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Abstract 

The human lateral geniculate nucleus (LGN) of the visual thalamus is a key subcortical 

processing site for visual information analysis. A non-invasive assessment of the LGN and its 

functionally and microstructurally distinct magnocellular (M) and parvocellular (P) subdivisions 

in-vivo in humans is challenging, because of its small size and location deep inside the brain. 

Here we tested whether recent advances in high-field structural quantitative MRI (qMRI) can 

enable MR-based mapping of human LGN subdivisions. We employed ultra-high resolution 7 

Tesla qMRI of a post-mortem human LGN specimen and high-resolution 7 Tesla in-vivo qMRI in 

a large participant sample. We found that a quantitative assessment of the LGN and a 

differentiation of its subdivisions was possible based on microstructure-informed MR-contrast 

alone. In both the post-mortem and in-vivo qMRI data, we identified two components of shorter 

and longer longitudinal relaxation time (T1) within the LGN that coincided with the known 

anatomical locations of a dorsal P and a ventral M subdivision, respectively. Through a 

subsequent ground truth histological examination of the same post-mortem LGN specimen, we 

showed that the observed T1 contrast pertains to cyto- and myeloarchitectonic differences 

between LGN subdivisions. These differences were based on cell and myelin density, but not on 

iron content. Our qMRI-based mapping strategy overcomes shortcomings of previous fMRI-

based mapping approaches. It paves the way for an in-depth understanding of the function and 

microstructure of the LGN in humans. It also enables investigations into the selective 

contributions of LGN subdivisions to human behavior in health and disease. 
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Significance Statement 

The lateral geniculate nucleus (LGN) is a key processing site for the analysis of visual 

information. Due to its small size and deep location within the brain, non-invasive mapping of 

the LGN and its microstructurally distinct subdivisions in humans is challenging. Using 

quantitative MRI methods that are sensitive to underlying microstructural tissue features, we 

show that a differentiation of the LGN and its microstructurally distinct subdivisions is feasible in 

humans non-invasively. These findings are important because they open up novel opportunities 

to assess the hitherto poorly understood complex role of the LGN in human perception and 

cognition, as well as the contribution of selective LGN subdivision impairments to various clinical 

conditions including developmental dyslexia, glaucoma and multiple sclerosis. 
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Introduction 

The human sensory thalami are central processing sites for the analysis of sensory information. 

A growing body of empirical evidence suggests that to-date we are only starting to understand 

the function of these nuclei and their subdivisions for human behavior and cognition in health (1) 

and disease (2–5). One reason for this lack of understanding is due to severe technical 

difficulties in assessing these nuclei in-vivo in humans using non-invasive conventional 

magnetic resonance imaging (MRI) (6). Here, we show that the visual lateral geniculate nucleus 

(LGN) and its cytoarchitectonic subdivisions can be identified in humans both in-vivo and post-

mortem using advanced microstructure-informed quantitative MRI strategies. This opens up the 

possibility to use MRI as a tool for an in-depth understanding of the LGN and could be the basis 

for a future diagnostic tool for LGN integrity in disease. 

 

Most of our current knowledge about the LGN stems from electrophysiological and lesion 

studies in nonhuman primates (7). While these research findings have greatly contributed to our 

current understanding of LGN function, solely depending on insights from primate research 

entails two inherent problems: (i) due to species differences direct inferences from animal 

studies to humans cannot readily be made (8), and (ii) research suggests that the integrity of 

subcortical sensory brain structures is relevant to explain human-specific behavior such as 

human communication (9–11). Overcoming technical issues related to in-vivo MR acquisitions 

of the LGN and its functionally distinct subdivisions will, therefore, be necessary to obtain a 

complete account of LGN function and dysfunction in humans. 

 

The human LGN consists of six distinct neuronal layers, two ventral magnocellular (M) layers, 

four dorsal parvocellular (P) layers, and intercalated koniocellular (K) layers (12). The 

investigation of the LGN’s main neuronal layers (often coined as M and P subdivisions) in 

humans in-vivo faces considerable challenges. First, the LGN’s small size, ranging from only 

91-157 mm3 in humans (12), and deep location within the brain makes it difficult to map the LGN 

using non-invasive MR imaging techniques (6). Second, conventional image resolutions in in-

vivo MR examinations (structural MRI ~1mm, functional MRI ~2.5mm isotropic resolution) are 

likely insufficient to fully disentangle distinct signal contributions of M and P subdivisions due to 

partial volume effects (13). Third, any microstructural tissue differences between LGN 

subdivisions can be assumed to result in only subtle differences in MR contrast, which further 

complicates their differentiation (i.e., all LGN subdivisions are composed of subcortical gray 
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matter, whereas MRI contrast is strongest between different tissue types, like white- and gray 

matter). 

 

Resolving LGN subdivisions in humans in-vivo would, however, be of keen interest to gain a 

better understanding of their contribution to a variety of cognitive processes such as visual 

perception, selective attention and visual awareness (14–16); their functional interactions as 

well as structural connectivity patterns with the cerebral cortex (17); and their role in human 

disorders such as glaucoma (18, 19), multiple sclerosis (20, 21), developmental dyslexia (2, 3, 

22), autism spectrum- (23) and mood disorders (4). Indeed, most clinical research on the 

integrity of the LGN and its subdivisions in humans is based on post-mortem studies, which 

generally lack the opportunity to relate structure to function and often suffer from small sample 

sizes. They, however, also give first indications that LGN subdivisions can be selectively 

impaired in clinical disorders, emphasizing the need for a sub-parcellation of the LGN (3, 4, 20). 

 

Recent advances in high-field structural MRI have enabled measurements at an unprecedented 

level of spatial resolution. Especially the introduction of quantitative MRI (qMRI) methods 

provides access to imaging data with improved image contrast, which also allows researchers to 

assess biophysical tissue parameters that reflect the underlying microstructure (24). 

Quantitative MR parameters, such as the longitudinal relaxation time T1, provide insights into 

the degree of tissue myelination per voxel (25–27) and allow tissue segmentation based on 

cyto- and myeloarchitecture (28–30). To our knowledge, no study has yet attempted to resolve 

LGN subdivisions in-vivo based on microstructure-informed contrasts in structural MRI. 

However, such an approach seems promising as M and P layers differ markedly in cyto- and 

myeloarchitecture. In primates, including humans, M neurons are characterized by large cell 

bodies and are more sparsely distributed relative to the smaller, densely packed P neurons (7, 

12, 31, 32). In addition, M neurons have thicker and more myelinated nerve fibers enabling 

faster signal transmissions compared to the thinner, less myelinated axons of P neurons (32–

37). Mapping strategies based on structural MRI could offer a way to mitigate limitations of 

previous attempts to resolve LGN subdivisions in humans in-vivo. Using extensive functional 

MRI (fMRI) protocols, a few recent studies identified M and P-like activation clusters within the 

human LGN by exploiting the distinct functional response sensitivities of M and P neurons (19, 

38, 39). While these studies have provided first promising insights into the feasibility of MR-

based mapping of LGN subdivisions in-vivo, fMRI acquisitions typically suffer from several 
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technical shortcomings such as limited image resolution, blurring, geometric distortions, and 

lengthy acquisition times (40). 

 

Here, we utilized recent technological advances in high-field structural qMRI (24) and addressed 

whether microstructure-informed MR contrasts alone can enable MR-based mapping of human 

LGN subdivisions. The study involved three steps: (i) ultra-high resolution 7 Tesla qMRI of a 

post-mortem human LGN specimen (220μm isotropic) (ii) histology of the same LGN specimen, 

and (iii) in-vivo high-resolution 7 Tesla qMRI assessment of N=27 bilateral LGNs (500μm 

isotropic). We expected that microstructural tissue differences between LGN subdivisions are 

reflected in T1 relaxation and that this subdivisional T1 contrast is driven by local differences in 

myelin density between M and P layers. As myelin density and T1 relaxation are inversely 

related (25, 27), a key question is which cyto- and myeloarchitectonic features of the LGN 

primarily constitute myelin density and, thus, T1 contrast between LGN subdivisions. First, 

higher axonal myelination of M than P neurons (34–36) might result in an increased myelin 

density, and consequently, shorter T1 relaxation of the M relative to the P subdivision. 

Alternatively, the overall sparser distribution of M neurons (7, 12) might decrease myelin density 

and translate into increased T1 relaxation of the M relative to the P subdivision. To validate and 

explain potential quantitative T1 contrasts between LGN subdivisions, we compared our qMRI 

results to T1-relevant measures obtained from histology. With the in-vivo data, we aimed to 

extend our post-mortem qMRI analyses to a broader scientific and clinical purpose. The in-vivo 

data were also used to create a detailed population atlas of the LGN and its M and P 

subdivisions, which we have made publicly available.  
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Material and Methods 

Post-Mortem MRI and Histology 

Collection and Preparation of Post-Mortem Human Brain Tissue 

A human post-mortem brain sample was provided by the former Brain Banking Centre Leipzig 

of the German Brain-Net, operated by the Paul Flechsig Institute of Brain Research, Medical 

Faculty, University of Leipzig. The brain sample consisted of a left hemisphere of a female 

patient (89yrs, cause of death myocardial infarction, tissue fixation 24h post-mortem). 

Neuropathological assessment revealed no signs of any neurological diseases. The entire 

procedure of case recruitment, acquisition of the patient’s personal data, protocols and informed 

consent forms, performing the autopsy, and handling the autopsy material has been approved 

by the responsible authorities (GZ 01GI9999-01GI0299; Approval # 82-02). Following standard 

Brain Bank procedures, the block was immersion-fixed in 3% paraformaldehyde and 1% 

glutaraldehyde in phosphate-buffered saline (PBS; pH 7.4) for at least six weeks. The tissue 

block was cut to approximately 30x15x30mm (left-right, posterior-anterior, superior-inferior 

dimension, respectively) in size and included the LGN and part of the hippocampus. To prepare 

the sample for high-resolution qMRI, the LGN specimen was placed in an acrylic sphere of 60 

mm diameter filled with perfluoropolyether (PFPE; Fomblin©, Solvay Solexis Inc., Bollate, Italy). 

PFPE is a synthetic oil that does not generate any MR signal. Its application, therefore, has the 

specific advantage that the measured post-mortem qMR parameters are not affected by partial 

volume effects of other signal-generating substances (41) adjacent to the analyzed tissue. 

 
Quantitative MRI Data Acquisition and Reconstruction 

For the qMRI acquisition of the LGN specimen, we employed a multi-contrast steady-state 

approach. The basic principle of this method is to acquire 3D FLASH MR data with different 

contrasts, which are subsequently fit to an MR signal model (42). As a result, quantitative maps 

are obtained for T1 and proton density (PD). These maps describe physical quantities and are 

thus described with the prefix ‘q’ to avoid potential confusion with commonly employed non-

quantitative contrasts, such as T1-weighted or PD-weighted contrasts.  

Ultra-high resolution post-mortem MRI data were acquired on a 7T Magnetom MRI system 

(Siemens Healthineers, Erlangen, Germany) using a custom-built Helmholtz coil (43). The use 

of a Helmholtz coil is especially beneficial for multi-contrast steady-state acquisitions due to its 

homogenous excitation and receive field. FLASH data were acquired using the following 
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imaging parameters: 220μm isotropic resolution, TE=4-40.7ms (12 echo times), TR=95ms, 

FoV=50x50x24.64mm³, BW=343Hz/Px, slab-selective RF excitation, no GRAPPA, and PF=8/8. 

Three MR contrasts were obtained by variation of the excitation flip angle (α): a PD-weighted 

(PDw) contrast at αPD=17°, a high-signal Ernst angle contrast at αErnst=32°, and a T1-weighted 

(T1w) contrast at αT1=82°. Throughout the MR acquisition, the temperature of the LGN specimen 

was monitored to remain within tissue-preserving ranges. 

Quantitative MR parameters were calculated from the MR imaging data in a two-stage 

procedure using Python (44). First, the echo times of all contrasts were evaluated jointly to 

determine voxel-wise values for T2*. All FLASH contrasts were then extrapolated to TE=0ms to 

remove T2* contrast contamination (45). In a second step, the extrapolated data of all flip angles 

were fit voxel-wise to the steady-state Ernst-equation (42) to calculate quantitative maps of qT1 

and qPD. To remove potential impacts from smooth, low frequency field inhomogeneity, the two 

quantitative maps were bias-field corrected using N4 inhomogeneity correction in ANTs (46). 

 
LGN Segmentation on Post-Mortem Quantitative T1 Map 

The LGN was defined on the bias-field corrected ultra-high resolution qT1 map of the post-

mortem qMRI acquisition through manual segmentation by two independent raters in FSLView 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslView). We used the qT1 map for segmentation, as this 

map provides excellent gray-white matter contrast and therefore allows for better visualization 

and improved segmentation of deep gray matter structures such as the LGN (2, 47, 48). 

Windowing parameters for the manual segmentation were chosen to maximize LGN contrast 

and were identical for both raters. Inter-rater reliability for the manual LGN segmentation was 

assessed by means of a Dice coefficient (49). The obtained coefficient yields a measure of 

agreement between raters and ranges from 0 (no agreement) to 1 (perfect agreement). 

Segmentations of both raters were conjoined to only include those voxels that were segmented 

by both raters into the LGN mask. The LGN mask was used in subsequent analyses of post-

mortem LGN subdivisions. 

 
LGN Subdivisions in Post-Mortem Tissue 

For the identification of post-mortem LGN subdivisions, we extracted the distribution of qT1 

values within the LGN mask. An automated data-driven segmentation of post-mortem LGN 

subdivisions was implemented by fitting a mixture model with two components, each 

representing one of the two main LGN subdivisions, to the distribution of post-mortem qT1 

values in the LGN (SI Methods). The distribution of qT1 values was assumed to be Gaussian for 

.CC-BY-NC-ND 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 August 14, 2020. ; https://doi.org/10.1101/2020.08.14.250779doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250779
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 9 

each subdivision. The extracted LGN qT1 distribution was first cleaned from outliers by removing 

the 0.1% smallest and 0.1% largest qT1 values. A Gaussian mixture model was then fit to the 

cleaned distribution using the SciPy function ‘curve_fit’ (44). Next, each of the two individual 

Gaussian fits (i.e., M and P components) were normalized by the envelope of the Gaussian 

mixture model (i.e., whole distribution of P+M components) to transfer LGN qT1 intensities into 

distribution-based probabilities. The distribution probabilities were then interpolated using the 

SciPy function ‘interp1d’ to compute a continuous transfer function between qT1 intensities and 

distribution probabilities. In a final step, the transfer function was applied to the ultra-high 

resolution post-mortem LGN qT1 map to compute voxel-wise M and P distribution probability 

maps. 

 
Histology 

To validate and explain potential qT1 contrasts between LGN subdivisions, the post-mortem 

LGN sample was subjected to microstructural histology. We included three types of markers 

that covered the main microstructural properties contributing to qT1 contrast (27): this included 

immunohistochemical staining with anti-human neuronal protein C/D (HuC/D) and myelin basic 

protein (MBP) for marking cell bodies and myelin, respectively. In addition, Perls’ Prussian blue 

(PB) as a marker for ferric iron was included as another potential source of qT1 contrast (27). 

Detailed procedures for immunohistochemical staining with HuC/D and MBP as well as 

histochemical staining with PB are described in the supplementary materials (SI Methods).  

Following (immuno-)histochemical staining, measures of cell density based on anti-HuC/D, 

myelin density based on MBP optical density, and iron content based on PB optical density 

were extracted for each of the two fused dorsal P layers (i.e., layers P3/5 and P4/6) and each of 

the two ventral M layers of the LGN (SI Methods). 

In-vivo MRI 
Participants 

To address whether qMRI can also guide the differentiation of LGN subdivisions in-vivo, we 

analyzed high-resolution structural qMRI data from N=27 (15 females, 12 males) healthy 

participants with a mean age of 26.5±3.8 years. The data were obtained from an open access 

repository of high-resolution and quantitative MR brain imaging data (50) (available for 

download at http://openscience.cbs.mpg.de/bazin/7T_Quantitative/). Of the N=28 publicly 

available datasets in the repository, the dataset of one participant was omitted due to a 
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diagnosis of developmental dyslexia. All participants, except for one, were right-handed as 

assessed with the Edinburgh Inventory (51), and none had a prior history of neurological or 

psychiatric disorders. Written informed consent was obtained from all participants. The study 

was approved by the ethics committee of the Medical Faculty, University of Leipzig, Germany 

(Approval # 177-2007). 

 
High-Resolution 7 Tesla Quantitative MRI Data Acquisition 

High-resolution structural qMRI data were acquired on a 7 Tesla Magnetom MRI system 

(Siemens Healthineers, Erlangen, Germany) using a 24-channel head array coil (NOVA 

Medical, Wilmington MA, USA). Each hemisphere was imaged separately using a 3D-

MP2RAGE sequence (48) with the following imaging parameters: 500µm isotropic resolution, 

TE=2.45ms, TR=5000ms, TI1/TI2=900/2750ms, α1/α2=3/5°, FoV=224x224x104mm³, and Partial 

Fourier (PF) of 6/8 in slice direction. The acquisition took approximately 28 minutes per 

hemisphere. The 3D-MP2RAGE sequence included two readouts at different inversion times, 

from which a qT1 map was estimated. A single whole-brain qT1 map of the two hemispheres 

was created by co-registering both images and interpolating the result at 400µm isotropic 

resolution using a rigid (6-parameter) transformation. Finally, the qT1 maps of all participants 

were skull-stripped (28). All processing was performed using CBS Tools 

(https://www.nitrc.org/projects/cbs-tools/). 

 
LGN Segmentations on In-vivo Quantitative T1 maps 

Bilateral LGNs were defined through manual segmentation by two independent raters on the 

N=27 high-resolution in-vivo qT1 maps following a standardized procedure in FSLView (SI 

Methods). Dice coefficients were computed to assess inter-rater reliability. The LGN 

segmentations of both raters were merged to create an LGN mask for each participant and each 

hemisphere. For the LGN masks, only those voxels that were segmented by both raters were 

considered. 

 

In-Vivo LGN Subdivisions 

For the identification of in-vivo LGN subdivisions, we first normalized the LGN masks of all 

participants into a common reference space. This was done by computing a study-specific qT1 

group template from the N=27 in-vivo high-resolution qT1 maps using symmetric normalization 

(SyN) in ANTs (52) (SI Methods and Fig. S1A-C). SyN is a state-of-the-art registration algorithm 

that globally minimizes registration parametrization and is unbiased towards any individual input 
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image in template generation (53). The obtained SyN registration parameters were applied to 

the individual qT1 maps, followed by averaging of all registered maps, to create the study-

specific qT1 group template (SI Methods and Fig. S1C). The respective registration parameters 

were also applied to the individual LGN masks, which were combined for each hemisphere to 

create a bilateral LGN population atlas in a common reference (i.e., template) space (SI 

Methods). The LGN population atlas was carefully validated (SI Methods). 

In a next step, the LGN population atlases were thresholded to 50% anatomical overlap across 

participants, and subsequently intersected with the registered single-subject qT1 maps (in 

template space) to extract the underlying qT1 values of the left and right LGN for each 

participant. We used the thresholded LGN population atlases rather than the participant-specific 

LGN masks to extract the underlying LGN qT1 distributions to ensure that the subsequent 

subdivision analyses were based on the same LGN voxels across participants. 

In-vivo LGN subdivisions were identified by means of individual Gaussian mixture model fits as 

for the identification of post-mortem LGN subdivisions. Prior to Gaussian mixture model fitting, 

all of the extracted LGN qT1 distributions were normalized per hemisphere. The corrected qT1 

distributions were centered on the same mean qT1 with equivalent standard deviation within 

each hemisphere across participants. The histogram normalization step ensured that model fits 

were based on a similar dynamic range of LGN qT1 data. Next, a Gaussian mixture model with 

two components, each representing one of the LGNs main subdivisions, was fit to each 

participant’s corrected left- and right-hemispheric qT1 distribution using the ‘curve_fit’ function in 

SciPy (44). The following anatomically motivated boundary conditions were employed on the 

Gaussian mixture models: (i) the volume of the Gaussian P-component is at least 50% of the 

total T1 distribution, which relates to prior anatomical findings in human post-mortem studies that 

the P subdivision occupies a larger part of total LGN volume than the M subdivision (12); (ii) the 

Gaussian P-component and the Gaussian M-component are centered between the 10th and 50th 

percentile and between the 50th and 90th percentile of the total qT1 distribution, respectively. 

This boundary condition relates to our findings from the post-mortem LGN subdivisions of 

shorter T1 relaxation in the P than M subdivision (see Results). (iii) Finally, both Gaussian M- 

and P-components were limited to standard deviations between 30% and 90% of the standard 

deviation of the total distribution. This ensured that not a single component alone (i.e., M or P) 

could span the entire qT1 data range. This boundary condition was motivated by the known two 

main subdivisions of the LGN (12), and our finding that T1 relaxation differs in subsections of the 

LGN that resemble these subdivisions in the post-mortem LGN data (see Results). The choice 
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of range was motivated by the post-mortem results and was set to be centered on the 

percentage standard deviations of the identified post-mortem Gaussian M and P components. 

All of the left and right-hemispheric Gaussian mixture model fits were subsequently subjected to 

the following quality control criteria: model fits were deemed anatomically implausible and were 

thus excluded when they returned a Gaussian mixture model wherein (i) not a single voxel had 

a higher probability for M than for P; and (ii) the number of M-classified voxels was larger than 

the number of P-classified voxels. 23 left-hemispheric and 24 right-hemispheric Gaussian 

mixture model fits out of 27 model fits per hemisphere fulfilled these criteria. Only for these 

model fits, each of the two individual Gaussian fits (i.e., M and P components) were normalized 

by the envelope of the Gaussian mixture model (i.e., whole distribution of M+P components) in 

the respective hemisphere to compute voxel-wise bilateral M and P distribution probability 

maps. This was done using the same procedure as for the identification of post-mortem LGN 

subdivisions. In a final step, the M and P distribution probability maps were combined for each 

hemisphere across participants to create bilateral population atlases of LGN M and P 

subdivisions. 

Data availability 
Code of the employed in-house multi-contrast steady-state post-mortem qMRI fitting procedure 

as well as the in-vivo qMRI bilateral LGN and M/P subdivision population maps (in template and 

MNI 1mm standard space) are available for download at the Open Science Framework: 

https://doi.org/ 10.17605/OSF.IO/TQAYF. 
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Results 

Post-Mortem MRI and Histology  

The qT1 map of the post-mortem tissue sample revealed a clear contrast in qT1 between the 

LGN and surrounding gray and white matter structures (Fig. 1A). LGN segmentations of the two 

raters on the qT1 map were in excellent agreement (Dice coefficient 0.95), and resulted in an 

LGN volume of 87.6 mm3. Visual inspection of the qT1 map also revealed a clear qT1 contrast 

within the LGN: longer T1 relaxation seemed to coincide with the expected anatomical location 

of a ventral M subdivision, while shorter T1 relaxation seemed to coincide with a dorsal P 

subdivision (Fig. 1B & C). Fitting a Gaussian mixture model with two components, each 

representing one of the two main subdivisions of the LGN, to the underlying distribution of qT1 

values in the LGN mask revealed one component centered around shorter qT1 values, and 

another component centered around longer qT1 values (Fig. 1D). A subsequent normalization of 

these two individual Gaussian components by the envelope of the Gaussian mixture model 

revealed a cluster of shorter T1 relaxation with high distribution probabilities in dorsal parts of the 

LGN (Fig. 1E), and a cluster of longer T1 relaxation with high distribution probabilities confined 

to ventral parts of the nucleus (Fig. 1F). Both clusters coincided with the expected anatomical 

location of LGN P (shorter T1 relaxation) and M (longer T1 relaxation) subdivisions, respectively. 

The identified dorsal and ventral subdivision contributed 75% and 25% to total LGN volume, 

respectively. This result is well in line with prior histological evidence on subdivisional size 

distributions in the human LGN of 72-81% for the parvocellular subdivision and 19-28% for the 

magnocellular subdivision (12). 

Next, we compared our qMRI-based LGN subdivision maps against ground truth microstructural 

histology in the same LGN tissue sample. Immunohistochemical staining for neurons (anti-

HuC/D) of the LGN sample (Fig. 1G&H) revealed a striking resemblence between histologically 

defined ventral M and dorsal P subdivisions and qT1-based mappings of LGN subdivisions (Fig. 

1E & F). 

A layer-specific stereological analysis of the neuronal cell density within the LGN (Fig. 2A & B) 

revealed as expected (7, 12) a lower cell density in M than P layers. A layer-specific optical 

density analysis of immunohistochemical staining for myelin (anti-MBP) revealed a stronger 

myelination of the P layers, compared to the M layers in the LGN (Fig. 2C & D). A layer-specific 

optical density analysis of histochemical staining for ferric iron (Perls’ Prussian blue) yielded no 

clear distinction in terms of iron content between LGN M and P subdivisons; but interestingly 
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revealed greater iron deposits in the parvocellular segment of fused layers P4/6, which receive 

visual input from the contralateral eye (Fig. 2E & F). 

Taken together, the histological findings suggest that the higher cell density in P layers of the 

LGN increases the net myelin density of the P subdivision, which could explain the observation 

of overall shorter T1 relaxation of the P subdivision than M subdivision in the qT1 map. 
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Fig. 1. Identification of LGN subdivisions on ultra-high resolution qMRI and validation through microstructural

histology in the same left-hemispheric tissue sample. (A) Coronal slice of the post-mortem qT1 map of the tissue

sample. The white rectangle marks the location of the LGN. (B) Zoomed view of the LGN on the qT1 map. The dotted

white line indicates the outline of the LGN. (C) Zoomed view of the LGN with an adapted color map to reflect the

dynamic range of qT1 values within the LGN. Shorter qT1 values closely coincide with the anatomical location of a

dorsal P subdivision, whereas longer qT1 values were found in the ventral M subdivision. (D) A two-component

Gaussian mixture model was fit to the LGN qT1 distribution. The gray bars show the LGN qT1 histogram, outlined with

the obtained Gaussian mixture model fit, as indicated by the gray dashed line. The blue and red curves correspond to

the two components in the distribution of qT1 values, that were identified by the Gaussian mixture model. (E)

Gaussian P-component, normalized by the envelope of the Gaussian mixture model reveals a cluster of short T1

relaxation with high distribution probabilities in dorsal parts of the LGN. (F) Gaussian M-component, normalized by

the envelope of the Gaussian mixture model reveals a cluster of short T1 relaxation with high distribution probabilities

in ventral parts of the nucleus. (G) Coronal view of the LGN tissue sample, showing the approximate same slice as

shown in A-C & E-F. Anatomical labels are provided for spatial orientation. LGN = lateral geniculate nucleus, FuG =

fusiform gyrus, HC = hippocampus, PHG = parahippocampal gyrus, VPL = ventral posterior lateral thalamic nucleus

and other thalamic nuclei. (H) LGN slice, stained for anti-human neuronal protein C/D for neurons, shows

characteristic M and P layering within the LGN. The figure shows the same slice as in G and the approximate same

slice as in A-C & E-F. A typical four-layer LGN segment, consisting of two ventral M layers and two fused dorsal P

layers, as often present in posterior parts of the nucleus, is visible (8). M and P subdivisions are shown to facilitate

visual comparison with qMRI-based subdivision maps. The blue outline marks the P subdivision of the LGN. The red

outline marks the M subdivision of the LGN.  
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Fig. 2. Histological assessments of microstructural tissue differences between LGN layers. (A) Immunohistochemical

staining for neurons (anti-HuC/D) of the LGN specimen. Individual LGN P layers are outlined in blue. LGN M layers

are outlined in red. The two layers P4/6 (contralateral input) and P3/5 (ipsilateral input) are fused in this posterior

slice of the LGN (same slice as in Fig. 1H). (B) Bar graph of stereological assessment of the estimated neuronal cell

density for individual P (blue) and M (red) layers from data shown in A. Error bars indicate ± 1 SD. (C)

Immunohistochemical staining for myelin (anti-MPB) of the LGN specimen. LGN P layers are outlined in blue. LGN M

layers are outlined in red. The figure shows the approximate same slice as in Fig. 1H and Fig. 2A. (D) Bar graph of

the MBP optical density of individual P (blue) and M (red) layers from data shown in C. In contrast to the cell density

measurements shown in (B), the MBP optical density measurements yielded exactly one value per layer. Therefore,

error bars do not apply (SI Methods). (E) Histochemical staining for ferric iron (Perls’ Prussian blue, PB) of the LGN

specimen. Individual LGN P layers are outlined in blue. LGN M layers are outlined in red. The figure shows

approximately the same slice as in Fig. 1H and Fig. 2A & B. (F) Bar graph of the PB optical density of individual P

16 

al 

rs 

ior 

ell 

C) 

M 

of 

ity 

re, 

N 

ws 

P 

.CC-BY-NC-ND 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 August 14, 2020. ; https://doi.org/10.1101/2020.08.14.250779doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250779
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 17 

(blue) and M (red) layers from data shown in A. The PB optical density measurements yielded exactly one value per 

layer. Therefore, error bars do not apply (SI Methods). 
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In-vivo MRI 

Inter-rater reliability measures of the LGN segmentations on the N=27 in-vivo qT1 maps 

indicated high agreement between the two raters (mean Dice coefficients: left LGN=0.88±0.02; 

right LGN=0.89±0.02). The segmentation procedure resulted in mean LGN volumes of 

113.5±13.3mm3 and 120.9±14.0mm3 for the left and right LGN, respectively. LGN volumes were 

significantly correlated across hemispheres (R=0.73, p=2.2×10-5), and were significantly greater 

in the right than in the left hemisphere (t(26)=3.9, p=0.7×10-3). Underlying mean qT1 values of 

the left and right LGN masks showed a high correspondence (left LGN: 1469.9±61.2ms, right 

LGN: 1469.2±60.9ms; R=0.93, p=3.8×10-12), and did not significantly differ from each other 

(t(26)=0.16, p=0.88). A normalization of the LGN masks to the study-specific qT1 group template 

(Fig. 3A and Fig. S1C), followed by overlaying of the masks for each hemisphere, resulted in 

bilateral LGN population atlases that showed a strong correspondence across participants with 

the underlying anatomy (Fig. 3A & B). The bilateral LGN population atlas, thresholded to 50% 

anatomical overlap across participants (Fig. 4A & B), was subsequently employed to extract the 

individual LGN qT1 distributions of all participants in each hemisphere. For the identification of 

in-vivo LGN subdivisions, two-component Gaussian mixture models were fit to the extracted 

single-subject LGN qT1 distributions, and the resulting segmentation of the subdivisions were 

combined across participants for each hemisphere. The resulting population maps of the P and 

M subdivisions revealed a similar pattern as the post-mortem qMRI results: P-classified voxels 

with shorter T1 relaxation showed the largest anatomical overlap across participants in dorsal 

parts of the LGN (Fig. 4C & D), whereas M-classified voxels with longer T1 relaxation showed 

the largest anatomical overlap in ventral parts of the nucleus (Fig. 4E & F). Thresholding of 

these P and M subdivision populations maps to 50% anatomical overlap across participants 

revealed two spatially distinct, non-overlapping clusters, which in turn coincided with the 

expected anatomical location of a dorsal P and a ventral M LGN subdivision (Fig. 4G & H). The 

ratio of the sums of the identified P and M components across participants resulted in average 

contributions of 68.1±14.8% (P-component) versus 31.9±14.8% (M-component) to total LGN 

volume in the left hemisphere; and 66.0±15.3% (P-component) versus 34.0±15.3% (M-

component) in the right hemisphere. 
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Fig. 3. Coronal view of the study-specific qT1 group template along with the bilateral in-vivo LGN population atlas. (A)

The figure shows a coronal slice of the study-specific qT1 group template, centered on the lateral geniculate nuclei.

Anatomical labels are provided for spatial orientation and comparison to Fig. 1G: LGN = lateral geniculate nucleus,

HC = hippocampus, VPL = ventral posterior lateral thalamic nucleus and other thalamic nuclei. (B) Study-specific qT1

group template as shown in A, overlaid with the left and right LGN population atlas. Color coding indicates the

anatomical overlap in LGN location across the N=27 participants. 
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Fig. 4. In-vivo LGN subdivisions overlaid on a slice of the study-specific qT1 group template in coronal view. (A-B)

Zoomed view of the left (A) and right (B) LGN population atlas based on N=27 participants, thresholded to 50%

anatomical overlap across participants. (C-D) Zoomed view of the population atlas of the left (C) and right (D) LGN P

subdivision. Color coding indicates the anatomical overlap in P-classified voxels across participants. (E-F) Zoomed

view of the population atlas of the left (E) and right (F) LGN M subdivision. Color coding indicates the anatomical

overlap in M-classified voxels across participants. (G-H) Zoomed view of the left (G) and right (H) LGN P and M

subdivision population maps, thresholded to 50% anatomical overlap across participants. The blue-shaded part of the
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color bar indicates the anatomical overlap for the dorsal P cluster, while the red-shaded part of the color bar indicates 

the anatomical overlap for the ventral M cluster. The P and M subdivision population maps in C-H are based on N=23 

and N=24 participants in the left and right hemisphere, respectively (see Methods). 
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Discussion 

Recent advances in quantitative MRI (qMRI) enable researchers to gain insights into the 

microstructural tissue properties of the human brain (24). In the present study, we utilized these 

technological advances for mapping the human LGN, a key structure in the early visual pathway 

(1). We demonstrated that a differentiation of the LGN and its two functionally distinct main 

subdivisions is possible based on microstructure-informed qMRI contrasts alone. To this end, 

we employed ultra-high resolution qMRI of a post-mortem LGN specimen and high-resolution in-

vivo qMRI in a large sample of N=27 participants. Through histological examination, we showed 

how the observed qMRI contrast relates to differences in cell and myelin density between LGN 

subdivisions. The study overcomes long-standing technical challenges to reveal LGN 

subdivisions in humans in-vivo. It paves the way for imaging subsections of the LGN to obtain a 

better understanding of its function and microstructure in health and disease. 

 

Microstructural properties that enable a differentiation of M/P subdivisions 

 

The quantitative assessment of the LGN and a differentiation of its main subdivisions was 

possible based on the longitudinal relaxation time T1. The observed qT1 contrast directly related 

to cyto-and myeloarchitectonic differences between LGN M and P layers. A histological 

examination of the post-mortem LGN sample confirmed a higher cell density in P layers 

compared to the M layers of the LGN (7, 12, 31, 32). LGN P layers were further found to have a 

higher myelin density than M layers. In contrast to cell and myelin density, a comparison of iron 

content did not yield a clear differentiation between M and P layers. The finding of a higher 

myelin density in P than M layers seems at a first glance counter-intuitive, as M axons are 

known to be more myelinated than P axons (32–36). Our findings suggest that the greater cell 

density in P layers of the LGN acts as mediating factor for the observed differences in myelin 

density between P and M layers: the higher density of less myelinated P axons increases the 

net myelin density of the P layers of the LGN, as compared to a smaller amount of more heavily 

myelinated M axons. Given the inverse relationship between myelin density per voxel and T1 

relaxation (25, 27), this would explain the observed post-mortem qT1 contrast of shorter T1 

relaxation in P layers and longer T1 relaxation in M layers of the LGN. The mediating role of the 

cell density highlights the crucial need to take cytoarchitectonic tissue features, such as the cell 

density, into account when making inferences about myelin density from T1 relaxometry. The 

possibility of dissociating LGN subdivisions based on their microstructural tissue properties in 
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post-mortem qMRI acquisitions is intriguing as it poses a valuable opportunity to also assess 

these subdivisions in humans in-vivo. In line with this argumentation, we have shown that 

microstructure-informed qMRI can guide the differentiation of LGN subdivisions in-vivo: similar 

to the post-mortem results, two components of shorter and longer T1 relaxation were identified, 

that coincided with the anatomical location of dorsal P and ventral M subdivisions, respectively. 

 

Large inter-individual differences 

 

The observed relative size contributions of the identified post-mortem and in-vivo LGN 

subdivisions to total LGN volume were well in line with prior histological assessments in the 

human LGN: 72-81% for the parvocellular subdivision and 19-28% for the magnocellular 

subdivision (12). The identified in-vivo LGN subdivisions, however, showed a large degree of 

variation across participants. This variation might be due to genuine inter-individual differences: 

from post-mortem studies we know that the human LGN has an approximately twofold inter-

individual variability in volume (12). This large variation in LGN volume across participants could 

also extend to large inter-individual differences in M and P subdivision volumes and thus explain 

the large inter-individual differences in subdivision volume found in the present study. However, 

there is also the possibility that the amount of inter-individual variability could be reduced by 

further technological improvements. First, there is an inherent trade-off between brain coverage, 

resolution and sensitivity in MRI acquisitions (54). The image resolution constraints arising from 

whole-brain acquisitions might have hampered in-vivo mappings of LGN subdivisions. Custom-

tailored in-vivo qMRI acquisitions of the LGN with reduced coverage of only a part of the brain 

for the benefit of increased image resolution are likely to enhance subdivisional LGN contrast. 

Second, we showed that a single qMRI contrast (i.e., qT1) can reveal subdivisions also in-vivo. 

However, using multi-modal qMRI approaches, such as multi-parametric mapping (45), might 

further boost the sensitivity of microstructural qMRI contrast to LGN subdivisional mapping. 

 

Why is qMRI better than fMRI for assessing LGN subdivisions? 

 

Conventionally, in-vivo MR imaging of the LGN and its subdivisions has faced severe technical 

challenges due to the LGNs small extent and deep location within the brain. A few recent 

studies have demonstrated that more M and P-like activation clusters in the LGN can be 

identified in-vivo using extensive fMRI protocols (19, 38, 39). The method proposed here of 

using qMRI to dissociate between LGN subdivisions offers significant advantages over fMRI 
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acquisitions: (i) In contrast to fMRI, structural MRI is characterized by a higher signal-to-noise 

ratio and allows for acquisitions with higher spatial resolution; (ii) structural MRI acquisitions are 

generally less taxing for participants as no lengthy functional design, often consisting of multiple 

repetitions of experimental stimuli, is required; and (iii) qMRI allows to draw conclusions about 

the underlying microstructure, such as tissue myelination (24). The ability to assess 

microstructural information about the LGN and its subdivisions in-vivo offers novel opportunities 

to unravel their specific contribution to clinical conditions such as multiple sclerosis (20) and 

glaucoma (19). While 7 Tesla MRI systems are increasingly available in clinical environments, 

we expect that custom-tailored multi-modal qMRI acquisitions will also enable quantitative 

assessments of the LGN and its subdivisions even at lower field strengths. 

 

The role of iron 

 

Besides the findings related to our main aim, we made three further interesting observations, 

two relating to iron content and one relating to the lateralization of the LGN. First, while we did 

not find a clear differentiation in iron content between M and P subdivisions, we did observe 

greater iron deposits in layers P4/6 (Fig. 2E & F), which receive visual input from the 

contralateral eye (8). This finding is intriguing, as it suggests a different composition of eye-

specific contralateral and ipsilateral P layers. In histological preparations, contralateral and 

ipsilateral P layers show a relatively uniform morphological appearance (8, 12), (Fig. 1H & Fig. 

2A). However, functional differences between contralateral and ipsilateral P layers with respect 

to response latencies of their constituent neurons have been reported previously in non-human 

primate research (55). Whether these functional differences also apply to humans and whether 

they relate to local differences in iron content is currently unknown. To our knowledge there is 

no study that has yet examined layer-specific differences in iron content in the human LGN. 

Multiple studies have shown that iron concentrations in the human brain accumulate with aging 

(56, 57). As our LGN sample was obtained from a patient of advanced age (89yrs), we cannot 

exclude the possibility that the elevated iron deposits in layers P4/6 are due to age-related 

changes in brain iron concentration levels. However, the specificity of elevated iron deposits in 

contralateral layers P4/6, and the otherwise low iron content in the thalamus (27, 58), make this 

explanation unlikely. 

Second, in light of the elevated iron deposits in LGN layers P4/6, and the inverse relationship 

between iron content and T1 relaxation (27), one could have expected an additional qT1 

component centered around the shorter qT1 range of the identified P component in the post-
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mortem qT1 LGN distribution. Nonetheless, the post-mortem qT1 LGN distribution bore no sign 

of an additional qT1 component that captures the elevated iron deposits in contralateral layers 

P4/6 (Fig. 1A-F). The lack of such an iron-specific qT1 component is consistent with the concept 

that iron content, as compared to myelin density, only has a relatively small contribution to T1 

relaxation (27). 

 

Lateralization of LGN volume 

 

The third interesting finding concerned the hemispheric differences in LGN volumes in our in-

vivo qMRI data. LGN volumes were significantly greater in the right than in the left hemisphere. 

Indications for greater right-hemispheric LGN volumes in healthy control participants have been 

reported before in MRI (59, 60) and histological studies (12). Other MRI studies did not find 

evidence for such lateralization effects (2, 61, 62). One explanation for these variable findings 

across studies might relate to the large inter-individual variability in LGN volume in humans (12); 

and that previous studies with low or modest sample sizes lack sufficient statistical power to 

reliably detect potential inter-hemispheric differences in LGN volume (2, 12). 

 

Limitations 

 

The human LGN is a layered structure consisting of not only parvo- and magnocellular layers, 

but also koniocellular layers (12). Thus far, it has only been possible to dissociate the M and P 

subdivisions of the LGN using MRI. K neurons are the smallest among the three neuron types, 

which form narrow intercalated layers in the LGN (63). Because of their small size, mapping of 

these layers via MRI has to date not been possible due to limited image resolution. The 

functional role of K neurons is largely unexplored (63). However, they have been implicated in 

the direct V1-bypassing connection between the LGN and visual motion area MT in non-human 

primate research (64–66)  – a pathway that has also been linked to specific clinical conditions in 

humans such as blindsight (67, 68) and developmental dyslexia (2, 68). 

 

Implications 

 

Only recent advances in MRI have made it possible to investigate the LGN and its subdivisions 

in humans in-vivo. Therefore to-date we are only starting to understand the LGNs complex role 

for human perception and cognition in health (1) and disease (2–5). We introduced here a 
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microstructure-informed strategy to map the LGN and its subdivisions both post-mortem and in-

vivo using qMRI – a strategy, which offers potential applications also for sub-parcellations of 

other subcortical nuclei with distinctive cyto- and myeloarchitectonic tissue differences. By using 

two orthogonal qMRI acquisition schemes, we show qT1 differences between LGN M and P 

subdivisions, which are directly related to cyto- and myeloarchitectonic differences between 

subdivisions, as confirmed through histological validation. The method proposed here paves the 

way for a detailed assessment of LGN function and microstructure in humans at an 

unprecedented level of image resolution that is more readily comparable to data from animal 

research. It also provides a novel opportunity for investigating the contribution of selective 

impairments in LGN subdivisions to clinical disorders such as multiple sclerosis (20), glaucoma 

(19), and developmental dyslexia (2, 3). With high-field MRI systems being more readily 

available, we are confident that the qMRI contrast demonstrated here will constitute an 

important future milestone for assessing LGN function and dysfunction in humans both in 

neuroscientific and clinical settings. As a contribution to this endeavor, we have made the in-

vivo LGN population atlas and M and P subdivision population maps presented here publicly 

available to facilitate standardized future studies on the human LGN. 
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