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Abstract

The thalamus has a key role in mediating cortical–subcortical 
interactions but is often neglected in neuroimaging studies, which 
mostly focus on changes in cortical structure and activity. One of the 
main reasons for the thalamus being overlooked is that the delineation 
of individual thalamic nuclei via neuroimaging remains controversial. 
Indeed, neuroimaging atlases vary substantially regarding which 
thalamic nuclei are included and how their delineations were 
established. Here, we review current and emerging methods for 
thalamic nuclei segmentation in neuroimaging data and consider the 
limitations of existing techniques in terms of their research and clinical 
applicability. We address these challenges by proposing a roadmap to 
improve thalamic nuclei segmentation in human neuroimaging and, in 
turn, harmonize research approaches and advance clinical applications. 
We believe that a collective effort is required to achieve this. We hope 
that this will ultimately lead to the thalamic nuclei being regarded as key 
brain regions in their own right and not (as often currently assumed) as 
simply a gateway between cortical and subcortical regions.
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how research and clinical applications are currently limited by prevailing 
thalamic nuclei neuroimaging methods. Finally, we propose a Roadmap 
for the future of thalamic nuclei imaging that will allow for advances in 
our understanding of the role of this important brain structure.

Neuroimaging of human thalamic nuclei
Approaches to delineate human thalamic nuclei via the acquisition and 
segmentation of MRI data have had varying success over recent decades. 
The relaxation times and/or proton densities of different thalamic nuclei 
are very similar to each other when data is acquired at 3 T or 7 T field 
strengths5,6 (Fig. 1a). Even at very high field strengths, such as 9.4 T, tha-
lamic nuclei delineation remains challenging, making their distinction 
via conventional T1-weighted (T1w) imaging and T2*-weighted imaging 
difficult7. A different approach uses specific acquisition sequences, such 
as white-matter-nulled (WMn) imaging to improve the delineation of 
thalamic nuclei5. Nulling the white matter improves the intra-thalamic 
contrast as well as overall thalamic contrast by removing the signal from 
the white-matter lamellae that surround the nuclei as well as those out-
side the thalamus, resulting in better delineation of the thalamic nuclei 
as well as the lateral borders of the thalamus. WMn acquisition allows 
better thalamic nuclei delineation even at 3 T and 7 T (Fig. 1b) but restric-
tions in spatial resolution still make the imaged voxels prone to partial 
volume effects and associated blurring6. Unsurprisingly, therefore, 
thalamic nuclei delineations from MRI data can yield low accuracy — 
especially for smaller thalamic nuclei — hindering the reliability of 
human thalamic neuroimaging findings.

Despite these limitations, MRI remains the preferred in vivo 
non-invasive method for imaging thalamic nuclei in humans. Recent 
developments in acquisition (Box 2 and Table 1) and segmentation 
show promise in bridging the gaps in contrast and resolution that exist 
between in vivo MRI data and data gathered from post-mortem and/or 
histological studies, which remain the gold standard8. The following 
sections give a brief overview of current and emerging approaches for 
the segmentation of human thalamic nuclei in MRI data and discuss 
their challenges and opportunities.

Structural MRI-based segmentation
Current available thalamic segmentation approaches for structural 
MRI can be broadly divided into those based on the co-registration 
of structural MRI data to histological atlases (Box 1), those involving 
the direct labelling of structural MRI data, and those in which there is 
a combination of histology with structural MRI data.

To date, most histology-based MRI segmentations of the thalamus 
are created using the Morel stereotactic human thalamic atlas4,8,9 (Fig. 2) 
and the Schaltenbrand atlas10–12. Both atlases are in common usage but 
the accuracy of their spatial correspondence to the thalamus of a specific 
person largely depends on the accuracy with which they can be deformed 
to match their anatomy through a process of image registration (a com-
plex mathematical operation that non-linearly warps the atlas to the 
specific person). Individual thalamic nuclei segmentations can show 
significant variability between people for structural MRI, diffusion MRI 
and functional MRI (fMRI)13 (Fig. 2). This means that probabilistic maps 
(maps in which a voxel is indexed as being part of a particular region when 
it exceeds a given statistical threshold, thus capturing the inter-person 
variability of the thalamic nuclear boundaries) across the different 
modalities often provide mere approximations of the positions and 
sizes of the nuclei, particularly the smaller ones (Fig. 2).

Volumetric quantification of thalamic nuclei using these histo-
logical atlases has contributed to many studies such as those analysing 

Introduction
The thalamus is known to play a key role in the interactions between the 
cortex and subcortical brain regions that underlie a range of brain func-
tions, including motor, sensory, cognitive, behavioural and affective 
functions1. It is made up of several nuclei that have unique characteristics 
in terms of their connectivity, functionality and specialization when com-
pared to other cortical and subcortical brain areas and that are known to 
be important in health and disease1.

Many recent neuroscientific studies have focused much effort 
on the evaluation of human brain regions with the aim of unravelling 
distinct roles for their subdivisions. This is the case not only for the 
thalamus but also the basal ganglia, the cerebellum and several cortical 
regions that were previously considered functional units and are now 
thought of as composite structures, which will be discussed below.

However, the concept of segmentation is particularly important for 
the thalamus for several reasons that relate to its anatomy and function. 
First, a crucial characteristic of the principal thalamic nuclei is that they 
are not connected with each other — with the exception of indirect con-
nections mediated via the thalamic reticular nucleus — and are instead 
tightly connected to specific projection areas2. This connectivity pattern 
is unlike that of the basal ganglia, which form a circuit by themselves and 
have common neurochemical properties. It is also unlike the cerebellum, 
in which the nuclei and cortex are functionally arrayed to coordinate 
complex operations. The connectivity of the thalamic nuclei suggests 
that they subserve multiple functions rather than being a cluster of inter-
connected nuclei underlying the same function, meaning that a clear 
delineation of thalamic nuclei will help us distinguish those functions.

A second unique feature of the thalamus is its burst and relay fir-
ing modes, which — due to the exclusive connectivity that it has with 
the cortex — enable the thalamus to rapidly switch functional activity 
between entire cortical networks2. This feature is enhanced by the 
notable synaptic weight of glutamatergic thalamocortical synapses 
through which the thalamus can drive cortical neurons (unlike most 
other subcortical afferents, which instead employ neuromodulators)3. 
Thus, the mechanism by which thalamic nuclei modulate cortical 
activity is an important, if not unique, feature of these regions.

Finally, thalamic nuclei are highly specialized when compared 
to those in other brain regions: the lateral geniculate nuclei alone 
are made up of six subdivisions, while higher-order thalamic nuclei 
(such as the mediodorsal nuclei and the pulvinar) exhibit multiple 
cytoarchitectural structures across their different portions2.

These unique thalamic features explain why the thalamus is chal-
lenging to study, why thalamic research requires substantial granularity 
and why the thalamus is of such clinical importance. Still, the delineation 
of thalamic nuclei remains controversial. Approximately 40 thalamic 
nuclei have been defined by histology in the human brain4 but current 
thalamic segmentation approaches only allow a subset of these to be reli-
ably delineated in neuroimaging (Box 1). This limits our understanding 
of the thalamus and its function in health and disease, making compari-
sons of findings across studies (whether among human populations or 
between human and animal models) challenging. There is currently no 
consensus in the field as to which thalamic nuclei can be reliably imaged 
or how to exploit emerging techniques that can potentially allow more 
robust delineation of thalamic nuclei in humans.

To address and resolve the shortcomings of neuroimaging-based 
delineation and segmentation of human thalamic nuclei, we have formed 
a consortium, the Thalamus Nuclei Neuroimaging Group (TANGO). 
Herein, we briefly review the current challenges and opportunities in the 
segmentation of human thalamic nuclei via neuroimaging and illustrate 

http://www.nature.com/nrn
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the brain hubs involved in cognitive tasks in healthy controls14,15 or the 
involvement of thalamic nuclei in large-scale functional or nuclei-specific 
networks16,17. The popularity of this approach is related to the embedding 
of these atlases into commonly used neuroimaging analysis pipelines. 
However, although these thalamic atlases are highly accessible to a 
large user base, they are not always well suited to the specific popula-
tion scanned or the nuclei studied, and registration quality (in terms of 
goodness of fit between source and target data and the specific regions 
where the registrations fail) is not always reported. For example, although 
current registration algorithms show acceptable performance for 
young healthy brains, the accuracy of these methods decreases when 
applied to brains affected by age-related processes, pathophysiology or 

surgical interventions, limiting their generalizability18,19. Furthermore, 
the histological atlases were usually created from a single specimen 
(or an extremely limited number of specimens) that might not capture  
the inter-person variability of thalamic shapes and volumes. Finally, the 
tissues processed for histological analyses have substantial distortions, 
which need to be corrected via co-registration. The effects of these chal-
lenges are further exacerbated when moving from the higher resolution 
of histological data (in microns) to the lower resolution MRI space (typi-
cally 1 mm isotropic). In addition to these problems, there has been an 
evolution of the nomenclature for the human thalamus used in these 
histological atlases since the 1970s20. This evolution can be attributed to 
several factors, including access to larger data sets (and hence reduced 

Box 1 | Histological approaches for the delineation of thalamic nuclei
 

Post-mortem histological approaches are 
considered the ‘gold standard’ for assessing 
anatomical boundaries within the thalamus. 
The spatial resolution that can be achieved 
using microscopy is much greater than 
that possible using currently available MRI 
methods. However, histology-based atlases 
can be used in several different ways to help 
parcellate brain structures in MRI data.

Histology-based atlases of the human brain 
can serve as a reference that provides general 
information on the relative positions and sizes of  
individual structures and this can guide manual  
delineations of MRI data. However, the success  
of this labour-intensive approach is highly 
dependent on the visibility of the thalamic 
nuclei in the MRI images, which is often limited. 
One solution to this problem could be to register 
detailed histology-based information to MRI 
space. An example of such registration is shown  
in the figure, in which quantitative MRI images 
of a single post-mortem specimen acquired at  
a field strength of 7 T and with an isotropic 
resolution of 0.4 mm with different contrasts 
(longitudinal relaxation (R1), transverse relaxation 
(R2*) and proton density) are shown in the first 
row. The thalamic nuclei are more visible in the middle row of the figure, 
in which different histology stains of the post-mortem tissue are 
shown. Finally, the bottom row shows immunohistochemical staining 
with antibodies against parvalbumin, calretinin or calbindin for the 
same specimen. However, the co-registration of the histology-based 
information with the MRI data and subsequent validation of the 
underlying anatomy remains challenging. Alternatively, comparisons 
can be made between other atlases available in MRI space30. 
Interestingly, some of the co-registration efforts even incorporate 
probabilistic information, in which statistical methods are used to 
estimate the likelihood of a certain image alignment. Instead of 
determining a single ‘best’ alignment, probabilistic approaches 
consider multiple possible alignments and assign probabilities to 
each based on image features and similarity metrics. This allows 
for a more robust and accurate co-registration, especially when 

dealing with noisy or ambiguous image data. By incorporating 
uncertainty into the alignment process, probabilistic methods can 
help to avoid errors and improve the overall quality of the registered 
images29.

Despite the benefits of combining histological information with 
MRI data, it remains difficult to assess the level of inter-person 
variations in the shape and volume of thalamic nuclei. Understanding 
these variations is crucial for classifying ‘normal brain anatomy’, 
disease detection and surgical planning. To resolve the challenges 
associated with the translation between histological and in vivo 
approaches, several methods have been developed to collect MRI 
data and histological information from the same specimens11,37,38,148–152. 
The data sets created through these efforts can serve as a basis 
for the validation of existing co-registered atlases as well as future 
thalamus mapping efforts. Figure is adapted from ref. 38, CCBY 4.0.

Quantitative MRI

Blockface histology

Immunohistochemistry

Longitudinal relaxation (R1) Transverse relaxation (R2*) Proton density

Light photography Nissl stain (cell bodies) Silver stain (fibres)

Calbindin Calretinin Parvalbumin
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inter-person variability) and technological advances in microscopic 
imaging, macroscopic imaging and co-registration algorithms. However, 
the inconsistent terminologies used across time hinder accurate map-
ping between the two modalities as the different naming conventions 
across studies and atlases can lead to misalignment and errors in identify-
ing the loci of thalamic nuclei and, ultimately, make it difficult to establish 
reliable and comparable data analysis. Thus, although histology-based 
atlases are regarded as the gold standard for thalamic neuroimaging, 
they still cannot be easily generalized to MRI space.

A different segmentation approach involves directly labelling the 
structural MRI data by assessing several voxel-based image features (for 
example, (1) voxel intensities that are numerically similar and that tend 
to lie in close vicinity to each other can be grouped together, (2) gradi-
ents of voxel intensities defining potential boundaries or (3) anatomical 
landmarks that are distinct in their contrast among structures), which is 
more resilient to inter-person anatomical variations21–23. Such MRI-based 
segmentation techniques seem to provide higher specificity for individual 
anatomies than segmentations driven solely by histological atlases. How-
ever, the underlying issue — that conventional structural MRI has limited 
intra-thalamic contrast — detracts from this argument. Specifically, the 
homogeneity of the relaxation times of different thalamic nuclei in data 
obtained using standard T1w imaging sequences hinders structural MRI 
data segmentation methods from providing reliable nuclei delinea-
tions. Moreover, the limited spatial resolution of T1w-MRI sequences 
limits the number of nuclei that can be segmented in vivo, even for more 
high-resolution MRI approaches24. Thus, in theory, structural MRI tha-
lamic segmentation methods might provide better segmentation but, in 
practice, they are often limited by the inaccuracy of structural MRI data.

A solution to overcome the issues associated with both of these 
methods is to combine them. Multimodal methods guide the struc-
tural MRI labelling process by using prior information from a single 
or multiple predefined atlases (either those based on histology or 
those based on manually defined labels)25. The resulting probabilistic 
atlases allow for variability in shape and volume. For example, Bayesian  
inference techniques were used to overlay a mesh-based representation 
of an in-house-developed post-mortem thalamic atlas onto in vivo MRI 
data26. This method has found wide usage since its inception, due to its 
implementation within the FreeSurfer software suite27. Another combined 
approach, multi-atlas label fusion, leverages anatomical variability across 
individuals to improve thalamic segmentation within individuals28 and 
has been implemented in the thalamus-optimized multi-atlas segmenta-
tion (THOMAS) atlas29,30. However, the inherent contrast and resolution 
issues of standard T1w sequences still limit the number of segmented 
nuclei that can be identified via these methods compared to those iden-
tified via histology. To improve the delineation of nuclei boundaries, it 
has been proposed that images with optimized contrasts, such as those 
provided by white matter signal nulling5,31,32 or quantitative T1 mapping, 
should be used33,34. Acquisition of quantitative parametric maps allows 
the generation of multiple intrinsically aligned MRI contrasts (that is, 
when the images are all reconstructed from the same raw data, they are 
inherently aligned for each and every voxel across all the images), and 
can provide additional contrast levels as the degree of difference in signal 
intensities among different tissues increases to reveal more details of 
the internal structure of the thalamus35,36. For example, T1w maps can be 
used to generate both conventional and WMn data, providing two image 
contrasts that are perfectly registered as they are generated from a sin-
gle parametric map. Histological preparations can provide even higher 
levels of anatomical detail, allowing visualization of individual thalamic 
structures that cannot be discerned on MRI. The co-registration of these 

preparations with structural MRI data from the same individuals can 
facilitate co-registration of the histology results to MRI standard space37,38.

Diffusion-based segmentation
Beyond anatomical landmarks and intensity differences, segmentation 
can also be achieved using diffusion-weighted MR imaging (DWI). DWI is 
based on measuring the microscopic motion of water molecules, which 
are restricted by the underlying microstructural anatomy of the brain. 
From these measurements, one can segment thalamic nuclei based on 
their microstructural properties or their structural connectivity with 
respect to their cortical projections.

Thalamic nuclei segmentation from DWI mostly involves unsuper-
vised data-driven techniques that group data based on local diffusion 
properties (within the thalamus) or long-range connections through 
fibre tracking. As such, these techniques can be broadly categorized 
into three groups. The first group of techniques are based on the dif-
ferent local diffusion properties of the various nuclei such as the full 
diffusion tensor39–42, the principal diffusion directions43–46 or the dis-
tribution of diffusion orientations47,48. The second group of techniques 
measures the global diffusion-based connectivity between the different 
nuclei and the rest of the brain and is thus based on structural connec-
tivity. These techniques can be tractography methods, which estimate 
the long-distance projections of each nucleus to the cortex49,50, or 
super-resolution track density-based methods51,52. Finally, the third 
group of techniques use a hybrid approach, combining local and global 
diffusion properties53,54.

Although in vivo diffusion-based MRI segmentation allows for a 
tailored person-specific non-invasive analysis of the thalamus, it tends 
to produce inconsistent mappings of nuclei, largely due to the research-
er’s subjective choice of the number of nuclei or clusters. Unlike other 
MRI acquisition sequences (such as T1w imaging, T2-weighted imag-
ing or susceptibility-based imaging), DWI is not currently capable of 
exploiting the potential signal enhancements achievable at ultra-high 
field strengths such as 7 T (ref. 55).

Despite providing insight into microstructural thalamic changes 
and the relationship of thalamic nuclei to cortical regions, DWI has an 
overall relatively low spatial resolution (typically 2–3 mm isotropic) 
and some complex fibre crossing configurations might be difficult to 
image56,57. It is thus currently unclear to what extent corticothalamic 
and thalamocortical projections form bundles that are consistent 
enough to be captured by DWI, particularly within the cortex. DWI 
is also more susceptible to image distortion due to factors like eddy 
currents and susceptibility artefacts, compared to the anatomical 
approaches discussed above. As a result, only a few nuclei, often the 
larger ones, can be precisely identified via DWI (Fig. 2) and these tech-
niques offer only a coarse anatomical view for now47. In the future, track 
density-based techniques52,58, which focus on fibre density estimation 
instead of directionality, might overcome some of these limitations as 
they can reach a histological level of nuclei identification. However, 
these techniques require high-quality data and rely on more advanced 
acquisition schemes such as multi-shell DWI. Finally, the accuracy of 
clinical DWI data remains to be evaluated, particularly since global 
structural connectivity analyses are constrained by brain lesions, which 
can compromise tractography results59.

fMRI-based segmentation
The final major approach to delineating thalamic nuclei is based on the 
use of resting-state fMRI (rs-fMRI) to either examine the functional 
relationships of cortical areas with the thalamus16,60 or to segregate 
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thalamic subdivisions by conducting an independent component analy-
sis (ICA) of thalamocortical connectivity maps61–64. Both approaches 
primarily focus on segmenting the thalamus based on correlations in 
the resting-state activity of the thalamus and cortex.

In the first of these approaches, temporally coherent spontaneous 
fluctuations of the blood oxygen level-dependent (BOLD) signal are 

assessed using a ‘winner-takes-it-all’ approach65: each thalamic voxel 
is labelled based on its strongest correlation with a specific cortical 
region, also termed a ‘seed’, that ‘wins’ over other possible correlations. 
It thus becomes feasible to group similarly labelled voxels, resulting 
in the formation of thalamic maps that reveal the spatial arrangement 
of thalamic voxels based on their functional connectivity to different 

a

b White-matter-nulled MPRAGEGrey-matter-nulled MPRAGEStandard MPRAGE

MPRAGE at 3 T MPRAGE at 7 T

http://www.nature.com/nrn
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Fig. 1 | Visualization of thalamic nuclei with differing field strengths and 
MRI pulse sequences, highlighting current segmentation challenges. 
a, White-matter-nulled magnetization-prepared rapid gradient echo (MPRAGE) 
images acquired at 3 T and 7 T field strengths. When the white-matter signal is 
suppressed, delineation of several nuclei becomes easier, as indicated in the 
insets. While the gain in resolution at 7 T looks modest when compared to data 
at 3 T for the same sequence, the acquisition time is highly reduced at this field 
strength, thus minimizing motion artefacts, while the signal-to-noise ratio is 
increased23. b, Images of the thalamus obtained at 1-mm3 resolution at 3 T using 
three different MPRAGE acquisition sequences: standard MPRAGE (left), grey-
matter-nulled (middle) and white-matter-nulled (right). The poor contrast of 

the standard MPRAGE 3 T image is because the tissue within thalamic nuclei  
have similar relaxation times, offering poor distinction of the boundaries 
between the nuclei and even between the nuclei and the white-matter tissues that 
surround the thalamus. The grey-matter-nulled sequence shows somewhat better 
delineation of thalamic nuclei but boundary definitions between the nuclei remain 
challenging. However, the white-matter-nulled sequence shows clear delineation 
of the thalamus from the surrounding white matter (indicated by the white arrows) 
as well as the boundaries between thalamic nuclei (white arrowheads in the higher 
magnification inset). There is also better delineation of the lateral geniculate 
nucleus (white dashed line)25. Part a is reprinted with permission from ref. 31, 
Wiley. Part b is adapted with permission from ref. 5, Elsevier.

cortical regions16,65–67. However, the functional thalamic subdivisions 
that are identified using this approach do not correspond to the ana-
tomical thalamic subdivisions identified in histological or probabilistic 
structural MRI atlases13 (Fig. 2). This discrepancy raises intriguing ques-
tions: are the traditionally defined anatomical boundaries less perti-
nent when considering the dynamic functional roles of the thalamus? 
Alternatively, could the methods used to derive functional subdivisions 
be capturing a different dimension of thalamic organization, one not 
strictly tied to its cytoarchitectural structure? Another major drawback 
of this approach is that the cortical regions assessed are commonly 
defined based on their cytoarchitecture and/or structural anatomy, 
which may not correspond to the functional domains of the brain. To 
address this limitation, some approaches instead depict the highest 
correlations between each thalamic voxel and resting-state functional 
networks16. Thus, it remains unclear whether the histologically defined 
templates reflect the functional properties of corticothalamic connec-
tivity because most thalamic nuclei exhibit dense internal connectivity 
and might potentially be divided into more distinct functional areas 
or smaller subdomains68.

The ICA-based method, which focuses on the identification of simi-
lar BOLD signal patterns within the thalamus rather than associations 
with predefined cortical areas, provides an alternative approach to 
thalamic parcellation69. When comparing the functional segmentation 
achieved via the region or seed-based analysis and the ICA approach, 
whole-brain analyses resulted in comparable group-level thalamic 
subdivisions70,71.

A quantitative assessment of the spatial overlaps between 
fMRI-based segmentation and a structurally defined thalamic atlas 
revealed significant differences for both methods between functional 
imaging results and post-mortem histology62 (but see ref. 68). Indeed, 
the structural and functional thalamocortical connectivity maps both 
vary considerably, suggesting that the underlying brain communica-
tion architecture and its functional use during the resting state is com-
plex and requires further examination. rs-fMRI thalamus parcellation 
methods also do not take into account the dynamics of the fMRI signal, 
which exhibits heterogeneous timing properties across individual 
thalamic nuclei, resulting in highly structured thalamocortical network 
dynamics72. Ultra-high field fMRI might be needed to identify these 
temporal dynamics and to provide sufficient granularity to capture the 
detailed interactions within and between individual thalamic nuclei. 
Finally, changes for each specific thalamic nucleus cannot be currently 
observed using these techniques.

Emerging methods
Although most of the thalamic nuclei segmentation methods devel-
oped to date use a single MRI acquisition technique (T1w, diffusion 

MRI or rs-fMRI), emerging methods exploit the use of multiple MRI 
contrasts, leveraging the complementary benefits of each MRI acquisi-
tion technique. For example, incorporating DWI information into the 
T1w-MRI-based segmentation has been proposed to better delineate 
boundaries73. Similarly, there have been approaches to incorporate 
T1w, T2-weighted and WMn magnetization-prepared rapid gradient 
echo (MPRAGE) data into diffusion-based scalar maps (such as those 
based on mean diffusivity, fractional anisotropy or fibre orientation) 
to create synthetic images that are all resampled (that is, their spa-
tial resolution or orientation has been altered so that the dimensions 
and coordinate system of the different image types are matched) and 
registered to the T1w-MRI data74.

In terms of data-driven methods, deep learning-based methods 
are nowadays ubiquitous in any field, including MRI segmentation. 
The first deep learning approach for thalamic nuclei segmentation 
used a type of neural network known as a residual U-net, which was 
trained using manually segmented 3 T and 7 T WMn MPRAGE data 
sets75. A similar network was trained using jointly acquired WMn and 
standard MPRAGE data and used for segmentation of 7 T T1w data76. 
Another approach used a cascaded synthesis-segmentation scheme 
to synthesize WMn MPRAGE from standard T1w data (thus provid-
ing improved thalamic contrast) before segmentation76. Finally, a 
3D U-net-based architecture that uses T1, fractional anisotropy and 
Knutsson edge maps (the latter two of these data sets being calculated 
from diffusion tensor imaging (DTI) data) was used to segment thalamic 
nuclei77. However, although these deep learning-based approaches 
show promise, challenges remain, including the need for large data sets 
and/or annotations for training and the well-known lack of generaliz-
ability to out-of-domain cases such as data obtained using different 
field strengths, different pathological conditions or sequence settings 
used by scanner manufacturers. These are areas of active research in 
the general machine learning community.

The combination of information obtained using different MRI 
acquisition sequences can be difficult given the vastly different spatial 
resolutions of T1w-MRI, DTI and rs-fMRI as well as the discrepancies 
between structural and functional boundaries. However, improve-
ments in technology, including ultra-high-field imaging and multi-band 
echo-planar imaging78, will likely harmonize these methods in the near 
future.

Implications of segmentation challenges
The difficulties in using MRI to segment thalamic nuclei currently 
limit its clinical and research applications. Indeed, many of the seg-
mentation methods described above have been mainly developed 
in healthy, young adult volunteers. They face additional challenges 
when transposed to developmental or ageing cohorts or to specific 
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pathological conditions. Even across healthy ageing, there are sub-
stantial structural changes within the thalamus and neighbouring 
regions that might affect segmentation79. Furthermore, it is unclear 
how pathological changes to the thalamus, such as thalamic infarcts 
due to stroke (Fig. 3a), neurodegeneration (Fig. 3b) and alcohol use 
disorders (Fig. 3c), affect its segmentation. In the sections below, we 
illustrate some situations for which having information at the thalamic 
nucleus level could be useful but for which current methodological 
shortcomings limit reliable outcomes.

Thalamic imaging during and across the life course
Development. It is likely that neurodevelopmental conditions affect 
the thalamus but the extent to which this is the case and which nuclei 

are involved remain poorly understood because we do not have a good 
understanding of the changes in the thalamus during healthy devel-
opment and because of the associated segmentation challenges80,81. 
Most thalamic developmental studies use manual segmentation of the 
thalamus and its nuclei82 given that current segmentation algorithms 
were not developed for infants or children. Approaches to standard-
ize the segmentation of the thalamus in children have thus far been 
unsuccessful83. In particular, it is difficult to determine which age to 
use for the standardization as thalamic volumetrics differ significantly 
between infants and teenagers84. Age range-specific standardization 
protocols85 are therefore required but do not currently exist. A fur-
ther complication is the fact that MRI scans from children are known 
to vary in contrast intensity across ages, which creates a challenge 

Box 2 | Acquisition approaches for thalamic nuclei
 

How well thalamic nuclei can be segmented via MRI is affected 
by the acquisition sequences that are chosen (that is, the set of 
radiofrequency pulses and magnetic field gradients applied to 
generate an image). Different sequences emphasize different tissue 
properties and careful selection of a sequence can substantially 
impact the visibility and delineation of thalamic nuclei. MRI can be 
classified into three broad categories: anatomical and/or structural 
MRI, diffusion MRI (dMRI) and functional imaging. Anatomical imaging 
commonly involves T1-weighted (T1w) imaging, T2-weighted  
imaging and susceptibility-weighted imaging. dMRI measures the 
average diffusion of water molecules, which indirectly probes  
the structure of the biological tissue at a scale that is much smaller 
than the resolution of conventional MRI (typically 2–3 mm). Functional 
MRI (fMRI) measures the change in signal produced by deoxygenated 
haemoglobin — the so-called blood oxygen level-dependent effect —  
and can be employed in cognitive and/or behavioural tasks or as 
resting-state fMRI.

The sensitivity of T1 relaxation times to myelin content and the 
presence of differing myelin content across thalamic nuclei have 
been exploited to enable thalamic nuclei segmentation via T1w-MRI43. 
Diffusion-based methods, which explore microstructure at a local 
scale (by examining the anisotropy behaviour of the diffusion tensor, 
for example) or a global scale (by using tractography to assess  
the structural connectivity between different cortical regions and the 
thalamus, for example), have also been used for the segmentation of  
thalamic nuclei or (more coarsely but more reliably) subdivisions  
of clustered thalamic nuclei49. Similarly, cortical connectivity-based 
parcellation has been performed using resting-state fMRI data67. 
Despite the capacity of T1w-MRI to determine the myelin content of 
nuclei and its high spatial resolution (1 mm isotropic), this method has 
generally been suboptimal for delineating intra-thalamic and internal 
capsule boundaries. Both dMRI and fMRI are acquired using the 
echo-planar imaging sequence, which is limited in spatial resolution 
and subject to distortion (especially in areas of increased magnetic 
susceptibility such as the temporal lobes and areas bordering the 
sinuses).

The field strengths of MRI scanners can also make a notable 
difference in thalamic nuclei acquisition and subsequent 
segmentation approaches. Most research and clinical MRI scanners 
have a field strength of 1.5 T or 3 T, with 7 T MRI scanners only 

being found in highly specialized research centres. 7 T MRI can 
afford a significantly higher signal-to-noise ratio (approximately 
twice that of 3 T MRI) but this comes at the cost of increased tissue 
heating (with a specific absorption rate that is four times that of 
3 T MRI) and dielectric artefacts, which increase inhomogeneity. 
Furthermore, 7 T MRI is more susceptible to variations in the main 
magnetic field, B0, at air–tissue interfaces, leading to artefacts in 
the image and higher signal loss. These artefacts arise when the 
small magnetic fields created by tissues interact with B0 and lead 
to fluctuations in the latter. The higher the magnetic field, the more 
susceptible are the tissues to cause such fluctuations. Nevertheless, 
7 T MRI has been used for many specific applications, including 
susceptibility-weighted imaging and quantitative susceptibility 
mapping153, in which its increased susceptibility can be leveraged. 
Such applications enhance thalamic nuclei segmentation154 based 
on manual delineation such as the identification of motor thalamic 
nuclei for deep brain stimulation. Another advantage of 7 T MRI 
over 3 T MRI is that it allows higher acceleration factors (a measure 
of how much faster the scan is compared to a conventional scan) 
in parallel imaging155 (an imaging technique used to speed up MRI 
scans by using less data points within an array of receiver coils), 
although these are accompanied by higher geometry (g)-factors 
(a measure of image quality loss associated with parallel imaging). 
Thus, when combined with its higher signal-to-noise ratio, 7 T MRI 
enables substantial reductions in scan times or improved spatial 
resolution (0.8 mm isotropic or better) with comparable scan 
times, when compared to 3 T MRI. To overcome shading artefacts 
(dark shades that appear on an MRI image due to an uneven signal 
intensity across the image and are often caused by non-uniformity 
in the radiofrequency field during image acquisition), a variant of 
magnetization-prepared rapid gradient echo (MPRAGE) that uses 
two inversion preparation segments (magnetization-prepared 2 rapid 
acquisition gradient echoes; MP2RAGE)156 has been introduced. 
In this approach, the final T1w image is a ratio image, resulting in 
cancelation of shading artefacts. The same acquisition sequence 
can also be used to generate T1 maps, from which newer contrasts, 
such as white-matter-nulled MPRAGE34, can be synthesized. Lastly, 
variants of T1w-MRI, such as white-matter-nulled MPRAGE5, have been 
demonstrated to provide optimal intra-thalamic contrast at 7 T, with 
clear delineation of the lateral borders of the thalamus.
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Table 1 | Summary of acquisition methodologies and processing software for thalamic nuclei segmentation

Neuroimaging 
class

Acquisition sequence Spatial 
resolution

Contrast 
property

Processing methods Atlas Software

Structural  
MRI at 3 T

MPRAGE and variants
3D multi-echo
Gradient echo

0.8–1 mm3 Myelin content
Iron content

Bayesian probabilistic atlas
Multi-atlas segmentation
Manual segmentation
Quantitative susceptibility 
mapping

Probabilistic atlas of 
human thalamic nuclei26

FreeSurfer

THOMAS29 THOMAS

Modified segmentation 
procedure142

HIPS-THOMAS

Multimodal platform for 
deep brain stimulation 
surgery143

Lead-DBS

Structural  
MRI at 7 T

MP2RAGE
3D multi-echo
Gradient echo

0.5–0.7 mm3 Myelin content
Iron content

Bayesian probabilistic atlas
Multi-atlas segmentation
Manual segmentation
Quantitative susceptibility 
mapping

THOMAS29 THOMAS

Diffusion MRI Echo-planar imaging 2.0–2.4 mm3 Orientation of 
diffusion tensor
Orientation of 
diffusion tensor 
plus cortical 
connectivity

Local: k-means clustering of 
principal eigenvector or ODF 
coefficients
Global: connectivity-based 
parcellation (tractography)

Diffusion MRI-based 
thalamic atlas47

Zenodo

Thalamic connectivity 
maps49

FMRIB Software 
Library

Functional MRI Echo-planar imaging 2–3 mm3 BOLD plus 
cortical 
connectivity

Connectivity-based parcellation
Instantaneous connectivity 
parcellation

Human Brainnetome 
Atlas144

Human 
Brainnetome Atlas

Multiple 
contrasts

MPRAGE
Multimodal
MP2RAGE
EPI
Proton density

Various Mixed Bayesian probabilistic atlas
Deep learning synthesis
Polynomial synthesis

Joint segmentation from 
T1 and diffusion tensor 
imaging73

FreeSurfer

Convolutional neural 
network-based thalamic 
segmentation76

CNN-THOMAS

Thalamic segmentation 
by polynomial intensity 
transformation142

HIPS-THOMAS

Multi-contrast human 
brain atlas137

Human Brain Atlas

BOLD, blood oxygen level-dependent; EPI, echo-planar imaging; HIPS, histogram-based polynomial synthesis; Lead-DBS, lead-deep brain stimulation – a toolbox for facilitating deep brain 
stimulation electrode reconstruction and computer simulation based on postoperative MRI and CT imaging; MPRAGE, magnetization-prepared rapid gradient echo imaging; MP2RAGE, 
magnetization-prepared 2 rapid acquisition gradient echoes; ODF, orientation distribution function; THOMAS, thalamus-optimized multi-atlas segmentation.

for segmentation algorithms86. Finally, paediatric scans are often of 
comparatively lower resolution than adult scans, increasing the partial 
volume effects that challenge segmentation approaches when standard 
structural acquisition sequences are applied87. Thus, developing better 
thalamic segmentation for scans of children is crucial to improve both 
developmental studies and our understanding of paediatric conditions 
involving the thalamus.

Ageing. Previous meta-analyses have shown that overall thalamic vol-
ume decreases with age88. However, the exact relationship between this 
overall volume decrease and changes in specific thalamic nuclei is yet to 
be determined. Several studies have measured the differential effects of 
ageing on the volumes of individual nuclei with atlas-based parcellation 
based on WMn MPRAGE29,89 or standard T1w acquisition sequences90. 
While some studies indicated that thalamic nuclei involved in cognitive, 
visual, and auditory or vestibular functions presented atrophy at higher 
rates than those associated with motor and somatosensory functions89, 
others demonstrated a somewhat inverse pattern, with higher atrophy 

in nuclei involved in motor functions and in the pulvinar90. Such con-
tradictory results highlight, once again, the need for age-adjusted 
thalamic segmentation approaches. Thus, it will be important to clarify 
which current thalamic segmentation approaches are most appropri-
ate for ageing cohorts and for future developments in segmentation 
algorithms to take ageing into account.

Thalamic lesions in clinical populations
Intra-thalamic alterations. Although isolated thalamic stroke lesions 
could represent an ideal means to study the role of the thalamus and 
of specific thalamic nuclei in cognitive functions91–93, the use of neuro-
imaging to determine which nuclei are injured after a vascular lesion 
faces several issues. First, morphological changes in the thalamus 
induced by a stroke challenge thalamic segmentation as the lesions 
can shift the thalamic region that is used as a reference in the cor-
responding atlas. To our knowledge, none of the existing thalamic 
segmentation approaches takes this into account, even though it 
clearly affects the localization of the lesion and its corresponding 
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symptomatology. One proposed solution to this problem is to use 
the contralateral thalamus as a reference94. However, the com-
monly voiced (yet poorly documented) intra-person morphological 

variability between the two thalami (in terms of shape and location 
or size of thalamic nuclei), means that the utility of this approach 
remains undemonstrated. Second, the precise location of the nuclei, 
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Fig. 2 | Variability in shapes and volumes of thalamic parcellations across 
individuals and imaging methods. The figure illustrates the variability 
in the shapes and volumes of thalamic nuclei that have been observed 
across individuals and through the use of distinct MRI data acquisition and 
segmentation techniques. a, Similarities and differences in the segregation 
of thalamic nuclei in data obtained from structural, diffusion or functional 
MRI (fMRI) in two individuals. The structural MRI data were segmented using 
thalamus-optimized multi-atlas segmentation29, the diffusion MRI data were 
segmented used the orientation distribution function method48 and the 
fMRI data were segmented via functional parcellation using time courses of 
instantaneous connectivity145. b, A schematic illustration of a section from 
the Morel histology-based atlas is also shown for comparison. c, Probabilistic 
maps that account for the shapes and volumes of the thalamic nuclei across 

individuals. Max. probability refers to the highest likelihood that the indexed 
nucleus will be within that voxel. These maps also reflect the high variability in 
parcellations output based on image acquisition and segmentation methods 
used. AM, anterior medial nucleus; CeM, central medial nucleus; CM, centre 
median nucleus; Hb, habenular nucleus; Md, mediodorsal nucleus; MDpc, 
mediodorsal nucleus parvocellular part; MDpl, mediodorsal paralamellar; 
PuA, anterior pulvinar; Pul, inferior pulvinar; PuM, medial pulvinar; R, reticular; 
VA, ventral anterior nucleus; VL, ventral lateral nucleus; VLa, ventral lateral 
anterior nucleus; VLp, ventral lateral posterior nucleus; VPLa, ventral posterior 
lateral nucleus anterior part; VPLp, ventral posterior lateral nucleus posterior 
part. Parts a and c are adapted from ref. 13, Springer Nature Limited. Part b  
is adapted from ref. 47, Springer Nature Limited.
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along with their vascularization pattern95, can have large inter-person 
variability, which can make group lesion mapping studies very chal-
lenging. Third, the mammillothalamic tract runs through the thalamus 
towards the anterior thalamic nuclei and could therefore be a useful 
anatomical landmark; however, vascular lesions of the thalamus may 
damage this small tract96 (although this has not been consistently 
examined97).

Conditions that result in severe thalamic atrophy can also bias 
currently available thalamic segmentation methods. At the moment, 
it is not clear how to deal with such scenarios, and researchers and 
clinicians often have to pick their segmentation approaches and neu-
roimaging atlases without objective performance measures. This 
increases the risk that tools will be selected based on their capacity 
to replicate previous results, with the inherent dangers of circular 
reasoning and confirmation bias. One potential way to reduce this 
bias is to use existing neuropathological findings as a ‘ground truth’ to 
guide the researcher or clinician in their thalamic nuclei segmentation 
approach. The measures are taken ex vivo and the tissues are physi-
cally quantified, hence diverging from using the ‘same toolbox’ for 
the ‘same population’ in vivo, where physical measurements are effec-
tively impossible. For example, in Korsakoff syndrome, which most 
frequently occurs in patients with alcohol use disorder, post-mortem 
studies systematically report mediodorsal and anterior nuclei being 
affected98. A study using a DTI-based thalamic segmentation replicated 
these neuropathological findings in vivo in Korsakoff syndrome99, pro-
viding confidence in the reliability of the chosen method, but whether 
other approaches could also replicate the findings was not tested. A 
similar reasoning can be applied in Alzheimer disease research, where 
neurofibrillary tangles are found in the anterior thalamus early in 
the disease course according to neuropathological data100. In vivo, 
atlas-based segmentation studies have replicated this finding26,101,102. 
However, in contrast to the neuropathological data, these stud-
ies have also shown mediodorsal and medial geniculate thalamic  
nuclei changes.

Even thalamic microscopic abnormalities, such as inflammatory 
changes, can affect the thalamic nuclei differentially. For example, the 
thalamus is particularly vulnerable to the pathophysiological mecha-
nisms related to multiple sclerosis103, and inflammation changes 
due to multiple sclerosis can affect thalamus integrity. However, 
it is currently not clear whether inflammation changes the tissue 
properties of the thalamic nuclei (and, therefore, their radiologi-
cal signatures), and there have been some expected difficulties in 
clustering-based segmentation approaches. There might also be 
some focal inflammatory lesions within the thalamus of individuals 
with multiple sclerosis104 and the impact of these on the accuracy 
of the anatomical-based segmentations is undefined (as discussed 
above for ischaemic lesions). Microstructural changes have also been 
revealed by DWI within the thalamus in psychiatric disorders, such as 
early psychosis and chronic schizophrenia, revealing both widespread 
diffusion-related alterations across the whole thalamus in early psy-
chosis and heterogeneous anomalies particularly in the mediodorsal 
and posterior thalamus105. Overall, the effect of macrostructural and 
microstructural changes on thalamic nuclei is still far from clear, as 
is the relationship between the underlying pathophysiology and the 
segmentation.

Extra-thalamic modifications. The interruption of thalamocortical 
projections via anterograde or retrograde degeneration106 can also 
affect thalamic segmentation. For example, white matter lesions in 

multiple sclerosis can affect not only thalamic nuclei but also their 
cortical connections107, thereby impacting thalamic segmentation 
methods that use structural or functional thalamocortical connec-
tivity. These methods might therefore be unreliable in conditions 
disrupting white matter integrity, such as multiple sclerosis and other 
neurodegenerative conditions. This challenge is also likely to apply 
to conditions associated with focal lesions that interrupt thalamic 
projections such as stroke. The thalamus can indeed be indirectly 
damaged by secondary degeneration resulting from infarcts involving 
the more direct (mammillothalamic tract) or even indirect (cortical) 
projections from lesion sites108,109. For many years, such remote effects 
have been captured in vivo for the whole thalamus110, but it is only 
recently that the remote effects of stroke on specific thalamic nuclei 
have begun to be explored108. It is also interesting to note that the 
disconnection of specific thalamic projections has been associated 
with focal iron accumulation in the affected nuclei, which is apparent 
in susceptibility-weighted imaging MRI and quantitative susceptibil-
ity mapping, and is expected to complicate some anatomical-based 
segmentation methods. Iron levels can also increase diffusely within 
the thalamus in several neurodegenerative conditions, resulting in a 
similar challenge for anatomical-based segmentations108,111. How this 
affects thalamic segmentation approaches remains largely unknown 
despite its clear relevance for symptom management and treatment 
of patients.

Ventricular enlargement is a common landmark of ageing and 
can be exacerbated by pathophysiological changes affecting the cer-
ebrospinal fluid or adjacent tissues. Enlarged lateral or third ven-
tricles can potentially affect the shape of the thalamus and, hence, 
hinder accurate thalamic segmentation processes20. Such ventricular 
enlargement could impact the medial and dorsal thalamic nuclei dis-
proportionately due to their proximity to the ventricles. For example, 
a higher rate of atrophy in the posterior and medial thalamic nucleus 
groups that are in direct contact with the cerebrospinal fluid has been 
reported in multiple sclerosis, while there is a relative sparing of the 
more lateral groups112. This could also explain the ‘ependymal-in’ gra-
dient of thalamic damage related to meningeal inflammation that 
has been reported, which has a greater impact on thalamic nuclei in 
contact with the third ventricle113. However, the possible contribution 
of any errors when measuring nuclei adjacent to the ventricles (due to 
their changing morphology) to these findings is unknown. Similarly, 
global atrophy in Alzheimer disease significantly enlarges the lateral 
ventricles, which can prevent reliable thalamic nuclei segmentation 
and delineation114. Interestingly, for prodromal Alzheimer disease or 
cohorts at genetic risk of Alzheimer disease, the findings seem to be 
more consistent101,102, suggesting that, indeed, ventricular enlarge-
ment in Alzheimer disease can impact on thalamic segmentation. The 
lateral ventricles are also enlarged in individuals with normal pressure 
hydrocephalus, which causes a swelling of the ventricular system115. 
Ventricular enlargement also ranks among the most replicated findings 
for schizophrenia116,117. At the same time, there is burgeoning literature 
showing thalamic nuclei changes in people with schizophrenia118,119 
and sometimes in their unaffected first-degree relatives120,121, sug-
gesting that there may be a genetic component to thalamic changes. 
However, due the ventricular enlargement (which may increase with 
disease progression), a consensus is still lacking as to how to separate 
thalamic changes from ventricular changes in schizophrenia122–125. 
Overall, this brief overview shows that changes to adjacent ventricles 
can impact thalamic shape and bias clinical inferences drawn from 
imaging of thalamic nuclei.
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Future thalamic nuclei targets
Most thalamic imaging studies are currently conducted on the subset 
of nuclei that are the easiest to delineate via neuroimaging atlases. 
This means that there are many thalamic nuclei currently ‘missing’ 
or neglected that might have a relevance in health and disease. For 
example, the adhesio interthalamica is not part of any neuroimaging 
atlases, even though it connects thalamic hemispheres in approxi-
mately 70–80% of people and has a potential compensatory role after 

lesions126,127. Along the same lines, the midline thalamic nuclei, includ-
ing the reuniens and rhomboid nuclei, are extensively investigated in 
animal studies for their contribution to memory128 but inter-species 
homologies are still undefined for human studies. Furthermore, the 
central lateral nucleus is a very thin band-like nucleus at the interface 
between medial and lateral nuclei that acts as a central node within 
fronto-striatal networks. It has been identified as a promising target for 
deep brain stimulation (DBS) to improve executive function and quality 
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Fig. 3 | Alterations to thalamic nuclei across healthy ageing and disease. 
a, A series of axial T1-weighted magnetization-prepared rapid gradient echo 
(MPRAGE) scans of thalamic strokes in the left hemisphere that affect the 
mediodorsal nucleus (red circles indicate the lesion location)96,146. These 
images indicate the variability of lesion location across patients and show that 
the lesions also potentially affect neighbouring nuclei. b, Thalamic atrophy in 
Alzheimer disease, as shown in T1-weighted scans101. The left column of images 
shows the thalamus of a healthy older person with different nuclei highlighted. 
The right column of images shows thalamic changes in a person with Alzheimer 
disease. Note how the overall brain atrophy but also the atrophy of specific 
thalamic nuclei can affect delineation of the thalamic nuclei. c, Changes in the 
medial thalamus in control individuals, individuals with alcohol disorder and 
individuals with Korsakoff syndrome. Both alcohol disorder and Korsakoff 
syndrome result in changes in the volume of the medial thalamus; however, the 
level of severity is larger in Korsakoff syndrome. This is shown in the 3D rendering 
of the thalamus of a healthy control individual, with the red overlay depicting 
the corresponding cluster of voxels for which volume in the Korsakoff syndrome 
group is significantly smaller than that in the alcohol disorder group (based on 
a voxel-based morphometry full-factorial analysis (ANCOVA equivalent))147. The 
graph shows the comparison of grey matter volumes in this cluster of voxels for 
control versus alcohol disorder and Korsakoff syndrome groups (measured by 

calculating the mean grey matter signal intensity within the red cluster, with 
Tukey post hoc comparisons). *, significant with respect to healthy controls; **,  
significant with respect to the alcohol disorder group; both Tukey, P <0.05. 
d, Thalamic changes in multiple sclerosis as shown in white-matter-nulled 
MPRAGE scans at 7 T (ref. 104). The top row shows the delineation of thalamic 
nuclei in an individual with multiple sclerosis, with black arrows indicating 
multiple sclerosis lesions that appear as bands along the medial surface of the 
thalamus and project within the pulvinar (Pul), mediodorsal nucleus (MD) and 
ventral anterior nucleus (VA), based on overlap with the segmentation. The 
right column shows the scan of the thalamus in one individual with multiple 
sclerosis (axial and coronal slice), showing that white-matter-nulled MPRAGE 
can highlight several thalamic multiple sclerosis lesions that are either 
ovoid (indicated by white arrowheads) or more diffuse along the surface 
of the ventricle (indicated by white arrows). AV, anterior ventral nucleus; 
CM, centromedian nucleus; Hb, habenular nucleus; LGN, lateral geniculate 
nucleus; MGN, medial geniculate nucleus; MTT, mammillothalamic tract; 
VLa, ventral lateral anterior nucleus; VLp, ventral lateral posterior nucleus; 
VPL, ventral posterior lateral nucleus. Part a is adapted with permission from 
ref. 96, Wolters Kluwer. Part b is adapted with permission from ref. 101, IOS Press. 
Part c is adapted with permission from ref. 147, Wolters Kluwer. Part d is adapted 
with permission from ref. 104, SAGE Publications.

of life after traumatic brain injury and even consciousness in coma129. 
Favourable treatment outcomes with DBS of other thalamic nuclei 
have been demonstrated for several neurological conditions, including 
tremor130 and epilepsy131. However, the success of DBS greatly varies 
across patients, which is related to the major challenges in the direct 
visualization and/or precise delineation of the respective thalamic 
nuclei in each patient using currently available methods. Similarly, 
there are currently no atlas-based segmentations of the anterodorsal 
nucleus despite neuropathology showing that it is the earliest and most 
specifically affected thalamic nucleus in Alzheimer disease100,132. For 
now, all Alzheimer disease neuroimaging studies include the antero-
dorsal nucleus within the larger anterior group, which probably results 
in an underestimation of the specificity of thalamic nuclei changes in 
this condition. In the addiction field, segmentation of the ventromedial 
nuclei that are part of the thalamo-insular circuit would be extremely 
relevant, since they are considered to play a key role in interoception 
and craving133. Finally, in schizophrenia, the thalamus reticular nucleus 
has received increasing interest134 since animal models have shown that 
this nucleus is particularly vulnerable to disease development135. There-
fore, there is a strong need to develop techniques for investigating the 
thalamus reticular nucleus in human brain imaging136,137.

From these few examples, it should become clear that we are cur-
rently only investigating ‘the tip of the iceberg’ of thalamic nuclei in 
humans, giving us an incomplete or even biased view of the thalamic 
contribution to the healthy brain and of its clinically relevant changes.

Towards better thalamic nuclei segmentation
As we have discussed, current thalamic nuclei segmentation 
approaches limit our ability to study the true importance of the thala-
mus in health and disease. If we want to gain a better understand-
ing of the specific roles of thalamic nuclei and their contributions 
to cognitive development, healthy ageing, disease progression and 
symptomatology, more precise, robust and standardized neuroim-
aging approaches are needed. Fortunately, recent developments in 
approaches for MRI acquisition and segmentation promise to pro-
vide better insights into the thalamus in the future. It is therefore 
now timely to propose a Roadmap towards better thalamic nuclei 

neuroimaging and a more standardized way to approach thalamic 
nuclei identification. Based on our brief review of the current seg-
mentation techniques and their research and clinical implications, 
we propose that the community should take the following steps, 
potentially in this order of priority.

First, we recommend setting up a multidisciplinary group — 
consisting of expertise in thalamic histology, microscopy and neuro-
imaging — in order to establish thalamic ‘ground truths’ such as the 
number of thalamic nuclei, their location and morphology, nomencla-
ture, and intra-person and inter-person nuclei variations. Here, we take 
inspiration from the Hippocampal Subfields Group, which has led the  
way in the development of consensus protocols for segmenting  
the hippocampus and its subfields138. Importantly, the Hippocampal 
Subfield Group build their work on the joint effort by the European 
Alzheimer’s Disease Consortium and Alzheimer’s Disease Neuro-
imaging Initiative to bring together international experts to agree 
on hippocampal boundaries and segmentation protocols in a bid 
to homogenize manual segmentation of MR-imaged hippocampus, 
resulting in the creation of the Harmonized Hippocampal Protocol. 
The Hippocampal Subfields Group has been highly successful in build-
ing on this European Alzheimer’s Disease Consortium–Alzheimer’s 
Disease Neuroimaging Initiative effort to delve into localizing and 
agreeing on the key landmarks for parcellating the hippocampal 
subfields. Still, key challenges remain139 such as the need to (1) com-
pare different histological delineations of the medial temporal lobe 
region, (2) harmonize the identification of the hippocampal subre-
gions in different settings, and (3) establish harmonized in vivo MRI 
segmentation protocols in clinical settings. We believe that similar 
challenges remain for the thalamus, which is far less explored than 
the hippocampus but even more important for a plethora of brain 
functions and clinical syndromes. The goal of the proposed thalamic 
multidisciplinary group would be not only to close the translation 
knowledge gap between thalamic histology and neuroimaging but 
also to agree on and clearly identify the existence of differences and 
similarities between histological data sets, to agree on solutions to 
resolve the differences139, and to work together towards a harmo-
nized in vivo MRI segmentation protocol. Indeed, it is our belief that 
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inconsistencies will persist as long as problems are tackled individu-
ally and not as a grouped effort. The latter will ensure that research 
will advance along an agreed line of thought, allowing biases and 
inconsistencies to be identified and addressed more easily. Moreover, 
since identifying and consolidating the ground truth is one of the 
missions of the TANGO group, we will be using a formal consensus 
approach140 towards boundary definitions. One potential solution we 
have identified is to have several experts in the cytoarchitecture of the 
human thalamus segment high-resolution post-mortem data work-
ing separately. The parcellations will then be compared qualitatively  

(by rating the segmentations among the experts) as well as quanti-
tatively (by measuring superimposition, dice index, test-retest and 
intraclass correlation coefficients). Where agreements among experts 
cannot be reached, a probabilistic approach can be considered for 
certain complex delineations. Nevertheless, there will remain a chal-
lenge for high-resolution segmentation data acquired in vivo as these 
are bound to be hampered by motion artefacts that directly affect the 
precision with which a particular nucleus can be located.

Second, we recommend establishing a harmonized nomenclature 
for the specific thalamic nuclei that can be identified by neuroimaging 

Glossary

Bayesian inference
An analysis technique that involves 
the use of probabilities to infer a 
hypothesized outcome.

Blood oxygen 
level-dependent (BOLD) 
signal
BOLD variations occur due to changes 
in deoxyhaemoglobin (which is 
paramagnetic) that are in turn caused 
by local changes in blood flow due to 
neuronal activity.

Diffusion MRI
Refers to imaging the microscopic 
motion of water molecules. When 
magnetic field gradients are applied on 
either side of the refocusing pulse in a 
spin-echo experiment, motion will result 
in reduction of the refocused MRI signal, 
which can be quantified and related to 
the diffusion coefficient.

Diffusion tensor imaging
(DTI). In diffusion MRI, by applying 
gradients in specific directions, 
information on preferential direction 
of motion can be inferred. One such 
method involves representing it as a 
tensor with the ellipsoid representing 
the three principal directions.

Echo-planar imaging
An ultra-fast variant of gradient or 
spin-echo MRI, in which multiple (or 
even all) k-space lines are acquired 
within a single repetition time. 
Echo-planar imaging is used when very 
fast acquisitions are required. Its high 
temporal resolution allows imaging 
of rapid physiological processes with 
decreased motion artefacts.

Fractional anisotropy
A scalar measurement from DTI that 
reflects the microstructural integrity of 
white matter tracts.

Functional MRI
(fMRI). A means for depicting brain 
activity by measuring regional BOLD 
variations in the brain.

Image registration
The mathematical operation that warps 
one image, called the source, to a target 
image. Registration can be rigid body, 
when the source and target are from 
the same brain, or non-linear, when 
matching a source to a template.

Mesh-based representation
A method that generally involves 
partitioning an image into tiny polygons 
in a process called tessellation. This 
term is used in the field of computer 
vision to describe the representation of 
3D objects.

Nulling
The process of eliminating the magnetic 
signal coming from a particular tissue.

Partial volume effects
Effects that occur when a voxel contains 
signals from two or more tissues. The 
resultant signal is therefore an average 
of the signal arising from these tissues. 
Qualitatively, the image appears 
blurred and is quantitatively biased. 
Partial volume effects are particularly 
prominent in small regions or along 
borders of regions.

Proton density
The concentration of protons in each 
voxel, indicated by the voxel intensity.

Quantitative susceptibility 
mapping
Uses both magnitude and phase 
as a combined process to highlight 
the presence of compounds that 
could be diamagnetic (for example, 
calcification), paramagnetic (for 
example, deoxyhaemoglobin, due to 
fewer red blood cells causing anaemia) 
or ferromagnetic (for example, high iron 
content, making it behave as a magnet 
on its own).

Relaxation
The spin from hydrogen atoms aligns 
with the scanner’s main magnetic 
field (B0) in the longitudinal plane. 
When a radiofrequency pulse is 
applied, the spins absorb energy and 
their magnetization flips from the 
longitudinal into the transverse plane. 
When removed, the spins undergo 
relaxation to align again with the main 
B0 magnetization.

Relaxation times
The time taken by the spins from 
the hydrogen atoms to lose their 
energy. Transverse and longitudinal 
relaxation times are labelled T1 and T2, 
respectively.

Resting-state fMRI
(rs-fMRI). Refers to measuring the 
fluctuations occurring in the brain when 
not subject to a specific task. Studies 
can be hypothesis driven, directly 
looking at the synchronicity between 
regions in either static (time invariant) 
or dynamic (observing switching or 
transitions) models, at a whole-brain 
level, through independent component 
analysis or graph theory methods.

Susceptibility
Each hydrogen atom has a local 
magnetic field associated to it. The 
human body also contains other 
compounds (for example, calcium) 
that have magnetic properties, hence 
distorting the local magnetic field. This 
leads to a change in the phase of local 
tissue and hence to a change in the 
signal measured.

Susceptibility-weighted 
imaging
Shows the presence (through 
magnitude only) of tissue susceptibility 
by weighting the resulting MRI images.

T1-weighted (T1w) imaging
Imaging in which the contrast between 
tissues is due to the differences in their 
T1 relaxation times. The longer the T1 
relaxation time, the darker the signal (for 
example, cerebrospinal fluid has much 
longer T1 relaxation times than white or 
grey matter and is dark in T1w-MRI).

T2-weighted imaging
Imaging in which the contrast between 
tissues is due to the differences in their 
T2 relaxation times.

T2*-weighted imaging
Imaging in which the contrast between 
tissues is due to the differences in 
their T2* relaxation times. This method 
takes into account magnetic field 
inhomogeneities in addition to T2 
relaxation and is therefore faster than T2.

Tractography
Modelling of the pathway of white 
matter tracts using scalar and vector 
measurements from diffusion tensor 
imaging.
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in humans. We propose setting up a consensus group to define the 
nuclei that can currently be reliably imaged within healthy and diseased 
cohorts. The group would further propose a list of ‘target’ thalamic 
nuclei that are not currently available in neuroimaging atlases but 
should be added to make an important difference to future research 
across fields. This nuclei target list would inform future research to 
advance the field, including the development of specific MRI acquisi-
tion sequences for harder-to-image nuclei. These sequences would be 
tested in post-mortem data sets first before validating them in vivo in 
healthy populations and in those with disease. We also suggest that 
what would ultimately become a ‘standard’ high-resolution image 
of the whole thalamus should be acquired for all research protocols 
dealing with thalamic nuclei imaging. The idea would be to use these 
images to build a common platform across imaging centres world-
wide, from one acknowledged reference image, to which parcellations 
of thalamic nuclei can be iteratively and incrementally added using 
conventional and artificial intelligence techniques to ultimately pro-
duce a robust atlas. More specifically, as imaging data bases become 
larger and larger, the iterative addition of intricate thalamic nuclei 
to the thalamic atlas can be managed via machine learning and deep 
learning algorithms.

Defining the probable location of small nuclei that are beyond the 
reach of advanced MRI methodology represents value in itself. It creates 
awareness that the signal derived from larger neighbouring structures 
is likely to represent a mixed signal arising from the larger visible struc-
ture and the smaller neighbouring structure. This will bring further 
nuance to the interpretation of BOLD activation patterns. Informa-
tion on the location of a nucleus can also help drive MRI optimization  
of structural scanning, which will hopefully lead to the identification of 
the structures that are currently beyond the reach of MRI techniques.

Third, we suggest that recommendations for ‘best practice’ 
thalamic nuclei MRI acquisition sequences and protocols should be 
outlined for general neuroimaging, imaging of specific nuclei or imag-
ing of specific study populations. Establishing these MRI acquisition 
guidelines will improve thalamic nuclei imaging overall and allow 
approaches towards human thalamic MRI acquisition to be standard-
ized, which would enable the establishment of large-scale, open-source, 
gold-standard data sets for human thalamic nuclei. For example, 
research centres should report the type of quality control that has 
been conducted on the data that they have acquired, highlighting any 
differences observed during those quality checks, including notable 
artefacts due to movements, susceptibility, inter-person variability and 
differences observed when the same sequences are used but scanner 
manufacturers differ. Such checks should not result in simple binary 
decisions to accept or reject data but should contain a grading of the 
data quality so that variability of data quality can be considered within 
the delineation of thalamic nuclei. Such data-driven approaches can 
be complemented by expert-based approaches: for example, thalamic 
neuroanatomy experts can identify agreements and disparities in the 
delineation of thalamic nuclei in different studies, and can use this 
information to establish agreed landmarks for their delimitation.

Fourth, best-practice thalamic nuclei segmentation algorithms 
and/or toolboxes should be created for general use, the imaging of 
specific nuclei or the imaging of specific study populations. This will 
clarify which algorithms and/or toolboxes are the most appropriate for 
different age groups, pathologies or interventions (such as DBS). This 
step will improve the data and research outputs for specific thalamic 
nuclei and, in turn, improve meta-analytic approaches to determine the 
roles of specific thalamic nuclei across different populations. It is also 

clear that the structural and/or functional alterations of thalamic nuclei 
that are associated with particular tasks or conditions will depend on 
the imaging modality under which the nuclei are analysed. For exam-
ple, fMRI studies focus on functional dynamics and might therefore 
prioritize parcellation based on connectivity patterns rather than 
strictly histological boundaries. Thus, adopting a rigid parcellation 
strategy based solely on histology may overlook the interplay between 
structure and function, which varies across different states and condi-
tions. Given these considerations, it seems sensible, when developing 
best-practice guidelines for nuclei segmentation, to adopt a flexible, 
multi-level approach that accommodates the inherent limitations 
and diverse methodologies of current imaging technologies and goes 
beyond simple structural–functional associations.

Fifth, we recommend gathering large, open-source, gold-standard 
data sets for thalamic nuclei. Obtaining such data sets — for exam-
ple, by ensuring that all imaging centres include in their acquisition 
sequences one common MRI sequence — will foster research on tha-
lamic nuclei by providing a benchmark data set for comparison and/or 
validation or for the development of new segmentation approaches. 
This operation will also establish quality assurances when sharing data 
sets obtained using different approaches and MRI strengths among 
imaging centres.

Finally, we recommend that guidelines should be published for 
the development and validation of new acquisition sequences or seg-
mentation methods for thalamic nuclei. We recommend convening 
as an international consensus group, using the Delphi approach141, to 
establish these guidelines and promote cutting-edge thalamic nuclei 
research developments.

Conclusions
We are convinced that the Roadmap steps that we have outlined above 
will allow not only a better understanding of thalamic structure and 
function in normal and pathological conditions but also a better under-
standing of the importance of a functional thalamus for brain function 
and of how we can modulate thalamic function to treat neurological and 
psychiatric disorders. It is time to establish thalamic nuclei as separate 
brain structures in any neuroimaging investigation and to acknowledge 
that they are differentially involved in separate brain processes. We 
call on any reader who is interested in being involved in this process to 
contact the TANGO consortium for further information.

Published online: 17 October 2024
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