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a b s t r a c t 

The human mediodorsal thalamic nucleus (MD) is crucial for higher cognitive functions, while the fine anatomi- 

cal organization of the MD and the function of each subregion remain elusive. In this study, using high-resolution 

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 (MDl), 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 MDl 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. 
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. Introduction 

The mediodorsal thalamic nucleus (MD), a higher-order relay nu-

leus, is involved in regulating cortical networks ( Guillery, 1995 ;

herman, 2007 ). As a key structure related to many neurolog-

cal and psychiatric diseases ( Golden et al., 2016 ; Mitchell and

hakraborty, 2013 ), the MD was thought to be a potential target

or deep brain stimulation (DBS) treatment for resistant schizophrenia

 Mavridis, 2014 ). Anatomical evidence shows that the MD plays a cru-

ial role in multiple cognitive functions ( Mitchell, 2015 ; Mitchell and
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hakraborty, 2013 ) including attention, planning, abstract thinking,

motion, and working memory through its extensive connections with

he prefrontal cortex ( Haber and Mcfarland, 2001 ; Oyoshi et al., 1996 ).

owever, the detailed structural organization of the MD and the rules

hat explicate the relationship between its subregions and human be-

aviors remain poorly understood. 

The subregions of the MD have been defined primarily by studying

ts anatomical microstructure ( Jones, 2012 ; Morel et al., 1997 ; Ray and

rice, 1993 ). In nonhuman primates, the MD is generally subdivided

nto 3 parts based on cytoarchitecture, namely the magnocellular mid-
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le, parvocellular central, and multiform or paralamellar lateral parts

 Mitchell and Chakraborty, 2013 ; Ray and Price, 1992 ). In the human

rain, Morel’s histological atlas of the thalamus identified three dis-

inct subdivisions in the MD ( Morel et al., 1997 ). Another human his-

ological atlas described a dense cellular caudodorsal region of the MD

 Ding et al., 2016 ). Compared to the traditional histological studies, the

ubregions could also be discerned by the main structural connections

sing in vivo diffusion magnetic resonance imaging (dMRI) ( Klein et al.,

010 ; Phillips et al., 2019 ). Furthermore, by calculating the connectiv-

ty pattern of the subregion, the connectivity between the subregion and

 set of target regions can be quantitatively characterized ( Cheng et al.,

018 ; Zhang et al., 2017 ; Zhuo et al., 2016 ). Hence, a connectivity-based

pproach may more accurately reflect the structural topography of the

D. 

Moreover, a large number of studies on animal experiments and in-

ury studies have confirmed an important role of the MD in cognition

rom a functional perspective. Animal models have emphasized that,

ecause of its robust structural interconnections with other brain ar-

as, the MD is essential in integrating various affective behaviors and in

ognitive processing (for review, ( Georgescu et al., 2020 ; Pergola et al.,

018 ). Previous lesion studies on human patients revealed that neuro-

ogical and psychiatric diseases such as schizophrenia are related to in-

uries of different parts of the MD and that the interaction between the

amaged part and the cortex may lead to different aspects of cogni-

ive impairment, such as the disruption of executive function and learn-

ng deficits ( Alelú-Paz and Giménez-Amaya, 2008 ; Mitchell et al., 2007 ;

uhaz et al., 2018 ; Pergola et al., 2013 ; Victor, 1989 ). In healthy hu-

ans, few neuroimaging studies have investigated the functions of the

D. Precise subregions can provide cognitive insights about a brain re-

ion in that the interactions between spatially distributed brain regions

re taken into account, which might be the cause of complex behaviors

 Zimmermann et al., 2018 ). Therefore, it is necessary to see whether the

onnections of different subregions relate to different cognitive func-

ions 

In this study, we aimed to identify and characterize the subregions

f the human MD and explore the underlying behaviors of each MD

ubregion using in vivo MRI data. We first obtained a robust parcella-

ion of the human MD based on its whole-brain anatomical connectivity

onducted on a representative high-resolution dataset from the Human

onnectome Project (HCP). Then we explored the anatomical and func-

ional connectivity of each subregion with the rest of the brain. Finally,

 partial least squares correlation (PLSC) model was used to explore

he relationships between each subregion’s functional connectivity and

uman behavioral measures. The goal of this study was to provide a

omprehensive description of the MD, which could benefit brain inter-

entions and treatment in clinical situations. 

. Materials and methods 

.1. Subjects 

We used 40 unrelated subjects (age: 22–35, 20 male) from the

CP database for a connectivity-based segmentation of the MD. De-

ailed demographic information about these subjects was described

reviously ( Fan et al., 2016 ). To characterize the connectivity pat-

ern of each subregion and its relationship with behaviors, the data

rom 1012 healthy young adults (age: 22–35; 469 males) with both

iffusion and functional imaging data were extracted from the S1200

ubjects release of the WU-Minn HCP Consortium ( Van Essen et al.,

013 ), The data for the subjects were collected using a Siemens 3T

canner (Siemens, Erlangen, Germany) with a 32-channel head coil.

he scanning procedures and parameters are described in detail in

an Essen et al. (2013) and also provided in the supplementary ma-

erials. In this study, 59 behavioral measures (Supplementary Table

1) were used to explore the brain-behavior relationships ( Tian and

alesky, 2018 ). A detailed description of the measures is available at
2 
ttps://wiki.humanconnectome.org/display/PublicData/HCP + Data + Di

 Updated + for + the + 1200 + Subject + Release 

.2. Data preprocessing 

Diffusion MRI: The HCP diffusion images with 1.25 mm isotropic

patial resolution were preprocessed by the HCP diffusion pre-

rocessing pipeline using the FMRIB diffusion toolbox (FSL 5.0;

ttp://www.fmrib.ox.ac.uk/fsl ). The main steps are as follows: nor-

alization of b0 image intensity across runs and correction for echo-

lanar imaging (EPI) susceptibility, eddy-current-induced distortions,

radient-nonlinearities, and subject motion. The probability distribu-

ions of the fiber orientations were estimated using FSL’s BEDPOSTX

lgorithm ( Behrens et al., 2007 ). Next, skull-stripped T1-weighted im-

ges for each subject were co-registered to the subject’s b0 images using

SL’s FLIRT algorithm. Then we derived linear and nonlinear transfor-

ations between the T1 image and the Montreal Neurological Institute

MNI) structural template. Based on these, we derived (forward and in-

erse) transformations between the diffusion space and the MNI space,

hich were then used to transform the seed masks into the diffusion

pace for each subject. 

Resting-state fMRI: There were four 15-minute rs-fMRI scans for

ach subject. All the images were visually inspected and minimally pre-

rocessed by HCP personnel before release (e.g., distortion corrected,

oregistered, and warped to MNI and CIFTI grayordinate templates; see

lasser et al. (2013) for details). Whole-brain connectivity analyses were

erformed using rs-fMRI data in CIFTI grayordinate space, which rep-

esents the cortex using surface meshes (32k vertices per surface) and

he subcortex using 3D MNI coordinates (2 mm isotropic spatial resolu-

ion). The ROI time-series were extracted from the unsmoothed rs-fMRI

ata in the MNI space. The rs-fMRI data were bandpass filtered (0.1 -

.01 Hz). To spatially smooth the data, a 4 mm FWHM Gaussian kernel

as applied only to the cortical surface using Connectome Workbench

ersion 1.2.4 ( Marcus et al., 2011 ). 

.3. Definition of ROI 

Accurate delineation of the MD boundaries is crucial but challenging.

n the present study, we identified individual MD boundaries by map-

ing a directionally-encoded color (DEC) map of the track-density imag-

ng (TDI). Specifically, for each of the 40 subjects, we mapped the TDI

f their data to gain a high spatial resolution of the white matter image

sing MRtrix3.0 ( Calamante et al., 2010 ). The TDI image for each indi-

idual was then calculated at an isotropic spatial resolution of 0.5 mm

nd represented as a directionally-encoded color (DEC) map. The RGB-

olored TDI map facilitated the in vivo delineation of the MD based on

igh anatomical contrast. We manually delineated the boundaries of the

D based on the DEC maps, which could define the voxels over which

he orientations changed ( Fan et al., 2011 ). We warped the individual

EC and edges maps into MNI standard space and acquired the group-

veraged map at > 70% probability which was shown in Supplementary

ig. S1. Concerning Morel thalamus atlas ( Morel et al., 1997 ), we ex-

erimented with different thresholds, so that the group averaged map

ould optimally match the MD nucleus in the standard space. The high-

st coincidence map was obtained when the probability value was 70%

nd the final boundary of the MD was then identified. 

.4. Connectivity-based parcellation of the MD 

The parcellation scheme is similar to our previous work (Supplemen-

ary Fig. S2) as described in ( Cheng et al., 2021 ; Fan et al., 2016 ). First,

e transformed the group level ROI into native DTI space and applied

robabilistic tractography for each individual by sampling 5000 stream-

ine fibers for each voxel in the seed region to estimate its whole-brain

onnectivity profile. After using a small threshold to reduce the false

ositives, we down-sampled the images to 5 mm isotropic resolution to

http://www.fmrib.ox.ac.uk/fsl
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acilitate data storage ( Johansen-Berg et al., 2004 ). Based on the corre-

ations in the connectivity profile, we calculated the correlation matrix,

hich expresses the cross-correlations between each pair of voxels in

he seed region ( Johansen-Berg et al., 2004 ). Then, we applied spectral

lustering to the similarity matrix, which automatically subdivided all

he voxels in the seed mask into multiple subgroups ( Baldassano et al.,

015 ), setting the number of potential clusters to range from 2 to 8. To

et the most accurate and consistent parcellation map, we used some

ndicators to assist in the selection. The optimal cluster number was de-

ermined by the hierarchical index (HI) and topological distance (TpD).

he HI was used to measure the hierarchical structure between differ-

nt partition categories and partition modes ( Tungaraza et al., 2015 ).

n HI value closer to 1 indicates a more robust hierarchical structure

mong the partition modes. TpD was used to quantify the similarity

n the topological arrangement of putatively homologous areas across

emispheres ( Fan et al., 2016 ). The parcellation result for each subject

as then mapped into MNI standard space, and a maximum probabil-

ty map (MPM) was calculated as the final result, which considered the

nter-individual differences in the MD parcellation ( Caspers et al., 2008 ).

he final subregions masks were generated by thresholding above 50%

i.e., 20 subjects) on the group-overlapped probability maps. 

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

The Allen Institute’s anatomical reference atlas illustrates the adult

uman brain (cadaver specimens from a 34-year-old female), using mod-

fied Brodmann or gyral annotation ( Ding et al., 2016 ). The ex-vivo

MRI data from this donor was acquired with a 3T scanner at 900-

icron resolution ( http://atlas.brain-map.org/ ). We utilized the same

arcellation scheme and obtained a connectivity-based parcellation of

he MD. We then compared the patterns between histological maps and

he parcellations of the MD obtained using dMRI. 

.6. Mapping anatomical connectivity patterns 

To estimate the connectivity pattern of the MD subregions, proba-

ilistic fiber tracking was applied by sampling 10,000 streamline fibers

er voxel (starting from the seed voxels in the MD subregions) for each

f the 1012 subjects. The connectivity maps were first normalized by the

ize of the seed region and the total number of streamlines (i.e. 10,000)

o generate the relative tracing strength from the seed to the rest of

he brain ( Xia et al., 2017 ; Zhang et al., 2017 ). Then a threshold of

.38 was used to remove the noise effects of fiber tracking ( Zhuo et al.,

016 ). For each subregion, the fiber tracts were binarized and trans-

ormed into MNI standard space. The resulting individual tractograms

ere averaged to generate a probability fiber map for each MD subre-

ion. The map was then thresholded at 50% to generate the group-level

hole-brain anatomical connectivity pattern for the given subregion.

o obtain the fiber projection for each subregion, we also calculated

he maximum probability map based on the fiber tracts ( Zhang et al.,

017 ), in which the classification of each voxel in the combined con-

ection mask was mainly based on the MD subregion with the highest

onnectivity. 

To obtain a quantitative comparison for the anatomical connectivity

f each MD subregion, the target ROI for each individual was derived

rom the Brainnetome Atlas for each hemisphere to estimate the anatom-

cal connectivity. The Brainnetome Atlas is a fine-grained anatomical

onnectivity-based atlas containing 210 cortical and 36 subcortical sub-

egions ( Fan et al., 2016 ). The method for calculating the connectivity

robabilities between a MD subregion and a target ROI has been de-

cribed previously. ( Xia et al., 2017 ; Zhuo et al., 2016 ). A univariate

NOVA was used to determine whether there was a specific connection

ifference between each subregion of the MD and the ipsilateral target

egion; p values were calculated with family-wise error (FWE) correc-

ion for multiple comparisons. These statistical analyses were performed
3 
sing Matlab version 2017. The connectivity maps along with the re-

ults of the quantitative analysis and previous studies indicated that the

onnectivity differences for each subregion were mainly concentrated

n the prefrontal lobe, so we focused on 28 prefrontal subregions from

he Brainnetome Atlas to investigate their cortical anatomical connec-

ivity fingerprints. A connection probability value was averaged for each

eed–target combination across all the subjects. To better delineate these

arget relationships, we normalized the connection strength of all the

ubregions with one target summing to 1. 

.7. Mapping resting-state functional connectivity patterns of the MD 

ubregion 

The MD subregional functional connectivity (FC) patterns were cal-

ulated by the correlation between the average time series for the MD

ubregions and the time series for each cortical surface vertex and sub-

ortical voxel in 32k CIFTI grayordinate space (i.e., 91,282 total cor-

elations) using the Connectome Workbench ( Ely et al., 2019 ). The re-

ults from the four rs-fMRI runs for each subject were converted to z

alues using Fisher’s z transformation and averaged to get subject-level

onnectivity maps. A random-effects one-sample t -test was used to de-

ermine the regions that had significant correlations with the MD sub-

egion. Group-level connectivity statistics were corrected for FWE with

 statistical significance of p < 0.05 and the extended threshold of the

luster size of the conjunction set at 50. 

Using a method that corresponds to the quantitative analysis of

natomical connections, we did a similar analysis in terms of function

onnections. We mapped the functional connectivity patterns between

ach MD subregion and Yeo’s seven intrinsic networks ( Yeo et al., 2011 )

nd also mapped the functional connectivity patterns between each MD

ubregion and the ipsilateral prefrontal subregions ( Xia et al., 2017 ). A

ne-sample t -test was used to calculate the connection strength on the

roup level using a corrected (FWE p < 0.05) connection strength. Uni-

ariate ANOVAs and pairwise comparisons were performed to identify

he specific differences between each pair of MD subregional connection

robabilities with the target areas. 

.8. Correlation analysis between MD-prefrontal functional connectivity 

nd cognitive measures 

We used PLSC to analyze the relationship between the func-

ional connectivity of the MD subregions and both the pre-

rontal lobe and the behavioral measures (behavioral PLS correla-

ion, http://www.rotman-baycrest.on.ca/pls ) ( McIntosh et al., 1996 ;

cIntosh and Lobaugh, 2004 ; Mi š i ć et al., 2016 ). We used this method

o identify pairs of latent variables (LVs) that correspond to brain activ-

ty and behavioral variables with maximal covariance. For each subject,

he MD-prefrontal functional connectivity (FC) was calculated as the

orrelation between the average time series for each MD subregion and

he average time series for each prefrontal region (58 regions in both

roups) according to the Brainnetome Atlas ( Fan et al., 2016 ). Then the

 values were converted to z values using Fisher’s z transformation. For

ach MD subregion, the brain matrix was the number of subjects multi-

lied by the number of connections (1012 ×58). Confounds included age,

ex, and mean frame-wise displacement were regressed from Fisher’s z-

ransformed FC before the PLS, and residuals were used for analysis. The

ehavioral matrix was the number of subjects multiplied by the number

f behavioral measures (1012 ×59). The 59 behavioral measures tapped

he functional domains known to be subserved by the MD. 

The brain and behavior matrix were z scored and then cross-

orrelated to start the PLS. A singular value decomposition was em-

loyed to decompose the brain-behavior matrix into corresponding load-

ngs. By projecting the brain and behavioral matrices onto their respec-

ive loadings, the LVs were obtained, providing an optimal depiction

f the brain-behavior commonality and intra-individual characteristics.

he significance of the LVs was evaluated by permutation tests using

http://atlas.brain-map.org/
http://www.rotman-baycrest.on.ca/pls
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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 (MDl). (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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000 permutations, each comprising a row-shuffled brain matrix and an

nchanged behavioral matrix. The significant LVs were identified using

 values, which were computed as the probabilities that the permuted

ingular values exceeded the initial singular values. For each significant

V, the reliability of the contribution of each functional connection to

he brain-behavior association was assessed as the ratio of its loading

o its bootstrap-estimated standard error, called the bootstrap ratio. The

tandard errors were estimated through 3000 bootstrap samples, which

ere created by selecting subjects with replacement. Since the bootstrap

atio approximates to a z score and a high absolute value indicates that

he FC has a large effect and is stable regardless of sample selection, the

et threshold can identify FCs of significant reliability (e.g., a thresh-

ld of 2 corresponds to the 95th percentile). An FC with a high positive

ootstrap ratio indicates a positive contribution to the brain-behavior as-

ociation, whereas an FC with a high negative bootstrap ratio indicates a

egative contribution to the brain-behavior relationship. We also used a

ootstrap method to construct the significance and confidence intervals

or the correlation between the brain and behavior. 

. Results 

.1. Subregions of the MD 

We varied the number of subregions in the human MD from 2 to 8

ased on spectral clustering of the connectivity patterns between the

D voxels. Then, we used the TpD across the hemispheres and the HI

o determine the optimum number of subregions in the MD. As shown

n Fig. 1 C, both TpD and HI indicated 4 to be the most robust segmenta-

ion, in that the clusters were compact with a consistent principal spa-

ial arrangement across the hemispheres. Therefore, we identified four

ubregions: the MDm (medial), MDc (central), MDd (dorsal), and MDl

lateral). The group-level segmentation of the MD was visualized using
4 
 3D model ( Fig. 1 A) and coronal MRI ( Fig. 1 B). As shown in Fig. 1 C

he four-subregion parcellation of the MD had the most stable hierar-

hy and topological distance. The volume of MD is consistent with the

escription in the previous article ( Byne et al., 2002 ; Liu et al., 2020 ;

u et al., 2019 ). The average whole volume of each subregion was the

Dm: 174/180 mm 

3 , MDc: 203/207 mm 

3 , MDd: 186/204 mm 

3 , and

Dl: 191/167 mm 

3 , for left/right, respectively (Supplementary Fig. S3).

The connectivity-based parcellation showed patterns that were simi-

ar to Allen’s histological subdivisions. The MD sub-regions on a slice of

llen’s histological map and the DTI data are shown in Supplementary

ig. S4. 

.2. Anatomical connectivity patterns of the MD subregions 

In the current study, the connectivity profiles for each subregion of

he MD were identified by performing diffusion probabilistic tractogra-

hy on individual HCP participants. The anatomical connectivity pat-

ern for each left and right MD subregion are illustrated in Fig. 2 and

upplementary Fig. S5. Each pattern indicates that the population prob-

bility 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-

rontal cortex. In brief, the MDm was primarily connected to the medial

rbitofrontal cortex. The MDc was anatomically connected with the or-

itofrontal cortex. The MDd was connected to most of the ventrolateral

refrontal cortex area. The MDl had many projections to the prefrontal

nd anterior cingulum cortex. 

To show the diversity of the four sub-regions in the connection mode,

natomical connectivity fingerprints for the four MD subregions ( Fig. 3 ,

upplementary Fig. S6) were generated by mapping the connectivity

rofiles to the prefrontal subregions of the Brainnetome Atlas ( Fan et al.,

016 ). As shown in Fig. 3 , the MDm had greater connectivity with the

rodmann area (BA) 13 of the orbitofrontal cortex than the other sub-
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Fig. 2. Connectivity patterns and maximum 

probability tractograms (MPM) of the left MD, 

MDm (red), MDc (blue), MDd (yellow), and 

MDl (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. 
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egions. The connection between the MDc and most areas of the or-

itofrontal cortex was stronger than the other subregions of the MD.

ompared with the other subregions of the MD, the MDd was more

trongly connected to the superior prefrontal cortex (medial BA 10),

he middle prefrontal cortex (BA 46; lateral BA 10), and the inferior

refrontal cortex (rostral BA 45). The MDl was shown stronger con-

ectivity with the superior prefrontal cortex areas: the medial BA 8,

he dorsolateral BA 8, the dorsolateral BA 6, and the medial BA 6; the

edial prefrontal cortex areas: the dorsal BA 9/46, the inferior frontal

unction, the ventrolateral BA 8, and the ventrolateral BA 6; the infe-

ior prefrontal cortex areas: the dorsal BA 44, the ventral BA 44, and

he caudal BA 45; and the caudodorsal BA 24 of the anterior cingulum

ortex than the other three parts of the MD. 

Overall, there were significant differences in the patterns of connec-

ivity between the MD subregions and the prefrontal regions. 

.3. Functional connectivity patterns of the MD subregions 

Detailed whole-brain resting-state functional connectivity seeded

rom the left and right MD is illustrated in Fig. 4 A and Supplemen-

ary Fig. S7A, respectively. We observed that the MD subregions had

xtensive functional connectivity with many brain regions, including

he frontal cortex, the cingulate cortex, and the insular cortex. Paired

-tests were used to reveal significant differences in functional connec-

ivity between each pair of MD subregions (please see the up and down

riangles in Fig. 4 A and Supplementary Fig. S7A). The MDl showed the

idest connectivity pattern among the four subregions, and its con-

ectivity with the frontal cortex and occipital cortex are significantly

tronger than the MDm and MDc. The connection strength between the

Dd and part of the prefrontal lobe is lower than MDl. The MDm is

ainly connected with the prefrontal cortex and the precuneus, and the

onnectivity strength is also significantly smaller than the other three

ubregions. 

We further explore the relationship between the MD subregions and

ifferent functional networks, we calculated the common and distinct

unctional connectivity of the MD subregions with Yeo’s seven intrinsic

etworks ( Yeo et al., 2011 ) and then performed a quantitative compar-

son. The network connectivity pattern for each MD subregion is dis-

layed in Fig. 4 B. The results of the quantitative analysis are shown

n Supplementary Table S3. Among the four subregions, the MDm has

 strong connection with the high-order cortical networks such as the

efault network and the frontoparietal network, while the other three
5 
ubregions’ functional connectivity with the seven networks was rela-

ively evenly distributed. Although the connectivity patterns of the other

hree sub-regions to the seven functional networks are relatively similar,

heir connectivity strength showed significant differences. The connec-

ivity strength between the MD subregions and the visual network, the

omatomotor network, the ventral attention network, and the dorsal at-

ention network presents an increasing trend from MDm to MDc to MDd

o MDl. All the four subregions are significantly connected to the default

etwork and the frontoparietal network, the MDd has the strongest con-

ectivity with the default network. The connectivity between MDd and

Dl and the frontoparietal network is significantly stronger than the

ther two subregions. 

The above results all reflect that there is significant connectivity be-

ween MD subregions and the prefrontal cortex. A quantitative compar-

son of the functional connections for the MD subregions was shown

n Supplementary Fig. S8 and Table S4. Significantly positive portions

f the functional connectivity of the MDl were noted throughout the

refrontal cortex, especially the medial superior prefrontal cortex, the

nferior prefrontal cortex, the anterior cingulate cortex, and the insular.

he strong connections focused on the middle BA 8 and the middle BA

 of the medial superior prefrontal cortex. The functional connectivity

ith the hyper granular insular and rostroventral BA 40 of the inferior

arietal lobule was the strongest among the four subregions. While the

onnectivity of the MDd was overall similar to that of the MDl, the con-

ection strength of the MDl was higher than that of the MDd. Among the

our subregions, the functional connectivity strengths of MDm and MDc

ere lower than the other two subregions. The MDm was mainly con-

ected to the orbital prefrontal cortex, the superior prefrontal cortex,

he anterior cingulate cortex, and part of the medial prefrontal cortex.

y calculating the correlation between each subregion’s structural and

unctional connectivity patterns on the group level, in particular, we

ound that the MDm and MD1 both had a higher degree of functional

nd structural coupling compared with the other subregions. 

.4. Relating MD functional connectivity and behaviors 

We used PLSC analyses to describe the relationship between each

ubregion’s functional connectivity and various behavioral measures.

or each subregion of the MD, one significant LV (MDm LV: 29% of

otal covariance; singular value = 1.88; p < 0.05; MDc LV: 24% of to-

al covariance; singular value = 2.30; p < 0.05; MDd LV: 27% of total

ovariance; singular value = 2.09; p < 0.05; MDl 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. MDl 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. 
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nce; singular value = 2.62; p < 0.05) was identified, a finding which

evealed distinct patterns of behavioral measures that map to a single

verall set of functional connections. 

Virtually all the functional connections of each of the MD subregions

ith the PFC were found to be reliable through bootstrap resampling,

ith all the reliable connections loading positively onto their respective

Vs (Supplementary Fig. S9). Fig. 5 shows the correlations between the

C of the left MD subregions and behavior, and Supplementary Fig. S10

hows the corresponding results for the right hemisphere. In Fig. 5 the

ircles show the LV1 correlations between each of the MD subregion’s

C and various behaviors. The MD subregion’s first LV mainly expressed

he behavioral measures of cognition and emotion recognition. The MDc

C-behavior LV showed a close correlation with emotion recognition but

ad a low correlation with cognition. The MDc FC-behavior LVs MDd

C-behavior LV and MDl FC-behavior LV showed a close correlation

ith ReactionTimes and ProcSpeed in the cognitive category. However,
6 
he MDd FC-behavior LV and the MDl FC-behavior LV also had a signif-

cant correlation with SkippedItems, whereas the MDc FC-behavior LV

id not. Inhibition and FluidIntelligence in the cognitive category were

nly strongly correlated with the MDl FC-behavior LV. 

. Discussion 

This study used high-quality DTI data and an advanced connectivity-

ased parcellation approach to subdivide the human MD into four sub-

egions with distinct anatomical and functional connections. We were

lso able to characterize the functional consistency and significant func-

ional differences of the different MD subregions from the perspective of

heir behavioral-functional relationships, indicating that the functional

haracteristics of brain structure may affect the specific cognitive func-

ion 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 

functional connectivity between each pair of 

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 

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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.1. The anatomical organization of the MD subregions 

Based on the anatomical connectivity profile with the rest of the

uman brain, we found that the MD could be robustly subdivided

nto 4 subregions: medial (MDm), central (MDc), dorsal (MDd), and

ateral (MDl). Previous studies indicated that the MD of adult pri-

ates could be subdivided into at least 3 subnuclei based on cy-

oarchitecture and myeloarchitecture ( Mitchell, 2015 ; Mitchell and

hakraborty, 2013 ; Pergola et al., 2018 ). The histological thalamic at-

as of Morel et al. (1997) and the Allen human brain reference atlas

 Ding et al., 2016 ) described the histological MD subregions in detail.

llen et al.’s atlas was the first digital human brain atlas to incorporate

euroimaging with high-resolution histology including multiple stains

cross the entire adult female brain. The densocellular caudodorsal and

he parvicellular central ( Ding et al., 2016 ), which are concordant with

ur MDc and MDd. In addition, the magnocellular and multiform di-

isions of the MD correspond respectively to our MDm and MDl subre-

ions. We further performed a parcellation using dMRI data on the same

pecimen subject as used in Allen et al.’s study and the results were very

onsistent. The histological map is in line with our parcellations based

n in vivo diffusion-weighted imaging and suggests that these subre-

ions differ in both their local histology and connectivity patterns. 

Our results revealed distinct anatomy associated with each MD sub-

egion. These maps reflected the topology of the anatomical projections

rom the MD to the cortex, which follow a particular organization from

he MD to the prefrontal cortex ( Pergola et al., 2018 , 2013 ). We found

hat the human MDm corresponds to the magnocellular medial region

nd was primarily connected with the medial orbitofrontal cortex and
 b  

7 
hat the connection of the MDm with BA 13 was significantly stronger

han the other subregions ( Klein et al., 2010 ; Ray and Price, 1993 ). In

ome studies, the MDc and MDd were treated as unified central regions

 Walker, 1940 ). However, more recent reviews indicated that in pri-

ates this area can be further divided into the pars caudodorsalis region

nd the pars parvicellular rostrocaudal extent of the MD ( Abitz et al.,

007 ; Eckert et al., 2012 ; Mitchell, 2015 ; Siwek and Pandya, 1991 ).

he MDc has a stronger connection with part of the medial frontal cor-

ex and the orbitofrontal cortex, which is also similar to the structural

onnectivity feature of the pars parvicellular MD ( Goldman ‐Rakic and

orrino, 1985 ; Xiao et al., 2009 ). Consistent with our findings, previous

tudies showed that the MDd in humans has a strong connection with

he anterior cingulate cortex and BA 46, which mainly constitute the

orsolateral prefrontal cortex ( Danet et al., 2015 ; Goldman ‐Rakic and

orrino, 1985 ; Klein et al., 2010 ; Lee and Shin, 2016 ). The MDl, which

orresponds to the paralaminar or multiform region of the MD strongly

onnects with the superior and inferior prefrontal cortex and anterior

ingulate cortex ( Phillips et al., 2019 ). Since the PFC is mainly associ-

ted with executive functions ( Ouhaz et al., 2018 ), our findings may

upport the concept that the MD is essential to cognition via strong con-

ections with the PFC. 

.2. The functional organization of the MD subregions 

Complex tasks depend on signal transmission across multiple brain

egions, so the involvement of the MD in different cognitive tasks may

epend on the connections between a given MD subregion and other

rain regions ( Mitchell, 2015 ; Pergola et al., 2013 ). To further dissect
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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. 
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he cognitive functions of each subregion of the MD, we used PLSC to ex-

lore FC-behavior relationships and compared the FC between each MD

ubregion and the PFC subregions using 59 behavioral measures cov-

ring six behavior categories, i.e., cognition, alertness, emotion, motor,

ersonality, and sensory ( Izquierdo and Murray, 2010 ; Metzger et al.,

010 ). Our result of the FC-behavior relationships showed that each MD

ubregion captured multiple sets of functional connectivity-behavior as-

ociations. We found that each MD subregion had strong functional in-

egration concerning the prefrontal lobe, which is consistent with pre-

ious studies, which showed that the role of MD may be related to the

aintenance of the prefrontal lobe activity during the cognitive process

 Antonucci et al., 2021 ). From the perspective of different subregions,

ompared with the MDm, the MDc, MDl, and MDd were involved in

ultiple cognitive functions. MDd and MDc FC-behavior LVs showed

n overlapping set of behaviors with a similar pattern; that is, higher FC

etween the PFC and MDd/MDc was related to higher fluid intelligence

skipped items, reaction time) and processing speed (ProcSpeed). This

uggests that individuals with a higher MDd-PFC or MDc-PFC FC would

anifest better performance in these behaviors. 

Furthermore, apart from this overlapping set, we observed a unique

et of measures, composed of inhibition (Parnaudeau et al., 2013)

nd cognitive flexibility (CardSort), that were connected with MDl FC-

ehavior LV, following the pattern that the higher the MDl-PFC FC, the

ower the inhibition and cognitive flexibility. Compared with other sub-

egions, the MDl was associated with more behaviors, which seems to

ave been due to the strong anatomical and functional connections be-

ween this brain area and the prefrontal lobe. Unlike the other subre-

ions of the MD, the LV of the MDc captured a variety of MDc connec-

e  

8 
ions to the PFC that contributed positively to the FC-behavior associ-

tion. These connections showed a positive association with sustained

ttention, which was the only measure strongly expressed for this as-

ociation. We also found that all of the MD subregions were associated

ith the cognitive-emotional (emotion recognition) measure ( Tian and

alesky, 2018 ). Even the MDm subregion, which showed a mediocre

erformance in cognition, had a good performance in emotion recogni-

ion; this may be due to the main connection between the MDm and the

rbital frontal area ( Golden et al., 2016 ). This suggests that, although

he MD subregions rely on their functional connections with the PFC

o support multiple and overlapping cognitive and cognitive-emotional

unctions, each of the regions has a more specialized function, which is

robably related to differences in their FC strengths. Future studies us-

ng task fMRI data or clinical data may further investigate these results

rom other perspectives. 

.3. Limitations 

Previous studies have shown that the volume of MD changes dur-

ng aging ( Fama and Sullivan, 2015 ; Rosenberg et al., 2016 ), the re-

earch on MD at different ages is also a very meaningful issue. In this

tudy, we conducted in-depth explorations on the sub-regions of MD

nd their anatomical and functional connections in a group of healthy

dults, which provided a complete methodological reference for the sub-

equent research on MD at different ages. We look forward to systematic

esearch in future work. 

HCP rs-fMRI data has high a spatial and temporal resolution, how-

ver, it is known that the signal-to-noise ratio of its subcortex is low.
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e have taken several means to improve the quality of the data as the

revious research on subcortical regions ( Ely et al., 2019 ; Guedj and

uilleumier, 2020 ). We performed low-pass filtering on the minimally

reprocessed data to kick out the uninterested physiological signals. Al-

hough a part of the high-frequency signal was lost, the signal-to-noise

atio of the subcortex data was improved. Due to the small size of MD,

o avoid signal confusion between the sub-regions and reduce the im-

act of low resolution, the MD region was not smoothed. In addition

o the issues of resolution and filtering, we also considered the issues

f signal-to-noise ratio and size. There is no significant difference in

he signal-to-noise ratio of the four sub-regions, and the volume sizes

re relatively consistent. We describe associations between behavioral

easures and the functional connectivity of each MD subregion. While

hese findings indicate a relationship between the intrinsic organization

f the MD subregion and behavioral measures, the correlation values are

mall. Although we have used high-resolution resting-state MRI data,

ince the MD subregions are relatively small and there are overlaps be-

aviors that are related to different subregions. We hope to use higher

esolution data for further research in the future. 

. Conclusions 

In this study, we identified the connectivity-based organization of the

uman MD and discovered the similarity and specificity of each subre-

ion in terms of its anatomical and functional connectivity. In addition,

e explored the relationship between the functional connection of each

ubregion and behavioral measures, which revealed the role of differ-

nt subregions in cognition. The findings provide convincing support for

urther research on the MD. For example, deep brain stimulation applied

o MD has been repeatedly reported in animal models, but it has rarely

een studied in humans ( Mavridis, 2014 ); our precise subdivisions of

he MD will provide evidence for the application of DBS in humans.

oreover, we will investigate cross-species comparisons to further un-

erstand the evolution and function of the MD and explore the role of

he MD in neuropsychiatric disorders. 

indings 

The HCP data that support the findings of this study

re publicly available on the Connectome DB database

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

he authors upon request. 
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