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Abstract

Specific thalamic nuclei are implicated in healthy aging and age-related neurodegen-

erative diseases. However, few methods are available for robust automated segmen-

tation of thalamic nuclei. The threefold aims of this study were to validate the use of

a modified thalamic nuclei segmentation method on standard T1 MRI data, to apply

this method to quantify age-related volume declines, and to test functional meaning-

fulness by predicting performance on motor testing. A modified version of THalamus

Optimized Multi-Atlas Segmentation (THOMAS) generated 22 unilateral thalamic

nuclei. For validation, we compared nuclear volumes obtained from THOMAS parcel-

lation of white-matter-nulled (WMn) MRI data to T1 MRI data in 45 participants. To

examine the effects of age/sex on thalamic nuclear volumes, T1 MRI available from a

second data set of 121 men and 117 women, ages 20–86 years, were segmented

using THOMAS. To test for functional ramifications, composite regions and constitu-

ent nuclei were correlated with Grooved Pegboard test scores. THOMAS on stan-

dard T1 data showed significant quantitative agreement with THOMAS from WMn

data, especially for larger nuclei. Sex differences revealing larger volumes in men than

women were accounted for by adjustment with supratentorial intracranial volume

(sICV). Significant sICV-adjusted correlations between age and thalamic nuclear vol-

umes were detected in 20 of the 22 unilateral nuclei and whole thalamus. Composite

Posterior and Ventral regions and Ventral Anterior/Pulvinar nuclei correlated selec-

tively with higher scores from the eye-hand coordination task. These results support

the use of THOMAS for standard T1-weighted data as adequately robust for thalamic

nuclear parcellation.
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1 | INTRODUCTION

1.1 | Functional role of the thalamus and its
complex structure

The human thalamus is a complex brain structure, comprising approxi-

mately 60, bilateral nuclei. Many nuclei are delineated by white matter

systems that course to selective brain regions. The thalamus resides

inferior to the corpus callosum and superior to the brain stem, thereby

making it central for bidirectional communication between cortical and

subcortical sites. It is also integrated with Papez circuit and principal

limbic structures (Aggleton et al., 2016). For decades, the thalamus was

considered a simple relay for information transfer between spatially

distant brain regions. More recently, functions of the thalamus have

extended beyond its role as a passive relay to action and interaction

(Halassa & Sherman, 2019), such as information integration of multi-

sensory input, selective attention, 3-D spatial processing, multiple mne-

monic component processes (Aggleton et al., 2016), and eye-hand

coordinated intentional movement (for review, Worden et al., 2021).

Given the interactions of the thalamus with scores of brain regions and

across many diverse functions, neither its structure nor its function can

be considered as unitary. Yet from a structural neuroimaging perspec-

tive, many individual thalamic nuclei are small and poorly delineated

with standard MRI acquisition protocols, therefore precluding valid

quantification and limiting many volumetric studies to treat thalamus

as a single unitary entity. Nonetheless, the vast connectivity between

infratentorial and supratentorial sites enabling myriad functions pre-

sents the imperative to devise MRI acquisition and analysis approaches

that can structurally parcellate the thalamus into regions that corre-

spond to functionally relevant nuclear conglomerates.

1.2 | Relevance to normal aging and age-related
neurodegenerative diseases

Cross-sectional studies of normal aging consistently report significant

age-related volume declines of the total thalamus. The age trajectories

are often described by quadratic functions with accelerated declines

in older decades (Dima et al., 2022; Fjell et al., 2013; Pfefferbaum

et al., 2013; Tullo et al., 2019). Longitudinal studies confirm cross-

sectional reports, with sex differences typically diminished or elimi-

nated with statistical adjustment of intracranial volume (Bagarinao

et al., 2022; Pfefferbaum et al., 2013; Pfefferbaum et al., 2018). Only

a few studies to date have attempted thalamic parcellation to measure

differential effects of aging on individual nuclear volumes. Additional

attempts to characterize age-related differences in thalamic subre-

gions have used shape analysis (Hughes et al., 2012; Jacob

et al., 2020), diffusion tensor imaging (Iglehart et al., 2020;

Najdenovska et al., 2018), and quantitative susceptibility mapping

(Zhang et al., 2018).

The effects of normal aging on thalamic volumes need to be

accounted in studies of acquired neurological insult, including trau-

matic brain injury (Sandry & Dobryakova, 2021) and age-related

neurological diseases. Wernicke-Korsakoff syndrome (WKS), an erst-

while common concomitant of chronic alcohol consumption caused

by dietary insufficiency of thiamine (for review, Zahr et al., 2011), has

a neuropathological hallmark of bilateral volume deficits of the ante-

rior thalamic nuclei as contributing to the defining WKS episodic

memory deficit (Harding et al., 2000; Segobin et al., 2019). Even alco-

hol use disorder uncomplicated by WKS is associated with thalamic

volume deficits (Pfefferbaum et al., 2012; Pfefferbaum et al., 2018;

Zahr et al., 2020). Thalamic degeneration is also implicated in Alzhei-

mer's disease (Bernstein, et al., 2021), Parkinson's disease (Azghadi

et al., 2021), Lewy body dementia (Delli Pizzi et al., 2014), and multi-

ple sclerosis (Bisecco et al., 2015), with each disease marked by its

own pattern of thalamic deficits (Jakimovski et al., 2020).

Taken together, the selective involvement of thalamic nuclei

enables anatomical mapping of degeneration requiring nuclear analy-

sis for diagnostic signatures. Knowing which nuclei are affected by

disease can also aid in identifying extra-thalamic cortical and brain

stem targets of the affected nuclei and in predicting functional com-

promise of the affected networks or by reducing tremor include thala-

motomy targeting motor nuclei guided with MRI (e.g., Zur

et al., 2020). Selective thalamic sites like the ventral intermediate

(VIM) nucleus are also targets for deep brain stimulation for relief of

intractable tremor and other impairments of motor control. The occa-

sional success of noninvasive treatments like transcranial magnetic

stimulation for Mild Cognitive Impairment (MCI) (Elder &

Taylor, 2014) or hand tremor (Muller et al., 2021), neurosurgical inter-

ventions, or deep brain stimulation (DBS) for motor control impair-

ment highlight the need to develop imaging protocols with spatial

precision for therapeutic targeting.

1.3 | Developments meeting the challenges of
measuring the thalamus and its nuclei

The boundaries of the thalamus and thalamic nuclei in general are

largely invisible on conventional T1- and T2-weighted MRI. As a

result, most methods to date have relied on diffusion MRI (dMRI) or

functional MRI (fMRI)-based methods for thalamic nuclei segmenta-

tion (e.g., Najdenovska et al., 2018). The majority of dMRI methods

rely on the clustering of the principal direction of the diffusion tensor

or the orientation distribution function coefficients. This poses signifi-

cant limitations because the thalamus is composed principally of iso-

tropic gray matter as opposed to anisotropic white matter, on which

these DTI methods rely. fMRI-based methods (Kumar et al., 2017;

D. Zhang et al., 2008) are limited by the poor spatial resolution (typi-

cally 2.5 to 3 mm) and distortion limitations of the underlying echo-

planar imaging (EPI) acquisition. Recently, several methods (Iglesias

et al., 2018; Liu et al., 2020; Saranathan et al., 2021) that segment tha-

lamic nuclei based on standard T1 contrast MRI sequences like

Magnetization-Prepared RApid Gradient Echo (MPRAGE) have been

proposed. These methods are still restricted by contrast limitations of

standard T1 MRI, making segmentations of small nuclei, such as lateral

and medial geniculate nuclei, questionable.
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To overcome the standard T1 contrast limitations, modified con-

trast MPRAGE sequences have been proposed that null gray matter

or white matter (as opposed to cerebrospinal fluid (CSF) nulling of

standard T1 MRI) to improve thalamic boundary conspicuity and

intra-thalamic nuclear contrast. A fast, automated multi-atlas thalamic

segmentation method, called THalamus, Optimized Multi-Atlas Seg-

mentation (THOMAS), to segment white-matter nulled (WMn)

MPRAGE has been validated against "gold standard" manual segmen-

tation (Su et al., 2019). Despite their success in thalamic parcellation,

these pulse sequences are non-standard and thus not part of routine

imaging protocols. These sequences are also not part of existing image

databases like Alzheimer's Disease Neuroimaging Initiative (ADNI) or

Open Access Series of Imaging Studies (OASIS), precluding large-scale

analyses using WMn sequences and raising the question of whether

standard T1-weighted protocols (e.g., MPRAGE and SPGR) are ade-

quate for parcellation using THOMAS.

The aims of this study were threefold: (1) to first assess the accu-

racy of thalamic nuclei segmentation using a modified version of

THOMAS on standard T1 contrast by comparing against WMn con-

trast images segmented using the original THOMAS method with joint

fusion; (2) to then use the validated THOMAS method on standard T1

contrast images to parcellate thalamic nuclei for cross-sectional char-

acterization of age-related declines in a large group of healthy men

and women spanning the adult age range; and (3) to finally test the

functional ramifications of age-related volume declines using a test of

eye-hand coordination using composite regions and individual nuclei

comprising those regions.

2 | MATERIALS AND METHODS

2.1 | Comparison of white matter nulled and
standard T1-based segmentation

2.1.1 | Participants

The participants were 17 female and 30 male volunteers who had

bothWMnMPRAGE and standard T1-weighted imaging data; 34 were

healthy volunteers, 11 were individuals with alcohol use disorder

(AUD), and 2 had MCI. These participants were screened to exclude

for other neurological and psychiatric conditions, head injury causing

loss of consciousness for more than 30 minutes, and metal implanta-

tions precluding MRI scanning. All participants signed informed con-

sent approved by the IRB of SRI International and Stanford University

to participate in laboratory studies of MRI and neuropsychological

testing.

2.1.2 | MRI acquisition protocols

Each participant underwent a standard T1-contrast SPGR acquisition

collected with an 8-channel head coil and a WMn MPRAGE scan col-

lected with a 32-channel head coil acquired within 2 years of each

other. Data were available on 47 sets of scans from 46 different sub-

jects; one subject was scanned twice with both protocols one year

apart. The data from one 79-year-old MCI woman were excluded

because of excessive motion, leaving 46 data sets from

45 participants.

All imaging data were acquired on a 3.0 Tesla GE MRI scanner

(MR750, General Electric Healthcare, Waukesha, WI) with either an

8-channel or a 32-channel receive array head coil. WMn MPRAGE

scans optimized for 3T, as described in (Saranathan et al., 2015), were

acquired with the following scan parameters: TR/TE/TI/

TS = 11 ms/5 ms/500 ms/4.5 s, flip angle = 7, FOV = 18 cm,

200Å�200 matrix, 1 mm thickness, 210 slices with a 32-channel

receive array coil.

Standard T1-weighted fast spoiled gradient echo (SPGR) images

were acquired with the following parameters: axial TR/TE/

TI = 6.008/1.952/300, FOV 24 cm, 1.3 mm thickness, 120 slices; or

sagittal TR/TE/TI = 5.928/1.94/400, FOV 24 cm, 1.2 mm thickness,

146 slices. These data were collected on the same scanner with an

8-channel receive array head coil. All data were converted from dicom

to nifiti format for processing using dcm2nii.

2.1.3 | Thalamic parcellation protocols

Thalamus parcellation performed using THOMAS on WMn MPRAGE

data was considered the "silver standard" (in the absence of "gold

standard" manual segmentation used to validate the THOMAS algo-

rithm (Su et al., 2019)). THOMAS analysis conducted on standard T1

data was evaluated against the silver standard. All analyses produced

separate left and right estimates of total thalamus volume and 11 indi-

vidual nuclei (24 unilateral volumes); comparisons were conducted

with regression analysis, Dice Similarity Coefficients, and Volume Sim-

ilarity Indices.

2.1.4 | Thomas

Thomas is a multi-atlas segmentation method that uses a set of

20 WMn MPRAGE priors that were manually labelled by a trained

neuroradiologist, using the Morel atlas (Niemann et al., 2000) as a

guide. The use of WMn highlights intra-thalamic contrast and the

boundaries of the thalamus enabling clear visualization of many of

the nuclei not possible with standard T1 contrast. Following auto-

matic cropping of the input data to encompass both thalami, a non-

linear registration is performed to a WMn template (formed by

registering and averaging 20 WMn MPRAGE data sets to a common

space). This nonlinear warp (R in Figure 1a) is combined with the

20 prior template warps, which are precomputed (WpiT in Figure 1a)

to generate 20 candidate segmentation labels in the input space for

each nucleus. The nonlinear registration step (Advanced Normaliza-

tion Tools diffeomorphic) also used a mutual information (MI) metric

instead of a cross correlation (CC) metric due to the use of standard

T1 instead of WMn MPRAGE input. In the original THOMAS method,
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these 20 labels were then combined using a joint fusion algorithm that

uses image similarity weighting to generate the final parcellation labels

for all nuclei. To adapt THOMAS for standard T1 contrast data, this

step was replaced by a simpler majority voting procedure. The modi-

fied THOMAS schematic is shown in Figure 1a. Figure 1b presents

THOMAS outputs from an exemplary T1 data set in three orthogonal

planes, showing the 11 thalamic nuclei from each hemisphere. The

nomenclature for the nuclei is in Table 1. Additional implementation

details and source code were previously published (Saranathan

et al., 2021; Su et al., 2019; Umapathy et al., 2021).

2.2 | Thalamus segmentation of standard T1-
weighted images and motor testing in normal healthy
volunteers across the adult age span

2.2.1 | Participants

A separate set of T1-contrast scans acquired in 238 (117 female and

121 male) well characterized normal control volunteers from our ear-

lier studies (e.g., Sullivan et al., 2018; Zahr et al., 2021), ages 19 to

86 years old, were analyzed with THOMAS. On average, this group

F IGURE 1 The modified THOMAS pipeline (a) and results from THOMAS parcellation on a T1 MRI data set (b). The major difference
between this pipeline and the original pipeline developed for WMn MRI data is the use of majority voting for label fusion which enables the use
of WMn prior data with standard T1 input data

TABLE 1 Composite regions and associated thalamic nuclei with
acronyms

Region Nuclei

Anterior Anterior Ventral nucleus (AV)

Lateral Ventral lateral posterior nucleus (VLp)

Ventral lateral anterior nucleus (VLa)

Ventral anterior nucleus (VA)

Ventral posterior lateral nucleus (VPl)

Posterior Pulvinar nucleus (Pul)

Medial geniculate nucleus (MGN)

Lateral geniculate nucleus (LGN)

Medial Mediodorsal nucleus (MD)

Centromedian nucleus (CM)

Habenular nucleus (Hb)
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(29 Asian, 26 African American, 158 Caucasian, 25 other) had

16.4 years of education (range = 11–21) and a socioeconomic status

of 24.3 (range = 11–65). All participants were screened to exclude for

neurological and psychiatric conditions, head injury causing loss of

consciousness for more than 30 min, and metal implantations preclud-

ing MRI scanning. All volunteers signed informed consent approved

by the IRB of SRI International and Stanford University to participate

in laboratory studies of MRI and neuropsychological testing.

2.2.2 | MRI acquisition protocol and analysis

Standard T1-weighted SPGR scans were collected as described

above. T2 weighted scans were also collected [scan parameters axial:

TR/TE = 8585 ms/13.128 ms, ETL = 8, FOV = 24 cm, 2.5 mm thick-

ness, 124 slices; or sagittal: TR/TE = 2502 ms/104.32 ms,

ETL = 100, FOV = 24 cm, 1.2 mm thickness, 292 slices]. The T1-

and T2-weighted data were used to skull-strip the brain and to

compute brain size defined as supratentorial intracranial volume

(sICV) (Pfefferbaum et al., 2013). Thalamus parcellation was com-

puted with THOMAS on the standard T1 data. To provide a compari-

son for age related effects, six bilateral cortical regions of interest

(frontal, temporal, parietal, insula, cingulate, and occipital) were ana-

lyzed with the same procedures as the thalamic regions (Sullivan

et al., 2018).

2.3 | Motor testing

A subset of 90 participants had completed the standard Grooved Peg-

board test (Matthews & Klove, 1964) at the time of MRI acquisition.

This test assesses speed of eye-hand coordinated movement and

requires participants to place keyed dowels into five rows with slotted

holes as quickly as possible. The score is the mean of the time in sec-

onds taken to complete the test by each hand. In addition to measur-

ing and presenting left and right volumes for the 11 thalamic nuclei,

we also present results based on four composite regions, comprising

the constituent nuclei. The reason for using composite regions was to

reduce the number of comparisons for the brain volume-performance

correlations, thereby increasing the power to detect relations.

2.4 | Statistical analysis

To address the first aim, i.e., accuracy of THOMAS on T1 data, parcel-

lations derived from WMn MPRAGE data were compared with parcel-

lations from standard T1 contrast data segmented using THOMAS.

Regression analyses established the degree to which these T1 parcel-

lations correlated with the silver standard WMn parcellations. Regres-

sions produced R2 values reflecting the amount of variance accounted

for by THOMAS for each region. Dice Similarity Coefficients, Volume

Similarity Indices, and Bland-Altman plots were also computed for

each nucleus.

To address the second aim regarding age and the thalamus, the

influence of sex, brain size, and age on the THOMAS parcellation

using standard T1 was examined with regression analysis. First, sICV

was correlated with uncorrected (raw) volumes of each thalamic par-

cellation to determine the amount of variance accounted by brain size.

Then, sICV-adjusted parcellated volumes were correlated with age.

To put all regions on a comparable scale, cross-sectional age effects

were expressed as the percent difference per year of the mean

sICV-adjusted volume for each region. To address the third aim,

regression analysis tested relations between sICV-adjusted parcellated

volumes and motor performance. To reduce the number of possible

correlations, 10 of the 11 thalamic nuclei (Hb was excluded) were

combined to yield four composite regions for each hemisphere:

Anterior=AV; Ventral=VA+VLa+VLp+VPl; Posterior=Pul+LGN+

MGN; and Medial=CM+MD+Hb.

3 | RESULTS

Statistical results for all analyses are presented in tables along with p-

values uncorrected for multiple comparisons. Bonferroni correction

for 12, 2-tailed comparisons per lateral analysis with α = 0.05 requires

≤0.004; correction for all 24 regions requires p ≤ 0.002.

3.1 | Comparison of WMn and standard T1-based
segmentation with THOMAS

3.1.1 | WMn vs. T1

Only two of the smaller regions (left Hb and right VLa) failed to pro-

duce significant R2 estimates of the variance explained by the

THOMAS parcellation. Significant R2 ranged from 0.204 (p = 0.0016)

for the right Hb to 0.879 (p < 0.0000) for the whole right thalamus

(Table 2, Figure 2).

3.1.2 | Spatial overlap

Dice coefficients ranged from 0.53 (left VPl) to 0.92 (right whole thal-

amus) (Table 3). There was a significant correlation between mean

region size and mean Dice coefficients across the 22 regions

r = 0.633, p = 0.0016 (Figure 3). Volume Similarity Indices were also

high (Table 3), ranging from 0.79 (right AV) to 0.98 (right whole thala-

mus). These metrics for the four composite regions are also shown.

The correlation and spatial overlap analyses were repeated using just

the 34 healthy participants and yielded results almost identical to those

based on 45 participants. The correlation between the R2 values from

the regression, Dice, and VSI between the two analyses (i.e., 34 healthy

subjects vs. 45 participants) for the whole thalamus and 11 nuclei were

0.975, 0.99, and 0.99, indicating a very high concordance. (Figure S1)

Bland-Altman plots (each subject's method difference as a func-

tion of the average of the two methods) were computed to
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characterize bias between the volumes obtained using WMn and

standard T1 images (see Table 4 and Figure S2). For all but the left

and right LGN, the zero line fell within the ±1.96SD confidence inter-

vals of the difference scores. The LGN volumes also had the largest

bias as a percent of the mean average volume and the greatest corre-

lation between the difference scores and the average volume, indicat-

ing greater discrepancy as the average volume increased. The left and

right LGN were also better fit with a quadratic than a linear function

in the normal control age regressions (Figure 5).

3.2 | THOMAS parcellation of standard T1-
weighted images and relations with age

Given the highly significant correlations of standard T1-acquired data

with the silver standard WMn data, we applied THOMAS parcellation

to T1-weighted scans from 238 normal control volunteers.

Sex effects were significant, wherein the men had larger volumes

than the women for all measures. The volumes of the total thalamus

and its nuclei were highly correlated with sICV for all but the left and

TABLE 2 Regression between WMn
and Standard T1 acquisitions measured
with THOMAS for the composite regions
and associated thalamic nuclei

WMn Standard T1 WMn � Standard T1

Nucleus Mean SD Mean SD Intercept Slope R2 p

Left

THAL 5158.71 541.73 5328.86 586.45 148.248 1.004 0.861 0.000

Pul 1284.40 173.04 1399.79 215.11 140.537 0.980 0.622 0.000

VLp 814.84 94.72 767.58 108.32 �46.915 1.000 0.764 0.000

MD 615.36 69.52 640.86 89.25 228.506 0.670 0.272 0.000

VA 272.12 36.24 239.75 34.21 36.920 0.745 0.624 0.000

VPl 264.28 40.02 232.14 32.91 75.113 0.594 0.522 0.000

LGN 114.26 29.39 72.95 16.78 17.437 0.486 0.724 0.000

AV 109.48 29.00 113.33 23.31 70.884 0.388 0.233 0.001

CM 101.40 18.01 117.27 14.89 66.895 0.497 0.361 0.000

VLa 70.27 16.77 79.09 15.33 43.603 0.505 0.305 0.000

MGN 59.68 9.00 67.36 13.12 1.968 1.096 0.565 0.000

Hb 26.82 4.86 21.67 4.83 17.124 0.170 0.029 0.258

Right

THAL 5148.38 564.82 5240.41 596.19 146.230 0.989 0.879 0.000

Pul 1247.97 167.51 1254.78 209.34 �50.788 1.046 0.701 0.000

VLp 827.17 111.17 820.31 104.48 154.553 0.805 0.733 0.000

MD 620.12 70.97 616.15 97.52 13.641 0.972 0.500 0.000

VA 288.52 38.34 262.17 37.23 31.805 0.798 0.676 0.000

VPl 254.47 34.80 236.85 30.10 77.461 0.626 0.525 0.000

LGN 108.89 30.50 70.29 15.70 26.072 0.406 0.622 0.000

AV 115.04 32.36 127.94 20.75 91.665 0.315 0.242 0.001

CM 95.08 20.41 114.72 18.00 56.445 0.613 0.483 0.000

VLa 71.46 17.23 78.57 10.43 71.321 0.101 0.028 0.266

MGN 59.92 8.20 64.52 11.54 8.685 0.932 0.438 0.000

Hb 26.99 4.17 21.37 4.49 8.254 0.486 0.204 0.002

Composite region

Left

Ant 109.48 29.00 113.33 23.31 70.884 0.388 0.233 0.001

Vent 1421.51 161.01 1318.56 171.05 �64.708 0.973 0.839 0.000

Post 1458.33 198.84 1540.09 233.49 149.751 0.953 0.659 0.000

Med 716.75 81.45 758.13 97.82 285.629 0.659 0.301 0.000

Right

Ant 115.04 32.36 127.94 20.75 91.665 0.315 0.242 0.001

Vent 1441.61 174.48 1397.89 159.90 191.284 0.837 0.834 0.000

Post 1416.78 192.61 1389.58 229.39 �67.003 1.028 0.745 0.000

Med 715.19 84.99 730.87 110.30 57.499 0.942 0.526 0.000

PFEFFERBAUM ET AL. 617



right Hb: R2 ranged from 0.414 (right whole thalamus) to 0.057 (right

MD) (p < 0.0000 to 0.0002) (Figure 4). The significant sex effects were

minimized to non-significance after adjusting thalamus volumes for

sICV. Use of sICV-adjusted volumes revealed significant thalamus-age

correlations for all but the left and right Hb (Figure 5 and Tables 4 and

5). Taken together, sICV + age accounted for as much as 64% of the

variance in the size of the thalamus for some nuclei.

We tested linear versus quadratic fits for each of the unilateral

nuclei and total volumes over age. Of the 24 comparisons, five

nuclei were better fit with a quadratic function for an uncorrected

p ≤ 0.05. When corrected for multiple comparisons requiring

p ≤ 0.002, 2 nuclei remained significant: left LGN, p = 0.00129;

right LGN, p = 0.00012. The quadratic fits of the 5 nuclei are pre-

sented in Figure 5.
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F IGURE 2 Left and right volumes for the 11 nuclei from the THOMAS parcellation from T1 data plotted against THOMAS parcellation from
WMn data

TABLE 3 Dice Similarity Coefficients
(Dice) and Volume Similarity Indices (VSI)
for the composite regions and associated
thalamic nuclei

Dice VSI

Left Right Left Right

Region/Nucleus Mean (SD) Mean (SD) Mean (SD) Mean (SD)

THAL 0.9159 (0.012) 0.9202 (0.011) 0.9796 (0.016) 0.9830 (0.013)

Anterior/AV 0.7103 (0.090) 0.7130 (0.091) 0.8995 (0.080) 0.8942 (0.104)

Ventral 0.7169 (0.060) 0.7565 (0.049) 0.9594 (0.023) 0.9766 (0.017)

VA 0.7162 (0.079) 0.7370 (0.050) 0.9332 (0.040) 0.9472 (0.033)

VLa 0.6363 (0.098) 0.6579 (0.075) 0.9038 (0.088) 0.8894 (0.089)

VPl 0.5279 (0.148) 0.6152 (0.128) 0.9298 (0.048) 0.9492 (0.035)

VLp 0.7237 (0.083) 0.7677 (0.073) 0.9626 (0.026) 0.9739 (0.025)

Posterior 0.8396 (0.026) 0.8459 (0.024) 0.9606 (0.032) 0.9628 (0.022)

Pul 0.8517 (0.030) 0.8593 (0.026) 0.9515 (0.039) 0.9629 (0.026)

LGN 0.6955 (0.098) 0.6814 (0.078) 0.7823 (0.069) 0.7873 (0.077)

MGN 0.7739 (0.052) 0.7958 (0.054) 0.9288 (0.051) 0.9347 (0.038)

Medial 0.8227 (0.042) 0.8232 (0.038) 0.9485 (0.037) 0.9558 (0.034)

CM 0.6785 (0.098) 0.6840 (0.086) 0.9154 (0.060) 0.8961 (0.071)

MD 0.8345 (0.047) 0.8346 (0.042) 0.9483 (0.040) 0.9558 (0.039)

Hb 0.6923 (0.082) 0.6826 (0.083) 0.8604 (0.088) 0.8739 (0.081)
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3.3 | Correlations between motor testing and
thalamic regions/nuclei

Of the 238 participants, 43 men and 47 women had data for the

Grooved Pegboard test. In all cases, longer times to complete testing

correlated with smaller volumes that were significant (Bonferroni cor-

rection for 10 comparisons, p ≤ 0.005) for 6 of the 10 regions (left

side of Table 6; Figure 6). The Anterior and Medial regions failed to

reach significance when corrected for multiple comparisons. The Ven-

tral and Posterior regions in both hemispheres showed the strongest

correlations with performance.

Multiple regressions to test for independent contributions of the

Ventral and Posterior nuclei to Grooved Pegboard performance were

significant for left (adjusted R2 = 0.172, p = 0.0001) and right

(adjusted R2 = 0.174, p = 0.0001) volumes. Both the posterior (left

t = 2.380, p = 0.0195; right t = 2.712, p = 0.008) and the Ventral (left

t = 2.346, p = 0.021; right t = 1.654, p = 0.102) thalamic volumes

made significant unique contributions to Grooved Pegboard scores.

Follow-up regression analyses found that the brain-behavior correla-

tions were mediated by age (right side of Table 6).

Having identified the Ventral and Posterior regions as indepen-

dent contributors to Grooved Pegboard performance, we then asked

whether any nuclei comprising those regions contributed uniquely to

performance. Accordingly, we conducted four follow-up multiple

regressions, which involved the left and right nuclei comprising each

of the two significant regions (df = 3,86 for all comparisons). For the

four Ventral nuclei, both the left (adj R2 = 0.172, p = 0.0005) and

right (adj R2 = 0.151, p = 0.0012) regressions were significant. For

F IGURE 3 Dice similarity
coefficients for the left and right
whole thalamus (THAL) and
11 thalamic nuclei as well as the
four composite thalamic regions
for both hemispheres
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each hemisphere, the VA contributed independent variance to perfor-

mance (left partial F = 7.104, p = 0.0092; right partial F = 4.386,

p = 0.0392) over and above that from the VLa (left partial F = 2.043,

p = 0.1566; right partial F = 2.247, p = 0.1376), VLp (left partial

F = 1.469, p = 0.2289; right partial F = 1.473, p = 0.2283), and Vpl

(left partial F = 0.867, p = 0.3544; right partial F = 2.531,

p = 0.1154).

For the Posterior nuclei, although the overall regressions were

significant (left adj R2 = 0.166, p = 0.0003; right adj R2 = 0.144,

p = 0.0009), the pattern of nuclear contributions to performance dif-

fered by hemisphere. Specifically, the multiple regression for the three

left Posterior nuclei revealed modest independent contributions from

the Pul (partial F = 3.293, p = 0.073) and LGN (partial F = 4.2335,

p = 0.0427) but not the MGN (partial F(3,86) = 0.1567, p = 0.6932).

For the right Posterior nuclei, the Pul (partial F = 6.142, p = 0.0153)

and MGN (partial F = 2.913, p = 0.0915) contributed beyond that

measured from the LGN (partial F = 0.672, p = 0.415).

4 | DISCUSSION

The results support the robustness of standard T1-weighted data to

thalamic parcellation as measured against the silver standard of the

WMn protocol. Furthermore, THOMAS segmentation of standard

T1-weighted MR images is sufficiently sensitive to allow detection of

age-related effects on regional thalamic volumes with the potential of

identifying selective performance correlates of specific thalamic

regions. To our knowledge, this is the first report to present a system-

atic study of age-related differences of individual thalamic nuclei from

standard T1 MRI data.

4.1 | Standard T1 data segmentation

Direct testing of thalamic volumes measured with the two MRI

acquisition protocols indicated significant spatial overlap tested with

TABLE 4 Bland-Altmann analysis
results for unilateral thalamic nuclei

% Method bias Slopes

Region % Mean bias t p r t p

Left

THAL �3.245 -5.269 0.000 �0.208 �1.411 0.165

AV �3.461 �0.967 0.339 0.244 1.667 0.103

VA 12.648 9.574 0.000 0.094 0.624 0.536

VLa �11.811 �3.925 0.000 0.107 0.713 0.479

VLp 5.973 6.090 0.000 �0.267 �1.838 0.073

VPl 12.952 7.798 0.000 0.274 1.887 0.066

Pul �8.598 �5.916 0.000 �0.336 �2.367 0.022

LGN 44.138 16.014 0.000 0.747 7.452 0.000

MGN �12.097 �5.988 0.000 �0.505 �3.884 0.000

CM �14.519 �7.195 0.000 0.233 1.587 0.120

MD �4.060 �2.175 0.035 �0.284 �1.963 0.056

Hb 21.243 5.597 0.000 0.005 0.033 0.974

Right

THAL �1.772 -3.005 0.004 �0.153 �1.030 0.309

AV �10.618 �3.060 0.004 0.467 3.499 0.001

VA 9.568 7.923 0.000 0.052 0.342 0.734

VLa �9.483 �2.595 0.013 0.469 3.520 0.001

VLp 0.833 0.800 0.428 0.119 0.797 0.430

VPl 7.174 4.881 0.000 0.207 1.402 0.168

Pul �0.544 -0.402 0.690 �0.380 �2.725 0.009

LGN 43.085 12.754 0.000 0.757 7.695 0.000

MGN �7.383 �3.595 0.001 �0.422 �3.086 0.004

CM �18.727 �8.790 0.000 0.173 1.165 0.250

MD 0.643 0.391 0.698 �0.416 �3.032 0.004

Hb 23.247 8.381 0.000 �0.083 �0.550 0.585

Note: Positive % bias indicates that volume estimates are greater for WMn than standard T1 data.

Negative % bias indicates that volume estimates are greater for standard T1 than WMn data.

Bonferroni adjustment for 24 multiple comparisons for alpha = 0.05 requires p ≤ 0.002.
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two different metrics: the Dice Similarity Coefficients, which were

on average 0.73, and the Volume Similarity Indices, which were on

average 0.92. These are slightly smaller than mean Dice of 0.78

using the shape-based segmentation of Liu et al. (2020) and better

than the mean Dice of 0.49 using the registration-based image

enhancement method of Bao et al. (2019), the only two methods in

literature reporting Dice indices for thalamic segmentation from T1

data. Note that neither Liu et al. (2020) nor Bao et al. (2019) seg-

mented small structures like LGN and MGN. We also correlated

pairs of volumes produced by each MRI protocol and found that

significant variance was accounted for in 22 of the 24 regions. In

those cases, the amount of variance accounted was, not surprisingly,

highest for the two largest regions: the whole left (86%) and whole

right (88%) thalamus. The variance accounted for the nuclei ranged

from 76% for the left VLp to 20% for the right HB. The exceptions

were for left Hb and the right VLa (each 3%), both tiny regions and

representing only 1.4% of the whole unilateral thalamus. Nonethe-

less, both similarity indices found high agreement in the spatial

overlap of these small nuclei. In general, the correspondence

between WMn and standard T1 volumes is somewhat size depen-

dent, perhaps due to greater partial voluming effects on smaller

structures. In fact, the Dice indices were significantly correlated

with average nucleus size (r = 0.695, p = 0.0002 with full thalamus

included and r = 0.633, p = 0.0016 with full thalamus excluded).

Taken together, the statistical consistency of the two acquisition

protocols provides support for using the THOMAS parcellation

method to standard T1-weighted data. While the use of the original

THOMAS method with WMn MPRAGE data is likely more accurate,

the use of the modified THOMAS algorithm with standard T1 yields

excellent concordance for the larger nuclei and most of the smaller

nuclei, enabling its use in situations where WMn MPRAGE data not

available such as retrospective analyses.

F IGURE 4 Scatterplots for the left and right whole thalamus as a function of supratentorial intracranial volume (sICV) (left plot) and volume
adjusted for sICV (right plot). Women are red, and men are blue. Note that women have smaller thalami and sICV, but the difference between
men and women is removed when volumes are adjusted for head size. Also note the significantly smaller volumes across the age span
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4.2 | Age and thalamic nuclei

Application of THOMAS to the T1-weighted data revealed negative

slopes between volumes and advancing age. Sex differences were

removed in all regions when adjusted for intracranial brain volumes.

The age-related volume declines were significant for 22 of the

24 regions. The steepest negative slope was observed in the left

VA, indicating a 0.52% volume loss per year. Critically, although the

whole thalamus showed significant declines in each hemisphere,

their cross-sectionally defined "loss" was not as great as that

detected in several nuclei, including the Pul, VLp, VA, CM, and VLa.

Thus, measurement of the whole thalamus only would have missed

the profile of age-related differences revealed with nuclei parcella-

tion. This also suggests that the segmentation is able to capture

true nuclear volumes as opposed to variation proportional to the

whole thalamus, which would have generated identical atrophy rates

for the different nuclei and whole thalamus. The two nuclei not

showing an age-related decline were the left and right Hb. Although

F IGURE 5 sICV-adjusted volume as a function of age for the left and right whole thalamus and 11 nuclei. Women are red, and men are blue.
Linear regression fits are presented for all plots plus quadratic fits for the five measures for which the quadratic was better than the linear fit
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their mean slopes were positive, the relations with age were not

significant.

The age-related decline in thalamic volumes observed herein

using a standard T1 protocol is consistent with a previous report using

WMn data. That study focused on five nuclei groups (cf., Boelens

Keun et al., 2021) derived from the THOMAS atlas and found signifi-

cant aging effects in all regions in the 49 healthy men and women

who were on average 55 years old, ages 39–75 (Zahr et al., 2020) and

whose data were used for the first aim of the current study. Other

large-scale cross-sectional studies have typically measured the whole

thalamus and report bilateral volumes. Some report linear fits (Fjell

et al., 2013; Walhovd et al., 2005), whereas others identified more

complex functions highlighting steeper declines in later adulthood

(Dima et al., 2022; Raz et al., 2005); one study reported a non-

significant decline in 78 men and women, age 30–99 years, who

showed significant age effects in the cortex (Jernigan et al., 2001). A

longitudinal study found a quadratic age function, revealing a slight

rise in thalamic volume during adolescence followed by an accelerated

decline from about age 40 to 85 that was steeper in men than women

(Pfefferbaum et al., 2013).

Whole-brain data afforded the opportunity to compare age slopes

in the thalamic nuclei with those in cortical regions. The trend was for

the thalamic nuclei to exhibit greater age-related volume declines per

year (average = 0.34% per year) than the cortical regions

TABLE 5 Nuclei and cortical lobar
volumes (mm3) adjusted for sICV as a
function of age (N = 238)

Region Mean Intercept Slope R2 p Age slope%

Left

THAL 5547.12 6474.62 �19.90 0.378 0.000 �0.359

Pul 1462.38 1737.51 �5.90 0.240 0.000 �0.404

VLp 814.12 960.01 �3.13 0.259 0.000 �0.384

MD 630.57 701.05 �1.51 0.073 0.000 �0.240

VA 263.52 327.47 �1.37 0.335 0.000 �0.521

VPl 255.57 302.08 �1.00 0.222 0.000 �0.390

LGN 81.55 97.87 �0.35 0.134 0.000 �0.429

AV 122.68 141.22 �0.40 0.089 0.000 �0.324

CM 117.70 134.62 �0.36 0.147 0.000 �0.308

VLa 88.58 106.86 �0.39 0.184 0.000 �0.442

MGN 63.63 73.68 �0.22 0.110 0.000 �0.339

Hb 22.36 21.94 0.01 0.001 0.585 0.041

Right

THAL 5635.62 6591.49 �20.50 0.414 0.000 �0.364

Pul 1460.12 1742.30 �6.05 0.267 0.000 �0.415

VLp 840.44 1004.94 �3.53 0.292 0.000 �0.420

MD 652.69 713.76 �1.31 0.057 0.000 �0.201

VA 276.15 334.17 �1.24 0.283 0.000 �0.451

VPl 244.09 294.97 �1.09 0.229 0.000 �0.447

LGN 79.04 93.16 -0.30 0.136 0.000 �0.383

AV 137.57 158.56 �0.45 0.106 0.000 �0.327

CM 118.77 135.46 �0.36 0.147 0.000 �0.301

VLa 86.22 104.38 �0.39 0.199 0.000 �0.452

MGN 67.76 80.43 �0.27 0.177 0.000 �0.401

Hb 21.11 20.43 0.01 0.003 0.376 0.069

Bilateral Cortical Lobar Volumes

Frontal 156077.13 173388.61 �371.34 0.483 0.000 �0.238

Temporal 97640.16 105305.68 �164.43 0.256 0.000 �0.168

Parietal 77393.46 86363.80 �192.42 0.338 0.000 �0.249

Insula 12913.92 13852.25 �20.13 0.103 0.000 �0.156

Cingulate 21013.55 22011.88 �21.41 0.043 0.001 �0.102

Occipital 61442.31 66109.04 �100.10 0.122 0.000 �0.163

Note: Age slope % is the cross-sectional difference per year expressed as a percent of the mean sICV-

adjusted volume.
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(average = 0.18% per year; range = �0.10% for the cingulate cortex

to �0.25% for parietal cortex and �0.24% for frontal cortex) (Table 5;

Figure S3). Hughes et al. (2012) tested the hypothesis that greater

age-related volume declines and shape dysmorphology would occur in

thalamic nuclei with frontal targets. In support of their hypothesis,

they found that the greater age-related differences in volumes and

dysmorphology of the anterior thalamus correlated with declines of

frontal but not parietal, temporal, or occipital cortical age differences;

further, poorer scores on tests of executive functions correlated with

declines in the thalamo-frontal projection sites.

4.3 | A functional challenge

Current study participants had served as healthy control subjects in

earlier projects (e.g., Sullivan et al., 2018; Zahr et al., 2021). The subset

TABLE 6 Relations between Grooved Pegboard scores and composite thalamic volumes (43 M + 47 W)

sICV-adjusted volumes � Grooved

Pegboard scores sICV-adjusted volumes � Grooved Pegboard scores + age

Thalamus

composite Intercept Slope R2 p

brain�motor+age

R2

brain�motor

t

brain�motor

p

brain�age

t

brain�age

p

Left

Thalamus 6766.96 �16.91 0.186 0.000 0.395 �0.567 0.572 �5.471 0.000

Anterior 144.96 �0.32 0.061 0.019 0.114 �0.451 0.653 �2.287 0.025

Ventral 1732.49 �4.37 0.138 0.000 0.472 0.968 0.336 �7.413 0.000

Posterior 2014.11 �5.68 0.140 0.000 0.256 �0.818 0.416 �3.680 0.000

Medial 899.27 �1.95 0.069 0.013 0.082 �1.271 0.207 �1.122 0.265

Right

Thalamus 6805.02 �16.64 0.192 0.000 0.473 �0.068 0.946 �6.817 0.000

Anterior 156.23 �0.28 0.036 0.072 0.163 0.781 0.437 �3.628 0.000

Ventral 1771.04 �4.38 0.124 0.001 0.420 0.843 0.401 �6.654 0.000

Posterior 1976.20 �5.49 0.167 0.000 0.345 �0.593 0.555 �4.862 0.000

Medial 913.12 �2.00 0.086 0.005 0.141 �0.810 0.420 �2.356 0.021

Note: Bonferroni correction for 10 comparisons required p ≤ 0.005.

F IGURE 6 sICV-adjusted volume as a function of time to complete the Grooved Pegboard task for the left and right whole thalamus and four
combined thalamic regions: Anterior=AV; Ventral=VA+VLa+VLp+VPl; Posterior=Pul+LGN+MGN; and Medial=CM+MD+Hb
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of participants who had taken the Grooved Pegboard test near the

time of MRI acquisition enabled testing of the functional meaningful-

ness of the aging thalamic nuclei. Accordingly, for the four composites

of thalamic nuclei (Table 1), longer time to complete the test corre-

lated with smaller volumes. Multiple regression analysis identified the

Posterior and Ventral regions as unique predictors of pegboard per-

formance. Further regression analyses examining the constituent

nuclei of these two regions identified VA and Pulvinar nuclei as

unique predictors of functional performance. This retrospective result

has foundation from other studies, noted below.

Neurons of the medial pulvinar were found to be responsive

while animals were engaged in goal-directed movements involving

eyes, limbs, and selective attention (for review, Phillips et al., 2021).

The Posterior thalamic region in the current study included the lateral

geniculate nucleus along with the pulvinar, both of which receive

input from the primary visual cortex (review, Leow et al., 2022). This

visual stream emanates from the superior colliculi, which are instru-

mental in eye and head orienting and reaching movements (e.g., Huda

et al., 2020; Leow et al., 2022). These behavioral components are used

in eye-hand movements needed to perform the pegboard task, which

entails sequences of planning, reaching, and grabbing. The topographi-

cal organization of the pulvinar with respect to each sensory system

may serve to build a spatial map to initiate (Inagaki et al., 2022) and

direct movement (Froesel et al., 2021). Relevantly, a study using

deformation analysis identified degradation of ventral and lateral sur-

faces of the thalamus that are thought to connect to premotor, pri-

mary motor, and somatosensory cortices as correlated with age-

related decline in Purdue Pegboard Test performance (Serbruyns

et al., 2015). In the present study, the ventral and lateral thalamic

regions were included in the Ventral regional grouping, which also

correlated with Grooved Pegboard performance but less strongly than

the Posterior region, which comprised the pulvinar and lateral and

medial geniculate nuclei. Together, these reports provide justification

for interpreting relation between Grooved Pegboard performance and

the Posterior and Ventral thalamic regions, which connect to brain

systems involving the component functions required to plan and exe-

cute the task.

4.4 | Region-based vs. nuclei-based analysis

We aggregated the 11 thalamic nuclei into 4 composite regions (per

hemisphere) primarily to reduce the number of multiple comparisons

needed for the functional analysis. Aggregating contiguous nuclei into

regions can also reduce variability in volumes. We computed the coef-

ficients of variation (CV) for volumes of each nucleus and the four

composite regions for each side. For all regions, the CV was smaller

than the mean CV of its components (see Figure S4). Wilcoxon rank

sum exact test comparing CVs of all nuclei to the CVs of the 6 regions

(excluding the AV, which was the sole nucleus of its region) produced

W = 106, p = 0.003371. While most individual nuclei segmented

using the modified THOMAS on T1 have high Dice (>0.7) and VSI

(>0.9), some nuclei such as CM, VPl, and VLa showed poorer Dice.

The use of composite regions can reduce variability and help unmask

effects in addition to reducing the number of multiple comparisons

required in statistical analyses which can beneficial.

5 | LIMITATIONS

Like most studies, this one has limitations that include areas requiring

further analysis. Three principal limitations mirroring our study aims

are presented. Firstly, THOMAS segmentation was evaluated on stan-

dard T1 data against the silver standard of THOMAS on WMn data.

While this is not ideal, THOMAS segmentation of WMn data was pre-

viously tested against manual segmentation gold standard and

showed Dice of >0.7 for small nuclei such as LGN and MGN and

>0.85 for the larger pulvinar and mediodorsal. The Dice coefficients

achieved here comport with results of Liu et al. (2020) and Bao et al.

(2019), both methods segmenting T1 data. The degree of correspon-

dence between WMn and standard T1 (as measured by the variance

explained in Table 2) is nucleus dependent with some smaller nuclei

like CM and Hb and even larger nuclei such as VLa and VPl displaying

less correspondence (Dice). This should be kept in mind when apply-

ing THOMAS to standard T1 data. Another recommended approach

for thalamic nuclear structural analysis is deformation morphometry

using Jacobian determinants, which has been recommended as an

alternative to or in conjunction with attempts to volume individual

nuclei or clusters of nuclei (Boelens Keun et al., 2021).

Secondly, results on the aging thalamus were based on cross-

sectional study rather than gold-standard longitudinal study. The age-

related volumetric declines noted cross-sectionally do comport with

longitudinal characterization of shrinking regional gray matter in corti-

cal (Fjell et al., 2013; Raz et al., 2005; Sullivan et al., 2018) and subcor-

tical (Bagarinao et al., 2022; Fjell et al., 2013; Pfefferbaum

et al., 2018) regions. Longitudinal study will be critical for testing dif-

ferential patterns in selective nuclei that may inform age-related func-

tional declines. Thirdly, additional tests of cognitive, sensory, and

motor functions are required for identifying functional correlates of

the different nuclei (for reviews, Aggleton et al., 2016; Fama &

Sullivan, 2015; Segobin & Pitel, 2021) and for positioning studies to

seek double dissociations for establishing selectivity of relations

(Fama & Sullivan, 2014). Finally, the T1 and WMn MPRAGE scans

were separated by a long-time interval of up to two years as the opti-

mized WMn MPRAGE sequence at 3T was not available during the

initial phases of data collection. The level of concordance observed

despite the long scan intervals underlines the robustness of the

methods.

6 | CONCLUSION

The newly supported use of standard T1-weighted data for volumetric

measurement of thalamic nuclei introduces a level of structural pro-

cessing heretofore attainable only with specialized acquisition proto-

cols. Given the value of neuroimaging data in its permanence, the
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finding that earlier-acquired data can be repurposed for refined tha-

lamic parcellation avails new lines of questioning regarding character-

izing normal early development and later adult aging of individual

thalamic nuclei, identifying selective degradation of nuclei associated

with different degenerative diseases of the brain, and tracking specific

functions associated with the selective nuclei. These questions can

now be addressed retrospectively with currently available large data

sets, such as Adolescent Brain Cognitive Development (ABCD) study

for pre-adolescence (Palmer et al., 2021), National Consortium on

Alcohol and NeuroDevelopment in Adolescence (NCANDA) for ado-

lescence to young adulthood (Brown et al., 2015; Pfefferbaum

et al., 2016), Human Connectome Project (HCP) for young to middle

adulthood (Van Essen et al., 2013), and ADNI for older age and

dementia (Jack et al., 2010) to refine characterization of thalamic

involvement in normal aging and age-related degenerative diseases.
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