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ARTICLE INFO ABSTRACT

Keywords: The human mediodorsal thalamic nucleus (MD) is crucial for higher cognitive functions, while the fine anatomi-
Mediodorsal thalamic nucleus cal organization of the MD and the function of each subregion remain elusive. In this study, using high-resolution
Parcellation

data provided by the Human Connectome Project, an anatomical connectivity-based method was adopted to un-
veil the topographic organization of the MD. Four fine-grained subregions were identified in each hemisphere,
including the medial (MDm), central (MDc), dorsal (MDd), and lateral (MD]), which recapitulated previous cy-
toarchitectonic boundaries from histological studies. The subsequent connectivity analysis of the subregions also
demonstrated distinct anatomical and functional connectivity patterns, especially with the prefrontal cortex. To
further evaluate the function of MD subregions, partial least squares analysis was performed to examine the re-
lationship between different prefrontal-subregion connectivity and behavioral measures in 1012 subjects. The
results showed subregion-specific involvement in a range of cognitive functions. Specifically, the MDm predom-
inantly subserved emotional-cognition domains, while the MDI was involved in multiple cognitive functions
especially cognitive flexibility and inhibition. The MDc and MDd were correlated with fluid intelligence, pro-
cessing speed, and emotional cognition. In conclusion, our work provides new insights into the anatomical and
functional organization of the MD and highlights the various roles of the prefrontal-thalamic circuitry in human
cognition.

Anatomical organization
Functional connectivity
Cognitive functions

Chakraborty, 2013) including attention, planning, abstract thinking,
emotion, and working memory through its extensive connections with

1. Introduction

The mediodorsal thalamic nucleus (MD), a higher-order relay nu-
cleus, is involved in regulating cortical networks (Guillery, 1995;
Sherman, 2007). As a key structure related to many neurolog-
ical and psychiatric diseases (Golden et al., 2016; Mitchell and
Chakraborty, 2013), the MD was thought to be a potential target
for deep brain stimulation (DBS) treatment for resistant schizophrenia
(Mavridis, 2014). Anatomical evidence shows that the MD plays a cru-
cial role in multiple cognitive functions (Mitchell, 2015; Mitchell and
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the prefrontal cortex ( Haber and Mcfarland, 2001; Oyoshi et al., 1996).
However, the detailed structural organization of the MD and the rules
that explicate the relationship between its subregions and human be-
haviors remain poorly understood.

The subregions of the MD have been defined primarily by studying
its anatomical microstructure (Jones, 2012; Morel et al., 1997; Ray and
Price, 1993). In nonhuman primates, the MD is generally subdivided
into 3 parts based on cytoarchitecture, namely the magnocellular mid-
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dle, parvocellular central, and multiform or paralamellar lateral parts
(Mitchell and Chakraborty, 2013; Ray and Price, 1992). In the human
brain, Morel’s histological atlas of the thalamus identified three dis-
tinct subdivisions in the MD (Morel et al., 1997). Another human his-
tological atlas described a dense cellular caudodorsal region of the MD
(Ding et al., 2016). Compared to the traditional histological studies, the
subregions could also be discerned by the main structural connections
using in vivo diffusion magnetic resonance imaging (AMRI) (Klein et al.,
2010; Phillips et al., 2019). Furthermore, by calculating the connectiv-
ity pattern of the subregion, the connectivity between the subregion and
a set of target regions can be quantitatively characterized (Cheng et al.,
2018; Zhang et al., 2017; Zhuo et al., 2016). Hence, a connectivity-based
approach may more accurately reflect the structural topography of the
MD.

Moreover, a large number of studies on animal experiments and in-
jury studies have confirmed an important role of the MD in cognition
from a functional perspective. Animal models have emphasized that,
because of its robust structural interconnections with other brain ar-
eas, the MD is essential in integrating various affective behaviors and in
cognitive processing (for review, (Georgescu et al., 2020; Pergola et al.,
2018). Previous lesion studies on human patients revealed that neuro-
logical and psychiatric diseases such as schizophrenia are related to in-
juries of different parts of the MD and that the interaction between the
damaged part and the cortex may lead to different aspects of cogni-
tive impairment, such as the disruption of executive function and learn-
ing deficits (AlelG-Paz and Giménez-Amaya, 2008; Mitchell et al., 2007;
Ouhaz et al., 2018; Pergola et al., 2013; Victor, 1989). In healthy hu-
mans, few neuroimaging studies have investigated the functions of the
MD. Precise subregions can provide cognitive insights about a brain re-
gion in that the interactions between spatially distributed brain regions
are taken into account, which might be the cause of complex behaviors
(Zimmermann et al., 2018). Therefore, it is necessary to see whether the
connections of different subregions relate to different cognitive func-
tions

In this study, we aimed to identify and characterize the subregions
of the human MD and explore the underlying behaviors of each MD
subregion using in vivo MRI data. We first obtained a robust parcella-
tion of the human MD based on its whole-brain anatomical connectivity
conducted on a representative high-resolution dataset from the Human
Connectome Project (HCP). Then we explored the anatomical and func-
tional connectivity of each subregion with the rest of the brain. Finally,
a partial least squares correlation (PLSC) model was used to explore
the relationships between each subregion’s functional connectivity and
human behavioral measures. The goal of this study was to provide a
comprehensive description of the MD, which could benefit brain inter-
ventions and treatment in clinical situations.

2. Materials and methods
2.1. Subjects

We used 40 unrelated subjects (age: 22-35, 20 male) from the
HCP database for a connectivity-based segmentation of the MD. De-
tailed demographic information about these subjects was described
previously (Fan et al., 2016). To characterize the connectivity pat-
tern of each subregion and its relationship with behaviors, the data
from 1012 healthy young adults (age: 22-35; 469 males) with both
diffusion and functional imaging data were extracted from the S1200
subjects release of the WU-Minn HCP Consortium (Van Essen et al.,
2013), The data for the subjects were collected using a Siemens 3T
scanner (Siemens, Erlangen, Germany) with a 32-channel head coil.
The scanning procedures and parameters are described in detail in
Van Essen et al. (2013) and also provided in the supplementary ma-
terials. In this study, 59 behavioral measures (Supplementary Table
S1) were used to explore the brain-behavior relationships (Tian and
Zalesky, 2018). A detailed description of the measures is available at
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https://wiki.humanconnectome.org/display/PublicData/HCP+Data+Dictionary-+!

+Updated+for+the+1200+Subject+Release
2.2. Data preprocessing

Diffusion MRI: The HCP diffusion images with 1.25 mm isotropic
spatial resolution were preprocessed by the HCP diffusion pre-
processing pipeline using the FMRIB diffusion toolbox (FSL 5.0;
http://www.fmrib.ox.ac.uk/fsl). The main steps are as follows: nor-
malization of b0 image intensity across runs and correction for echo-
planar imaging (EPI) susceptibility, eddy-current-induced distortions,
gradient-nonlinearities, and subject motion. The probability distribu-
tions of the fiber orientations were estimated using FSL’s BEDPOSTX
algorithm (Behrens et al., 2007). Next, skull-stripped T1-weighted im-
ages for each subject were co-registered to the subject’s b0 images using
FSL’s FLIRT algorithm. Then we derived linear and nonlinear transfor-
mations between the T1 image and the Montreal Neurological Institute
(MNI) structural template. Based on these, we derived (forward and in-
verse) transformations between the diffusion space and the MNI space,
which were then used to transform the seed masks into the diffusion
space for each subject.

Resting-state fMRI: There were four 15-minute rs-fMRI scans for
each subject. All the images were visually inspected and minimally pre-
processed by HCP personnel before release (e.g., distortion corrected,
coregistered, and warped to MNI and CIFTI grayordinate templates; see
Glasser et al. (2013) for details). Whole-brain connectivity analyses were
performed using rs-fMRI data in CIFTI grayordinate space, which rep-
resents the cortex using surface meshes (32k vertices per surface) and
the subcortex using 3D MNI coordinates (2 mm isotropic spatial resolu-
tion). The ROI time-series were extracted from the unsmoothed rs-fMRI
data in the MNI space. The rs-fMRI data were bandpass filtered (0.1 -
0.01 Hz). To spatially smooth the data, a 4 mm FWHM Gaussian kernel
was applied only to the cortical surface using Connectome Workbench
version 1.2.4 (Marcus et al., 2011).

2.3. Definition of ROI

Accurate delineation of the MD boundaries is crucial but challenging.
In the present study, we identified individual MD boundaries by map-
ping a directionally-encoded color (DEC) map of the track-density imag-
ing (TDI). Specifically, for each of the 40 subjects, we mapped the TDI
of their data to gain a high spatial resolution of the white matter image
using MRtrix3.0 (Calamante et al., 2010). The TDI image for each indi-
vidual was then calculated at an isotropic spatial resolution of 0.5 mm
and represented as a directionally-encoded color (DEC) map. The RGB-
colored TDI map facilitated the in vivo delineation of the MD based on
high anatomical contrast. We manually delineated the boundaries of the
MD based on the DEC maps, which could define the voxels over which
the orientations changed (Fan et al., 2011). We warped the individual
DEC and edges maps into MNI standard space and acquired the group-
averaged map at >70% probability which was shown in Supplementary
Fig. S1. Concerning Morel thalamus atlas (Morel et al., 1997), we ex-
perimented with different thresholds, so that the group averaged map
could optimally match the MD nucleus in the standard space. The high-
est coincidence map was obtained when the probability value was 70%
and the final boundary of the MD was then identified.

2.4. Connectivity-based parcellation of the MD

The parcellation scheme is similar to our previous work (Supplemen-
tary Fig. S2) as described in (Cheng et al., 2021; Fan et al., 2016). First,
we transformed the group level ROI into native DTI space and applied
probabilistic tractography for each individual by sampling 5000 stream-
line fibers for each voxel in the seed region to estimate its whole-brain
connectivity profile. After using a small threshold to reduce the false
positives, we down-sampled the images to 5 mm isotropic resolution to
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facilitate data storage (Johansen-Berg et al., 2004). Based on the corre-
lations in the connectivity profile, we calculated the correlation matrix,
which expresses the cross-correlations between each pair of voxels in
the seed region (Johansen-Berg et al., 2004). Then, we applied spectral
clustering to the similarity matrix, which automatically subdivided all
the voxels in the seed mask into multiple subgroups (Baldassano et al.,
2015), setting the number of potential clusters to range from 2 to 8. To
get the most accurate and consistent parcellation map, we used some
indicators to assist in the selection. The optimal cluster number was de-
termined by the hierarchical index (HI) and topological distance (TpD).
The HI was used to measure the hierarchical structure between differ-
ent partition categories and partition modes (Tungaraza et al., 2015).
An HI value closer to 1 indicates a more robust hierarchical structure
among the partition modes. TpD was used to quantify the similarity
in the topological arrangement of putatively homologous areas across
hemispheres (Fan et al., 2016). The parcellation result for each subject
was then mapped into MNI standard space, and a maximum probabil-
ity map (MPM) was calculated as the final result, which considered the
inter-individual differences in the MD parcellation (Caspers et al., 2008).
The final subregions masks were generated by thresholding above 50%
(i.e., 20 subjects) on the group-overlapped probability maps.

2.5. Comparisons of the MD parcellation with the Allen adult human atlas

The Allen Institute’s anatomical reference atlas illustrates the adult
human brain (cadaver specimens from a 34-year-old female), using mod-
ified Brodmann or gyral annotation (Ding et al., 2016). The ex-vivo
dMRI data from this donor was acquired with a 3T scanner at 900-
micron resolution (http://atlas.brain-map.org/). We utilized the same
parcellation scheme and obtained a connectivity-based parcellation of
the MD. We then compared the patterns between histological maps and
the parcellations of the MD obtained using dMRI.

2.6. Mapping anatomical connectivity patterns

To estimate the connectivity pattern of the MD subregions, proba-
bilistic fiber tracking was applied by sampling 10,000 streamline fibers
per voxel (starting from the seed voxels in the MD subregions) for each
of the 1012 subjects. The connectivity maps were first normalized by the
size of the seed region and the total number of streamlines (i.e. 10,000)
to generate the relative tracing strength from the seed to the rest of
the brain (Xia et al., 2017; Zhang et al., 2017). Then a threshold of
0.38 was used to remove the noise effects of fiber tracking (Zhuo et al.,
2016). For each subregion, the fiber tracts were binarized and trans-
formed into MNI standard space. The resulting individual tractograms
were averaged to generate a probability fiber map for each MD subre-
gion. The map was then thresholded at 50% to generate the group-level
whole-brain anatomical connectivity pattern for the given subregion.
To obtain the fiber projection for each subregion, we also calculated
the maximum probability map based on the fiber tracts (Zhang et al.,
2017), in which the classification of each voxel in the combined con-
nection mask was mainly based on the MD subregion with the highest
connectivity.

To obtain a quantitative comparison for the anatomical connectivity
of each MD subregion, the target ROI for each individual was derived
from the Brainnetome Atlas for each hemisphere to estimate the anatom-
ical connectivity. The Brainnetome Atlas is a fine-grained anatomical
connectivity-based atlas containing 210 cortical and 36 subcortical sub-
regions (Fan et al., 2016). The method for calculating the connectivity
probabilities between a MD subregion and a target ROI has been de-
scribed previously. (Xia et al., 2017; Zhuo et al., 2016). A univariate
ANOVA was used to determine whether there was a specific connection
difference between each subregion of the MD and the ipsilateral target
region; p values were calculated with family-wise error (FWE) correc-
tion for multiple comparisons. These statistical analyses were performed
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using Matlab version 2017. The connectivity maps along with the re-
sults of the quantitative analysis and previous studies indicated that the
connectivity differences for each subregion were mainly concentrated
in the prefrontal lobe, so we focused on 28 prefrontal subregions from
the Brainnetome Atlas to investigate their cortical anatomical connec-
tivity fingerprints. A connection probability value was averaged for each
seed-target combination across all the subjects. To better delineate these
target relationships, we normalized the connection strength of all the
subregions with one target summing to 1.

2.7. Mapping resting-state functional connectivity patterns of the MD
subregion

The MD subregional functional connectivity (FC) patterns were cal-
culated by the correlation between the average time series for the MD
subregions and the time series for each cortical surface vertex and sub-
cortical voxel in 32k CIFTI grayordinate space (i.e., 91,282 total cor-
relations) using the Connectome Workbench (Ely et al., 2019). The re-
sults from the four rs-fMRI runs for each subject were converted to z
values using Fisher’s z transformation and averaged to get subject-level
connectivity maps. A random-effects one-sample t-test was used to de-
termine the regions that had significant correlations with the MD sub-
region. Group-level connectivity statistics were corrected for FWE with
a statistical significance of p < 0.05 and the extended threshold of the
cluster size of the conjunction set at 50.

Using a method that corresponds to the quantitative analysis of
anatomical connections, we did a similar analysis in terms of function
connections. We mapped the functional connectivity patterns between
each MD subregion and Yeo’s seven intrinsic networks (Yeo et al., 2011)
and also mapped the functional connectivity patterns between each MD
subregion and the ipsilateral prefrontal subregions (Xia et al., 2017). A
one-sample t-test was used to calculate the connection strength on the
group level using a corrected (FWE p < 0.05) connection strength. Uni-
variate ANOVAs and pairwise comparisons were performed to identify
the specific differences between each pair of MD subregional connection
probabilities with the target areas.

2.8. Correlation analysis between MD-prefrontal functional connectivity
and cognitive measures

We used PLSC to analyze the relationship between the func-
tional connectivity of the MD subregions and both the pre-
frontal lobe and the behavioral measures (behavioral PLS correla-
tion, http://www.rotman-baycrest.on.ca/pls) (McIntosh et al., 1996;
McIntosh and Lobaugh, 2004; Misi¢ et al., 2016). We used this method
to identify pairs of latent variables (LVs) that correspond to brain activ-
ity and behavioral variables with maximal covariance. For each subject,
the MD-prefrontal functional connectivity (FC) was calculated as the
correlation between the average time series for each MD subregion and
the average time series for each prefrontal region (58 regions in both
groups) according to the Brainnetome Atlas (Fan et al., 2016). Then the
r values were converted to z values using Fisher’s z transformation. For
each MD subregion, the brain matrix was the number of subjects multi-
plied by the number of connections (1012x58). Confounds included age,
sex, and mean frame-wise displacement were regressed from Fisher’s z-
transformed FC before the PLS, and residuals were used for analysis. The
behavioral matrix was the number of subjects multiplied by the number
of behavioral measures (1012x59). The 59 behavioral measures tapped
the functional domains known to be subserved by the MD.

The brain and behavior matrix were z scored and then cross-
correlated to start the PLS. A singular value decomposition was em-
ployed to decompose the brain-behavior matrix into corresponding load-
ings. By projecting the brain and behavioral matrices onto their respec-
tive loadings, the LVs were obtained, providing an optimal depiction
of the brain-behavior commonality and intra-individual characteristics.
The significance of the LVs was evaluated by permutation tests using
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Fig. 1. Parcellation of the MD thalamus based
on anatomical connectivity profiles. The MD
was divided into four subregions: middle
(MDm), central (MDc), dorsal (MDd), and lat-
eral (MDI). (A) Three-dimensional model of the
subregions. (B) Coronal MRI view of the sub-
regions. (C) Hierarchical index and topologi-
cal distance of the MD parcellation with clus-
ter numbers from 2 to 8. The four-cluster par-
cellation of the MD showed a high hierarchi-
cal index and low topological distance. LH: Left
hemisphere; RH: Right hemisphere.
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1000 permutations, each comprising a row-shuffled brain matrix and an
unchanged behavioral matrix. The significant LVs were identified using
p values, which were computed as the probabilities that the permuted
singular values exceeded the initial singular values. For each significant
LV, the reliability of the contribution of each functional connection to
the brain-behavior association was assessed as the ratio of its loading
to its bootstrap-estimated standard error, called the bootstrap ratio. The
standard errors were estimated through 3000 bootstrap samples, which
were created by selecting subjects with replacement. Since the bootstrap
ratio approximates to a z score and a high absolute value indicates that
the FC has a large effect and is stable regardless of sample selection, the
set threshold can identify FCs of significant reliability (e.g., a thresh-
old of 2 corresponds to the 95th percentile). An FC with a high positive
bootstrap ratio indicates a positive contribution to the brain-behavior as-
sociation, whereas an FC with a high negative bootstrap ratio indicates a
negative contribution to the brain-behavior relationship. We also used a
bootstrap method to construct the significance and confidence intervals
for the correlation between the brain and behavior.

3. Results
3.1. Subregions of the MD

We varied the number of subregions in the human MD from 2 to 8
based on spectral clustering of the connectivity patterns between the
MD voxels. Then, we used the TpD across the hemispheres and the HI
to determine the optimum number of subregions in the MD. As shown
in Fig. 1C, both TpD and HI indicated 4 to be the most robust segmenta-
tion, in that the clusters were compact with a consistent principal spa-
tial arrangement across the hemispheres. Therefore, we identified four
subregions: the MDm (medial), MDc (central), MDd (dorsal), and MDI
(lateral). The group-level segmentation of the MD was visualized using

4

5 6 7 8

Number of clusters

a 3D model (Fig. 1A) and coronal MRI (Fig. 1B). As shown in Fig. 1C
the four-subregion parcellation of the MD had the most stable hierar-
chy and topological distance. The volume of MD is consistent with the
description in the previous article (Byne et al., 2002; Liu et al., 2020;
Su et al., 2019). The average whole volume of each subregion was the
MDm: 174/180 mm3, MDc: 203/207 mm?, MDd: 186,/204 mm?3, and
MDI: 191/167 mm?, for left/right, respectively (Supplementary Fig. S3).

The connectivity-based parcellation showed patterns that were simi-
lar to Allen’s histological subdivisions. The MD sub-regions on a slice of
Allen’s histological map and the DTI data are shown in Supplementary
Fig. S4.

3.2. Anatomical connectivity patterns of the MD subregions

In the current study, the connectivity profiles for each subregion of
the MD were identified by performing diffusion probabilistic tractogra-
phy on individual HCP participants. The anatomical connectivity pat-
tern for each left and right MD subregion are illustrated in Fig. 2 and
Supplementary Fig. S5. Each pattern indicates that the population prob-
ability of a voxel belonging to the pathway for each sub-region was
>50%. Fig. 2 shows that the subregions tended to connect to the pre-
frontal cortex. In brief, the MDm was primarily connected to the medial
orbitofrontal cortex. The MDc was anatomically connected with the or-
bitofrontal cortex. The MDd was connected to most of the ventrolateral
prefrontal cortex area. The MDI had many projections to the prefrontal
and anterior cingulum cortex.

To show the diversity of the four sub-regions in the connection mode,
anatomical connectivity fingerprints for the four MD subregions (Fig. 3,
Supplementary Fig. S6) were generated by mapping the connectivity
profiles to the prefrontal subregions of the Brainnetome Atlas (Fan et al.,
2016). As shown in Fig. 3, the MDm had greater connectivity with the
Brodmann area (BA) 13 of the orbitofrontal cortex than the other sub-
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regions. The connection between the MDc and most areas of the or-
bitofrontal cortex was stronger than the other subregions of the MD.
Compared with the other subregions of the MD, the MDd was more
strongly connected to the superior prefrontal cortex (medial BA 10),
the middle prefrontal cortex (BA 46; lateral BA 10), and the inferior
prefrontal cortex (rostral BA 45). The MDI was shown stronger con-
nectivity with the superior prefrontal cortex areas: the medial BA 8,
the dorsolateral BA 8, the dorsolateral BA 6, and the medial BA 6; the
medial prefrontal cortex areas: the dorsal BA 9/46, the inferior frontal
junction, the ventrolateral BA 8, and the ventrolateral BA 6; the infe-
rior prefrontal cortex areas: the dorsal BA 44, the ventral BA 44, and
the caudal BA 45; and the caudodorsal BA 24 of the anterior cingulum
cortex than the other three parts of the MD.

Overall, there were significant differences in the patterns of connec-
tivity between the MD subregions and the prefrontal regions.

3.3. Functional connectivity patterns of the MD subregions

Detailed whole-brain resting-state functional connectivity seeded
from the left and right MD is illustrated in Fig. 4A and Supplemen-
tary Fig. S7A, respectively. We observed that the MD subregions had
extensive functional connectivity with many brain regions, including
the frontal cortex, the cingulate cortex, and the insular cortex. Paired
t-tests were used to reveal significant differences in functional connec-
tivity between each pair of MD subregions (please see the up and down
triangles in Fig. 4A and Supplementary Fig. S7A). The MDI showed the
widest connectivity pattern among the four subregions, and its con-
nectivity with the frontal cortex and occipital cortex are significantly
stronger than the MDm and MDc. The connection strength between the
MDd and part of the prefrontal lobe is lower than MDIl. The MDm is
mainly connected with the prefrontal cortex and the precuneus, and the
connectivity strength is also significantly smaller than the other three
subregions.

We further explore the relationship between the MD subregions and
different functional networks, we calculated the common and distinct
functional connectivity of the MD subregions with Yeo’s seven intrinsic
networks (Yeo et al., 2011) and then performed a quantitative compar-
ison. The network connectivity pattern for each MD subregion is dis-
played in Fig. 4B. The results of the quantitative analysis are shown
in Supplementary Table S3. Among the four subregions, the MDm has
a strong connection with the high-order cortical networks such as the
default network and the frontoparietal network, while the other three
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Fig. 2. Connectivity patterns and maximum
probability tractograms (MPM) of the left MD,
MDm (red), MDc (blue), MDd (yellow), and
MDI (green). Probabilistic tractography was
performed for each MD subregion to map its
whole-brain connectivity patterns. MPMs were
generated by assigning each voxel to the corre-
sponding MD subregion with which it showed
the greatest number of connections. The num-
bers in the top row are the coordinates in
MNI152 space.

subregions’ functional connectivity with the seven networks was rela-
tively evenly distributed. Although the connectivity patterns of the other
three sub-regions to the seven functional networks are relatively similar,
their connectivity strength showed significant differences. The connec-
tivity strength between the MD subregions and the visual network, the
somatomotor network, the ventral attention network, and the dorsal at-
tention network presents an increasing trend from MDm to MDc to MDd
to MDI. All the four subregions are significantly connected to the default
network and the frontoparietal network, the MDd has the strongest con-
nectivity with the default network. The connectivity between MDd and
MDI and the frontoparietal network is significantly stronger than the
other two subregions.

The above results all reflect that there is significant connectivity be-
tween MD subregions and the prefrontal cortex. A quantitative compar-
ison of the functional connections for the MD subregions was shown
in Supplementary Fig. S8 and Table S4. Significantly positive portions
of the functional connectivity of the MD] were noted throughout the
prefrontal cortex, especially the medial superior prefrontal cortex, the
inferior prefrontal cortex, the anterior cingulate cortex, and the insular.
The strong connections focused on the middle BA 8 and the middle BA
9 of the medial superior prefrontal cortex. The functional connectivity
with the hyper granular insular and rostroventral BA 40 of the inferior
parietal lobule was the strongest among the four subregions. While the
connectivity of the MDd was overall similar to that of the MDI, the con-
nection strength of the MDI was higher than that of the MDd. Among the
four subregions, the functional connectivity strengths of MDm and MDc
were lower than the other two subregions. The MDm was mainly con-
nected to the orbital prefrontal cortex, the superior prefrontal cortex,
the anterior cingulate cortex, and part of the medial prefrontal cortex.
By calculating the correlation between each subregion’s structural and
functional connectivity patterns on the group level, in particular, we
found that the MDm and MD1 both had a higher degree of functional
and structural coupling compared with the other subregions.

3.4. Relating MD functional connectivity and behaviors

We used PLSC analyses to describe the relationship between each
subregion’s functional connectivity and various behavioral measures.
For each subregion of the MD, one significant LV (MDm LV: 29% of
total covariance; singular value = 1.88; p <0.05; MDc LV: 24% of to-
tal covariance; singular value = 2.30; p < 0.05; MDd LV: 27% of total
covariance; singular value = 2.09; p < 0.05; MDI1 LV: 29% of total covari-
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Fig. 3. Connectivity fingerprints of the MD subregions and prefrontal subregions. The left semicircle in the figure shows the connection between the MD subregions
of the left hemisphere and the ipsilateral prefrontal area, and the right semicircle showed the same pattern of MD subregions of the right hemisphere. The prefrontal
subregions were extracted from the Brainnetome Atlas (Fan et al., 2016). The MDm was mainly connected with the medial orbital frontal cortex, MDc was connected
to the lateral orbital cortex, and MDd to the dorsolateral part of the prefrontal cortex. MD] was connected to the dorsomedial and dorsolatepartspart of the prefrontal
cortex. For each target area, the connectional differences between the four subregions with each target area were tested using a univariate ANOVA, the results of
which are shown in Supplementary Table S2. The prefrontal lobe includes five large regions: SFG (Superior Frontal Gyrus), MFG (Middle Frontal Gyrus), IFG (Inferior
Frontal Gyrus), OrG (Orbital Gyrus), ACC (Anterior cingulate cortex), and the vertices of the spider web map in each fan-shaped area correspond to the subregions

of these regions.

ance; singular value = 2.62; p < 0.05) was identified, a finding which
revealed distinct patterns of behavioral measures that map to a single
overall set of functional connections.

Virtually all the functional connections of each of the MD subregions
with the PFC were found to be reliable through bootstrap resampling,
with all the reliable connections loading positively onto their respective
LVs (Supplementary Fig. S9). Fig. 5 shows the correlations between the
FC of the left MD subregions and behavior, and Supplementary Fig. S10
shows the corresponding results for the right hemisphere. In Fig. 5 the
circles show the LV1 correlations between each of the MD subregion’s
FC and various behaviors. The MD subregion’s first LV mainly expressed
the behavioral measures of cognition and emotion recognition. The MDc
FC-behavior LV showed a close correlation with emotion recognition but
had a low correlation with cognition. The MDc FC-behavior LVs MDd
FC-behavior LV and MDI FC-behavior LV showed a close correlation
with ReactionTimes and ProcSpeed in the cognitive category. However,

the MDd FC-behavior LV and the MDI FC-behavior LV also had a signif-
icant correlation with SkippedItems, whereas the MDc FC-behavior LV
did not. Inhibition and FluidIntelligence in the cognitive category were
only strongly correlated with the MDI FC-behavior LV.

4. Discussion

This study used high-quality DTI data and an advanced connectivity-
based parcellation approach to subdivide the human MD into four sub-
regions with distinct anatomical and functional connections. We were
also able to characterize the functional consistency and significant func-
tional differences of the different MD subregions from the perspective of
their behavioral-functional relationships, indicating that the functional
characteristics of brain structure may affect the specific cognitive func-
tion and processing needs.
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Fig. 4. Resting-state functional connectivity of
the left MD subregions. (A) Spatial distribution
and paired difference maps of the functional
connectivity patterns. The diagonal maps rep-
resent the distribution of functional connectiv-
ity patterns for each MD subregion. The up and
down triangles reveal significant differences in
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MD subregions. For example, MDd>MDc repre-
sents that in the map the functional connectiv-
ity strength of the MDd is significantly higher
than the MDc. The statistical significance was
corrected for family-wise error (FWE) with p
< 0.05. (B) Functional connectivity patterns
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between the MD subregions and Yeo’s seven
intrinsic networks. The connectional differ-
ences between the four subregions with the
seven networks were tested using a univariate
ANOVA and a significant result was obtained
(Table S3).
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4.1. The anatomical organization of the MD subregions

Based on the anatomical connectivity profile with the rest of the
human brain, we found that the MD could be robustly subdivided
into 4 subregions: medial (MDm), central (MDc), dorsal (MDd), and
lateral (MDI). Previous studies indicated that the MD of adult pri-
mates could be subdivided into at least 3 subnuclei based on cy-
toarchitecture and myeloarchitecture (Mitchell, 2015; Mitchell and
Chakraborty, 2013; Pergola et al., 2018). The histological thalamic at-
las of Morel et al. (1997) and the Allen human brain reference atlas
(Ding et al., 2016) described the histological MD subregions in detail.
Allen et al.’s atlas was the first digital human brain atlas to incorporate
neuroimaging with high-resolution histology including multiple stains
across the entire adult female brain. The densocellular caudodorsal and
the parvicellular central (Ding et al., 2016), which are concordant with
our MDc and MDd. In addition, the magnocellular and multiform di-
visions of the MD correspond respectively to our MDm and MDI subre-
gions. We further performed a parcellation using dMRI data on the same
specimen subject as used in Allen et al.’s study and the results were very
consistent. The histological map is in line with our parcellations based
on in vivo diffusion-weighted imaging and suggests that these subre-
gions differ in both their local histology and connectivity patterns.

Our results revealed distinct anatomy associated with each MD sub-
region. These maps reflected the topology of the anatomical projections
from the MD to the cortex, which follow a particular organization from
the MD to the prefrontal cortex (Pergola et al., 2018, 2013). We found
that the human MDm corresponds to the magnocellular medial region
and was primarily connected with the medial orbitofrontal cortex and

Frontoparietal Default

that the connection of the MDm with BA 13 was significantly stronger
than the other subregions (Klein et al., 2010; Ray and Price, 1993). In
some studies, the MDc and MDd were treated as unified central regions
(Walker, 1940). However, more recent reviews indicated that in pri-
mates this area can be further divided into the pars caudodorsalis region
and the pars parvicellular rostrocaudal extent of the MD (Abitz et al.,
2007; Eckert et al., 2012; Mitchell, 2015; Siwek and Pandya, 1991).
The MDc has a stronger connection with part of the medial frontal cor-
tex and the orbitofrontal cortex, which is also similar to the structural
connectivity feature of the pars parvicellular MD (Goldman-Rakic and
Porrino, 1985; Xiao et al., 2009). Consistent with our findings, previous
studies showed that the MDd in humans has a strong connection with
the anterior cingulate cortex and BA 46, which mainly constitute the
dorsolateral prefrontal cortex (Danet et al., 2015; Goldman-Rakic and
Porrino, 1985; Klein et al., 2010; Lee and Shin, 2016). The MDI, which
corresponds to the paralaminar or multiform region of the MD strongly
connects with the superior and inferior prefrontal cortex and anterior
cingulate cortex (Phillips et al., 2019). Since the PFC is mainly associ-
ated with executive functions (Ouhaz et al., 2018), our findings may
support the concept that the MD is essential to cognition via strong con-
nections with the PFC.

4.2. The functional organization of the MD subregions

Complex tasks depend on signal transmission across multiple brain
regions, so the involvement of the MD in different cognitive tasks may
depend on the connections between a given MD subregion and other
brain regions (Mitchell, 2015; Pergola et al., 2013). To further dissect



K. Li, L. Fan, Y. Cui et al.

uoisuswiq

MMSE
Psq,

Coly

Too,

the cognitive functions of each subregion of the MD, we used PLSC to ex-
plore FC-behavior relationships and compared the FC between each MD
subregion and the PFC subregions using 59 behavioral measures cov-
ering six behavior categories, i.e., cognition, alertness, emotion, motor,
personality, and sensory (Izquierdo and Murray, 2010; Metzger et al.,
2010). Our result of the FC-behavior relationships showed that each MD
subregion captured multiple sets of functional connectivity-behavior as-
sociations. We found that each MD subregion had strong functional in-
tegration concerning the prefrontal lobe, which is consistent with pre-
vious studies, which showed that the role of MD may be related to the
maintenance of the prefrontal lobe activity during the cognitive process
(Antonucci et al., 2021). From the perspective of different subregions,
compared with the MDm, the MDc, MDI, and MDd were involved in
multiple cognitive functions. MDd and MDc FC-behavior LVs showed
an overlapping set of behaviors with a similar pattern; that is, higher FC
between the PFC and MDd/MDc was related to higher fluid intelligence
(skipped items, reaction time) and processing speed (ProcSpeed). This
suggests that individuals with a higher MDd-PFC or MDc-PFC FC would
manifest better performance in these behaviors.

Furthermore, apart from this overlapping set, we observed a unique
set of measures, composed of inhibition (Parnaudeau et al., 2013)
and cognitive flexibility (CardSort), that were connected with MDI FC-
behavior LV, following the pattern that the higher the MDI-PFC FC, the
lower the inhibition and cognitive flexibility. Compared with other sub-
regions, the MDI] was associated with more behaviors, which seems to
have been due to the strong anatomical and functional connections be-
tween this brain area and the prefrontal lobe. Unlike the other subre-
gions of the MD, the LV of the MDc captured a variety of MDc connec-
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Fig. 5. Correlations between FC and behav-
iors. The four circles respectively show the be-
haviors that are significantly associated with
each MD subregion in the left hemisphere. The
values in the boxes represent the correlation
values. Bootstrapping was used to estimate the
significance of the brain-behavior correlations.

uonuBod

tions to the PFC that contributed positively to the FC-behavior associ-
ation. These connections showed a positive association with sustained
attention, which was the only measure strongly expressed for this as-
sociation. We also found that all of the MD subregions were associated
with the cognitive-emotional (emotion recognition) measure (Tian and
Zalesky, 2018). Even the MDm subregion, which showed a mediocre
performance in cognition, had a good performance in emotion recogni-
tion; this may be due to the main connection between the MDm and the
orbital frontal area (Golden et al., 2016). This suggests that, although
the MD subregions rely on their functional connections with the PFC
to support multiple and overlapping cognitive and cognitive-emotional
functions, each of the regions has a more specialized function, which is
probably related to differences in their FC strengths. Future studies us-
ing task fMRI data or clinical data may further investigate these results
from other perspectives.

4.3. Limitations

Previous studies have shown that the volume of MD changes dur-
ing aging (Fama and Sullivan, 2015; Rosenberg et al., 2016), the re-
search on MD at different ages is also a very meaningful issue. In this
study, we conducted in-depth explorations on the sub-regions of MD
and their anatomical and functional connections in a group of healthy
adults, which provided a complete methodological reference for the sub-
sequent research on MD at different ages. We look forward to systematic
research in future work.

HCP rs-fMRI data has high a spatial and temporal resolution, how-
ever, it is known that the signal-to-noise ratio of its subcortex is low.
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We have taken several means to improve the quality of the data as the
previous research on subcortical regions (Ely et al., 2019; Guedj and
Vuilleumier, 2020). We performed low-pass filtering on the minimally
preprocessed data to kick out the uninterested physiological signals. Al-
though a part of the high-frequency signal was lost, the signal-to-noise
ratio of the subcortex data was improved. Due to the small size of MD,
to avoid signal confusion between the sub-regions and reduce the im-
pact of low resolution, the MD region was not smoothed. In addition
to the issues of resolution and filtering, we also considered the issues
of signal-to-noise ratio and size. There is no significant difference in
the signal-to-noise ratio of the four sub-regions, and the volume sizes
are relatively consistent. We describe associations between behavioral
measures and the functional connectivity of each MD subregion. While
these findings indicate a relationship between the intrinsic organization
of the MD subregion and behavioral measures, the correlation values are
small. Although we have used high-resolution resting-state MRI data,
since the MD subregions are relatively small and there are overlaps be-
haviors that are related to different subregions. We hope to use higher
resolution data for further research in the future.

5. Conclusions

In this study, we identified the connectivity-based organization of the
human MD and discovered the similarity and specificity of each subre-
gion in terms of its anatomical and functional connectivity. In addition,
we explored the relationship between the functional connection of each
subregion and behavioral measures, which revealed the role of differ-
ent subregions in cognition. The findings provide convincing support for
further research on the MD. For example, deep brain stimulation applied
to MD has been repeatedly reported in animal models, but it has rarely
been studied in humans (Mavridis, 2014); our precise subdivisions of
the MD will provide evidence for the application of DBS in humans.
Moreover, we will investigate cross-species comparisons to further un-
derstand the evolution and function of the MD and explore the role of
the MD in neuropsychiatric disorders.

Findings
The HCP data that support the findings of this study
are publicly available on the Connectome DB database

(https://db.humanconnectome.org). The code is available from

the authors upon request.
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