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Abstract 

The development of novel techniques for the in vivo, non-invasive visualization and identification of 

thalamic nuclei has represented a major challenge for human neuroimaging research in the last decades. 

Thalamic nuclei have important implications in various key aspects of brain physiology and many of 

them show selective alterations in various neurologic and psychiatric disorders. In addition, both 

surgical stimulation and ablation of specific thalamic nuclei have been proven to be useful for the 

treatment of different neuropsychiatric diseases. The present work aimed at describing a novel protocol 

for histologically-guided delineation of thalamic nuclei based on short-tracks track-density imaging 

(stTDI), which is an advanced imaging technique that exploits high angular resolution diffusion 

tractography to obtain super-resolved white matter maps with high anatomical information. We tested 

this protocol on i) six healthy individual 3T MRI scans from the Human Connectome Project database, 

and on ii) a group population template reconstructed by averaging 100 unrelated healthy subjects scans 

from the same repository. We demonstrated that this approach can identify up to 13 distinct thalamic 

nuclei bilaterally with very high reliability (intraclass correlation coefficient: 0.996, 95% CI: 0.993-

0.998; total accumulated overlap: 0.43) and that both subject-based and group-level thalamic 

parcellation show a fair share of similarity to a recent standard-space histological thalamic atlas. 

Finally, we showed that stTDI-derived thalamic maps can be successfully employed to study thalamic 

structural and functional connectivity, and may have potential implications both for basic and 

translational research, as well as for pre-surgical planning purposes. 

 

Keywords: brain connectivity, cerebral cortex, fingerprints, rs-fMRI, thalamus, tractography. 
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Introduction  

Thalamic nuclei show distinct and peculiar cyto-, myelo- and recepto-architectonic features, 

connectivity profiles and functional implications (Hirai and Jones 1989; Stepniewska et al. 1994; 

Percheron et al. 1996; Morel et al. 1997; Kultas-Ilinsky et al. 2003; Percheron 2003; Fang et al. 2006). 

Although the nomenclature of thalamic structures is still a matter of lively debate (Krack et al. 2002; 

Mai and Forutan 2012; Ilinsky et al. 2018; Mai and Majtanik 2019), thalamic nuclei can be traditionally 

subdivided into i) midline and intralaminar group, involved in limbic circuitry and arousal (Van der 

Werf et al. 2002; Vertes et al. 2015); ii) an anterior group, that is part of the hippocampal circuitry and 

has a role in episodic memory (Child and Benarroch 2013); iii) a medial compartment, whose most 

prominent nucleus, the mediodorsal (MD) nucleus, plays a major role in cognitive functions and in the 

ventral striatal circuitry (Groenewegen et al. 1993; Mitchell and Dalrymple-Alford 2005; Watanabe 

and Funahashi 2012); iv) a ventral compartment, which includes the so-called motor thalamus 

(Percheron et al. 1996; Ilinsky et al. 2018), involved in the basal ganglia/cerebellar circuitry (Alexander 

et al. 1986; Milardi et al. 2019) as well as the ventral posterior nucleus, a main relay for the somatic 

sensation pathway (Padberg et al. 2009); v) the pulvinar, located posteriorly, which represents the 

largest thalamic nucleus and has a prominent associative role (Benarroch 2015); finally, vi) the large 

metathalamic nuclei (lateral and medial geniculate nuclei), main relay stations in the visual and 

auditory pathways (Winer 1984; Derrington 2001).  

Considering the crucial role played by thalamic nuclei in several higher-order brain functions, it is not 

surprising that most of them show also selective alteration in different brain diseases, ranging from 

Parkinson’s disease (PD) and tremor syndromes (Henderson 2000; Milosevic et al. 2018) to 

schizophrenia (Andreasen 1997; Pergola et al. 2015), Alzheimer’s disease (AD) (Braak and Braak 

1991) and multiple sclerosis (MS) (Planche et al. 2020).  

In addition, thalamic nuclei have been increasingly used as target in functional neurosurgery for the 

treatment of PD and essential tremor (Cury et al. 2017), epilepsy (Fisher et al. 2010; Son et al. 2016), 

Gilles de la Tourette’s syndrome (GTS) (Ackermans et al. 2011) and chronic pain (Young et al. 1994).  

However, thalamic nuclei show very poor contrast on conventional T1- or T2-weighted structural MRI 

scans (Deoni et al. 2005), preventing their direct reconstruction and identification in the human brain in 

vivo. A well-consolidated approach for the identification of thalamic nuclei is based on the realization 

of histological atlases from manual segmentation of stacks of serial histological microphotographs. The 

resulting maps can be then digitalized, reconstructed in three dimensions, registered to a standard MRI 

template and then fitted to subject’s individual anatomy using nonlinear transformations (Chakravarty 
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et al. 2006; Krauth et al. 2010; Sadikot et al. 2011; Iglesias et al. 2018a; Ilinsky et al. 2018). Such 

approach brings forward the advantage of very high anatomical resolution and specificity, while not 

being able to account for inter-subject anatomical variability, as histological images are often obtained 

from a few anatomical specimens. On the other hand, different advanced multimodal imaging methods 

based on structural MRI (Deoni et al. 2005; Sudhyadhom et al. 2009; Traynor et al. 2011; Tourdias et 

al. 2014; Su et al. 2019; Liu et al. 2020), diffusion MRI (Kumar et al. 2015; Battistella et al. 2017; 

Najdenovska et al. 2018), and connectivity-based analysis of both tractography and resting-state 

functional MRI (fMRI) (Behrens et al. 2003; Johansen-Berg et al. 2005; Zhang et al. 2008, 2010; Ji et 

al. 2016; Kumar et al. 2017; Lambert et al. 2017; van Oort et al. 2018) have been developed in the last 

decades. These methods, while offering the possibility of non-invasive, in vivo and individualized 

thalamic mapping, often yield inconsistent results when compared with each other (Iglehart et al. 2020) 

and are inherently limited by the lower anatomical resolution when compared to histological imaging, 

thus preventing the identification of smaller nuclei and resulting, in some cases, in an 

oversimplification of thalamic morphology (Ilinsky et al. 2018).  

Track-density imaging (TDI) is a novel imaging method based on diffusion tractography. Instead of 

exploiting information from streamline tracking to reconstruct specific fiber bundles, or on a whole-

brain level, as a quantitative measure of neural “connectivity”, TDI maps the number of streamlines 

passing through a given grid element, as it is or by assigning to each streamline a user-defined weight 

that can be based on other imaging-derived measures (Calamante, Tournier, Smith, et al. 2012a; 

Calamante 2017). Combining diffusion MRI datasets with tractography, such approach allows to obtain 

high-quality images that are characterized by a high anatomical contrast of grey and white matter 

structures as well as super-resolution properties (up to 0.25 mm) (Calamante et al. 2010, 2011). 

However, despite its great potential for in vivo thalamic mapping, just one early work (Calamante et al. 

2013)  used whole-brain TDI obtained from a 7T MRI dataset to identify thalamic structures. Although 

these findings suggest the feasibility of such approach, this method has never been tested on 3T MRI 

data, which are more commonly available worldwide and in the clinical practice. 

In the present paper, we firstly describe a novel histology-guided protocol based on optimized super-

resolution (0.25mm) short-tracks TDI (stTDI) (Calamante, Tournier, Kurniawan, et al. 2012; Dai et al. 

2018) for the identification of thalamic nuclei, demonstrating that such method can be successfully 

applied on single subject datasets to achieve an individualized and reliable thalamic parcellation at 3T 

field strength. Then, we test this approach on a population-level template derived from diffusion MRI 

data of 100 healthy subjects from the Human Connectome Project (HCP) (Van Essen et al. 2013). 
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Third, we compare our parcellation results with a previously available thalamic histological atlas 

(Ilinsky et al. 2018), showing a fair share of similarity to both population template-level and subject-

level parcellations. Finally, a comprehensive, qualitative and quantitative structural and functional 

connectomic analysis of the identified thalamic nuclei is provided.  

 

Materials and methods  

Subjects  

We employed minimally preprocessed structural, diffusion and resting-state functional MRI datasets of 

210 healthy subjects (males=92, females=118, age range 22-36 years) from the HCP repository. Data 

have been acquired by the Washington University, University of Minnesota and Oxford university 

(WU-Minn) HCP consortium. The Washington University in St. Louis Institutional Review Board 

(IRB) (37) approved subject recruitment procedures, informed consent and sharing of de-identified 

data. 

 

Data acquisition and preprocessing 

MRI data were acquired on a custom-made Siemens 3T “Connectome Skyra” (Siemens, Erlangen, 

Germany), provided with a Siemens SC72 gradient coil and maximum gradient amplitude (Gmax) of 

100 mT/m (initially 70 mT/m and 84 mT/m in the pilot phase), to improve acquisitions of diffusion-

weighted imaging (DWI). 

High resolution T1-weighted MPRAGE images were collected using the following parameters: voxel 

size = 0.7 mm, TE = 2.14 ms, TR = 2,400 ms (Van Essen et al. 2012a).  

DWI acquisition was carried out using a single-shot 2D spin-echo multiband Echo Planar Imaging 

(EPI) sequence and equally distributed over 3 shells (b-values 1000, 2000, 3000 mm/s2), 90 directions 

per shell, spatial isotropic resolution of 1.25 mm (Sotiropoulos et al. 2013). Data are available in a 

minimally preprocessed form that includes EPI susceptibility-based distortion and motion correction, as 

well as co-registration of structural and DWI images (Glasser et al. 2013). 

Resting state functional MRI scans (rsfMRI) were acquired using gradient-echo EPI with 2.0 mm 

isotropic resolution (FOV = 208 × 180 mm, matrix = 104 × 90, 72 slices, TR = 720 ms, TE = 33.1 ms, 

FA = 52°, multi-band factor = 8, 1200 frames, ~15 min/run) (Van Essen et al. 2012b; Uǧurbil et al. 

2013). Scans were acquired along two different sessions on different days, with each session consisting 

of a left-to-right and a right-to-left phase encoding acquisition (Van Essen et al. 2012a; Smith et al. 

2013); in the present work we employ left-to-right and right-to-left acquisitions from a single session 
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only (first session). Minimal preprocessing for rsfMRI included the following steps: artifact correction, 

motion correction, registration to standard space (MNI152), high pass temporal filtering (> 2,000 s full 

width at half maximum) for removal of slow drifts (Glasser et al. 2013), artifact components 

identification using ICA-FIX (Salimi-Khorshidi et al. 2014) and regression of artifacts and motion-

related parameters (Smith et al. 2013). 

 

DWI post-processing and diffusion signal modeling  

T1-weighted structural images underwent brain extraction, cortical and subcortical segmentation 

implemented by BET, FAST and FIRST FSL functions respectively (https://fsl.fmrib.ox.ac.uk/fsl) to 

obtain five tissues type images (5TT) which were employed to run multi-shell, multi-tissue constrained 

spherical deconvolution (MSMT-CSD), an optimized version of the CSD signal modeling, which 

estimates white matter Fiber Orientation Distribution (FOD) function from the diffusion-weighted 

deconvolution signal using a single fiber response function (RF) as reference (Tournier et al. 2008, 

2012). MSMT-CSD improves the classical CSD approach calculating different response functions for 

gray matter, white matter and cerebrospinal fluid (Jeurissen et al. 2014a).  

 

Tractography and stTDI generation  

An unbiased population-based FOD template was built using FOD datasets estimated from 100 

unrelated subjects (males = 46, females = 54, age range 22-36 years); the template was optimized by 

iterating a symmetric, unbiased FOD registration algorithm which includes FOD reorientation using 

apodised delta functions (Raffelt et al. 2011, 2012; Pietsch et al. 2017) (Figure 1A). The FOD 

population template was used to generate a group-level stTDI.  

We also randomly selected 6 subjects (3 males, 3 females) to generate individual stTDI for subject-

level thalamic parcellation (HCP IDs: 100307, 100406, 101107, 101309, 101915, 103414).  

Since TDI signal-to-noise ratio is known to rely mostly on the high number of streamlines selected 

(Calamante 2017), we restricted stTDI generation to a box ROI covering the diencephalic area: this 

would allow the generation of a larger number of streamlines in a reduced space, thus resulting in 

improved TDI contrast while saving computational time. In order to account for inter-individual 

anatomical variability, we opted for a manually drawn ROI based on anatomical landmarks, rather than 

using a predefined size and shape for each subject. To manually define our bounding box ROI, we 

started from an axial section at the level of the anterior commissure (z=0), and we drew a rectangle 

extending anteriorly to the edge of the putamen, and posteriorly to include the temporal horn of lateral 
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ventricles, bilaterally; lateral boundaries were tangent to the most lateral edge of the putamen. We 

extended this ROI on each axial section until reaching the last slice in which the body of the caudate 

nucleus was visible, as superior boundary, and the section at the level of the optic chiasm as inferior 

boundary (Figure 1A).  

A short-tracks tractogram was obtained by generating 50 millions of streamlines within this bounding 

box ROI using the following parameters: algorithm = iFOD2 (Tournier et al. 2010), maximum track 

length=10 mm; minimum track length=5 mm; cutoff: 0.05; step size: 0.25 mm. From this short-tracks 

tractogram we obtained two super resolution stTDI maps with isotropic 0.25mm voxel size: the first 

with directionally-encoded color contrast (DEC-stTDI), the second with an apparent fiber density-

based contrast (AFD-stTDI), i.e. by assigning to each streamline a weighting that is proportional to the 

mean FOD amplitude along the streamline itself (Figure 1B-1C) (Calamante, Tournier, Smith, et al. 

2012a).  

 

 

Figure 1. Optimized short-tracks track-density imaging (stTDI): an overview. A) Boundaries of the diencephalic ROI 

used to constrain generation of short-tracks tractogram in sagittal (left), coronal (mid) and axial (right) sections, overlaid on 

FOD population template. Anatomical landmarks are described in the main text. B) Subject-level stTDI maps. Sagittal 

sections of a representative subject’s FOD map (left), directionally-encoded-color stTDI (DEC-stTDI) (mid) and apparent-

fiber-density stTDI (AFD-stTDI) (right). C) Template-level stTDI maps. Sagittal sections of FOD population template 

(left), DEC-stTDI (mid) and AFD-stTDI (right). Generation methods and contrast features are detailed in text.  
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Histology-guided manual segmentation  

Manual delineation of thalamic structures was performed on stTDI maps at the group- and individual-

level by a trained neuroanatomist (D.M.). Thalamic structures were identified in sagittal slices using a 

histology-guided approach. Seriate 0.25 mm-thick sagittal slices of human diencephalon, Nissl-stained 

and with immunohistochemistry for glutamic acid decarboxilase-isoform 65 (GAD-65) were obtained 

from http://www.humanmotorthalamus.com/ (credited to Igor Ilinsky and Kristy Kultas-Ilinsky). 

Further details on histological processing are described in (Ilinsky et al. 2018).  

Thalamic nuclear boundaries were delineated on each slice on DEC-stTDI maps, with AFD-stTDI as 

overlay (approximately around 80% opacity), starting from the midline and proceeding in medio-lateral 

direction, and using the histological image with the same distance to midline as reference. The obtained 

boundary maps were then filled to obtain 3D volumes, that were checked and further refined in axial 

and coronal planes using the corresponding axial and coronal histological maps (available on 

http://www.humanmotorthalamus.com/) as reference. Finally, volumes were median filtered (5x5x5 

voxel neighborhood), eroded (number of iterations: 1) to avoid partial overlap along nuclear 

boundaries, binarized and resized to 0.5 mm3 isotropic voxel size.  

 

Similarity analysis  

Volumes (expressed in mm3) have been calculated for each thalamic map derived both from group 

FOD template and from single-subject stTDI maps. To evaluate intra-rater reliability of volumetric 

estimates of thalamic nuclei derived from both subject-level and group-level parcellation, we calculated 

an intraclass correlation coefficient (ICC), measuring absolute agreement under a two-way random 

ANOVA model. All the analyses were conducted in SPSS (Version 27.0. Armonk, NY: IBM 

Corporation). 

Thalamic nuclear maps were coregistered to standard MNI ICBM 2009b nonlinear asymmetric brain 

template (Fonov et al. 2009) employing ANT’s symmetric diffeomorphic nonlinear image registration 

tool (SyN) (Avants et al. 2008). We coregistered the FOD template using a generic affine 

transformation by concatenating center-of mass alignment, rigid, similarity, and fully affine 

transformations (similarity metric: mutual information), followed by a non-linear transformation 

(symmetric diffeomorphic normalization transformation model with regular sampling, similarity 

metric: mutual information, gradient step size: 0.2, four multi-resolution levels, smoothing sigmas: 3, 2, 

1, 0 voxels [fixed image space], shrink factors: 8, 4, 2, 1 voxels [fixed image space], data winsorization 

[quantiles: 0.005, 0.995], convergence criterion: slope of the normalized energy profile over the past 10 
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iterations <10-6) that were concatenated into a single composite warp field. For single subject maps, we 

registered individual FOD maps to FOD template using ANTs SyN (same parameters as above, except 

for similarity metric of the non-linear transformations: cross correlation) and then we concatenated 

FOD to FOD template registration with FOD template to standard template registration. We used the 

composite warps obtained from these registration steps to coregister both group-level and subject-level 

thalamic maps to the standard MNI ICBM 2009b nonlinear asymmetric brain template.  

Similarity measures were calculated from thalamic maps in standard space. In particular, we evaluated 

similarity between the group-level thalamic nuclear maps obtained from FOD population template and 

the Nifti version of Ilinsky’s histological human thalamic atlas featured in Lead-DBS toolbox by using 

Dice similarity coefficient: 

 

𝐷𝑖𝑐𝑒 =
2|𝐴 ∩ 𝐵|

(|𝐴| + |𝐵|)
 

 

where A and B are, respectively, the number of voxels of binary thalamic maps. Similarly, we 

calculated Dice coefficients for each subject-level thalamic map and the histology-derived thalamic 

nuclei thus also obtaining an average Dice value for subject-level parcellation (Diceavg). Furthermore, 

we evaluated inter-subject consistency of manual thalamic segmentation (group-level and subject-level) 

by calculating the overlap-by-level (OBL), a measure of the overlap for each cluster across all datasets, 

and the total accumulated overlap (TAO), a measure of the overall, groupwise overlap across all 

datasets for the manual segmentation pipeline.  

For a group of m pairs of images, where m represents all the possible pairwise combinations between 

images of the same structure, OBL is defined as: 

 

𝑂𝐵𝐿 =  
∑ 𝛼𝑖(𝐴𝑖 ∩ 𝐵𝑖)𝑚

∑ 𝛼𝑖(𝐴𝑖 ∪ 𝐵𝑖)𝑚
 

 

where i is the cluster label and α is a weighting coefficient. We defined α as the inverse of the mean of 

the absolute value of A and B, to avoid overestimation of larger clusters:  

 

𝛼𝑖 =
2

|𝐴𝑖| + |𝐵𝑖|
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The pairwise combinations were computed including both subject-level and group-level template based 

thalamic parcellation, resulting then in 21 pairs. For the same group, TAO is defined as:  

 

𝑇𝐴𝑂 =
∑ ∑ 𝛼𝑖(𝐴𝑖 ∩ 𝐵𝑖)𝑖=1:𝑛𝑚

∑ ∑ 𝛼𝑖(𝐴𝑖 ∪ 𝐵𝑖)𝑖=1:𝑛𝑚
  

 

where n is the total number of parcels obtained from the manual segmentation (n = 13) (Traynor et al. 

2010; da Silva et al. 2017).  

  

Structural connectivity analysis  

For each thalamic nucleus obtained from manual segmentation of the template-level stTDI maps, we 

estimated the structural connectivity profiles of each subject (n=210) using probabilistic tractography. 

Population-level thalamic outlines obtained by manual segmentation were registered to each subject’s 

native space using ANTs SyN non-linear transformations. For each subject, a 10-million-streamlines 

tractogram was generated using the following parameters (algorithm = iFOD2, cutoff: 0.06, step size: 

0.625 mm, maximum angle: 45°). Anatomically-constrained tractography (ACT) was implemented to 

select only streamlines terminating at the grey matter/white matter interface (Smith et al. 2012).  

Quantitative connectivity was evaluated applying the Spherical Informed Filtering of Tractograms-v2 

framework (SIFT2), in particular by using a combined targeted tracking/whole brain approach as 

described in the original publication (Smith et al. 2015). Briefly, for each thalamic nuclear ROI, 10,000 

streamlines were generated using custom parameters (algorithm: iFOD2, cutoff = 0.05, step size = 1.25 

mm, maximum angle = 30°, ACT); the resulting tractograms were concatenated to the previously 

obtained whole-brain tractogram; the mixed tractogram was fed into the SIFT2 pipeline, thus obtaining, 

for each streamline, a streamline weighting coefficient (fs) that is proportional to fiber cross sections; 

specific tractograms for each thalamic nucleus, along with their corresponding streamline weights, 

were then extracted from the mixed tractogram.  

For qualitative assessment and visualization of structural connectivity profiles for each thalamic 

nucleus, we generated group connectivity maps with the following pipeline: first, for each tractogram, 

tract density maps were generated in all the subjects assigning to each streamline a contribution that is 

proportional to its streamline weighting coefficient (Calamante, Tournier, Smith, et al. 2012b); a 

threshold of 10% of the resulting track density was applied to individual maps to retain only 

streamlines with higher connectivity values; the resulting TDI maps were then binarized, normalized to 
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FOD template and summed up to obtain tract maximum probability maps (MPMs); a 50% threshold 

was applied to MPMs to show only voxels overlapping in at least half of the sample.  

In addition, we also estimated the connectivity profiles of each thalamic nucleus with brain targets in 

order to provide a quantitative characterization. Target ROIs included in the analysis were obtained 

from different commonly-available brain atlases: i) cortical parcellation was obtained from Automated 

Anatomic Atlas, version 3 (AAL3) (Rolls et al. 2020); ii) subcortical nuclear ROIs were extracted from 

Reinforcement Learning Atlas (Pauli et al. 2018); iii) cerebellar ROIs from the MNI version of the 

Spatially Unbiased Infratentorial Atlas (SUIT) (Diedrichsen 2006; Diedrichsen et al. 2011); iv) finally, 

white matter brainstem pathways from Tang et al. probabilistic atlas (Tang et al. 2018). All these ROIs 

were normalized from standard to subject space using nonlinear transformations. As regard the 

cerebellar parcellation, we considered in our analysis cerebellar cortex only, and we merged cerebellar 

cortical ROIs into bilateral anterior vermis (left and right lobules I-IV and V), bilateral posterior 

cerebellar hemispheres (left and right lobules from VI to IX); unilateral median posterior vermis 

(vermal lobules from VI to IX) and unilateral flocculonodular lobe (vermis and hemispheric lobule X) 

following the functional subdivision of cerebellar cortex employed in (Stoodley and Schmahmann 

2018; Cacciola, Bertino, et al. 2019). Specific ROI-to-target tractograms for each thalamic nucleus 

were extracted from the mixed tractograms; the sum of streamline weights (F) for each tractogram was 

obtained and the mean across all subjects was employed as a structural connectivity estimate. Structural 

connectivity fingerprints were obtained after averaging left and right thalamic connectivity values for 

each nucleus; F values are reported as percentage of the total for each nucleus.  

 

Functional connectivity analysis  

To obtain functional connectivity profiles for each thalamic nucleus, ICBM template-registered ROIs 

were resliced to 2mm3 isotropic voxel size and coregistered to the 2mm version of the MNI 152 brain 

template using a freely available transformation (credited to Andreas Horn, 

https://dx.doi.org/10.6084/m9.figshare.3502238.v1), in order to match the same reference space and 

voxel size of rsfMRI data. Minimally-preprocessed rsfMRI datasets were band-pass filtered (0.001-

0.09 Hz) and underwent an additional denoising step by regressing out the global WM and CSF signal 

(Plachti et al. 2019). Functional connectivity was calculated for each subject by averaging each ROI’s 

time series and calculating bivariate Pearson’s correlation coefficient between the average time series 

and every other voxel in the brain; the resulting maps were Fisher’s R-to-Z-transformed. All the 
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resting-state fMRI post-processing described above was carried out using the CONN toolbox 

(Whitfield-Gabrieli and Nieto-Castanon 2012). 

The resulting first-level functional connectivity maps were concatenated for all subjects and for left and 

right ROIs and underwent random effects analysis using a one-sample t-test (10,000 permutations) 

within a threshold-free-cluster enhancement (TFCE) approach (FSL command randomise) (Smith and 

Nichols 2009). The output t-maps were masked with a TFCE-corrected p-value < 0.001.  

Functional connectivity fingerprints were obtained by extracting, from the obtained thresholded maps, 

the highest t-statistic values within a set of standard-space, binarized target ROIs. In particular, we 

employed the same target ROIs that were used for structural connectivity analysis (see paragraph 

above), with the only exception of white matter brainstem pathways, that were excluded from the 

analysis; in addition, thalamic nuclear ROIs were also considered as targets. All target ROIs were 

resliced to isotropic voxel size of 2 mm3.  

Figure 2 summarizes the entire pipeline.  

 

 

Figure 2. The experimental workflow in brief. The figure summarizes the experimental workflow, emphasizing template 

generation, the group-level and subject-level pipelines converging on the standard ICBM 2009b brain template for 

similarity analysis, and the following structural and functional connectivity analysis based on standard space template-level 

thalamic maps. All the single steps are detailed in text.  
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Results 

Super-resolution and contrast properties of TDI maps 

Figure 1 shows a comparison between different contrasts obtained from FOD map, DEC-stTDI and 

AFD-stTDI respectively both on a single representative subject (Figure 1B) and on the maps derived 

from group population template (Figure 1C). In the FOD map (left), intensity is proportional to the 

amplitude of FOD lobes and, then, white matter appears hyperintense and grey matter hypointense; as 

an example, in the sections showed in Figure 1A, grey matter structures such as the red nucleus, 

substantia nigra, superior and inferior colliculi or the thalamus itself are well contrasted from the 

surrounding white matter tracts, such as fornix, anterior commissure, optic tract or the 

mammillothalamic tract (which traverses the thalamus at the rostral level). In the FOD template (Figure 

1C, left), the average between multiple scans (n=100) leads to improved contrast, which is, 

nevertheless, not enough to make intra-thalamic structures readily identifiable. In addition, it is worth 

to note that FOD maps and, subsequently, the FOD template have the same resolution of DWI scans 

(1.25 mm3). On the other hand, in stTDI maps, the super-resolution properties of stTDI allowed to 

achieve an isotropic voxel size of 0.25 mm3. In addition, the mechanism of constrained short tract 

generation underlying stTDI provides enhanced contrast on intra-thalamic small white matter tracts, 

thus allowing for the identification of hyper- and hypointense regions within the thalamus, that may 

likely reflect histological properties of distinct thalamic nuclei. Generally speaking, intra-laminar 

nuclei (that are surrounded by dense white matter tracts) are hyperintense and extra-laminar nuclei are 

hypointense, although there may be some exceptions to this rule. Color-coded DEC-stTDI (Figure 

1B/1C, mid) provides additional information since colors are assigned to streamlines according to their 

directionality (red: latero-lateral; blue: superior-inferior; green: anterior-posterior). For example, the 

mammillothalamic tract (which is visible from anterior nucleus all the way to mammillary bodies) has 

a light-blue color, while anterior commissure or corpus callosum are red due to their latero-lateral 

orientation. This feature can be helpful to distinguish between small fiber tracts according to their 

different course and orientation: for example, the ansa lenticularis, running below the ventral thalamus, 

can be identified from the surrounding white matter for its red color. On the other hand, in AFD-stTDI 

contrast (Figure 1B/1C, right column), a weight is assigned to each streamline, which is proportional to 

the mean amplitude of the FOD lobes traversed by the streamline. In comparison to DEC-stTDI 

contrast, the choice of this weighting enhances the white matter vs grey matter contrast features already 

present in FOD maps, thus allowing a sharper distinction between hyper- and hypointense regions. 

These contrast properties are retained in FOD-template-based stTDI maps (Figure 1C), which also 
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appear smoother in comparison to the “noisy” single subject maps, due to the higher signal-to-noise 

ratio deriving from coregistration and averaging of multiple images with same contrast features.  

 

Manual delineation of thalamic nuclei  

Considering that contrast features alone are not always sufficient to unequivocally distinguish thalamic 

nuclei, comparison to matched histological sections (Figures 3-6) is crucial for identification and 

manual segmentation of these structures. We identified thalamic nuclei starting from 0.5mm to the 

midline and proceeding in a medio-lateral direction in serial sagittal slices. Table 1 summarizes the 

nomenclature and abbreviations adopted for labeling of histological and stTDI maps.  

 

THALAMIC NUCLEI   SUBCORTICAL STRUCTURES 

A Anterior nuclei  Cd Caudate  

CM/Pf Centromedian/parafascicular complex GP Globus pallidus 

Hb Habenula     - GPe External GP 

 - Hbl Lateral habenula  - GPi Internal GP 

 - Hbm Medial habenula HP Hypothalamus 

LD Lateral dorsal nucleus  M Nucleus basalis of Meynert 

LG Lateral geniculate nucleus MB Mammillary body 

Li Nucleus limitans  Put Putamen  

MD/CL Mediodorsal/centrolateral complex R Red nucleus  

MD Mediodorsal nucleus  Sch Suprachiasmatic nucleus 

MG Medial geniculate nucleus SN Substantia nigra 

 MGc Medial geniculate complex STN Subthalamic nucleus 

Ml Midline nuclei  VSt Ventral striatum 

PC Paracentral nucleus  WHITE MATTER BUNDLES 

Pul Pulvinar   ac Anterior commissure 

Rt Reticular nucleus   bc Brachium conjunctivum 

VA Ventral anterior nucleus   bsc Brachium of superior colliculus 

 - VAp  Pallidal territory of VA fx Fornix  

 - VAn  Nigral territory of VA fr Fasciculus retroflexus 

VL Ventral lateral nucleus  ic Internal capsule 

VP Ventral posterior nucleus  lf  Lenticular fasciculus 

 - VPm Medial portion of VP ot Optic tract  

 - VPi Inferior portion of VP pc Posterior commissure 

    Zi Zona incerta 

Table 1. List of abbreviations used for labeling of histological and stTDI slices. Structures that were labeled on 

histological slices, but not on stTDI maps are reported in italics. 
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In the most medial sections (0.5 mm to 1.5mm) the mediodorsal (MD) nucleus is identifiable as a large, 

central hypointense mass surrounded by a hyperintense rim that roughly corresponds to midline (Ml) 

nuclei (Figure 3). Habenula (Hb) can be identified as a hyperintense region at the caudal pole of MD, 

which can be also visualized directly on FOD maps, and tends to a light blue color in DEC-stTDI maps. 

On TDI maps, we were not able to distinguish between lateral (Hbl) and medial (Hbm) habenula, as in 

the histological sections. In addition, in comparison to TDI and FOD maps, Hb structures appears to be 

displaced and collapsed downwards in an inferior and posterior position in the histological sections; 

this is probably caused by the loss of intrinsic CSF pressure in post-mortem preparations. Proceeding in 

medio-lateral sections (1.5 to 2.5mm), the anterior nucleus (A) can be identified as a hypointense 

region in dorsal and rostral position. It is divided from MD by a posterior-inferior hyperintense border, 

while the fornix (fx), that appears as a strongly hyperintense arc both in FOD and AFD-stTDI maps, 

marks its antero-superior border.  

Posteriorly, the pulvinar (Pul) appears behind the posterior border of the MD nucleus; its posterior 

borders are strongly hypointense in stTDI maps, so that they can be better distinguished from 

surrounding CSF in FOD maps (not shown in figures).  

Moving to approximately 2.5 mm from midline, the centromedian/parafascicular complex (CM/Pf) can 

be identified as a slightly hyperintense, oval-shaped region with a hypointense posterior tip lying just 

below the (hypointense) MD nucleus; a thin line of white matter (hyperintense) separates it from the 

red nucleus (R) on its inferior border. Due to difficulty in individuating its borders, we excluded the 

nucleus limitans (Li), which lies posteriorly to CM/Pf complex, from our manual parcellation protocol.  

Proceeding at 3.5 mm from midline, the ventral anterior nucleus (VA) becomes visible as a 

hypointense region lying in the anterior portion of the thalamus, just below the A nucleus, from which 

is divided by a thin, fuzzy hyperintense border. Notice that stTDI contrast does not allow to distinguish 

between nigral and pallidal afferent territories of VA nucleus (VAn and VAp respectively in the 

histological sections).  

The lateral dorsal nucleus (LD) can be also identified as an ill-delimited hyperintense region situated 

behind the most caudal tip of the A nucleus, and included below the fornix superiorly (hyperintense) 

and the MD nucleus inferiorly (hypointense). We were not able to identify consistently the paracentral 

(PC) thalamic nucleus, which was then excluded from our parcellation protocol.  

In slices from 3.5mm to 5.5mm the mammillothalamic tract (mt) is visible, being strongly hyperintense 

in FOD maps, slightly hyperintense in AFD-stTDI and with a light blue color in DEC-stTDI. The mt 

tract represents an important reference point since, in the most medial slices (around 3.5mm from 
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midline), it runs through the posterior part of VA very close to its posterior border; in slices about 

4.5mm from midline it can be used as a good indicator of the position of the boundary that divides the 

VA nucleus (hypointense) from the VL nucleus (hyperintense).  

 

Figure 3. Histologically-guided labeling of thalamic structures. Slices from 0.5 to 4.5 mm from midline. Sagittal slices 

are derived from: histological microphotographs, Nissl/GAD-65 staining (from http://www.humanmotorthalamus.com/) 

(left); template-level stTDI (mid); subject-level stTDI (right). Apparent fiber density-weighted stTDI (AFD-stTDI) are 

overlaid on directionally-encoded-color stTDI with 80% opacity. Abbreviations are explained in Table 1. Description of 

structures is detailed in text.  
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In slices from 5.5mm to 6.5mm from midline (Figure 4), VL is increasingly visible and can be 

identified as a slightly hyperintense strip (green-colored in DEC-stTDI) in between the (predominantly 

hypointense) VA and MD nuclei. In addition, the medial portion of ventral posterior nucleus (VP) 

(marked as VPm in histological slices) appears as a hypointense region anterior to the CM/Pf complex, 

inferior to VL and posterior to VA and mt tract.  

Below the VA nucleus, the subthalamic nucleus (STN) becomes visible as a hypointense region sitting 

on top of the substantia nigra (SN) and separated from the VA nucleus by the hyperintense ansa 

lenticularis (al). Around 7.5mm from midline, the A nucleus is not visible anymore. The MD nucleus 

becomes progressively more intense in stTDI maps, probably corresponding to the passage to its 

intralaminar portion, the mediodorsal/centrolateral complex (MD/CL). In slices from 7.5 to 11.5 mm, 

this structure is visible as an approximately triangular region situated posteriorly to VL nucleus, 

anteriorly to the Pul and above the CM/Pf; this region has a green to light blue color in DEC-stTDI 

maps. On the other hand, the CM/Pf complex (marked simply as CM in histological slices) becomes 

progressively more hypointense and is surrounded by a dark blue/purple hyperintense border in DEC-

stTDI maps. Proceeding in medio-lateral directions, the boundaries between VA (hypointense) and VL 

(hyperintense) become increasingly less evident as these two nuclei tend to display similar intensities in 

both DEC- and AFD-stTDI maps; at this level, the histological boundary between VA and VL is 

slightly curved, i.e. has a crescent shape, that can be followed from the most posterior tip of STN; 

hence, a putative boundary between VA and VL can be approximately defined by tracing a curved 

vertical line tangent to the most posterior tip of the STN.  

Moving to 9.5mm from midline, the medial geniculate (MG) becomes visible as a small, wedge-shaped 

hypointense region below the Pul, posteriorly to VP and CM/Pf and anteriorly to the brachium of 

superior colliculus (bsc); this latter is strongly hyperintense in AFD-stTDI maps and has a marked red 

color in DEC-stTDI, being composed mostly of latero-laterally oriented fibers.  
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Figure 4. Histologically-guided labeling of thalamic structures. Slices from 5.5 to 9.5 mm from midline. Sagittal slices 

are derived from: histological microphotographs, Nissl/GAD-65 staining (from http://www.humanmotorthalamus.com/) 

(left); template-level stTDI (mid); subject-level stTDI (right). Apparent fiber density-weighted stTDI (AFD-stTDI) are 

overlaid on directionally-encoded-color stTDI with 80% opacity. Abbreviations are explained in Table 1. Description of 

structures is detailed in text.  

In slices around 10.5mm from midline (Figure 5), LD nucleus is not visible anymore and CM/Pf 

complex becomes increasingly smaller; its boundaries tend to become gradually less distinguishable 

from those of VP, which is located anteriorly and has a virgule shape; at 11.5 mm from midline both 

CM/Pf and MD/CL are not identifiable anymore.  
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In slices from 11.5 to 15.5mm, five thalamic structures can be identified: VA and VL that have similar 

contrast properties (hypointense and with a greenish hue on DEC-stTDI maps) and are located 

anteriorly, just behind the internal capsule (ic); Pul, that lies posteriorly, has a drop-like shape and a 

reddish color on DEC-TDI; VP, that lies between VL and Pul in a more ventral position and is 

surrounded by slightly hyperintense, purple-colored borders in DEC-stTDI; and MG, that has a wedge-

like shape, its vertex directed forward and upwards, and lies postero-inferiorly to VP and antero-

inferiorly to the Pul.  

 

Figure 5. Histologically-guided labeling of thalamic structures. Slices from 10.5 to 14.5 mm from midline. Sagittal slices 

are derived from: histological microphotographs, Nissl/GAD-65 staining (from http://www.humanmotorthalamus.com/) 

(left); template-level stTDI (mid); subject-level stTDI (right). Apparent fiber density-weighted stTDI (AFD-stTDI) are 

overlaid on directionally-encoded-color stTDI with 80% opacity. Abbreviations are explained in Table 1. Description of 

structures is detailed in text.  
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Proceeding in the most lateral slices (Figure 6), VA and VL gradually fade into one another and 

disappear behind the ic, until only VP remains visible as a round-like, hypointense structure with fuzzy 

borders, anterior to Pul. In slices about 16.5mm from midline, MG becomes increasingly smaller until 

it disappears, and in the last slices is replaced by lateral geniculate nucleus (LG); this structure occupies 

the same position but looks considerably larger, and in the most lateral slices (around 18.5/19.5 mm 

from midline) it is joined by the optic tract (ot), which penetrates it at the rostral and ventral level. In 

the last sections (19.5mm from midline), only Pul and LG are visible and are clearly distinguished one 

from another; we were able to delineate Pul approximately until 20.5mm from midline, and LG until 

23.5mm (not shown in figures).  

 

Figure 6. Histologically-guided labeling of thalamic structures. Slices from 15.5 to 19.5 mm from midline. Sagittal slices 

are derived from: histological microphotographs, Nissl/GAD-65 staining (from http://www.humanmotorthalamus.com/) 

(left); template-level stTDI (mid); subject-level stTDI (right). Apparent fiber density-weighted stTDI (AFD-stTDI) are 

overlaid on directionally-encoded-color stTDI with 80% opacity. Abbreviations are explained in Table 1. Description of 

structures is detailed in text.  
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A 3D reconstruction and 2D axial, coronal and sagittal slice representation of the template-level 

thalamic atlas is displayed in Figure 7. 

 

 

Figure 7. The population template-level thalamic atlas. Thalamic nuclear ROIs manually depicted on the population 

template have been coregistered to the standard T1 ICBM 2009b brain template. A) 3D rendering, top view; B) Antero-

lateral view; C) Medial view; D) 2D single slice, sagittal section; E) coronal section; F) sagittal section. Color labels are 

described in the figure.  

 

Similarity analysis  

Table 2 shows volumes of thalamic nuclei in mm3. In general, the average volume of subject-level 

thalamic maps is lower than the volume of thalamic maps drawn on the population template, that are, in 

turn, smaller than those derived from histological maps (Figure 8). Volume estimates of thalamic nuclei 

are stable across different subjects and population template (ICC=0.996; 95% Confidence 

Interval=0.993-0.998).  
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 Left  Right  

 

Subject-level 

(mean ± StD) 

Template-

level Histological   

Subject-level 

(mean ± StD) 

Template-

level Histological   

A 332.8 ± 64.7 569.1 941.1 318.4 ± 91.86 533.1 858.5 

CM/Pf 389.4 ± 116.1 520.3 973 392.4 ± 100.3 521.5 870.6 

Hb 33.23 ± 11.64 70.25 223.1 42.54 ± 17.36 63.5 178.5 

LD 242.5 ± 63.16 294.5 612.9 187.4 ± 51.76 250.9 502.9 

LG 321.5 ± 113.5 329.4 696.6 294.5 ± 89.6 390 595.8 

MD/CL 241.5 ± 85.1 376.5 880.8 259.9 ± 50.05 267.1 779 

MD 755.7 ± 140.8 1166 2309 771.4 ± 133 1359 2164 

MG 198.4 ± 75.01 242.5 608.9 179.5 ± 42.57 192.5 530.3 

Ml 162.8 ± 82.59 108.4 1080 126.9 ± 71.37 157 947.8 

Pul 2350 ± 154.7 2721 5357 2161 ± 187.3 2874 4916 

VA 1196 ± 226.2 2023 2341 1239 ± 159 1921 2233 

VL 1407 ± 91.4 2067 3375 1326 ± 102.3 2010 3103 

VP 569.2 ± 135.5 933.3 1576 567.4 ± 87.92 743.8 1393 

Table 2. Volumes of thalamic nuclear maps. Average volumes of thalamic nuclei at subject-level are compared to 

template-level parcellation and to histological atlas. Volumes are expressed in mm3. StD: standard deviation. 

 

 

Figure 8. Volumes of thalamic nuclei: comparison to histology. Bar plots illustrating volumes (in mm3) of right and left 

thalamic nuclei in comparison between single-subject estimates (colors), template-level estimates (cold) and histological 

estimates (hot). 
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Similarity values of manually-derived thalamic maps are summarized in Table 3. Thalamic maps show 

OBL values ranging from 0.20 to 0.66 (average: 0.45); the thalamic nuclei scoring the highest OBL 

values are Pul (left: 0.66; right: 0.64), VA (left: 0.64; right: 0.63) and MD (left: 0.61; right: 0.58), while 

Ml (left: 0.22; right: 0.2), Hb (left: 0.26; right: 0.21) and LD (left: 0.4; right: 0.28) resulted in the 

lowest OBL values. The TAO value obtained for the whole parcellation was 0.43.  

Template-level thalamic parcellation showed high similarity to histological parcellation, with Dice 

coefficient values ranging from 0.10 to 0.83 (average: 0.54), with higher Dice for VA (left: 0.8; right: 

0.83), A (left: 0.7; Right 0.73) and MD (left: 0.65; right: 0.74) and lower Dice for Ml (left: 0.11; right: 

0.19), Hb (left: 0.27; right: 0.29) and LD (left: 0.39; right: 0.46). Subject-level parcellation, by contrast, 

retrieved lower Dice values (Diceavg ranging from 0.11 to 0.56, average: 0.32), with Pul (left: 0.56; 

right: 0.55), VA (left: 0.56; right: 0.48) and MD (Right: 0.46; Left: 0.49) scoring the highest values, 

while Ml (left: 0.12; right: 0.12), LD (left: 0.18; right: 0.18) and LG (left: 0.22; right: 0.14) the lowest 

values.  

 

 

OBL  

Dice 

(template 

level)  

Diceavg 

(subject level)  

 L R L R L R 

A 0.5 0.45 0.7 0.73 0.3 0.33 

CM/Pf 0.49 0.51 0.54 0.61 0.48 0.46 

Hb 0.26 0.21 0.27 0.29 0.2 0.27 

LD 0.4 0.28 0.39 0.46 0.18 0.18 

LG 0.39 0.5 0.56 0.63 0.22 0.14 

MD/CL 0.31 0.31 0.48 0.47 0.19 0.23 

MD 0.61 0.58 0.65 0.74 0.46 0.49 

MG 0.39 0.37 0.5 0.47 0.17 0.2 

Ml 0.22 0.2 0.11 0.19 0.12 0.12 

Pul 0.66 0.64 0.65 0.65 0.56 0.56 

VA 0.64 0.63 0.8 0.83 0.56 0.49 

VL 0.57 0.53 0.59 0.66 0.4 0.34 

VP 0.49 0.46 0.63 0.54 0.42 0.37 

Table 3. Similarity analysis. Results of similarity measures for inter-subject similarity (OBL) and similarity to histological 

atlas both for the template-level (Dice) and the subject-level parcellation (Diceavg). L: left. R: right. 
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Connectivity fingerprints of thalamic nuclei 

Results of structural and functional connectivity analysis show that, for each of the obtained thalamic 

nuclei, a well-recognizable, distinct connectivity pattern can be identified. The connectograms in 

Figure 9 show a quantitative representation of these connectivity fingerprints, while values of structural 

(F%) and functional (peak t) connectivity for each pair of thalamic nuclei to each target ROI are 

detailed in Supplementary Results. Average population tractograms and activation clusters for each 

nucleus are displayed in Supplementary Figures 1-3.  

 

 

Figure 9. Connectivity fingerprints of thalamic nuclei. Connectograms in form of circular heatmaps illustrating structural 

(left) and functional (right) connectivity profiles for each thalamic nucleus. Structural connectivity is expressed as 

percentage of streamline weights (F%), while functional connectivity as peak t-statistic (t-value) values for each target ROI. 

Left hemispheric targets are depicted on the left, right hemispheric targets on the right, and midline ROIs on the bottom. 

Abbreviations can be found in the supplementary excel spreadsheet file. 

 

Discussion 

In the present study, we provide high-resolution group-level maps of 13 thalamic nuclei using an 

optimized short-tracks TDI approach, demonstrating the usefulness of such method for individualized 

identification of thalamic nuclear areas. To the best of our knowledge, the present study is the first to 

evaluate the anatomical information of the stTDI approach for human thalamic imaging at 3T field 

strength.  

The high-resolution, high-quality images shown in the current study demonstrate the useful 

complementary information that can be obtained using super-resolution stTDI. While the feasibility of 
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using stTDI to gain in vivo insights into thalamic anatomy has been already suggested from a previous 

work on 7T MRI datasets (Calamante et al. 2013), the present study pushes forward this concept by 

describing an optimized pipeline for multi-contrast stTDI mapping and manual delineation of thalamic 

nuclei at 3T field strength, both on single subjects and on a group template. In line with previous 

evidence showing a good qualitative agreement between TDI and both myelin- and Nissl-stained 

histological sections in non-human and human brain (Calamante et al. 2010; Calamante, Tournier, 

Kurniawan, et al. 2012), the present work shows that matched histological sections can be effectively 

used to improve the identification of anatomical structures on high-resolution TDI maps.  

Our results demonstrate that our protocol for manual delineation of thalamic structures leads to robust 

thalamic nuclear estimates across different subjects. In particular, volumetric estimates of thalamic 

nuclei have a very high ICC (0.996, 95% CI=0.993-0.998), suggesting that our proposed manual 

delineation method could be able to reliably assess thalamic morphometry. In line with this result, 

manually-delineated thalamic nuclei show also good structural similarity, as suggested by the relatively 

high TAO value (0.43) for the entire parcellation, and by high OBL values (average: 0.45; range: 0.20-

0.66).  

When compared to histology, however, it should be noted that both template-level and subject-level 

parcellations may systematically underestimate thalamic volumes: this result may be explained by 

taking into account that stTDI cannot identify clear-cut boundaries for thalamic nuclei, leading to very 

conservative delineations of thalamic substructures. This feature may also explain the differences 

observed between histological and stTDI-based thalamic maps in terms of structural similarity. Our 

results show that template-level manual outlines of thalamic nuclei have, in general, a good agreement 

with histological-derived ROIs, with an average Dice value of 0.54 (range: 0.10-0.83), while average 

Dice of subject-level thalamic maps show generally lower values. This could be partly explained by the 

anatomical variability within the human thalamus, considering that the histological atlas is obtained 

from specimens of a single subject (Ilinsky et al. 2018) and is thus unable to account for inter-subject 

variability. We suggest that, on thalamic maps obtained from single subjects, the effects of inter-

individual differences may strongly affect similarity measures; conversely, group-level thalamic 

estimates are based on an average of a higher number of subjects (n=100), and may be then more 

effectively generalized to match the individual anatomy displayed by single-subject histological 

estimates. Both for template and subject-level parcellation, similarity with their histological-based 

counterparts was higher for larger nuclei such as VA, A, MD, VL, VP or Pul. While these results may 

depend on the well-known bias of Dice coefficient when evaluating smaller structures (Shamir et al. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2021. ; https://doi.org/10.1101/2021.01.03.425122doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.03.425122
http://creativecommons.org/licenses/by-nc/4.0/


 26 

2016), a similar trend was found for inter-subject structural similarity measures (Table 3), that have 

been corrected for structure volumes: this result may suggest that specific features of stTDI contrast 

would make these nuclei more easily identifiable, leading to more stable delineations in comparison 

both to histology and between different subjects. Noteworthy, these nuclei are markedly hypointense, 

in particular in AFD-stTDI maps, thus showing a good contrast with the surrounding structures and 

better-defined boundaries. By contrast, other nuclei such as MD/CL, CM/Pf, geniculate nuclei or LD 

show “fuzzy” and less defined boundaries and, subsequently, lower similarity values; such effects are 

emphasized for smaller nuclei such as Hb or Ml, which show the lowest similarity values. 

Taken together, these results confirm the potential of stTDI approach as a useful additional imaging 

modality, which can allow for a direct identification of small brain structures, but with the advantages 

of being applicable in vivo to the human brain, and in a potentially individualized way, i.e. tailored to 

work on a single subject scale. This may help to overcome most of the traditional well-known 

limitations of histology-based atlases, which include i) the inability to account for anatomical 

variability (Krauth et al. 2010), ii) the artifacts connected to shrinking and deformation of structures of 

interest after post-mortem fixation (Chakravarty et al. 2006), and iii) the reliance on an accurate 

registration to a reference template to properly match anatomical structures of interest when they are 

non-linearly coregistered to subject images (Ewert et al. 2018). While many other attempts to directly 

identify thalamic sub-structures in vivo using structural MRI have been performed, many of these 

methods need very long acquisition times (Deoni et al. 2005; Lemaire et al. 2010), are focused on just a 

few nuclei or nuclear groups (Spiegelmann et al. 2006; Vassal et al. 2012; Erica et al. 2014; Möttönen 

et al. 2015; Jiltsova et al. 2016) or require ultra-high field 7T MRI scanners with customized, non-

standard pulse sequences (Kanowski et al. 2014; Tourdias et al. 2014; Su et al. 2019; Liu et al. 2020). 

By contrast, the method proposed in the present study is able to provide a fine-grained manual thalamic 

parcellation, relying mostly on DWI sequences that could be more routinely acquired in a clinical and 

research context with a 3T MRI scanner.  

In the last decades, many individualized multimodal imaging methods for thalamic parcellation have 

been proposed. In particular, many of these methods are based on the application of clustering 

algorithms to local features of the structural or DWI MRI signal, both directly or after specific signal 

modeling (such as FOD modeling), following the assumption that different thalamic nuclei can be 

distinguished by different signal features (Deoni et al. 2007; Traynor et al. 2011; Battistella et al. 2017; 

Najdenovska et al. 2018). While many of these methods claim high similarity to histological atlases (i.e 

Morel atlas), such similarity has been sparsely tested in a quantitative fashion. In addition, the 
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extensive use of clustering algorithms (e.g. k-means), that work better to identify roughly spherical 

clusters of similar size (Jain 2010; Eickhoff et al. 2015), may lead to an over-simplification of the 

complex thalamic anatomy.  

Other popular methods for parcellation of thalamic structures are based on global, per-voxel estimates 

of connectivity, measured both with diffusion-based tractography (structural connectivity) (Behrens et 

al. 2003; Traynor et al. 2010; O’Muircheartaigh et al. 2011; Lambert et al. 2017) or resting-state fMRI 

(functional connectivity) (Fan et al. 2015; Ji et al. 2016; Kumar et al. 2017; van Oort et al. 2018). The 

rationale behind these approaches is that voxels belonging to different thalamic nuclei would show 

distinctive connectivity features. Being this assumption not entirely true, as different nuclei could share 

similar connectivity profiles, parcellations derived from these methods could be more properly 

interpreted as identifying coherent, topographically organized functional territories within the human 

thalamus, rather than nuclei itself (Eickhoff et al. 2015); nevertheless, some of these parcellations have 

shown some degrees of similarity to histological parcellation (Lambert et al. 2017) and may have 

clinical utility in contexts in which the individuation of a specific connectivity-defined territory, rather 

than a proper histological nucleus, is required (Akram et al. 2018; Middlebrooks et al. 2018; Cacciola, 

Milardi, et al. 2019; Bertino et al. 2020). 

Despite that, these methods are conditioned by the well-known limitations concerning the interpretation 

of streamline density (for tractography-based methods) and between-voxel correlation/covariance of 

blood oxygen level dependent (BOLD) signal (for resting-state fMRI) as measures of neural 

connectivity (Buckner et al. 2013; Jones et al. 2013). In addition, they can be strongly influenced by 

different pre-processing and signal modeling pipelines, with lack of a recognized “gold standard” 

procedure (Maier-Hein et al. 2017; Parkes et al. 2018).  

The method proposed in the present work is based on tractography and is then conditioned by most of 

the common drawbacks of this technique (motion, geometrical and susceptibility-induced artifacts, 

dependence of results from the signal modeling approach employed) (Calamante 2017). However, in 

this case, tractography is not employed to quantify neural “connectivity”, but rather to provide 

improved anatomical contrast and super-resolution features. Furthermore, the use of short-tracking 

makes tractographic reconstruction more sensitive to local (instead of global) features of the diffusion 

signal and ensures a total independency of stTDI contrast from length and distance biases, very 

common limitations of diffusion tractography (Dhollander et al. 2014).  

Above and beyond reconstructing maps of the human thalamic nuclei by employing an optimized 

super-resolution stTDI approach, the parcellation established in the present study can be of great utility 
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both for neuroimaging studies as well as stereotactic targeting for functional neurosurgery. Hence, we 

have made publicly available all the thalamic maps obtained by manual segmentation of the population 

template-based stTDI (https://github.com/BrainMappingLab), non-linearly coregistered to the most 

updated MNI template (ICBM 2009c nlin asym) (Fonov et al. 2009). 

 

Structural and functional connectivity fingerprints of human thalamic nuclei 

In order to demonstrate the potential usefulness of the proposed approach in a neuroimaging research 

context, we coregistered the group-level thalamic maps on 210 healthy subjects from the HCP 

repository and performed seed-based structural and functional connectivity analysis thus obtaining 

specific thalamic connectivity profiles. To our knowledge, only a few works describe thalamic 

connectivity at the nuclear level with such detail. Lambert and colleagues (Lambert et al. 2017) after 

thalamic parcellation based on probabilistic tractography distribution feature maps, described whole-

brain structural connectivity profiles for each of the obtained thalamic nuclei. Our results widen the 

perspective on thalamic nuclei connectivity by including a more detailed thalamic parcellation (13 

nuclei vs 9), a more granular cortical (Rolls et al. 2020) and subcortical (Pauli et al. 2018) parcellation 

and additional information on connectivity with brainstem white matter tracts (Tang et al. 2018). In line 

with their findings, and with experimental results in different animal species, we report high structural 

connectivity to caudate nucleus, extended amygdala, hippocampus, hypothalamus and frontal lobe 

regions for the A nuclei (Child and Benarroch 2013), while LD nuclei showed high connectivity to 

precuneus, superior parietal and frontal cortex, occipital lobes, striatum and hippocampus (Mizumori 

and Williams 1993; van Groen et al. 2002; Bezdudnaya and Keller 2008). Among intralaminar nuclei, 

we found high structural connectivity to prefrontal cortex, caudate and hippocampus for Ml nuclei, 

primary sensorimotor cortex, prefrontal cortex and ascending brainstem tracts for CM/Pf, and 

sensorimotor parietal cortex, in particular for MD/CL, in line with previous findings (Saalmann 2014). 

We report also high structural connectivity to striatum and prefrontal and sensorimotor cortices for 

thalamic nuclei of the ventral group; in particular, VA shows higher structural connectivity to 

prefrontal cortices, and VL to sensorimotor cortical areas, in line with their differential roles in the 

cortico-thalamic-basal ganglia circuitry (McFarland and Haber 2002; DeLong and Wichmann 2010); 

on the other hand, VP shows high structural connectivity to sensorimotor frontal and parietal cortices 

such as precentral and postcentral gyrus, and to brainstem ascending pathways involved in somatic 

sensation, including medial lemniscus and spinothalamic tract (Padberg et al. 2009). The MD nuclei 

also exhibited high structural connectivity to striatum, prefrontal, premotor and cingulate cortices, as 
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suggested by most of the existing literature (Mitchell and Chakraborty 2013; Parnaudeau et al. 2018). 

We also describe dense structural connectivity for Pul to occipital visual regions and to parietal and 

prefrontal cortices, in keeping with previous investigations (Leh et al. 2008; Benarroch 2015), while 

the metathalamic nuclei (LG and MG) show similar connectivity profiles involving mostly occipital 

and temporal regions and hippocampus. Noteworthy, we were not able to find high structural 

connectivity between MG and primary auditory cortex (acoustic radiations), as it would be expected: 

this result could be conditioned by the peculiar course of these connections, that makes them very 

difficult to be reconstructed using tractography (Maffei et al. 2019); despite that, we report higher 

connectivity for MG in comparison to LG to the lateral lemniscus, that is part of the ascending auditory 

pathway (Sitek et al. 2019). Finally we described structural connectivity profiles of Hb, that shows high 

connectivity to prefrontal cortex, basal ganglia, superior cerebellar peduncle and subcortical structures 

including amygdala and hypothalamus, in keeping with both human and non-human investigations 

(Herkenham and Nauta 1979; Shelton et al. 2012; Strotmann et al. 2014; Quina et al. 2015). 

Beyond a quantitative and qualitative description of structural connectivity profiles of thalamic nuclei, 

the present work adds useful insights on thalamic functional connectivity. Our results, similarly to 

previous investigations (Zhang et al. 2010), show substantial degree of concordance between functional 

and structural connectivity profiles of thalamic nuclei; on the other hand, while structural connectivity 

profiles are inherently constrained by the reconstruction of direct anatomical connections only, 

functional connectivity profiles revealed, for each thalamic nucleus, distinct but partially overlapping, 

widespread connectivity to cortical, subcortical and cerebellar regions. These results are in keeping 

with other recent findings suggesting that thalamic nuclei show functional connectivity to areas 

involved in multiple cortical networks, and may play an integrative role rather than simply relaying 

information from and to the cerebral cortex (Kultas-Ilinsky et al. 2003; Hwang et al. 2017). In line with 

this view, we also report strong functional connectivity between each thalamic nucleus and other 

thalamic nuclei, suggesting the presence of strong co-activation patterns between distinct thalamic 

nuclei. These coactivation patterns may contribute to the integration of cortical information across 

distinct brain networks and reflect a hierarchical flowing of information across corticothalamic 

functional connectivity, similar to what has been described in a recent work employing connectivity 

gradient embedding (Yang et al. 2020).  
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Implications for stereotactic targeting in functional neurosurgery  

These results suggest that the thalamic maps obtained with template level manual parcellation could be 

useful in the neuroimaging field to further improve our knowledge on the thalamic connectome in 

healthy individuals. In addition, these maps may also help to better elucidate the role of thalamic 

substructures involved in different brain diseases, such as MS (d’Ambrosio et al. 2017; Lin et al. 2019), 

psychosis (Paez et al. 2011; Anticevic et al. 2014; Murray and Anticevic 2017; Ramsay 2019), PD, 

(Planetta et al. 2013; Owens-Walton et al. 2019), AD and cognitive impairment (Wang et al. 2012; 

Zhou et al. 2013; Cai et al. 2015), migraine (Granziera et al. 2014; Amin et al. 2018) and many other 

neuropsychiatric conditions (Yin et al. 2011; Banks et al. 2016; Preller et al. 2018). Finally, the present 

thalamic parcellation could also be useful in the functional neurosurgery setting, as it includes many of 

the main thalamic targets for DBS and stereotactic ablation. Specifically, the inferior portion of VL 

nucleus (ventral intermediate, VIM, in Hassler’s nomenclature) (Hassler 1959), is commonly targeted 

in PD and essential tremor (Cury et al. 2017; Fiechter et al. 2017); the anterior nuclear group is 

increasingly used in treatment-resistant epilepsy (Fisher et al. 2010), along with CM/Pf (Son et al. 

2016), that is also ablated to treat chronic central pain (Young et al. 1994); finally, both CM/Pf and MD 

nuclei have been proposed as targets for treatment of GTS (Vandewalle et al. 1999; Vernaleken et al. 

2009; Ackermans et al. 2011).  

The thalamic delineation protocol proposed in the present paper is able to directly identify VL, CM/Pf, 

MD and anterior nuclei with good-to-high reliability (OBL values ~ 0.5) and good similarity to 

histological ground-truth.  

On the other hand, a crucial topic in neurosurgical literature is in vivo identification of the VIM 

nucleus, which is likely to be ideally located at the entrance area of pre-lemniscal radiation coming 

from the cerebellum (Hassler 1959, 1983). While currently the debate on the precise histological 

identity of this structure is still open (Mai and Majtanik 2019), histological, clinical and neuroimaging 

evidence suggest that it may be located within the inferior portion of VL nucleus (Cury et al. 2017; 

Akram et al. 2018; Ilinsky et al. 2018). Hence, the putative position of VIM may be inferred from our 

parcellation by projecting the anterior commissure-posterior commissure (AC-PC) plane on the VL 

map, as suggested by different authors (Ilinsky et al. 2018; Su et al. 2019) 

Non-linear registration of thalamic maps to subject space may represent a valuable option in clinical 

settings when good-quality DWI are not available. However, when feasible, the protocol for 

individualized TDI reconstruction proposed in the present work could be employed to get a more 

precise and patient-tailored target identification. In addition, such approach could provide further 
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information also on some extra-thalamic structures of known surgical interest, such as the ansa 

lenticularis, the zona incerta or the mammillothalamic tract (Rossi et al. 2016; Balak et al. 2018; 

Ossowska 2020). 

 

Methodological considerations and conclusions 

While our results have been obtained on high quality 3T DWI datasets from the HCP repository 

employing a multi-shell multi-tissue CSD approach for FOD estimation, which relies on accurate T1-

DWI coregistration and DWI geometrical distortion correction (Jeurissen et al. 2014b), it can be 

hypothesized that the use of single-shell CSD to estimate multi-tissue FOD maps could make the 

process entirely depending on the DWI dataset alone (Dhollander et al. 2016).  

In addition, the fact that the analysis is limited to the diencephalic region, that is usually less affected 

from DWI geometrical distortions (Treiber et al. 2016), could reduce the dependency of results on 

diffusion preprocessing techniques and speed up the acquisition process by reducing the field of view.  

However, we acknowledge that further investigations are needed to evaluate the effects of 

preprocessing, signal modeling and tractography parameters on stTDI contrast and thalamic 

delineation. Furthermore, while manual delineation is time-consuming and requires further knowledge 

on thalamic anatomy, the parcellation process could be fully automatized in the future, by using a multi 

atlas approach based on label fusion (Chakravarty et al. 2013; Hongzhi Wang et al. 2013; Iglesias et al. 

2018b; Su et al. 2019; Liu et al. 2020) 

In the present work, we devised a protocol for the identification of thalamic nuclei based on stTDI 

imaging. We showed that such approach can accurately identify thalamic sub-structures in good 

agreement with histological ground-truth, and with high inter-subject reliability. In addition, we 

provided a group-level atlas of thalamic nuclei in a commonly used template space. We also employed 

this atlas in order to comprehensively reconstruct thalamic structural and functional connectivity 

profiles in a large cohort of healthy subjects.  

We hope that the proposed parcellation protocol and group-level thalamic atlas can be of interest both 

for basic and translational neuroimaging studies and clinical applications in functional neurosurgery.  
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Supplementary Results 

 

Structural and functional connectivity profiles of thalamic nuclei 

Structural and functional connectivity profiles of each thalamic nucleus to all the cortical and 

subcortical targets employed are included in a supplementary excel spreadsheet file. In the present 

document we focus only on the highest values of structural (F) and functional (peak-t) connectivity for 

each nucleus.  

 

Anterior nuclei (A) 

The A nuclei showed high structural connectivity to left (F=1.07%) and right (F=1.79%) pars 

triangularis (IFGpTr), left (F=2.94%) and right (F=2.4%) middle frontal gyri (MFG), left (F=4.92%) 

and right (F=3.89%) superior frontal gyri (SFG), left (F=2.98%) and right (F=3.92%) dorsomedial 

prefrontal cortex (dmPFC), left (F=0.92%) and right (F=1.31%) supplementary motor areas (SMA) and 

left (F=0.96%) and right (F=1%) precuneus (PCUN); among subcortical structures, high structural 

connectivity was found for bilateral caudate (CAU) (left: F=10.26%; right: F=12.61%), hippocampus 

(HIP) (left: 4.44%; right: 5.35%), hypothalamus (HypTH) (left: F=3.88%; right: F=2.83%) and left 

extended amygdala (ExtAMY) (F=4.1%). Concerning functional connectivity, high peak-t values were 

found in bilateral cingulate cortex: pregenual anterior cingulate (ACCpre), (left: t=10.2; right: t=9.87); 

supracallosal anterior cingulate (ACCsup) (left: t=11.5; right: t=10.41); middle cingulate cortex (MCC) 

(left: t=12.39; right:12.73) and posterior cingulate cortex (PCC) (left: t=14.1; Right: t=12.93). High 

functional connectivity was also found to left pars opercularis (IFGpOp) (t=12.39), left (t=10.87) and 

right (11.45) PCUN, and bilateral occipital lobe: calcarine cortex (CAL) (left: t=9.85; Right: t=10.66), 

cuneus (CUN) (left: t=9.54; right: t=11.08), lingual gyrus (LING) (left: t=9.25; Right: t=12.36), inferior 

(IOG) (left: t=9.85; right: t=10.66) and middle occipital gyri (MOG) (left: t=10.33; Right: t=10.43). 

Among subcortical structures, high values were also obtained for amygdala (AMY) (left: t=11.05; 

right: t=11.9), CAU (left: t=13.53; right: t=14.8), ExtAMY (left: t=11.76; right: t=13.3), putamen 

(PUT) (left: t=10.8; right: t=14.38) while among thalamic nuclei, Hb (left: t=23.31; right: t=18.79), 

right LD (t=15.76), MD/CL (left: t= 10.29; right: t=10.45), MD (left: t=21.43 ; right: t=20.66), Ml (left: 

t=12.95 ; right: t=19.13), Pul (left: t=16.27 ; right: t=15.69), right VA (t=19.07), and VL (left: t=14.23 ; 

right: t=18.03) scored high peak t-values. High functional connectivity was also found bilaterally in the 

posterior hemispheres of the cerebellum (CERpost) (left: t=10.37; right: t=10.37) and in the posterior 

vermis (CERpv) (t=10.65).  
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Centromedian/parafascicular complex (CM/Pf) 

High structural connectivity was found for CM/Pf, to bilateral MFG (left: F=1.32%; right: F=1.37%), 

SFG (left: F=2.95%; right: F=3.83%), precentral gyrus (PreCG) (left: F=3.48% ; right: F=5.52%), right 

dmPFC (F=1.01%), SMA (left: F=2.96% ; right: F=4.54%), paracentral lobule (left: F=4.52%; right: 

F=1.58%) , postcentral gyrus (PoCG) (left: F=4.31%; right: F= 2.31%) and left PCUN (F=1.04%). For 

subcortical structures, relatively high structural connectivity values were obtained to left (F=2.10%) 

and right (F=3.80%) CAU, medial lemniscus (MedL) (left: 2.25%; right: 3.08%), right lateral 

lemniscus (LatL) (F=2.01%), left (F=1.97%) and right (F=3.7%) spinothalamic tracts, and both 

cerebello-thalamic and cerebello-rubral divisions of the superior cerebellar peduncle (SCPct, left: 

F=3.86%, right: F=3.7%; SCPcr, left: F=3.08%, right=3.58%), together with anterior cerebellum 

(CERant) (left: F=2.19%; right: F=2.24%) and CERpost (left: 1.38%; right: 1.46%).  

Target cortical regions obtaining high peak-t values were left (t=9.63) and right (t=9.71) MCC, left 

(t=10.84) and right (t=9.41) insula (INS), left (t=9.64) dmPFC, right PCUN (t=9.6) and left (t=10.85) 

and right (t=9.41) superior temporal gyri (STG). High functional connectivity was also obtained to 

thalamic nuclei such as left A (t=18.87), Hb (left: t=9.51; right: t=14.67), left LD (t=20.06), MD/CL 

(left: t=19.23; right: t=17.49), MD (left: t=19.16; right: t=18.71), Pul (left: t=15.36; right: t=16.37) , VL 

(left: t=18.09; right: t=16.14) and right VP (t=16.2). 

 

Habenula (Hb) 

The Hb shows high structural connectivity to left IFGpOrb (F=1.57%), left (F=1.71%) and right 

(F=1.03%) IFGpTr, left (F=3.28%) and right (F=2.53%) MFG, left (F=5.66%) and right (F=4.66%) 

SFG, left (F=3.05%) and right (F=3.87%) dmPFC and left (F=1.49%) and right (F=2.34%) SMA. 

Subcortical structures showing high structural connectivity to Hb were left AMY (F=1.07%), and 

bilateral CAU (left: F=12.44%; right: F=14.17%), extAMY (left: F=1.32%; right: F=3.86%), left 

external globus pallidus (GPe) (left: F=1.28%;), HypTH (left: F=3.61%; right: F=1.4%) and PUT (left: 

F=3.13%; right: F=1.33%). Brainstem white matter tracts such as left MedL (F=1.17%), left (F=1.05%) 

and right (F=1.27%) SCPcr, left (F=2.09%) and right (F=1.78%) SCPct, and right STT (F=1.09%) 

obtained relatively high structural connectivity values.  

Higher peak-t values were found bilaterally for MCC (left: t=8.23; right: t=8.74), PCC (left: t=8.9; 

right: t=8.11), CAL (left: t=8.80; right: t=10.66), LING (left: t=8.80; right: t=8.21), CAU (left: t=7.8; 

right: t=8.14) and HIP (left: t=18.9; right: t=8.28). Among thalamic nuclei, high functional connectivity 
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was found to right CM/Pf (t=11.94), left (t=19.4%) and right (t=8.27) LG, right (t=8.44) MD/CL, left 

(t=13.78) and right (t=19.93) MD, left MG (t=16.32), left (t=16.11) and right (t=19.21) Pul, left 

(t=9.15) and right (t=11.52) VL, and left VP (t=8.81). For cerebellar cortex, the flocculonodular lobe 

(CERfln) (t=9.58), CERpv (t=8.98), and bilateral CERpost (left: t=8.98; right: t=8.59).  

 

Lateral dorsal nuclei (LD) 

The LD nuclei showed high structural connectivity to left IFGpTr (F=1.05%), MFG (left: F=2.09%; 

right: F=2.16%), SFG (left: F=3.49%; right: F=3.85%), dmPFC (left: F=1.74%; right: F=2.23%), SMA 

(left: F=1.62%; right: F=3.34%), left inferior parietal lobule (IPL) (F=1.1%), superior parietal lobule 

(SPL) (left: F=2.04%; right: F=1.63%), PoCG (left: F=1.31%; right: F=1.74%), PCUN (left: F=2.12%; 

right: F=1.94%) and left MOG (F=1.28%). Subcortical structures showing high connectivity to LD 

were left (F=7%) and right (F=7.55%) CAU, left (F=9.61%) and right (F=10.13%) HIP, left HypTH 

(F=1.57%), and left PUT (F=1.10%). 

Cortical areas showing high functional connectivity to LD include MCC (left: t=10.38; right: t=11.9), 

PCC (left: t=12.33; right: t=12.33), left dmPFC (t=9.4) SMA (left: t=9.43; right: t=9.43), PCUN (left: 

t=10.98; right: t=10.86), CAL (left: t=10.46; right: t=11.71), CUN (left: t=9.37; right: t=10.86), LING 

(left: t=9.59; right: t=11.71); IOG (left: t=10.45; right: t=11.71) , MOG (left: t=9.83; right: t=10.5) and 

left SOG (t=10.03). High peak-t values were found also for subcortical regions such as left (t=11.28) 

and right (t=8.7) AMY, left (t=10.65) and right (t=11.6) CAU, left (t=11.28) and right (t=10.24) PUT, 

and, among thalamic nuclei, A (left: t=9.82; right: t=19.76), left CM/Pf (t=17.47), Hb (left: t=11.23; 

right: t=10.69), MD/CL (left: t=21.23; right: t=13.37), MD (left: 20.54; right: t=16.49), right ML 

(t=10.09), Pul (left: t= 18.34; right: t=18.05), right VA (t=10.01), VL (left: t=21.23; right: t=16.03) and 

left VP (left: t=16.44). High functional connectivity was also found to cerebellar cortex, in particular 

CERpost (left: t=10.8; right; t=10.8) and CERpv (t=10.8).  

 

Lateral geniculate nuclei (LG) 

The LG nuclei showed high structural connectivity to left SPL (F=1.17%), PCUN (left: F=1.5%; right: 

F=1.8%) and to temporal and occipital cortical regions, such as middle temporal gyrus (MTG) (left: 

F=1.14%; right: F=1.31%), middle temporal portion of the temporal pole (TPOmid) (left: F=1.18%; 

right: F=1.24%), inferior temporal gyrus (ITG) (left: F=1.74%; right: F=1.27%), CAL (left: F=1.41%; 

right: F=1.88%), CUN (left: F=0.98%; right: F=1.48%), LING (left: F=2.95%; right: F=2.95%), MOG 
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(left: F=2.76%; right: F=1.80%) and SOG (left: F=1.72%; right: F=1.87%). LG showed also high 

structural connectivity to right AMY (F=1.24%), and left (F=23.2%) and right (F=22.04%) HIP. 

High peak-t values were found in different cortical regions, including ACCsup (left: t=10.03; right: 

t=10), MCC (left: t=11.10; right: t=10.78), PCC (left: t=11.6; right: t=10.95), INS (left: t=12.55; right: 

t=11.95), right parahippocampal gyrus (PHG) (t=10.84), left dmPFC (t=10.59), PCUN (left: t=10.04; 

right: t=10.33), rolandic operculum (ROL) (left: t=11.65; right: t=10.13), Heschl’s gyrus (HES) (left: 

t=11.33; right: t=10.84), STG (left: t=12.55; right: t=11.22), CAL (left: t=12.82; right: t=14.25), CUN 

(left: t=9.9; right: t=10.1), LING (left: t=; right: t=17.8), IOG (left: t=11.4; right: t=11.04) and left 

MOG (t=10.85). High functional connectivity to LG was also found for subcortical structures, such as 

left (t=10.89) and right (t=10.7) CAU, left (t=11.17) and right (t=21.11) HIP, left HypTH (t=10.32), 

right PUT (t=10.93) and left substantia nigra pars reticulata (SNr) (t=10.32). Among thalamic nuclei, 

LG showed also high functional connectivity to A (left: t=9.8; right: t=14.25), right CM/Pf (t=14.3), Hb 

(left: t= 10.61; right: t=17.53), MD/CL (left: t=12.2; right: t=17.42), MD (left: t=13.65; right: t=19.88), 

Pul (left: 14.42; right: t=14.27), VA (left: t=10.03; right: t=13.02) and VL (left: t=13.25; right: t=16.9). 

LG obtained also high peak-t values to cerebellar regions, including CERpost (left: t=10.96; right: 

t=10.96) and CERpv (t=10.8).  

 

Mediodorsal/centrolateral complex (MD/CL) 

High structural connectivity values to MD/CL were obtained from left (F=2.07%) and right (F=1.08%) 

MCC, left (F=4.31%) and right (F=1.76) MFG, left (F=4.31%) and right (F=5.58%) SFG, left 

(F=3.87%) and right (F=8.3%) PreCG, left (F=4.74%) and right (F=7.5%) SMA, left (F=4.73%) and 

right (F=2.08) PCL, left SPL (F=1.3%), left (F=4.14%) and right (F=3%) PoCG, and left PCUN 

(F=1.52%). MD/CL showed also high connectivity to CAU (left: F=3.24%; right: F=5.28%), left HIP 

(F=2.54%), left PUT (F=1%), and to brainstem white matter tracts such as right MedL (F=1.37%), 

right STT (F=1.26%), right (F=1.09%) and left (F=0.97%) SCPcr, right (F=1.53%) and left (F=1.38%) 

SCPct.  

Cortical regions with high functional connectivity to MD/CL include INS (left: t=11.75; right: 

t=13.22), PreCG (left: t=9.81; right: t=10.2), PoCG (left: t=10.2; right: t=9.82); ROL (left: t=11.75; 

right: t=12.54), supramarginal gyrus (SMG) (left: t=10.15; t=11.82), HES (left: t=10.86 ; right: 

t=10.31), STG (left: t=11.56; right: t=10.82), CAL (left: t=9.99; right: t=10.71), and LING (left: 

t=11.21; right: t=10.78). High peak-t values were obtained also for bilateral HIP (left: t=19.51; right: 

t=10.17), and left STN (t=9.96). Thalamic nuclei with high functional connectivity values include 
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CM/Pf (left: t=14.16; right: t= 19.69), right LD (t=13.98), left LG (t=18.7), MD (left: t=10.96; right: 

t=19.12), left MG (t=19.93), Pul (left: t=19.65; right: t=18.57), VL (left: t=10.55; right: t=19.44) and 

VP (left: t=12.48; right: t=17.99) 

 

Mediodorsal nuclei (MD) 

The MD shows high structural connectivity to limbic and frontal lobe regions such as right ACCsup 

(F=1.22%), right MCC (F=1.20%), left IFGpOrb (F=1.17%), IFGpTr (left: F=2.5%; right: F=1.45%), 

MFG (left: F=4.76%; right: F=4.11%), SFG (left: F=8.35%; right: F=7.23%), dmPFC (left: F=4.09%; 

right: F=5.19%), right PreCG (F=1.09%), and SMA (left: F=4.12%; right: F=5.3%). MD obtained also 

high structural connectivity values to CAU (left: F=7.10%; right: F=11.28%), right extAMY 

(F=2.05%), HIP (left: F=1.82%, right: F=1.01%), left HypTH (F=1.38%) and left PUT (F=2.18%). 

High functional connectivity to MD was found for limbic regions such as ACCpre (left: t=12.58; right: 

t=11.59), ACCsup (left: t=12.58; right: t=12.57), MCC (left: t=12.88; right: t=15.90), PCC (left: 

t=17.2; right: t=16.78), to left dMPFC (t=12.55), left SPL (t=11.6), left PCUN (t=14.59) and to 

occipital regions, including CAL (left: t=11.76; right: t=13.36), CUN (left: t=13.05; right: t=14.3), 

LING (left: t=11.06; right: t=14.21), IOG (left:t=12.15; right: t=13.36), MOG (left: t=12.02; right: 

t=11.8) and left SOG (t=12.52). The MD shows also high functional connectivity to subcortical 

structures, including AMY (left: t=13.14; right: t=11.08), CAU (left: t=14.47; right: t=16.45), extAMY 

(left: t=13.85; right t=12.72), HIP (left: t=10.41; right: t=11.38), HypTH (left: t=20.15; right: t=12.06), 

mammillary bodies (MB) (left: t=11.81; right: t=12.55), PUT (left: t=13.14; right: t=13.29) and SNr 

(left: t=11.81; right: t=9.54). Among thalamic nuclei, high peak-t values were found for A (left: t=22.1; 

right: t=22.66), CM/Pf (left: t=15.52; right: t=17.73), Hb (left: t=15.16; right: t=20.98), LD (left: 

t=10.22; right: t=15.88), MD/Cl (left: t=11.74; right: t=19.18), Ml (left: t=26.59; right: t=33.25), Pul 

(left: t=13.49; right: t=20.48), VA (left: t=10.25; right: t=15.6), and VL (left: t=15.74; right: t=17.22). 

In addition, MD nuclei show also high connectivity to the cerebellar cortex: CERant (left: t=12.55; 

right: t= 9.96), CERpost (left: t=13.55; right: t=13.55), CERfln (t=12.81) and CERpv (t=13.55). 

 

Medial geniculate nuclei (MG)  

Cortical regions that obtained high structural connectivity values to MG nuclei include right PreCG 

(F=1.35%), left IPL (F=1.33%), left (F=2.79%) and right (F=2.48%) SPL, left (F=2.21%) and right 

(F=4.09%) PoCG, left (F=2.9%) and right (F=2.83%) PCUN, left MTG (F=1.04%), left CAL 

(F=1.25%), left CUN (F=1.2%), left (F=1.39%) and right (F=2.21%) LING, left MOG (F=3.27%) and 
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left (F=2.11%) and right (F=1.04%) SOG. MG nuclei show also high structural connectivity to HIP 

(left: F=5.59%; right: F=1.05%), to LatL (left: F=2.34%; right: F=4.72%), MedL (left: F=1.85%; right: 

F=1.64%), SCPcr (left: F=1.22%; right: F=1.29%), SCPct (left: F=2.63%; right: F=1.52%), STT (left: 

F=4.23%; right: F=4.47%) and CERant (left: F=2.62%; right: F=5.40%).  

The MG nuclei show high functional connectivity to widespread cortical areas, including MCC (left: 

t=12.1; right: t=11.2), right PCC (t=10.06), INS (left: t=15.12; right: t=17.12%), PHG (left: t=13.9; 

right: t=10.79), left IFGPOp (t=10.42), %), right MFG (t=10.21), PreCG (left: t=13.32; right: t=13.4), 

SMA (left: t=12.1; right: t=10.96), PCL (left: t=12.04; right: t=12.34), SPL (left: t=10.92; right: 

t=10.2), PoCG (left: t=14.22; right: t=12.52), PCUN (left: t=12.91; right: t=11.02), ROL (left: t=15.12; 

right: t=15.57), SMG (left: t=12.99; right: t=14.52), fusiform gyrus (FFG) (left: t=10.40; right: 

t=11.65), HES (left: t=13.74; right: t=14.14), superior temporal portion of the temporal pole (TPOsup) 

(left: t=10.65; right: t=10.7), STG (left: t=12.99; right: t=14.23), CAL (left: t=13.07; right: t=13.11), 

CUN (left: t=12.41; right: t=10.94), LING (left: t=17.18; right: t=16.1), MOG (left: t=10.13; right: 

t=9.99) and SOG (left: t=12.41; right: t=10.93). High peak-t values were found also for left CAU 

(t=10.8), left (t=15.11) and right (t=13.96) HIP, and for the following thalamic nuclei: CM/Pf (left: 

t=11.61; right: t=19.08), left Hb (t=11.66), MD/Cl (left: t=14.78; right: t=9.85), MD (left: t=14.14; 

right: t=10.5), Pul (left: t=17.77; right: t=21.75), VL (left: t=13.75; right: t=9.65) and VP (left: t= 

14.11; right: t=18.73). In addition, MG nuclei showed high functional connectivity to CERant (left: 

t=11.65; right: t=11.65) and CERpost (left: t=10.02; right: t=9.66).  

 

Midline nuclei (Ml) 

The Ml nuclei show prominent structural connectivity to frontal lobe regions such as MFG (left: 

F=0.91%; right: F=1.02%), SFG (left: F=1.56%; right: F=1.7%) and right dmPFC (F=1.29%), and to 

subcortical structures, such as left AMY (F=3.26%), CAU (left: F=9.74%; right: F=13.31%), extAMY 

(left: F=2.29%; right: F=11.1%), right GPe (F=2.24%), HIP (left: F=2.77%; right: F=1.39%), HypTH 

(left: F=9.9%; right: F=7.43%) and PUT (left: F=2.23%; right: F=1.94%).  

High peak-t values were obtained for ACCpre (left: t=11.55; right: t=10.75), ACCsup (left: t= 11.79; 

right: t=11.07), MCC (left: t=13.26; right: t=15.82), PCC (left: t=16.65; right: t=16.65), left dmPFC 

(t=11.86), left SPL (t=12.08), PCUN (left: t=14.61; right: t=13.57), FFG (left: t=10.57; right: t=10.27), 

and occipital lobe regions such as CAL (left: t=11.01; right: t=13.41), CUN (left: t=12.58; right: 

t=13.41), LING (left: t=10.76; right: t=13.57), IOG (left: t=12.71; right: t=13.41), MOG (left: t=12.03; 

right: t=13.25) and SOG (left: t=13.58; right: t=11.05). Ml nuclei also showed high functional 
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connectivity to distinct subcortical structures, including AMY (left: t=11.03; right: t=9.85), CAU (left: 

t=15.5; right: t=15.2), extAMY (left: t=15.01; right: t=11.7), left GPe (t=13.78HIP (left: t=11.91; right: 

t=10.32), HypTH (left: t=11.91; right: t=10.27), MB (left: t=10.54; right: t=11.22), PUT (left: t=10.96; 

right: t=12.49), left SNr (t=10.54) and left STN ( t=13.05). Among thalamic nuclei, high peak-t values 

were obtained for A (left: 17.5; right: 21.73), right CM/Pf (t=15.8), Hb (left: t=12.87; right: t=17.38), 

left MD/CL (t=10.66), MD (left: t=18.24; right: t=20.64), Pul (left: t=12.24; right: t=16.2), VA (left: 

t=19.65; right: t=12.16) and VL (left: t=17.41; right: t=12.28). High connectivity was found also to 

cerebellar cortical regions: CERant (left: t=12.8; right: t=10.49), CERpost (left: t=13.61; right: 

t=13.61), CERfln (t=13) and CERpv (t=13.61).  

 

Pulvinar (Pul)  

High structural connectivity values to Pul were found for left (F=1.08%) and right (F=1.39%) SFG, 

right PreCG (F=1.23%), right SMA (F=1.55%), right angular gyrus (ANG) (F=1.1%), left (F=2.65%) 

and right (F=2.36%) SPL, left IPL (F=1.57%), left (F=1.62%) and right (F=2.26) PoCG, left 

(F=3.14%) and right (F=3.37%) PCUN, left (F=1.32%) and right (F=1.19%) MTG, left ITG 

(F=1.47%), left (F=1.72%) and right (F=1.65%) CAL, left (F=1.27%) and right (F=1.4%) CUN, left 

(F=3.24%) and right (F=2.23%) LING, left (F=3.29%) and right (F=1.6%) MOG and left (F=2.16%) 

and right (F=1.73%) SOG. In addition, Pul shows also high structural connectivity to CAU (left: 

F=1.22%; right: F=2.27%) and HIP (left: F=11.03%; right: F=11.85%).  

For what concerns functional connectivity, Pul shows high connectivity to widespread cortical regions, 

including ACCpre (left: t=12.07; right: t=10.26), ACCsup (left: t=12.84; right: t=12.62), MCC (left: 

t=13.66; right: t=15.31), PCC (left: t=18.2; right: t=18.19), INS (left: t=13.7; right: t=14.07), left 

olfactory cortex (OLF) (t=11.07), PHG (left: t=11.14; right: t=11.02), dmPFC (left: t=13.66; right: 

t=10.89), SMA (left: t=12.94; right: t=10.48), PCL (left: t=11.4; right: t=11.91), left SPL (t=12.9), right 

IPL (t=10.7), PCUN (left: t=14.86; right: t=14.62), ROL (left: t=11.36; right: t=10.85), SMG (left: 

t=10.04; right: t=12.39), HES (left: t=12.15; right: t=11.94), STG (left: t=14.39; right: t=14.03), CAL 

(left: t=13.94; right: t=15.82), CUN (left: t=12.69; right: t=13.64), LING (left: t=13.85; right: t=16.41), 

IOG (left: t=14.17; right: t=15.82), MOG (left: t=13.13; right: t=12.54), and SOG (left: t=12.90; right: 

t=11). Subcortical regions displaying high functional connectivity to Pul include AMY (left: t=13.50; 

right: t=11.75), CAU (left: t=15.24; right: t=16.72), extAMY (left: t=13.41; right: t=13.1), HIP (left: 

t=11.18; right: t=18.04), HypTH (left: t=11.18; right: t=10.17), MB (left: t=12.14; right: t=10.11), PUT 

(left: t=13.44; right: t=13.85), SNr (left: t=12.14; right: t=10.17) and left STN ( t=11.3). High 
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functional connectivity values were also found for nearly all thalamic nuclei: A (left: t=17.52; right: 

t=14.83), CM/Pf (left: t=18.66; right: t=15.64), Hb (left: t=18.01; right: t=13.77), MD/CL (left: t=23.6; 

right: t=18.81), MD (left: t=22.06; right: t=26.03), Ml (left: t=12.9; right: t=16.45), VA (left: t=18.99; 

right: t=15.67), VL (left: t=25.4; right: t=19.89) and VP (left: t=18.27; right: t=12.76). In addition, high 

functional connectivity to bilateral cerebellar cortex was also found: CERant (left: 10.84; right: 10.56), 

CERpost (left: 13.81; right: 14.15), CERfln (t=14.15) and CERpv (t=14.15). 

 

Ventral anterior nuclei (VA)  

The VA nuclei showed high structural connectivity to right ACCsup (F=1.13%), right MCC 

(F=1.16%), bilateral IFGpTr (left: F=1.92%; right: F=1.15%), bilateral MFG (left: F=4.06%; right: 

F=3.67%), bilateral SFG (left: F=7.53%, right: F=6.7%), bilateral dmPFC (left: F=3.07%; right: 

F=3.99%), and bilateral SMA (left: F=5.04%; right: F=5.88%). Subcortical structures showing high 

structural connectivity to VA include CAU (left: F=3.26%; right: F=6.54%), left PUT (F=1.69%), RN 

(left: F=1.61%; right: F=1.29%) and, among brainstem white matter tracts, SCPcr (left: F=2.91%; 

right: F=2.81%), SCPct (left: 4.64%; right: F=3.84%) and right STT (F=1.16%).  

Cortical regions with high functional connectivity to VA include ACCsup (left: t=10.21; right: t=9.31), 

MCC (left: t=10.93; right: t=10.77), INS (left: t=11.94; right: t=12.54), right IFGpOP (t=10.61), right 

IFGpOrb (t=10.76), left dmPFC (t=10.93), SMA (left: t=10.6; right: t=10.28), HES (left: t=11.75; right: 

t=10.32), right TPOsup (t=10.61) and STG (left: t=11.94; right: t=10.87). Among subcortical 

structures, high peak-t values were found for AMY (left: 10.68; right: t=10.5), CAU (left: t=10.99; 

right: t=13.54), extAMY (left: t=10.6; right: t=11.24), right HIP (t=10.44), right HypTH (15.26), PUT 

(left: t=11.57; right: t=11.42), left RN (t=16.82); and STN (left: t=14.89; right: t=11.29). Thalamic 

nuclei showing high functional connectivity to VA were A (left: 10.23; right: t=16.27), CM/Pf (left: 

15.73; right: t=10.16), Hb (left: t=11.68; right: t=10.65), MD/CL (left: t=17.89; right: t=12.04), MD 

(left: t=14.16, right: t=13.08), left MG (t=10.51), left Ml (t=10.45), Pul (left: t=17.31; right: t=11.56), 

VL (left: t=19.63; right: t=16.32) and left VP (t=19.63). 

 

Ventral lateral nuclei (VL) 

High structural connectivity to VL nuclei were found for left IFGpTr (F=1.22%), MFG (left: F=2.71%; 

right: F=2.48%), SFG (left: F=5.36%; right: F=5.67%), dmPFC (left: F=1.71%; right: F=1.91%), 

PreCG (left: 3.2%; right: F=5.90%), SMA (left: F=4.88%; right: F=6.62%), PCL (left: F=3.82%; right: 

F=1.71%) and PoCG (left: F=3%, right: F=2.4%). In addition, VL show high structural connectivity to 
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CAU (left: F=3.05%; right: F=5.48%), PUT (left: F=1.19%), RN (left: F=0.96%; right: F=1.29%), 

SCPcr (left: F=1.97%; right: F=1.82%), SCPct (left: F=2.81%; right: F=2.67%) and right STT 

(F=1.23%).  

The VL nuclei show high functional connectivity to cortical regions, including ACCpre (left: t=13.35; 

right: t=11.43), ACCsup (left: t=13.15; right: t=13.35), right MCC (t=16.87), PCC (left: t=17.01; right: 

t=16.46), INS (left: t=10.13; right: t=11.63), lef OLF (t=12.35), dmPFC (left: t=14.70; right: t=10.11), 

SMA (left: t=11.45; right: t=9.71), IPL (left: t=10.95; right: t=9.61), left SPL (t=13.54), PCUN (left: 

t=14.32; right: t=13.62), STG (left: t=11.48; right: t=9.79), CAL (left: t=14.50; right: t=16.08), CUN 

(left: t=13.27; right: t=13.62), LING (left: t=12.85; right: t=16.08), IOG (left: t=14.49; right:t=16.08), 

MOG (left: t=13.96; right: t=13.99) and SOG (left: t=14.32; right: t=11.43). Subcortical structures 

showing high functional connectivity to VL include right AMY (t=12.89), CAU (left: t=22.83; right: 

t=20.35), extAMY (left: t=17.34; right: t=15.27), HIP (left: t=12.12; right: t=10.66), HypTH (left: 

t=12.12; right: t=10.24), MB (left: t=11.74; right: t=11.42), PUT (left: t=15.22; right: t=16.59), and left 

SNr (t=11.74). Among thalamic nuclei, VL obtained high functional connectivity values to left 

(t=25.05) and right (t=17.57) A, right CM/Pf (t=12.40), left (t=16.49) and right (t=14.66) Hb, left 

(t=20.25) and right (t=15.77) LD, left (t=15.27) and right (t=18.33) MD/CL, left (t=21.58) and right 

(t=20.55) MD, left (t=20.52) and right (t=17.01) Ml, left (t=15.23) and right (t=19.50) Pul, and left 

(t=22.92) and right (t=19.52) VA. VL showed also high functional connectivity to the cerebellar cortex: 

CERant (left: t=11.78; right: t=11.93), CERpost (left: t=14.5; right: t=14.82), CERfln (t=14.31) and 

CERpv (t=15.34). 

 

Ventral posterior nuclei (VP) 

The VP nuclei obtained high structural connectivity values to PreCG (left: F=2.10%; right: F=5.04%), 

right SMA (F=1.48%), PCL (left: F=4.99%; right: F=2.70%), PoCG (left: F=7.58%; right: F=5.91%), 

right CAU (F=1.55%), RN (left: F=1.01%; right: F=1.83%), LatL (left: F=1.13%; right: F=2.74%), 

MedL (left: F=3.5%; right: F=4.02%), SCPcr (left: F=3.53%; right: F=2.95%), SCPct (left: F=4.7%; 

right: F=4.45%), STT (left: F=3.07%; right: F=4.01), CERant (left: F=2.38%; right: F=2.82%), and 

CERpost (left: F=1.38%; right: F=1.61%). 

High functional connectivity was obtained to MCC (left: t=12.79; right: t=13.16), INS (left: t=16.22; 

right: t=16.79), IFGpOp (left: t=16.1; right: t=12.88), left IFGpOrb (t=10.95) and left IFGpTr t=11.23), 

PreCG (left: t=17.11; right: t=18.68), SMA (left: t=14.49; right: t=14.02), PCL (left: t=16.74; right: 

t=16.42), IPL (left: t=15.19; right: t=12.75), SPL (left: t=12.41; right: t=11.78), PoCG (left: t=18.76; 
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right: t=18.68), PCUN (left: t=12.73; right: t=12.15), ROL (left: t=16.82; right: t=17.13), SMG (left: 

t=16.79; right: t=17.24); HES (left: t=14.80; right: t=15.05), TPOsup (left: t=14; right: t=14.11), STG 

(left: t=16.18; right: t=16.53), CAL (left: t=11.21; right: t=11.78), CUN (left: t=13.34; right: t=12.85), 

LING (left: t=10.96, right: t=11.13) and SOG (left: t=13.33; right: t=12.85). Among thalamic nuclei, 

high functional connectivity was found to CM/Pf (left: t=22.19; right: t=19.01), MD/CL (left: t=21.18; 

right: t=14.11), left MD ( t=19.66), MG (left: t=12.51; right: t=19.18), Pul (left: t=17.84; right: 

t=19.44), and VL (left: t=19.45; right: t=19.36). In addition, VP showed high functional connectivity to 

CERant (left: t=10.27; right: t=10.27).  
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Supplementary Figures and Legends 

 

Supplementary Figure 1. Structural and functional connectivity profiles of thalamic nuclei (A, Hb, CM/Pf, LD). 

Structural (first row of each nucleus) and functional (second row of each nucleus) group connectivity maps are overlaid on 

axial sections of the FOD population template (slice increment: 9mm). For visualization purposes, tract MPMs were 

obtained for each nucleus after weighting of each tractogram according to the sum of streamline weights (fs), application of 

a 10%, binarization and normalization to FOD template; a 50% threshold was applied to MPMs to show only voxels 

overlapping in at least half of the sample. Functional activation maps for each subject underwent a random-effect analysis 

with one-sample t-test, and were masked with a TFCE-corrected p-value < 0.001, then transformed to FOD template space. 

Details about these processes can be found in text.   
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Supplementary Figure 2. Structural and functional connectivity profiles of thalamic nuclei (LG, MD/CL, MD, MG). 

Structural (first row of each nucleus) and functional (second row of each nucleus) group connectivity maps are overlaid on 

axial sections of the FOD population template (slice increment: 9mm). For visualization purposes, tract MPMs were 

obtained for each nucleus after weighting of each tractogram according to the sum of streamline weights (fs), application of 

a 10%, binarization and normalization to FOD template; a 50% threshold was applied to MPMs to show only voxels 

overlapping in at least half of the sample. Functional activation maps for each subject underwent a random-effect analysis 

with one-sample t-test, and were masked with a TFCE-corrected p-value < 0.001, then transformed to FOD template space. 

Details about these processes can be found in text.  
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Supplementary Figure 3. Structural and functional connectivity profiles of thalamic nuclei (Ml, Pul, VA, VL, VP). 

Structural (first row of each nucleus) and functional (second row of each nucleus) group connectivity maps are overlaid on 

axial sections of the FOD population template (slice increment: 9mm). For visualization purposes, tract MPMs were 

obtained for each nucleus after weighting of each tractogram according to the sum of streamline weights (fs), application of 

a 10%, binarization and normalization to FOD template; a 50% threshold was applied to MPMs to show only voxels 

overlapping in at least half of the sample. Functional activation maps for each subject underwent a random-effect analysis 

with one-sample t-test, and were masked with a TFCE-corrected p-value < 0.001, then transformed to FOD template space. 

Details about these processes can be found in text. 
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