory in conjunction
with the perirhinal cortex [13]. However, despite their
established role in memory, the anterior nuclei of the
thalamus have received very little attention in AD
research. Braak et al. [14] found neurofibrillary tan-
gles and amyloid plaques within the anterior nuclei
of the thalamus, with the anterodorsal nucleus being
the most affected. These findings were confirmed by
Rub et al. [15] who found early neurofibrillary tan-
gles in the laterodorsal and anterodorsal nuclei of
the thalamus. Further, Ryan et al. [16] found atrophy
in thalamic and caudate volume in presymptomatic
familial AD even prior to atrophy in hippocampal
volume.

While a handful of imaging studies have reported
significant decreases in whole thalamus volumes in
mild cognitive impairment (MCI), cognitive aging,
and AD [5, 17-19] and another has reported regional
changes in shape of the dorsomedial thalamus in AD
[20], very few studies have focused on individual
thalamic nuclei. This is, in large part, due to techni-
cal challenges in successful and accurate parcellation
of the thalamic nuclei. Conventional cerebrospinal
fluid-nulled (CSFn) Magnetization Prepared Rapid
Gradient Echo (MPRAGE), which is Ti-weighted,
and T,-weighted magnetic resonance imaging (MRI)
pulse sequences have poor intra-thalamic nuclear
contrast. Most attempts to parcellate the thala-
mus have been based on diffusion MRI techniques
[21-25], but this modality is limited by low spa-
tial resolution and a lack of significant diffusion
anisotropy in the largely gray-matter thalamus, result-
ing in poor delineation of small structures such
as anteroventral or geniculate nuclei. Others have
used diffusion MRI tractography to identify thala-
mic nuclei based on cortical connections [26-28].

However, the delineated regions tend to be large, and
are not based on inherent tissue differences within the
thalamic nuclei. More recently, structural imaging-
based techniques for parcellating the thalamus have
emerged. In one technique, manual segmentation on
a set of histological and ex vivo imaging data are
combined to create an atlas, which was then used
to segment the thalamus in vivo data using Bayesian
inference [29]. Another technique used a multi-atlas
approach to segment the thalamus based on a hierar-
chical statistical shape model [30]: Recent work by Su
et al. [31] has demonstrated that a specialized white-
matter-nulled (WMn) MPRAGE sequence produces
increased contrast within the thalamus. This was
combined with a multi-atlas joint label fusion tech-
nique to produce parcellations of the thalamus into
distinct nuclei in a technique called THalamus
Optimized Multi Atlas Segmentation (THOMAS).

In the very few studies that have investigated differ-
ences in thalamic nuclei in MCI and AD, there have
been varied results. Iglesias et al. [29] found that in
addition to the whole thalamus, six thalamic nuclei,
including the anteroventral nucleus, the mediodor-
sal nucleus, and medial geniculate nucleus, were
significantly smaller in a large cohort of only AD sub-
jects (Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort) when compared to healthy controls.
In another study, Low et al. [32] found statistically
significant differences in volumes among the ante-
rior, lateral, and posterior clusters of thalamic nuclei
between healthy controls and AD subjects. However,
they found no differences in the volume of the whole
thalamus among healthy controls and subjects with
MCI and AD despite using the same technique as
Iglesias et al. The major finding of their work is that
while there is no difference in absolute volumes of
the ventral group of thalamic nuclei among the three
groups, the ventral nuclei are significantly smaller
within the left thalamus than the right thalamus in
subjects with AD (i.e., left-right asymmetry), a phe-
nomenon that has been reported for many other brain
regions in AD as well [7, 33-37].

In this work, we use a novel thalamic segmentation
technique (THOMAYS) to investigate changes in tha-
lamic nuclear volumes in subjects with increasingly
severe cognitive impairment from healthy controls to
AD. We take advantage of the large ADNI database,
which includes high-quality structural MRIs for
healthy controls, biomarker confirmed subjects with
early and late MCI, and AD to get insights into
changes in thalamic nuclear volumes at different
stages of the disease. With the increasing evidence
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of thalamic involvement in the progression of AD,
we expected to find increasing atrophy of the AV and
MD nuclei of the thalamus throughout the stages of
increasing cognitive impairment up to AD. Specifi-
cally, we predicted that atrophy of these select nuclei
will correlate with clinical and neuropsychological
measures of memory function and cognition.

METHODS

Data used in preparation of this article were
obtained from the ADNI database (http://adni.loni.
usc.edu). The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investi-
gator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial MRI, positron
emission tomography, other biological markers, and
clinical and neuropsychological assessment can be
combined to measure the progression of MCI and
early AD. For up-to-date information, see http://
www.adni-info.org.

Biomarker collection

Baseline CSF samples were obtained in the morn-
ing after an overnight fast and processed as previously
described [38]. Briefly, CSF was collected into
polypropylene collection tubes or syringes provided
to each site, then transferred into polypropylene trans-
fer tubes without any centrifugation step followed by
freezing on dry ice within 1h after collection and
shipped overnight to the ADNI Biomarker Core lab-
oratory at the University of Pennsylvania Medical
Center on dry ice. Aliquots (0.5 ml) were prepared
from these samples after thawing (1h) at room
temperature and gentle mixing. The aliquots were
stored in bar code-labeled polypropylene vials at
—80°C. AB1—42, tau, and p-tau were measured using
the multiplex xXMAP Luminex platform (Luminex
Corp, Austin, TX) with Innogenetics (INNO-BIA
AlzBio3; Ghent, Belgium; for research use-only
reagents) immunoassay kit-based reagents. From the
cohort used for this study, 399 subjects (healthy con-
trols (HC) =72, early MCI (EMCI) =157, late MCI
(LMCI) =97, AD =73) had AP -4z values available,
488 (HC=108, EMCI =195, LMCI= 108, AD=287)
subjects had tau values available, and 487 (HC =107,
EMCI =195, LMCI =108, AD =87) subjects had p-
tau values available.

Imaging data

To ensure consistency, the ADNI database was
searched for all data from subjects that were imaged

at baseline using a 3 Tesla scanner using a CSFn-
MPRAGE sequence who were either HC or had a
diagnosis of EMCI, LMCI, or AD, which resulted
in 650 datasets. Subjects were excluded if they did
not have a Montreal Cognitive Assessment (MoCA)
score recorded which reduced the total to 587
datasets. Finally, subjects whose image registration or
segmentation failed (see next section) were excluded
from the study, resulting in a final count of 540 sub-
jects included in this study (119 HC, 208 EMCI, 116
LMCI, 91 AD).

For the purposes of this study, the distinction
between early and late MCI was based on the criteria
used in the ADNI study. These criteria are defined in
the ADNI procedures manual (https://adni.loni.usc.
edu/wp-content/uploads/2008/07/adni2-procedures-
manual.pdf). Specifically, subjects were classified
as EMCI if they had a subjective memory concern
reported by themselves, their partner, or a clinician
and if they scored 9—11 with 16 or more years of
education, 5-9 for 815 years of education, or 3—-6
for 0-7 years of education on the logical memory II
subscale of the Wechsler Memory Scale — Revised,
and had a Mini-Mental State Examination (MMSE)
score between 24 and 30, and had a Clinical Dementia
Rating (CDR) of 0.5 in the memory box, and had cog-
nitive and functional performance sufficiently pre-
served such that the site physician could not make a
diagnosis of AD on the screening visit. The criteria for
being classified as LMCI were the same as for EMCI
except subjects had to score less than or equal to 8 for
16 or more years of education, less than or equal to 4
for 8—15 years of education, or less than or equal to 2
for 07 years of education on the logical memory II
subscale of the Wechsler Memory Scale — Revised.

Data processing

Thalamic segmentation was implemented using a
modification of the original THOMAS method of Su
et al. [31] briefly described below. The eleven delin-
eated nuclei are grouped as follows:

i. Medial group: mediodorsal (MD) nucleus, cen-
tromedian (CM) nucleus, habenula (Hb).

ii. Posterior group: Pulvinar (Pul) nucleus, medial
geniculate nucleus (MGN), lateral geniculate
nucleus (LGN).

iii. Lateral group: Ventral posterolateral (VPL),
ventral lateral anterior (VLa) nucleus, ventral
lateral posterior (VLp) nucleus, ventral anterior
(VA) nucleus.

iv. Anterior group: Anteroventral (AV) nucleus.
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Rigid Registration

Template

Cropped

Subject Data

Manually segmented Priors (20)

Nonlinear Registration

Fig. 1. Multi-atlas segmentation scheme for thalamic nuclei segmentation. The multi-atlas consists of 20 manually segmented WMn
MPRAGE datasets, which are warped to subject space and label fused using a majority voting scheme. A WMn template is used as an
intermediate step to improve robustness and cropping is performed to improve speed and accuracy.

In 9 healthy control WMn-MPRAGE datasets,
eleven thalamic nuclei and the mammillothalamic
tract (MTT) were manually segmented by an expert
neuroradiologist using the Morel stereotactic atlas
as a guide to create a multi atlas. A mean brain
template was created from the library of manu-
ally segmented datasets (priors). The buildtemplate
feature of Advanced Normalization Tools (ANTs)
package [39] was used to iteratively register each
prior to an average of the priors and then to create
a mean template by averaging the registered pri-
ors, which has excellent SNR and image contrast.
To segment the thalami of individual subjects, the
template image was first registered to the subject’s
T1-weighted image using the nonlinear symmetric
image normalization (SyN) algorithm implemented
in ANTs. Each anatomical prior was also registered
to the template image and these were available a
priori [39, 40]. A single composite transformation
to warp each anatomical prior to each subject’s T1-
weighted image was then generated by combining
the prior to template warp with the template to sub-
ject warp. This composite transformation was applied
to all thalamic nuclei labels from each of the anatom-
ical priors, to produce 9 sets of thalamic nuclei labels
aligned with each subject’s image. Finally, the 9 sets
of labels were fused into a single set of labels using

majority voting as implemented in ANTs, producing
a single set of thalamic nuclei labels aligned to each
individual subject. These steps are shown in Fig. 1.
An example TI MPRAGE image segmented using
the modified THOMAS algorithm is shown in three
planes in Fig. 2.

These segmented labels were then used to esti-
mate the volume of each thalamic nucleus. In addition
to nuclei volumes, a laterality index (LI) was also
calculated for all thalamic nuclei as LI=(L-R) /
(0.5 * (L+R)) * 100% as described by Low et
al. [32] In addition to thalamic nuclei volumes,
the volumes of bilateral hippocampi were estimated
using FreeSurfer (version 7.0.0). Intracranial vol-
umes (ICV) were also computed for each subject
using FreeSurfer’s recon-all command.

Note that in the original implementation of
THOMAS, joint fusion was used to combine the
labels as the input images were white-matter-nulled
MP-RAGE images. In order to validate the accuracy
of the modified THOMAS method using conven-
tional CSFn-MPRAGE versus WMn-MPRAGE, we
performed a comparison on 18 healthy subjects,
where both sequences were acquired. The WMn-
MPRAGE was segmented using THOMAS with label
fusion as described in Su et al. and served as a “gold
standard”. The CSFn-MPRAGE data was segmented
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Fig. 2. Thalamic nuclei segmentation labels from the modified THOMAS method overlaid on MPRAGE on a representative healthy control
subject (top row) and a representative Alzheimer’s disease subject (bottom row).

using THOMAS with majority voting as described
above. Accuracy of the proposed majority voting-
based THOMAS method was assessed by computing
Dice coefficients and a volume similarity index (VSI)
between the results obtained from the majority vot-
ing method technique compared to those obtained
from the WMn-MPRAGE data using joint fusion
THOMAS algorithm. Dice coefficients and the vol-
ume similarity index (VSI) are calculated as:

DICE Coefficient 21X N Y|
oefficient = ———— an
X+ 1]
bs(1X| —|Y
Vsg - @bs (X1 = 17D
[X]+ Y]

where X and Y refer to the two segmentation labels
being compared, with one being the ground truth (the
WMn MPRAGE results in this case). |X| and | Y| refer
to the number of voxels in X and Y respectively.

Statistical analysis

All statistical analyses were performed using
XLSTAT (version 2020.1). Continuous variables were
tested for normality (Kolmogorov-Smirnov test).
Variables reported as a proportion  were analyzed
using a chi-square test. The data. were independently
analyzed for the thalamus and the hippocampus. Age,
biological sex, years of education, and ICV were
considered as potential covariates for analysis of
covariance testing (ANCOVA) and were assessed for
potential inclusion in the model. ANCOVA was used
to determine if the volumes of each of the thalamic
nuclei differed between the four groups of sub-
jects (HC, EMCI, LMCI, AD), followed by pairwise

analysis between HC and the remaining three groups
with multiple comparison adjustment (Dunnett’s
test). The least squares estimate of the volumes after
adjusting for covariates were obtained, and effects
associated with an adjusted p <0.05 were considered
statistically significant. Effect sizes for each pair-wise
comparison were computed as the Cohen’s d score.
Pearson’s correlation coefficient (denoted r in this
work) of thalamic nuclear volume, in addition to the
whole thalamus and hippocampus volumes with neu-
ropsychological test scores, clinical evaluations and
biomarker levels were computed to assess the rela-
tionship of volume changes to changes in clinical
presentation and disease severity. Neuropsycholog-
ical scores considered were the MoCA, the MMSE,
and four measures from the Rey auditory verbal learn-
ing test (RAVLT) including the immediate recall (the
sum of trials 1-5), the number of words learned
(the difference between trial 5 and trial 1), the
number of words forgotten (the difference between
trial 5 and the delayed recall trial), and the percent
of words forgotten. Clinical measures of cognitive
function included the CDR and the Alzheimer’s dis-
ease assessment scale with 13 elements (ADAS13).
Finally, the biomarkers included, when available,
were Tau protein levels, phosphorylated Tau (Ptau)
protein levels, and amyloid-f3 (A3) protein levels.

RESULTS
Participant characteristics

Demographic and clinical characteristics of the
included subjects are summarized in Table 1. There
was a significant difference in age (p <0.001) across
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Table 1
Subject Demographics
HC EMCI LMCI AD 14

Number of Subjects 125 212 114 89

Sex (% Male) 45.38% 51.92% 47.41% 53.85%

Age (SD) 73.42 (6.25) 70.60 (7.16) 71.81 (7.93) 74.06 (7.74) <0.001
Education (SD) 16.62 (2.47) 16.01 (2.69) 16.61 (2.50) 16.08 (2.52) 0.062
MMSE (SD) 29.10 (1.16) 28.44 (1.55) 27.67 (1.81) 23.01 (2.20) <0.001
MoCA (SD) 25.77 (2.43) 24.04 (2.86) 22.53 (3.40) 16.96 (4.67) <0.001
RAVLT Immediate Recall (SD) 45.92 (10.59) 40.65 (10.75) 34.13 (10.93) 22.91 (7.83) <0.001
RAVLT Learned (SD) 5.90 (2.36) 5.51 (2.50) 3.74 (2.63) 1.80 (1.60) <0.001
RAVLT Forgotten (SD) 3.90 (2.77) 4.39 (2.70) 4.96 (2.44) 4.51 (1.65) 0.042
RAVLT %-Forgotten (SD) 36.77 (27.88) 46.84 (30.51) 66.33 (31.04) 90.17 (19.52) <0.001
CDR (SD) 0.03 (0.14) 1.31 (0.78) 1.71 (0.99) 4.40(1.78) <0.001
ADAS13 (SD) 9.13 (4.42) 12.23 (5.15) 17.92 (7.04) 31.70 (8.54) <0.001
AB (SD) (n=399) 1019.57 (387.10) 973.47 (358.39) 817.13 (288.11) 660.40 (250.41) <0.001
Tau (SD) (n=4388) 238.09 (97.12) 252.95 (121.05) 302.34 (132.68) 380.31 (141.23) <0.001
PTau (SD) (n=487) 21.99 (9.98) 23.96 (13.77) 29.39 (14.49) 37.63 (15.20) <0.001

MMSE, Mini-Mental State Exam; MoCA, Montreal Cognitive Assessment; RAVLT, Rey Auditory Verbal Learning Test; CDR, Clinical

Dementia Rating; ADAS13, Alzheimer’s disease assessment scale with 13 elements; A, amyloid-f3.

the groups, and a trend toward significance in years of
education (p =0.062). There were significant differ-
ences in all neuropsychological measures including
MMSE (p<0.001), MoCA (p<0.001), RAVLT
immediate recall (p <0.001), RAVLT number learned
(»<0.001), RAVLT number forgotten (p=0.042),
and RAVLT percent forgotten (p <0.001). All neu-
ropsychological test scores demonstrated worse
performance, on average, with increasing disease
severity. Clinical scores were also significantly dif-
ferent, including CDR-SB (p <0.001) and ADAS13
(»<0.001). Finally, biological CSF markers were
also significantly different across groups, including
Tau (p <0.001) and PTau (p <0.001), as well as A3
(p<0.001).

Assessment of modified THOMAS technique

Dice coefficients for thalamic nuclei volume esti-
mation compared between the WMn-MPRAGE data
used as a gold standard and the CSFn-MPRAGE
demonstrated good agreement between both tech-
niques. Dice coefficients ranged from a minimum
of 0.67 in the VLa and VPL nuclei to 0.85 for MD
and Pulvinar and 0.92 for the whole thalamic vol-
ume. Dice coefficients and the VSIs for all nuclei are
shown in Supplementary Table 1. It is worth noting
that even for small nuclei such as AV and CM, Dice
indices of 0.74 and 0.76 were achieved, attesting to
the accuracy of the method.

Comparison of thalamic nuclei volumes

Initial ANCOVA analysis using age, ICV, bio-
logical sex, and years of education revealed that

biological sex and years of education did not sig-
nificantly impact measures of volume for any of the
thalamic nuclei nor the hippocampus, and were thus
removed from the model. Thus, only age and ICV
were included as covariates for this analysis.

The volumes of individual thalamic nuclei, as well
as the whole thalamus and the hippocampus for all
subjects across all four study groups are shown in
Fig. 3. Post hoc analysis revealed that in the bilat-
eral MD nuclei, the left Pulvinar nucleus, and the
left MGN nucleus, there were significant differences
in the volumes between healthy controls and in sub-
jects with EMCI. The volumes of the bilateral AV
nuclei, bilateral MD-Pf, the bilateral Pulvinar nuclei,
the bilateral CM nuclei, the left MGN nucleus, and the
entire thalamus bilaterally were significantly smaller
in LMCI subjects when compared to HC subjects.
Further, the volumes of the AV nucleus, the Pulvinar
nucleus, the MGN, the CM nucleus, and the MD-
Pf nucleus in subjects with AD were significantly
smaller bilaterally compared to HC subjects. The
hippocampus was significantly smaller bilaterally in
EMCI, LMCI, and AD subjects when compared to
the HC group. The full list of statistical results for
the above comparisons are detailed in Supplementary
Table 2.

Effect size for each of the above post-hoc analyses
is plotted in Fig. 4 as the Cohen’s d score. The effect
size of HC versus EMCI is plotted in blue, the effect
size of HC versus LMCI is plotted in orange, and
the effect size of HC versus AD is plotted in yellow.
On both the left and the right side of the brain, the
whole thalamus has a very large effect size (d=0.70
on the left, and d=0.76 on the right), followed by the
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Fig. 3. Thalamic nuclei volumes plotted as box and whisker plots compared across four groups. In the above plots, healthy controls (HC)
are plotted in blue, early mild cognitive impairment (EMCI) is plotted in green, late mild cognitive impairment (LMCI) is plotted in orange,
and Alzheimer’s disease (AD) is plotted in red. Each subject’s nuclei volume is plotted as a filled circle on the plot. The black “x” on each
box and whisker plot denotes the mean volume for each group. Statistically significant differences (p <0.05) in pairwise comparisons after
Dunnett’s test are shown as black bars above the box and whisker plots.
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Fig. 4. Effect sizes plotted as Cohen’s d computed from pairwise comparisons of healthy controls (HC) with early mild cognitive impairment
(EMCI), late mild cognitive impairment (LMCI), and Alzheimer’s disease (AD), in the thalamic nuclei shown to have statistically significant
differences in volume.

Pulvinar nucleus (d=0.68 on the left and d=0.76 on severity, there were several nuclei that were consis-

the right) when comparing HC to AD. As expected,
the majority of the nuclei show progressively larger
effect sizes with increasing disease severity.

In addition to comparing nuclei volumes, the LI
was used to compare asymmetry in the atrophy
of nuclei with disease severity. ANCOVA analysis
showed no statistically significant differences in the
LI (data not shown) for any of the thalamic nuclei.
While there was no statistically significant differ-
ence in laterality of the nuclei with increasing disease

tently smaller on one side than the other across all
disease states. The AV, VA, and MGN nuclei were all
generally smaller in the left hemisphere.

Correlation of thalamic nuclear volumes to
neurocognitive scores

Pearson correlation coefficients between nuclei
that were significantly smaller in the cognitively
impaired subjects (EMCI, LMCI, AD) and healthy
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Table 2
Pearson’s correlation coefficient (3) and associated p-values of the anteroventral (AV), mediodorsal (MD-Pf), pulvinar (Pul), medial geniculate
nuclei (MGN), centromedian nuclei (CM), and the entire thalamus and hippocampus with select neurocognitive scores, clinical assessments,
and biomarker levels

MoCA RAVLT RAVLT CDR ADASI13 Tau Ptau AB
Immediate Delayed
T P r P r P r p r P T P r p T p
AV 0.198 <0.001 0.173 <0.001 0.138 0.002 -0.217 <0.001 -0.228 <0.001 -0.168 <0.001 -0.158 <0.001 0.079 0.117
MD-Pf 0.273 <0.001 0.246 <0.001 0.157 <0.001 -0.199 <0.001 -0.268 <0.001 -0.034 0.459 -0.036 0.427 0.103 0.040
Pulvinar 0.262 <0.001 0.241 <0.001 0.156 <0.001 -0.176 <0.001 -0.276 <0.001 -0.089 0.048 -0.091 0.045 0.169 <0.001
MGN 0.229 <0.001 0.171 <0.001 0.130 0.003 -0.176 <0.001 -0.247 <0.001 -0.010 0.830 -0.014 0.756 0.098 0.051

CM 0.226 <0.001 0.206 <0.001 0.132 0.003 -0.165 <0.001 -0.234 <0.001 0.023 0.617 0.021 0.627 0.070 0.166
Thalamus 0.276 <0.001 0.256 <0.001 0.148 0.007 -0.204 <0.001 -0.286 <0.001 -0.042 0.353 -0.041 0.366  0.156 0.002

Hippocampus 0.397 <0.001 0.355 <0.001 0.315 <0.001 -0.395 <0.001 -0.481 <0.001 -0.273 <0.001 -0.258 <0.001 0.266 <0.001

controls and neurocognitive test scores, clinical
scores, and biomarker levels, and their corresponding
statistical significance are summarized in Table 2. All
nuclei demonstrated statistically significant, albeit
weak correlations with MoCA scores, as well as with
RAVLT Immediate and delayed recall scores. CDR
and ADAS13 were also correlated to thalamic nuclear
volumes. The AV nucleus and the Pulvinar nucleus
were the only nuclei whose volumes correlated to
Tau and P-Tau levels. The MD nucleus and Pulvinar
nucleus were the only nuclei to correlate with A3
levels.

DISCUSSION

In this study, we investigated changes in the
volumes of thalamic nuclei throughout disease pro-
gression, i.e., early MCI, late MCI, and finally
AD using a novel, accurate thalamic segmentation
method. We showed that there are statistically signifi-
cant differences in several thalamic nuclei at different
stages of cognitive impairment, with increasingly
smaller volumes with increasing disease severity.
Notably, the AV nucleus, a component of the limbic
memory circuit, was significantly smaller in subjects
with LMCI and AD than in HC subjects. Further,
the MD-Pf nucleus, a structure with a well-known
role in memory, was also significantly smaller in
subjects with EMCI, LMCI, and AD. Additionally,
the CM nucleus, which has been shown to have
numerous connections within the limbic system [41],
was significantly smaller in LMCI and AD than in
HC subjects. The findings presented in this work
highlight the utility and sensitivity of the thalamic
segmentation algorithm and are consistent with other
findings suggesting that pathological changes in the
thalamus, and more broadly, the limbic memory cir-
cuit, play a significant role in the progression of AD.

Notably, the AV nucleus is demonstrably smaller
in subjects with increasingly severe cognitive impair-
ment. This result is consistent with the hypothesis that
the anterior thalamus plays an important role in the
development of the memory impairment that char-
acterizes the early stages of AD [11, 12, 42]. More
broadly, Argyropoulos et al. have shown that con-
sideration of structural/functional changes within the
entire Papez circuit better explains declining mem-
ory performance in subjects with autoimmune limbic
encephalitis. than hippocampal atrophy alone [42].
The findings presented here and those described else-
where suggest that a more comprehensive analysis of
the entire limbic memory circuit, including the thala-
mus, the hippocampus, the cingulate gyrus, and their
white matter connections may provide more complete
insight into the neural substrates of memory loss in
AD. Other nuclei from the limbic system, namely the
MD-Pf and the CM nuclei showed similar patterns
of decreasing volume with disease severity, further
promoting the idea that memory loss in AD involves
damage to a network of limbic structures and their
connections.

In addition to the limbic nuclei discussed above,
the pulvinar nucleus and the MGN also showed sig-
nificant differences in volume with disease severity.
In the work by Iglesias et al. [29], they demon-
strated a statistically significant difference in the
volume of the MGN in subjects with AD. Further,
amyloid plaques have been documented through-
out the pulvinar nucleus in patients with AD [43].
The pulvinar nucleus has widespread connections
throughout the cortex, including visual areas and
memory-related regions within the default mode net-
work such as the lateral and medial parietal cortex,
as well as the precuneus and parahippocampal gyri.
Disruption of these thalamocortical networks may
contribute to visual and memory disturbances in
AD [44].
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Low etal. [32] demonstrated asymmetrical atrophy
of the ventral thalamic nuclei in AD, with the left
nuclei atrophying significantly more than the right
nuclei. In the present work, we were unable to repli-
cate this finding for any thalamic nuclei. There are
several plausible explanations for this discrepancy. In
their work, there are relatively few subjects (n=65)
relative to what was used here (n=540) from the
ADNI study, making their analysis more susceptible
to Type II errors. Further, they utilized a differ-
ent thalamic segmentation software implemented in
FreeSurfer [29] which was demonstrated to be less
reliable (as quantified by poorer dice coefficients
using manual segmentation as gold standard) than
THOMAS [31]. Other studies have found similar pat-
terns of asymmetrical atrophy for other structures in
the brain [37, 45-47], however, so further investiga-
tion into the findings by Low are certainly warranted.

While this study took advantage of the large
database provided by ADNI, there are a number of
limitations that need to be addressed in future inves-
tigations. The template and multi-atlas used in this
study were based on white-matter nulled T1 images
due to the increased contrast of thalamic nuclei using
that imaging modality. However, this is not a con-
ventional MRI sequence, and there is limited data
available to perform the above analysis. Despite the
differing contrast between white-matter nulled and
CSF-nulled T;-weighted images, good to excellent
reliability of the registration and volume estima-
tion has been demonstrated here (see Supplementary
Material) [47, 48]. While this work included healthy
controls, EMCI, LMCI, and AD subjects, there was
no analysis of thalamic nuclei volumes as HC sub-
jects progress to AD over time, which would arguably
provide even more useful data with respect the pro-
gression of the disease. Not all subjects included in
this analysis with EMCI will progress to LMCI and
AD, and thus may show a different pattern of atro-
phy than subjects with presymptomatic AD. There
were simply not enough imaging studies collected at
3T to perform this type of analysis using the ADNI
dataset. Further, the distinction between EMCI and
LMCI defined in the ADNI, which distinguishes the
two based on a single memory test, has been shown to
have relatively high false-positive rates [49], an issue
that must be addressed in the future if the progres-
sion to AD is to be more accurately followed. If the
hypothesis that AD is a result of disease throughout
the limbic memory circuit, and not just the medial
temporal lobe is true, then we would expect to see
changes in the white matter pathways that connect

the gray matter structures within this circuit. In future
work, it will be worthwhile to include white matter
metrics, such as those derived from diffusion MRI
experiments, to further characterize network-level
changes occurring with disease progression.

Many of the above shortcomings of the present
study provide exciting opportunities for future work
to explore the role of the thalamus, and more broadly,
the entire limbic memory circuit in AD. As the field
of connectomics is rapidly expanding and improv-
ing, rapid and reliable segmentation of the thalamus
will provide invaluable information necessary for bet-
ter understanding thalamic connections to cortical
and subcortical regions of the brain. We believe that
mapping the entire limbic. memory circuit using a
multimodal approach including diffusion MRI, func-
tional MRI and structural MRI, will provide a much
more comprehensive insight into the neural basis of
cognitive changes in AD.

In conclusion, this work highlights the importance
of considering individual thalamic nuclei in the pro-
gression of AD. The thalamus is a complex structure
with widespread connections throughout the brain,
and one might expect different thalamic nuclei to
be affected differently than others as AD progresses.
With recent advances in thalamic parcellation algo-
rithms, we can provide higher degrees of sensitivity
and specificity to changes within the thalamus, and
provide more insight into the progression of AD.
While the hippocampus and other parts of the medial
temporal lobe are clearly the most strongly affected
regions of the brain in AD, the data provided in
this work supports the hypothesis that the episodic
memory loss that characterize the early stages of the
disease may be mediated, at least in part, by the ante-
rior thalamic components of the Papez circuit and the
MD nucleus.
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