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Abstract 
Our visual perception is based on the process in the visual pathway. For the last decades,                

many neuroimaging studies using functional magnetic resonance imaging (fMRI) have          

elucidated the functional organization of the human visual pathway and its relationship to             

visual perception. Because the anatomical structure of the human visual pathway has been             

mostly studied in the postmortem human brain, little is known about how the anatomical              

structure relates to functional organization and visual perception. The reason is it is only              

recently that the non-invasive quantitative structure imaging of living human brains has            

become available. 

This dissertation includes two studies, which quantified the structure of the human visual             

pathway, primarily using a macromolecular tissue volume (MTV) mapping. MTV is a recently             

proposed quantitative structural MRI method, which is sensitive to a fraction of non-water             

macromolecules. 

In the first study, I attempted to non-invasively identify subdivisions of the lateral geniculate              

nucleus (LGN), a key thalamic nucleus that receives projections from retinal neurons and in              

turn projects to the cortex. The LGN is composed of two main subdivisions, magnocellular              

and parvocellular subdivisions. The non-invasive identification of these subdivisions has          

been difficult because the in vivo structural neuroimaging method for quantifying the            

properties of LGN subdivisions has not yet been established. Here, I measured MTV in the               

living human brain and found the gradual MTV changes within LGN, which enabled us to               

identify the LGN subdivisions. An fMRI experiment further revealed that the subdivisions            

showed different sensitivities to visual stimuli. This study provides a novel method for             

non-invasively investigating the structural properties of LGN subdivisions in living human           

brains, which can be combined with functional or behavioral experiments. 

In the second study, I investigated the neuroanatomical basis of individual differences in             

stereopsis, one of the fundamental visual functions. There are huge inter-individual           

differences in the ability to discriminate depth from binocular disparity (stereoacuity). Here, I             

investigated the neuroanatomical basis of the inter-individual differences in stereoacuity.          

Based on the previous studies showing that several areas in both dorsal and ventral visual               

pathways are involved in stereopsis, I hypothesized that the white matter tract connecting             

those areas is the crucial anatomical substrate for stereopsis. I investigated how the human              

stereoacuity relates to white matter properties by combining psychophysics, diffusion MRI           

and MTV. As a result, I found that the MTV along the right vertical occipital fasciculus (VOF),                 

a major tract connecting dorsal and ventral visual areas, was highly correlated with             

stereoacuity. By fMRI experiment, I further found that binocular disparity stimuli activated the             
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dorsal and ventral visual regions near VOF endpoints. These results suggest that stereo             

perception is associated with dorso-ventral communication through the VOF. 

These two studies have provided an important foundation for future studies that investigate             

the relationship between perception, function and structure in the human visual pathway.  
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Chapter 1. 
General introduction about 
human visual pathway and brain imaging 
 

How the brain produces perception in humans is a fundamental question of cognitive             

neuroscience. Vision and neuroscience studies have extensively studied the relationship          

between visual perception and activity in brain areas, resulting in elucidating the neural             

circuits which contribute to the visual perception, which is called visual pathway ​(Livingstone             

and Hubel, 1988)​. In humans, functional magnetic resonance imaging (fMRI) have           

elucidated the functional organization of the human visual pathway, including retinotopic           

organization ​(Wandell et al., 2007; Dumoulin and Wandell, 2008; Amano et al., 2009)​.             

Human fMRI studies also clarified the perceptually correlated brain activity in the visual             

pathway ​(Heeger, 1999; Haynes et al., 2005; Preston et al., 2008)​. 

While the relationship between function and perception has been extensively studied over            

the past decades, it should be remembered that the visual pathway is the anatomical              

architecture made up of neural tissue. Little is known about the anatomical relationship to              

function and perception in the human visual pathways, though these investigations are            

important to unravelling the organization principle of the human visual pathway. Also, the             

investigation of the relationship between the visual perception and structural properties gives            

a promising clue to understand the relationship between mind and matter in humans, which              

has been debated throughout history (e.g. dualism v.s. monism) ​(Zalta et al., 1995)​.  

Previous studies have attempted to investigate the anatomy of the human visual pathway             

and test the relationship between visual perception and structural properties of the human             

visual pathway by using different approaches. Anatomical inspection studies on postmortem           

human brains have elucidated the structural organization of the human visual pathway ​(De             

Moraes, 2013; Amunts and Zilles, 2015)​, but this approach cannot test the relationship to              

visual perception because of using postmortem brain. Visual experiments on living humans            

with lesions of visual pathways have provided a rough insight into the relationship between              

visual perception and approximate brain regions ​(Goodale et al., 1991; Goodale and Milner,             

1992)​, but structural imaging of living human brains is necessary to test the relationship              

between structural properties and subject perceptions. In around 2000, two structural           

property measurements for living humans were developed. The voxel based morphometry           

(VBM) can measure the volume of brain areas ​(Ashburner and Friston, 2000)​. The cortical              

8 

https://paperpile.com/c/IyLL9U/sxbkj
https://paperpile.com/c/IyLL9U/sxbkj
https://paperpile.com/c/IyLL9U/z5V0e+twMSO+Wzsdk
https://paperpile.com/c/IyLL9U/zfDrE+kWGEq+HZnoz
https://paperpile.com/c/IyLL9U/xljgZ
https://paperpile.com/c/IyLL9U/BBnsb+UnBhy
https://paperpile.com/c/IyLL9U/BBnsb+UnBhy
https://paperpile.com/c/IyLL9U/vP62g+A0B4H
https://paperpile.com/c/IyLL9U/vP62g+A0B4H
https://paperpile.com/c/IyLL9U/rcpQU


thickness literally measures the thickness of brain areas in gray matter ​(Fischl and Dale,              

2000)​. These two measures have been used to test the structural relationship to visual              

perception ​(Kanai and Rees, 2011) but they have limitations about quantitativeness. For            

example, defining the boundary of the gray and white matter is crucial to assess the cortical                

thickness, but it depends on how clear the boundary is. Thus, the segmentation quality is               

affected by the resolution of the imaging. For the limitation of these approaches, it has been                

difficult to quantitatively test the relationship between visual perception and the structural            

properties of the human visual pathway. 

Recently, Mezer and colleagues developed a non-invasive quantitative structural imaging          

method ​(Mezer et al., 2013)​. The measure, macromolecular tissue volume (MTV) quantifies            

the neural tissue density of the brain in a resolution of 1 mm​3​. Although cortical thickness                

can be used only for the measure of gray matter, the MTV can be applied to any brain areas,                   

including gray and white matter. This measure has been used to detect the diseases-related              

structural degenerations (e.g. multiple sclerosis ​(Mezer et al., 2013) and ​Leber’s hereditary            

optic neuropathy, which is a kind of eye disease ​(Takemura et al., 2019) ). Here I measured                 

the MTV in the living human brain and attempted to quantify the structure of the areas in the                  

visual pathway of living humans and test the relationship between a visual perception and              

structural properties of the human visual pathway. 

 

In my dissertation I addressed two main questions: 

1. Is it possible to noninvasively mapping the areas of the human visual pathway in a                

sub-divisional scale? How different the structure and function are between the identified            

subdivisions? In the first study (Chapter 2), I attempted to identify subdivisions in the lateral               

geniculate nucleus (LGN) in living humans by testing the microstructural difference, primarily            

using MTV. LGN is an area which has been well studied in non-human primates, while not                

much in humans. I further tested the functional difference between the LGN subdivisions             

using fMRI with visual stimuli, which have complementary visual features. 

2. Are there any neural bases for the individual variability of the stereoacuity? The              

stereoacuity is defined as the smallest detectable step of binocular disparity. There are huge              

inter-individual differences in human stereoacuity. In the second study (Chapter 3), I            

attempted to identify its neural basis by investigating the correlation between the            

stereoacuity and the structural properties of the human visual pathways, using a            

psychophysiological measurement, diffusion MRI and MTV. 

In the rest of the introduction, I give a broad overview of backgrounds and methods of the                 

first and second studies of this dissertation. This overview includes (1) the visual pathway              
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and (2) the neuroimaging methods and analyses for investigating the human visual pathway.             

I end this dissertation with a general discussion and conclusion across the two studies as               

well as future directions. 

 

1.1 Visual pathway 
The visual pathway can be broadly divided into two stages. One is the geniculo-cortical              

pathway, which runs from the retina via the lateral geniculate nucleus (LGN) to the primary               

visual cortex (V1). The next one is the cortical pathway, which runs from occipital visual               

areas including V1 to the anterior cortical areas. These pathways have two main features of               

processing. The one is a parallel stream processing (Fig. 1.1.1). Different and            

complementary aspects of visual information are processed in the parallel streams in both             

geniculo-cortical and cortical pathways. The other one is a hierarchical processing. Higher            

areas receive multiple inputs of neurons in the lower areas and integrate the inputted visual               

information. In this section, I describe the findings of the anatomy and function of the visual                

pathway in humans as well as non-human primates. The subsections, “Geniculo-cortical           

pathway” and “Cortical pathway” are the backgrounds of the first and second studies,             

respectively. 

 

 

Figure 1.1.1 Schematic depiction of the human visual pathway. ​The information projected onto the              

retina is first processed by the neurons in the retina, then processed by the neurons in the LGN. The                   

processed information in the LGN is then transmitted to the visual cortex including V1. This series of the                  
process is the geniculo-cortical pathway. The visual information is processed at visual cortex, from occipital               

areas including V1 to anterior visual areas in both dorsal and ventral locations. This process is the cortical                  

pathway. The visual information is processed hierarchically in both pathways. The both pathways             

compromise parallel processing streams. In the geniculo-cortical pathway, the red and green streams             
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represent magnocellular and parvocellular streams, respectively. In the cortical pathway, the light and dark              

gray streams represent dorsal and ventral streams, respectively. The dorsal and ventral streams are              

connected by the white matter tract, vertical occipital fasciculus (VOF). The first (Chapter 2) and second                
(Chapter 3) studies relate the LGN and VOF, respectively.  

 

1.1.1 Geniculo-cortical pathway 

The parallel processing in the geniculo-cortical pathway is composed of magnocellular (M)            

and parvocellular (P) streams. These M and P streams are derived from the morphological              

difference of M and P subdivisions of LGN. In this pathway, chromatic and achromatic              

luminance and their contrast information are detected ​(Mante et al., 2005)​. Here I describe              

the characteristics of the geniculo-cortical pathway. 

 

Retinal ganglion cells 

The parallel processing starts from the retinal ganglion cells (RGC). Different features of             

visual information are processed by the morphologically and functionally different types of            

RGCs. The RGC terminates mostly in the LGN, and the morphological and functional             

properties of RGC are preserved in the neurons in the LGN ​(Callaway, 2005)​. Since I               

describe the anatomy and function of the LGN in the next paragraph, I skip the description of                 

those of RGC. Note that there is one more stream, named koniocellular (K) stream but here I                 

also skip the description about the K stream for simplification. 

 

Anatomy of LGN 

The LGN can be divided into six layers, which are clearly visible in histological ex-vivo               

sections (Fig. 1.1.2). LGN is a part of thalamus located deep in the brain and the volume is                  

around 100 - 170 mm​3 ​(Andrews et al., 1997; Mcketton et al., 2014; Giraldo-Chica and               

Schneider, 2018)​. The LGN is surrounded by ventricles and white matter. As mentioned             

above, the LGN is composed mainly of M and P subdivisions. The M subdivision is               

composed of lower two layers and the P subdivisions is composed of upper four layers. M                

neurons are larger than P neurons. The cross-sectional area of a M neuron is around 230 -                 

273 μm​2 and that of a P neuron is around 129 μm​2 ​- 177 μm​2 ​(Yücel et al., 2003)​. The                    

morphological properties of axons projected from RGC are also different. RGC axons            

terminating M subdivisions are thicker and more myelinated than those terminating P            

subdivisions ​(Yoonessi and Yoonessi, 2011)​. In a subdivision scale, the P subdivisions is             

roughly four times larger than M subdivisions ​(Andrews et al., 1997)​. The neuronal cell and               

myelin densities of P subdivisions are larger than those of M subdivisions ​(Hassler, 1966;              
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Yücel et al., 2000, 2003; Pistorio et al., 2006)​. Taken together, M neurons are larger cell                

bodies and are more sparsely distributed while P neurons are smaller and densely packed              

(Fig. 1.1.3). 

 

 

Figure 1.1.2 LGN of the post-mortem human brain. ​Left panel. ​A coronal section of a post-mortem                
human brain which includes LGN. LGN is a part of thalamus located deep in the brain. ​Middle panel. The                   

enlarged view of the left panel around the LGN. Six layers are visible in the LGN. The lower two layers are                     

M subdivisions and the upper four layers are P subdivisions, overlaid by translucent red and green colors,                 

respectively. This picture of the postmortem human brain is from the dataset of the BigBrain ​(Amunts et al.,                  

2013)​. ​Right panel. The neurons in human M and P subdivisions. The arrows depict the neurons in each                  

subdivision. M neurons are larger than P neurons. This figure was adapted from ​(Selemon and Begovic,                

2007)​.  
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Figure 1.1.3 Schematic depictions of neurons in M and P subdivisions of LGN. ​The filled circles and                 

connected lines represent cell bodies and axons, respectively. M neurons (left panel) are larger cell bodies                

and are more sparsely distributed while P neurons (right panel) are smaller and densely packed. 

 

Function of LGN 

Neurons in the LGN have ON-OFF or OFF-ON center-surround receptive fields in common,             

enabling detect luminance and contrast. On the other hand, non-human primate (NHP)            

studies have reported that the neurons in M and P subdivisions have complementary roles              

for visual processing. These two neurons have distinct spatial, temporal, luminance, and            

chromatic stimulus preferences. M neurons have large receptive fields, are more sensitive to             

luminance contrast but less to wavelength of color, and prefer low spatial and high temporal               

frequencies. In contrast, P neurons have small receptive fields, are less sensitive to             

luminance contrast but sensitive to red-green color, and prefer high spatial and low temporal              

frequencies (see ​(Derrington and Lennie, 1984; Schiller et al., 1990; Usrey and Reid, 2000;              

Shapley and Hawken, 2011)​. Also, M neurons have faster conduction velocities than P             

neurons ​(Maunsell et al., 1999)​. ​How many neurons in an ​area codes a visual location is                

called cortical magnification. The cortical magnification of LGN neurons in the foveal area is              

larger than that in the peripheral, but this foveal bias is greater in the P subdivision than in                  

the M subdivision ​(Azzopardi et al., 1999)​.  

Recently, human high resolution fMRI studies attempted to measure the M and P neuronal              

responses in LGN using the stimuli adjusted to the parameter of NHP physiological literature              

(Denison et al., 2014; Zhang et al., 2015)​. These studies showed that the M and P neuronal                 

selective responses are represented in topologically different locations in LGN. However,           

these studies did not compare the topological functions of M and P subdivisions to the               

anatomical location of M and P subdivisions in the same single subjects. While the functional               

definition of these subdivisions have been tested ​(Schneider et al., 2004; Denison et al.,              

2014)​, the 3D configuration of these subdivisions were less-accurate compared with the real             

configuration of these subdivisions. The structural definition method of the M and P             

subdivisions in the same subject is important to test the functional imaging of M and P                

activities. This is the topic of Chapter 2. 

 

Connection of LGN 

In the geniculo-cortical pathway, the visual information projected onto the left and right             

retinae are not integrated till V1. In terms of connection between RGC and LGN, crossed               

and uncrossed axon bundles from RGC terminate in different layers of the LGN, layer 1, 4                
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and 6 receive axons from the contralateral eye and 2, 3 and 5 from the ipsilateral eye. In                  

terms of connection between LGN and V1, M and P subdivisions connect to layer 4 in V1,                 

but the projection areas are slightly different. M and P subdivisions project to layer 4Cα and                

4Cβ respectively. The projected information is then conveyed to the upper layers in V1. 

 

1.1.2 Cortical pathway 

In the cortical pathway, different modalities of visual information (orientation, motion, color            

and binocular disparity) are hieratically processed. Basically, while the receptive field size of             

V1 is small, the receptive field size becomes gradually larger along the cortical pathway.              

Local visual features are detected in V1 and global or complex visual features are detected               

in higher visual areas. Orientation information is detected in V1, by combining inputs of LGN               

neurons. The V1 combines the either ON-OFF or OFF-ON center-surround receptive fields            

of LGN, which extends in one orientation, resulting in forming the oriented receptive fields              

(Hubel and Wiesel, 1959, 1962)​. This oriented receptive field enables the detection of an              

orientation of visual stimulus. Direction of motion is detected in V1 by integrating the              

representations of neurons that have the same preferred spatial and temporal frequency but             

have different preferred phases of receptive fields ​(Adelson and Bergen, 1985)​. The global             

motion is detected in MT by integrating the signals of these neuronal representations             

(Simoncelli and Heeger, 1998)​. In terms of color processing, while red and green colors are               

detected in LGN, the spatial and temporal color contrasts are detected in V1 by              

double-opponent wavelength selective neurons ​(Conway et al., 2002)​, then hue information           

is detected in V2 and V4 ​(Heywood and Cowey, 1987; Conway, 2003; Xiao et al., 2003)​.                

These color processes contribute to the detection of texture information of object surfaces in              

V4 and IT areas ​(Kornblith et al., 2013; Okazawa et al., 2015)​.  

Visual information of the cortical pathway is processed in parallel and then integrated             

(Felleman and Van Essen, 1991; Van Essen et al., 1992)​. The parallel processing in the               

cortical pathway is composed of dorsal and ventral streams. The dorsal stream processes             

visual information for visually guided movement, e.g. localizing objects in space and            

grasping objects. Thick stripes in V2, V3d, V3A,V3B, MT and IPS belong to dorsal streams.               

The ventral stream processes for object recognition (e.g. identifying object categories or            

faces). Thin stripes in V2, V4, LO, IT belongs to ventral streams. Dorsal and ventral streams                

are reciprocally connected ​(Felleman and Van Essen, 1991; Ungerleider et al., 2008)​, which             

connection is crucial for global perception of object location and identity at once ​(Farivar,              

2009)​. 
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In the rest of the subsection, I describe the binocular disparity processing in the cortical               

pathway because this modality relates to the second study in this dissertation. I first describe               

the relationship between binocular disparity and depth perception. I next describe how the             

cortical pathway processes the binocular disparity and transforms into perceptually          

corresponding depth information in the cortical pathway. I finally describe the unsolved            

question about the relationship between the depth perception and the human cortical            

pathway.  

 

The relationship between binocular disparity and depth perception 

binocular disparity and depth 

Humans see the external world using two eyes. What visual information can we obtain using               

two eyes? Fig. 1.2.1A describes the geometry of binocular vision viewed in the horizontal              

plane. When an observer keeps fixation on a point (F), the image of F is projected onto the                  

center of left and right retinae (F’L for left retina and F’R for right retina). At that time, a point                    

(S) is projected onto the left side of the center of each retina (S’L for left retina and S’R for                    

right retina). The positional difference between F’L and S’L is the same as that between F’R                

and S’R. All points on the circle passing through the fixation point F is projected to                

geometrically corresponding points in the two retinae. This circle is called the Vieth-Muller or              

geometrical/theoretical horopter​. Any point on the ​theoretical ​horopter is seen as single. The             

single vision using both eyes is called binocular fusion. However, our binocular fusion area is               

larger than the ​theoretical ​horopter (Fig. 1.2.1B), which is called Panum’s fusional area or              

empirical horopter. The empirical horopter has a width in front and behind of the theoretical               

horopter. Our two eyes receive the same image if a target object is located on the both                 

horopters. In other words, our two eyes receive different images if a target object is located                

outside of the both horopters. If a target point (P) is farther than a fixation point, a target                  

image is projected onto the right side of left retina and the left side of right retina (Fig.                  

1.2.1A). ​The positional difference between both retinal images is called binocular disparity.            

Binocular disparity is defined using a visual angle difference between fixation and target (α -               

β). The angle difference (α - β) is the same as DL + DR. If a target is located farther than a                      

fixation point, α is larger than β and its binocular disparity is thus positive. The binocular                

disparity in this case is called uncrossed disparity. If a target is located nearer than a fixation                 

point, the visual angle of the target is smaller than that of the fixation point and its binocular                  

disparity is thus negative. The binocular disparity in this case is called crossed disparity. If a                

target is on the horopter (e.g. the point of F), the binocular disparity is zero, which is called                  
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zero disparity. The geometrical relationship between the binocular disparity (α - β) and             

distance difference between fixation point and target is below. 

 

 β ≅  α −  
D2
dE   

Where “D” is distance of fixation, “d” is distance difference between target and fixation and               

“E” is the inter eye pupil distance. This is an approximation formula on the assumption that E                 

is very smaller than D. There is a positive correlation between binocular disparity (α - β) and                 

d. This formula means that if binocular disparity is known, the distance is calculable. 

 

Figure 1.2.1 Geometry of binocular vision in horizontal plane. ​A. The geometry of theoretical horopter               

and depth representation. The point F is a fixation point. The F’L and F’R are locations of the F image in the                      
left and right eye, respectively. S is the point on the theoretical horopter (Red circle). The S’L and S’R are                    

locations of S images. The P is a point located farther than F. The α is a visual angle of F and the β is a                          

visual angle of P. The D is a distance between an eye and F. The d is a distance between F and P. E is an                          

inter-eye pupil distance. B. The geometry of the empirical horopter. The point F is a fixation point. Details of                   

A and B are described in the subsubsubsection “​binocular disparity and depth​”. 

 

Absolute and relative disparities 

To understand binocular disparity in the framework of our perception, binocular disparity can             

be classified into two types of disparity, absolute and relative disparity. The absolute             
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disparity represents the disparity of a target. Thus, the absolute disparity is variable based              

on the convergence angle (e.g. DL and DR in the Fig. 1.2.1A). The relative disparity is the                 

difference in disparity between target and another target. Thus, the relative disparity is             

invariant to the convergence angle of targets whose depth is compared. The relative             

disparity is a cue to perceive depth between two objects. When the eyes are moved, the                

objects change positions on the retina. In this case absolute disparities of both objects are               

changed, but the relative disparity between objects is constant. Human depth perception            

relies considerably on the relative disparity ​(Westheimer, 1979)​. When an object moves back             

and force, it is easier for us to perceive depth change if there are fixed objects around the                  

target object compared to the case in which there is no reference object around the target                

object. This suggests that our brain employs relative disparity framework to perceive depth             

(stereopsis).  

 

Correlated and anticorrelated random dot stereograms 

To detect binocular disparity, it is necessary to determine corresponding elements between            

left and right retinal images. This is called a corresponding problem. Julesz (1971) used              

Random dot stereogram (RDS; Fig. 1.2.2) and showed that binocular disparity could be             

divorced from the feature of figural representation ​(Julesz, 1971)​. I described how the brain              

extracts binocular disparity and perceives depth in the subsubsection “Disparity processing           

in the cortical pathway”. 
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Figure 1.2.2. A schematic illustration of correlated and anti-correlated RDSs. ​Each pair of dots              

represents the luminance contrast of a corresponding dot in the left and right retinal images. The left panel                  

represents correlated RDS, where all pairs have matched contrast between both retinal images. Based on               
the disparity of the matched dots in the left and right retiae, we can see depth in the correlated RDS. The                     

right panel represents anticorrelated RDS, where all pairs have reversed contrast. Coherent depth can be               

seen in the correlated RDS but not in the anticorrelated RDS. 

 

Disparity processing in the cortical pathway 

Disparity processing in V1 

The first processing area of binocular disparity is primary visual area, or V1 ​(Barlow et al.,                

1967)​. In V1, the visual information of left and right retinae are integrated by combining the                

ipsilateral and contralateral inputs of LGN neurons, resulting neurons of V1 have a binocular              

receptive field ​(Hubel and Wiesel, 1959)​. V1 neurons respond selectively to disparities            

(crossed, uncrossed and zero disparity). There are roughly two types of neurons, which             

detect binocular disparity. The one is a binocular simple cell. This neuron has different phase               

and position preferred receptive fields in the left and right eye. The zero disparity is detected                

by the left and right eye receptive fields, which have the same phase and position               

preference. The crossed or uncrossed disparity are detected by the left and right eye              

receptive fields, which have the phase and position shifted preference. Thus, the detection of              

the binocular disparity of this neuron depends on the phase and position. The other type of                

disparity selective neuron is a binocular complex cell. In contrast to the binocular simple cell,               

this neuron can detect binocular disparity, independent of phase and position in the             

receptive field. The disparity detection of this neuron is modeled as the sum of squares of at                 

least four binocular simple cells, whose phase preferences are shifted by 90 deg. The model               

of this cell is called a binocular energy model (BEM). Ohzawa and colleagues provided the               

BEM as the reasonable neural model of V1 neuron response to disparity ​(Ohzawa et al.,               

1990, 1997)​.  

The BEM can be mathematically regarded as the calculation of the correlation of left and               

right images ​(Qian and Zhu, 1997)​. When viewing a binocularly correlated RDS (Fig.1.2. 2),              

the model calculates the correlation of paired dots in the left and right images. When viewing                

a binocularly anti-correlated RDS (Fig. 1.2.2), where a white dot in the left image matches a                

black dot in the right eye, the model shows the flipped response profile against the response                

profile of the correlated RDS. Like the model, V1 neurons show preferences to both              

correlated and anti-correlated RDS ​(Cumming and Parker, 1997)​.  
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However, there are discrepancies between disparity response profiles in V1 and our            

perception to binocular disparity. The one is our depth perception becomes ambiguous when             

viewing anticorrelated RDS ​(Julesz, 1960; Tanabe et al., 2008; Doi et al., 2011; Hibbard et               

al., 2014)​. This indicates that, to perceive depth of entire RDS, dot contrasts should be               

matched between left and right retina images. The size of receptive field of V1 neurons is                

small and in fact V1 neurons compute only coherence of local contrast between both retinal               

images ​(Cumming and Parker, 1997)​. Another difference between our perception and V1            

neuron response is that V1 responses describe well absolute disparity but not describe             

relative disparity ​(Cumming and Parker, 1999)​. As I mentioned in the previous            

subsubsection, our depth perception relies on the relative disparity framework. Taken           

together, V1 neurons detect binocular disparity, but depth plane perception needs global            

matching computation and extrastriate cortex should do that. 

 

Disparity processing in dorsal and ventral streams 

There are two disparity processing streams after V1. One is dorsal stream which is located               

in the dorsal part of occipital area, middle temporal area and intraparietal sulcus. The other               

one is the ventral stream which is located in the ventral part of the occipital area and inferior                  

temporal cortex. In macaque and human, both dorsal and ventral streams are involved in              

processing binocular disparity ​(Janssen et al., 2003; Tsao et al., 2003; Tanabe et al., 2004;               

Uka et al., 2005; Parker, 2007)​.  

Where is the substrate whose computation is consistent with our depth perception? Previous             

macaque electrophysiology and human fMRI used correlated and anticorrelated RDSs and           

measured responses from a variety of extrastriate areas. In macaque studies of ventral             

streams, Tanabe and colleagues (2004) found that V4 neurons showed attenuation of            

responses to anticorrelated RDSs ​(Tanabe et al., 2004)​. Janssen and colleagues (2003)            

also found the absent response sensitivity to anticorrelated RDSs in the inferior temporal (IT)              

cortex ​(Janssen et al., 2003)​. These results suggest that in the ventral stream of macaque               

after V4, matching computation is performed, i.e. corresponding problem is solved in V4.             

Shiozaki and colleagues applied a microstimulation technique to V4 and succeeded in            

manipulating the depth discrimination performance, suggesting a causal role for V4 in            

perceptual disparity detections. 

In humans, Bridge and Parker (2007) provide the first fMRI measurements with            

anticorrelated RDS and found that response reductions to anticorrelated RDS in higher            

visual areas ​(Bridge and Parker, 2007)​. Preston and colleagues (2008) analyzed voxels’            

response pattern in each visual area to correlated and anticorrelated RDS and tested             
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decoding accuracy ​(Preston et al., 2008)​. They found that the decoding accuracy was             

significantly higher for correlated RDS than anticorrelated RDS in higher dorsal (V3A, V3B,             

IPS-0) and ventral (lateral occipital (LO)) areas, suggesting disparity representations in these            

dorsal and ventral visual areas are consistent with our depth perception. In sum, higher              

dorsal and ventral visual areas are involved in perceptual related disparity processing. 

 

Stereoacuity 

Stereopsis performance can be determined using stereoacuity. The stereoacuity is the           

smallest detectable step of binocular disparity. RDS is one of the best research tools of               

stereoacuity. This is because the depth cue in RDS is only the binocular disparity. RDS               

consists of random pattern elements which are shifted between two images. We can conduct              

a quantitative stereoacuity measurement by changing the size of binocular disparity in RDS.             

The stereoacuity threshold is usually defined as the binocular disparities discriminated on            

75% or 84% (1 standard deviation from the mean) of trials. 

Some people have impaire stereoacuity who can not use binocular disparity to perceive             

depth. One cause of stereoblind is eye-derived problems (e.g. strabismus or amblyopia).            

Strabismus is a condition in which the eyes don’t properly align with each other when               

fixating. Amblyopia is a condition in which visual acuity of either or both eyes are very low. In                  

these cases, it is difficult to compare both retina images so that stereopsis performance is               

poorer than intact people. 

While the stereoacuity declines with the visual disorders, previous psychological studies           

tested a large population of human stereoacuity and found that humans have a substantial              

individual difference in stereoacuity ​(Zaroff et al., 2003; Hess et al., 2015)​. Hess and              

colleagues (2015) measured stereoacuity of over five hundreds people and found that            

human stereoacuity distribution is bimodal. This indicates that humans with intact eyes can             

be classified into two groups, good and poor stereoacuity groups. The unsolved question is:              

Are there any neural basis of the human individual difference in stereoacuity? To reveal the               

basis, it is crucial to measure the human visual pathway using noninvasive neuroimaging             

methods. I describe how to measure the neural properties of the human brain in the section                

“Neuroimaging methods and analyses for investigating the human visual pathway”. 

 

Relationship between stereoacuity and human cortical pathway 

Human neuropsychological studies showed that the cortical damage either in higher dorsal            

or ventral areas impair stereoacuity (dorsal: IPS-0 ​(Murphy et al., 2016)​, ventral: LO ​(Read              

20 

https://paperpile.com/c/IyLL9U/HZnoz
https://paperpile.com/c/IyLL9U/SLSAV+6QxS4
https://paperpile.com/c/IyLL9U/0JzCl
https://paperpile.com/c/IyLL9U/ezKAy+yZWZT


et al., 2010; Bridge et al., 2013)​). These conversing evidence suggest that stereoacuity             

declines even if either dorsal or ventral is damaged. Surprisingly, Bridge and colleagues             

(2013) found that a patient with ventral lesion showed significant volume reduction in dorsal              

area compared with control participants. Taken together, the dorsal and ventral visual areas             

may communicate with each other and this communication may contribute to depth            

discrimination.  

 

White matter tracts in the visual pathway 

The cerebral cortex consists of gray matter and white matter. Gray matter mainly consists of               

cell bodies while white matter mainly consists of axons and glial cells. Pyramidal cells in gray                

matter convey signals to other cells via axons. The bundle of axons is called a white matter                 

tract. One may argue that gray matter is a basis of our behavior because functional activities                

are measured in gray matter rather than white matter. However, lesions in white matter              

disrupt human behavior. For example, aphasia (speech disorder) is a lesion at white matter              

tract between Broca’s and Wernicke’s areas ​(Eggert, 1977)​. This finding arised an idea that              

a function arises from the pattern of long-range cortical connections ​(Catani and Ffytche,             

2005)​. This is the classic concept of connectionism ​(Eggert, 1977)​. Consistent with the             

connectionism, recent human studies suggests that the anatomical properties of white           

matter tissue correlate with behavior, for example, reading skill ​(Yeatman et al., 2011,             

2012a) and face recognition ​(Tavor et al., 2014; Gomez et al., 2015)​. Although how white               

matter tissue impacts neural processes is still debated, white matter properties do relate to              

behavior ​(Sampaio-Baptista and Johansen-Berg, 2017)​.  

There are a variety of white matter tracts. Four kinds of white matter tracts connecting visual                

areas were certainly identified in postmortem and living humans ​(Rokem et al., 2017)​. The              

optic radiation is a tract connecting lateral geniculate nucleus and V1. Forceps major is a               

part of callosal connecting left and right occipital areas. Inferior longitudinal fasciculus is a              

tract connecting occipital area (primary visual cortex) and temporal area (anterior temporal            

cortex). Vertical occipital fasciculus (VOF) is a tract connecting higher dorsal and ventral             

visual areas.  

The VOF was visually inspected in the 19th century ​(Wernicke, 1881; Sachs, 1892; Dejerine              

and Dejerine-Klumpke, 1895) but its existence was widely ignored. The VOF was            

rediscovered recently ​(Martino and García-Porrero, 2013; Yeatman et al., 2013, 2014b;           

Takemura et al., 2016b, 2017)​. The main dorsal endpoints are near V3A and V3B, and the                

main ventral endpoints are near hV4 and VO (ventral occipital) and LO (Takemura et al.,               

2016). The visual representations of the both dorsal and ventral VOF endpoint areas cover              
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both upper and lower visual fields, suggesting VOF contributes to transfer upper visual field              

information in dorsal area to ventral area and lower visual field information in ventral area to                

dorsal area  to build hemifield representation.  

 

1.2 Neuroimaging methods and analyses for      
investigating the human visual pathway 
Investing the visual pathway of living humans requires the methods of noninvasive brain             

measurements. MRI can noninvasively measure the neural properties of visual areas,           

providing an opportunity to study the organization of the human visual pathway and the              

neural basis of human visual perception. In this section, I describe the key MRI methods and                

analyses for the first and second studies: macromolecular tissue volume (MTV) imaging,            

diffusion MRI (DMRI) and tractography.  

 

1.2.1 Macromolecular tissue volume (MTV) imaging 

MTV quantifies physical properties of neural tissue density ​(Mezer et al., 2013)​. MTV             

quantifies non water volume in each voxel. The equation is below. 

T V  1 P DM =  −    

Where proton density (PD) relates the amount of water in each voxel. Thus, the MTV is the                 

density of non-water content. The important thing about MTV is quantitatively. General            

structural MRI measurements including T1-weighted images have inhomogeneities of MR          

image intensity (see the left panel of Fig. 1.3.1). The inhomogeneities are not dependent on               

the tissue properties of the brain but are related to the different biases of MRI coil                

sensitivities. The MR intensity of the brain areas near a coil are greater than the brain areas                 

far from a coil. The weighted image is generated by the mean of the images acquired by                 

each coil. By averaging each coil image, the large intensity biases are smoothed. However,              

local biases exist in the T1 weighted image. Basically, the MTV minimizes the bias by               

measuring multiple MR images in each coil using different acquisition parameters of MRI             

excitation strength and implementing the least square estimation across coil images ​(Mezer            

et al., 2013, 2016)​. By this analysis, MTV enables quantitative estimation of the brain              

structure (see the right panel of Fig. 1.3.1). 
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Figure 1.3.1. Non-quantitative and quantitative images. ​The left image is a T1 weighted image where               

the inhomogeneity is not corrected, thus non-quantitative. The lateral areas are darker than the other areas.                

The right image is the image of MTV, which corrects MR signal inhomogeneity. The bright color represents                 

high neural tissue density areas and dark color represents low neural tissue density areas. Since the                

ventricles are almost filled with water, the color of the areas are dark. 

 

1.2.2 DMRI 

DMRI and related analysis enables to measure the configurations of white matter tracts.             

DMRI measures the magnitude and orientation of water diffusion of each voxel in the brain.               

Diffusion of water molecules differs depending on where water molecules are. In sparse             

areas, water molecules perform brownian movement and they diffuse isotropic direction over            

time. Conversely, in dense areas of white matter tracts, water molecules diffuse anisotropic             

direction along white matter tracts because diffusion of water molecules is restricted by tract              

and water molecules diffuse preferentially along tract. 

A simple DMRI sequence consists of spin echo (SE) pulse sequence and motion probing              

gradient (MPG). First I describe the SE pulse sequence (Fig. 1.3.2). SE pulse sequence              

consists of 90° and 180° radiofrequency(RF) pulses. In the MRI scanner, spin directions of              

nucleuses of tissue are aligned to the direction of static magnetic fields. 90°RF pulse tilts               

spin directions of tissue nucleus to transverse direction and aligns phases of tissue nucleus.              

After that, phases of the nucleus become dispersed, but 180° RF pulse flips every spin               

direction and aligns phases again. This procedure generates strong transverse          

magnetization echo of nucleus resonance. MR coil measures this echo and builds the image              

of the brain. The strength of echo is different depending on local tissue property. In the SE                 
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sequence, after 90° RF pulse tilts spin directions of all nucleuses to transverse direction, as               

time advances, molecules’ spin directions return to former directions. The spin direction            

recovery time is called relaxation time. Lipid molecules show shorter relaxation time than             

water molecules. The echo strength relates with the magnitude of transverse magnetization,            

so echo signal is different depending on tissue component. 

MPG changes magnetic field strength along a direction and changes spin phases along the              

direction. In dMRI sequence, MPG is applied before and after the 180° RF pulse. The impact                

of MPG to echo signal is described using b. 

 ∝A Δ b 2  

Where A is a magnitude of MPG and Δ is a duration of MPG. If the period of MPG is long, a                      

lot of molecules (specifically water molecules) diffuse and then spin phases become            

dispersed. The echo signal is then weak. Taken together, the reduction of dMRI echo signal               

reflects the diffusion of water molecules along the MPG direction. By changing directions of              

MPG, different direction diffusions are measurable.  

 

 

Figure 1.3.2. DMRI sequence. DMRI sequence consists of 90° RF pulse, MPG, 180° RF pulse and MPG                 

in applied timing order. Echo is observed after each sequence. Details are described in the subsection                

“DMRI”. 

 

1.2.3 Tractography 
 

The model of water diffusion of white matter tracts 

Tractography enables to identify spatial configuration of white matter tracts using dMRI data.             

Streamlines (reconstructed fibers of a tract) are derived from dMRI data in individual voxels.              

First, I describe how to model the dMRI data within a voxel. The classical model is diffusion                 

tensor model (DTM), which models dMRI data fitting ellipsoid defined by three eigenvectors             
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(Basser et al., 1994a, 1994b)​. The DTM gives rise to simple useful statistics. One is               

fractional anisotropy (FA), which describes the degree of anisotropic diffusion (​Fig. 1.3.3A​). 

 

A  F = √ 2
1√ √λ1  + λ2  + λ32 2 2

(λ1−λ2)  + (λ2−λ3)  + (λ3−λ1)  2 2 2

  

 

Where λ1, λ2, λ3 are eigenvectors. This DTM is simple but useful when measuring a few                

directions of diffusion signal. However, DTM cannot describe detailed fiber configurations           

e.g. crossing fibers. When measuring many directions of dMRI signals, more complex            

models work well. Tournier and colleagues (2004) introduced a constrained spherical           

deconvolution (CSD) model, which uses spherical harmonics (​Fig. 1.3.3B)​. CSD model           

enables to describe crossing fibers ​(Tournier et al., 2004)​. 

 

 

Figure 1.3.3. DMRI statistics and Tractography. A. Schematic of FA. FA is a degree of anisotropic                

diffusion. High FA represents water diffusion is strongly restricted by white matter fibers. The degree of                

fiber density and dispersion affects FA value. B. Schematic of tractography using CSD model. The CSD                

model is fitted in each voxel of white matter. Orange line represents streamline. The CSD model can                 
describe more diffusion orientation than DTM. The CSD model is thus more appropriate to generate curving                

streamlines.  

 

White matter tract estimation 

Tractography connects the oriented water diffusions of individual voxels and reconstruct           

streamlines. The classical tractography method is deterministic tractography ​(Mori et al.,           

1999)​. This method greedily connects principal diffusion orientation of voxels. Most of the             
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streamlines made by this method are linear. This method cannot describe curving fibers. To              

solve this problem, probabilistic tractography is introduced ​(Tournier et al., 2012)​. This            

tractography method connects not only principal diffusion orientation but also connects other            

diffusion orientation of individual voxels, resulting in generating various configuration          

streamlines. Whole brain streamlines are called connectome. Connectome should be          

statistically validated and remove false positive streamlines. Pestilli and colleagues (2014)           

introduced a method linear fascicle evaluation (LiFE) ​(Pestilli et al., 2014)​. The LiFE             

evaluates the strength of the evidence of each streamline existence. The LiFE predicts dMRI              

signal of each voxel using connectome and calculates the weight of each streamline that              

contributes to the prediction. They observed about 80% of connectomes are zero weight that              

do not contribute to the prediction. Using LiFE, plausible streamlines are selected. 

 

Tractometry of white matter tracts 

By superimposing FA or MTV data on streamlines estimated by dMRI data, we can calculate               

the FA and MTV along the streamlines. Thus, we can estimate the anisotropy of the water                

diffusion or neural tissue density of white matter tracts by FA or MTV, respectively. The               

procedure of profiling the structural properties on a white matter tract is called tractometry.              

Comparing FA and MTV, MTV can detect tissue differences that FA could not. Mezer and               

colleagues (2013) measured multiple sclerosis patients and found MTV difference of           

corticospinal tract (CT), which is not observed using FA ​(Mezer et al., 2013)​. CT intersects               

many other tracts. Their result suggests FA shows low reliability in crossing fiber regions              

while MTV shows robustness there. 

Note that this superimposing procedure can be implemented not only white matter tracts but              

also cortical and subcortical areas. In Chapter 2, I superimposed the MTV on the LGN and                

investigated the difference of MTV in the LGN. 
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Chapter 2. 
Macromolecular tissue volume mapping of 
lateral geniculate nucleus subdivisions in 
living human brains 
 
2.1 Introduction 
The lateral geniculate nucleus (LGN) plays an essential role for visual processing in the              

human visual system, by receiving visual inputs from retinal ganglion cells and transferring             

those signals to the primary visual cortex (V1) ​(Nassi and Callaway, 2009)​. Besides the              

function as a relay station, a growing body of evidence suggests the involvement of LGN in                

wide ranges of visual functions, such as eye-specific dominance and suppression during            

binocular rivalry ​(Haynes et al., 2005)​, visual attention ​(O’Connor et al., 2002; Schneider and              

Kastner, 2009; Ling et al., 2015)​, and visual perceptual learning ​(Yu et al., 2016)​. The LGN                

is also involved with neuronal synchrony widely observed in the visual cortex ​(Hughes et al.,               

2004; Liu et al., 2012; Minami et al., 2020)​.  

Human LGN is composed of six layers which are categorized into two major subdivisions,              

magnocellular and parvocellular subdivisions (hereafter M and P subdivision, respectively).          

These subdivisions are clearly distinguishable on the basis of cell size ​(Hickey and Guillery,              

1979)​. A number of studies suggested that these two subdivisions have complementary            

roles in visual processing, by demonstrating distinct spatial, temporal, luminance, and           

chromatic stimulus preferences ​(Derrington and Lennie, 1984; Schiller et al., 1990; Usrey            

and Reid, 2000; Denison et al., 2014)​. Based on these observations, previous studies have              

proposed that distinct roles of M and P subdivisions in attention ​(Yeshurun and Levy, 2003)               

and reading ​(Demb et al., 1998; Stein, 2001; Main et al., 2014) based upon psychophysical               

performance on specific types of visual stimuli and their relevance to neural response in M               

and P subdivisions. A psychophysical study using a motion coherence task also led to a               

hypothesis that M subdivisions received damage earlier than P subdivision as a            

consequence of glaucoma ​(Joffe et al., 1997)​. However, hypotheses proposed by previous            

psychophysical studies remain speculative because they are mostly derived from similarities           
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between neural response selectivities of M and P subdivision and stimulus dependence of             

psychophysical performances, without comparisons with functional or structural        

measurement on M and P subdivisions. Therefore, it is essential to establish such             

non-invasive measurements, which enables a direct comparison between neuroimaging data          

of LGN subdivisions and psychophysical data, and a comparison between properties of LGN             

subdivisions and those in visual cortical areas.  

The non-invasive neuroimaging measurements on structural properties of human LGN          

subdivisions have not been established, because of the requirement for high-resolution,           

quantitative MRI measurements for the LGN, which has a volume around 180 mm​3             

(Mcketton et al., 2014)​. While functional MRI (fMRI) has been used to localize M and P                

subdivisions based upon BOLD response selectivity for distinct visual stimuli ​(Denison et al.,             

2014; Zhang et al., 2015, 2016)​, spatial resolution (1.25×1.25×1.2 mm​3 ​- 1.75×1.75×1.5            

mm​3​) and robustness of the measurements are limited. fMRI measurements also require            

visual stimulus presentations, which limit applicability for clinical populations with visual field            

loss. 

In order to examine the properties of LGN subdivisions in individual living humans, here I               

propose a method to identify LGN subdivisions using structural MRI measurements. To this             

end, I primarily used macromolecular tissue volume (MTV) mapping, which is a quantitative             

structural MRI method sensitive to a fraction of non-water macromolecules ​(Mezer et al.,             

2013)​. I hypothesize that MTV fraction will provide a clue to distinguish M and P               

subdivisions, since (1) MTV is sensitive to lipids which constitutes cell membrane and myelin              

(Mezer et al., 2013; Filo et al., 2019; Shtangel and Mezer, 2020) and (2) neuronal cell and                 

myelin densities differ between M and P subdivisions ​(Hassler, 1966; Yücel et al., 2000,              

2003; Pistorio et al., 2006)​. In a proposed method, I first identify the location and contour of                 

the whole LGN using a high-resolution proton-density (PD)-weighted image as used in            

previous studies on human LGN ​(Mcketton et al., 2014; Viviano and Schneider, 2015;             

Giraldo-Chica and Schneider, 2018)​. I then defined the subdivisions in the LGN based upon              

MTV fraction data using the anatomically known volume ratio of M and P subdivisions. I               

finally tested the validity of the definition based upon (1) comparisons with histology data, (2)               

fMRI measurements on stimulus selectivity, and (3) analyzing test-retest reliability.  

As a result, I found a gradual change of MTV fraction within LGN in each axis (lateral-medial,                 

dorsal-ventral, and anterior-posterior). This pattern of change was consistent across subjects           

and was also in line with hypotheses expected from known histological findings on the LGN               

subdivisions. I also found that the difference in stimulus selectivity between the subdivisions             

is consistent with previous literature. The definition was robust across measurements on            

different days. The definition of subdivisions using widely used non-quantitative methods,           
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such as T1-weighted/T2-weighted ratio map, was not sufficient for identifying LGN           

subdivisions as compared with MTV, suggesting that quantitative structural mapping is           

crucial for identifying the M and P subdivisions in human LGN. This study provides a novel                

method to non-invasively investigate the properties of LGN subdivisions in living human            

brains, which can be combined with functional or behavioral experiments to test            

neuroscientific or clinical hypotheses.  

 

2.2 Materials and Methods 
 
2.2.1 Subjects 

Fifteen healthy volunteers (8 male, 7 female; mean age, 23.53 years old; standard deviation,              

1.71 years old; range, 21-26 years old) participated in the study. All subjects had normal or                

corrected-to-normal vision, without clinical histories of eye disease. All participants gave           

written informed consent to take part in this study. The study was conducted in accordance               

with the ethical standards stated in the Declaration of Helsinki and approved by the local               

ethics and safety committees at the Center for Information and Neural Networks (CiNet),             

National Institute of Information and Communications Technology (NICT). 

 

2.2.2 Structural MRI data acquisition 

All MRI data were collected using a 3T MAGNETOM SIEMENS Prisma scanner (Siemens             

Healthcare, Erlangen, Germany) in CiNet, NICT with a 32-channel head coil.  

 

T1-weighted MRI data acquisition 

T1-weighted magnetization prepared rapid gradient echo (MP-RAGE) images (voxel size,          

0.75 mm ×1.0 mm × 0.75 mm; Repetition Time [TR], 1900 ms; Echo Time [TE], 3.58 ms; flip                  

angle, 9°; 256×256 matrix; in-plane acceleration factor, 2) were acquired from all subjects.             

This image was used as a reference to coregister the subsequent MRI data (PD-weighted,              

MTV, and fMRI) in the same coordinate space on each individual subject. The total              

acquisition time for the T1-weighted MRI data was approximately 15 min for each subject. 

 

Proton density (PD)-weighted MRI data acquisition 

PD-weighted images were acquired in all participants in order to identify the location of the               

LGN. Acquisition parameter of PD-weighted images follows those used in a previous study             
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(Viviano and Schneider, 2015)​; voxel size, 0.75 mm × 0.75 mm × 1.0 mm; TR, 3000 ms; TE,                  

21.0 ms; flip angle, 120°; 256×256 matrix; in-plane acceleration factor, 2). PD-weighted            

image acquisition was repeated at least 40 times in all subjects. We further repeated              

PD-weighted image acquisition when subjects agreed to continue the acquisition to improve            

the signal-to-noise ratio (maximum number of repetitions: 60). Each image consisted of            

50-60 coronal slices (slice thickness, 1 mm; no gap), covering the whole posterior thalamus.              

The total acquisition time for the PD-weighted MRI data was approximately 60-90 min for              

each subject, depending on the number of repetitions.  

 

MTV data acquisition 

MTV data was acquired from all subjects. Acquisition protocol for MTV follows those             

described in previous publications ​(Mezer et al., 2013; Filo et al., 2019; Minami et al., 2020;                

Takemura et al., 2020)​. Four fast low-angle shot (FLASH) images were measured with flip              

angles of 4°, 10°, 20°, and 30° (TR, 12 ms; TE, 2.43 ms) with 1 mm isotropic voxels. For the                    

purposes of removing field inhomogeneities, five additional spin echo inversion recovery           

(SEIR) scans were also measured with an EPI readout (TR, 3 s; TE, 49 ms; 2 ×                 

acceleration). The inversion times were 50, 200, 400, 1200, and 2400 ms. In-plane             

resolution and slice thickness of the additional scan were 2 × 2 mm​2 and 4 mm, respectively.                 

The total scan time of qMRI was approximately 35 min for each participant. For 11 subjects,                

I acquired MTV data again on a different day for evaluating test-retest reproducibility.  

 

T1w/T2w MRI data acquisition 

For 13 subjects, I also acquired data for T1-weighted/T2-weighted ratio map (T1w/T2w),            

which has been widely used in the analysis of Human Connectome Project (HCP) data              

(Glasser and Van Essen 2011). T1-weighted image was acquired using a 3D MPRAGE             

(MPRAGE: TR, 2400ms; TE, 2.06ms; TI, 1000ms; flip angle, 8°; bandwidth, 220 Hz/Pixel;             

echo spacing, 7.5ms; FOV, 256mm × 256mm × 176mm; matrix, 256 × 256 × 176; voxel size,                 

1mm isotropic resolution) sequence. T2-weighted image was acquired using Sampling          

Perfection with Application optimized Contrast using different angle Evolutions (SPACE: TR,           

3200ms; TE, 438ms; flip angle, 120°; bandwidth, 574 Hz/Pixel; echo spacing, 3.88ms; Turbo             

Factor, 139; FOV, 256mm × 256mm × 176mm; matrix, 256 × 256 × 176; voxel size, 1mm                 

isotropic resolution) sequence. While these acquisition protocols aimed to follow those of            

HCP (Glasser and Van Essen 2011), acquisition parameters are not fully identical to HCP              

because of hardware differences. These data were also collected with prescan           

normalization, which corrects image intensity inhomogeneity. 
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2.2.3 Structural MRI data analysis 

T1-weighted MRI data 

T1-weighted MRI image of individual subjects were interpolated and aligned to ICBM 152             

2009b symmetric template in MNI152 database      

(​http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009​; 0.5 mm isotropic    

resolution; ​Fonov et al., 2009, 2011​) using rigid-body transformation implemented in FSL            

FLIRT tool. No spatial smoothing and normalization has been performed. T1-weighted MRI            

image aligned into MNI152 space was used for subsequent comparisons between qMRI,            

fMRI and histological data on individual brains in MNI coordinates.  

 

PD-weighted MRI data 

The PD-weighted image at the first scanning session was used as a reference, and all               

subsequent PD images were coregistered to the first image using rigid-body transformation            

implemented in FSL. We then averaged all PD-weighted images aligned to the first             

PD-weighted image. The averaged PD-weighted image was then interpolated and aligned to            

the T1-weighted MRI data, which was further aligned with MNI coordinate with 0.5 mm              

isotropic resolution, for subsequent analyses.  

 

Quantitative MRI data 

Using the mrQ software package (https://github.com/mezera/mrQ) in MATLAB, both the          

FLASH and SEIR scans were processed to produce the MTV maps ​(Mezer et al., 2013,               

2016)​. MTV quantifies macromolecular tissue volume density by estimating a quantitative           

proton-density map from the qMRI dataset after correcting for RF coil bias by the mrQ               

analysis pipeline using SEIR-EPI scans ​(Barral et al., 2010; Mezer et al., 2013)​. Since the               

cerebrospinal fluid (CSF) voxels are entirely filled with water, I assumed that these voxels              

had a full water volume fraction (WVF). I then calculated the WVF ratio in cortical gray or                 

white matter voxels compared to CSF. MTV was defined as: MTV = 1 − WVF. It was used to                   

quantify the non-proton macromolecule volume fraction in each voxel. Finally, the MTV map             

was aligned to T1-weighted MRI data, for further comparisons with other images in the same               

coordinate space. The full analysis pipeline can be found in previous publications ​(Mezer et              

al., 2013, 2016; Oishi et al., 2018; Takemura et al., 2019; Minami et al., 2020)​. 
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T1w/T2w MRI data 

I obtained a T1w/T2w ratio map by co-registering T2-weighted image to T1-weighted image             

by using FSL’s FLIRT ​(Jenkinson et al., 2002) with 6 parameters (rigid body), and calculated               

the ratio between them. The T1w/T2w ratio map is then co-registered to the reference              

T1-weighted MRI data in the MNI coordinate.  

 

2.2.4 Identifying region-of-interest from structural MRI data 

Following previous studies ​(Viviano and Schneider, 2015)​, I identified the position of the             

whole LGN in individual subjects based on the PD-weighted image averaged across multiple             

acquisitions (Fig. 2.1.1). I manually delineated the whole LGN based on visible intensity             

difference between LGN and neighboring tissues (surrounding white matter and CSF) using            

ITK-snap tool (http://www.itksnap.org/; Fig. 2.1.1B). The delineation was performed in a           

series of coronal sections of PD-weighted images, which have the highest spatial resolution             

as compared with axial and sagittal sections. This whole LGN region-of-interest (ROI) was             

used for subsequent analysis to classify M and P subdivisions using MTV.  

 

2.2.5 Parcellation of the LGN based on MTV and other structural MRI            
maps 

I first rank-ordered all voxels within the whole LGN ROI based on their MTV fractions. Since                

previous histological studies have shown that P-subdivision has higher neuronal cell density            

(Hassler, 1966; Yücel et al., 2000, 2003) and greater myelin content ​(Pistorio et al., 2006)​, I                

hypothesized that P-subdivision has larger MTV fractions as compared with M-subdivision.           

Therefore, I classified 20% voxels with the lowest MTV fraction as the putative M-subdivision              

and the remaining 80% voxels as the putative P-subdivisions (Fig. 2.2.1). This ratio is based               

on the reported volumes of LGN subdivisions in previous human histological studies            

(Andrews et al., 1997; Selemon and Begovic, 2007) and was used in a previous fMRI study                

(Denison et al., 2014)​. Fig. 2.2.1 depicts examples of MTV-based LGN parcellation in             

representative hemispheres.  

I also attempted to parcellate LGN based on image intensity of non-quantitative structural             

MRI maps (PD-weighted image and T1-weighted/T2-weighted ratio map). For PD-weighted          

image, I classified 20% of voxels with the highest image intensity to the putative              

M-subdivision and the remaining 80% of voxels as the putative P-subdivisions since image             

contrast of PD-weighted has an opposite trend from that of MTV maps. For the              

T1-weighted/T2-weighted ratio map, I used the identical criteria as used for MTV.  
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2.2.6 Histological data (BigBrain) analysis 

In order to compare the MTV-based parcellation of LGN subdivisions with histological            

definition, I analyzed publicly available BigBrain data (100 μm version of the BigBrain 3-D              

Volume Data Release 2015 in MNI space from https://bigbrain.loris.ca; ​Amunts et al., 2013​).             

In brief, BigBrain is a three-dimensional reconstruction data of 7404 histological sections of             

one post-mortem human brain and provides high-resolution anatomical data aligned with           

MNI coordinate space. In this database, all six layers in human LGN are visible (see Fig.                

2.2.3).  

I performed manual segmentation of M- (layer 1-2) and P-subdivisions (layer 3-6) of human              

LGN on BigBrain data. I used this M- and P-subdivision definition from BigBrain as a               

reference for a comparison with MRI-based parcellation. Example of manual segmentation           

on BigBrain data is shown in Fig. 2.2.3. 

 

2.2.7 Comparison between MRI data with histological data 

In order to quantify the spatial organization of the M and P subdivisions, I calculated the                

spatial centers of both subdivisions in MRI and histological data, following the analysis used              

in a previous fMRI study ​(Denison et al., 2014)​. The 3D spatial centers of M and P                 

subdivisions were defined as the mean voxel coordinates in each spatial dimension            

(anterior-posterior, dorsal-ventral, and left-right) in MNI space. While I co-registered a           

reference (T1-weighted) image to MNI space, human thalamic nuclei have individual           

differences in their positions, volume and shape ​(Csernansky et al., 2004)​. Therefore, the             

position of LGN and its subdivision in the MNI coordinate is variable across individual brains.               

I thus calculated the relative positions of the centers of each LGN subdivisions with respect               

to the widths of LGN on each spatial dimension, for comparisons of LGN subdivision              

between datasets and brains ​(Denison et al., 2014)​. 

 

2.2.8 Functional MRI data acquisition 

All subjects took part in an additional fMRI experiment investigating stimulus selectivity on             

LGN voxels. I performed fMRI acquisition with 1.5 mm isotropic voxels for 10 participants              

(S1-S10) and 2 mm isotropic voxels for 5 participants (S11-S15).  

 

Acquisition parameters.  

fMRI data were acquired with an interleaved T2* weighted gradient echo sequence at voxel              
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size of 1.5 or 2.0 mm isotropic by using simultaneous multi-slice EPI sequence (TR, 2250               

ms; TE, 40 ms; flip angle, 75°; in-plane field of view [FoV], 192 × 192 mm) provided by the                   

Center for Magnetic Resonance Research, Department of Radiology, University of          

Minnesota (​https://www.cmrr.umn.edu/multiband/​) ​(Moeller et al., 2010)​. Slices were        

transverse axial (57 slices for 1.5 mm and 50 slices for 2.0 mm) with no gap and were                  

oriented to cover LGN and occipital lobe. Some other acquisition parameters also differed             

between 1.5 mm​3 and 2 mm​3 voxel size acquisitions (multi-band factor, 3; acquisition matrix,              

128 × 128; echo spacing, 0.93 ms; partial Fourier, 6/8 for 1.5 mm​3 voxel acquisition for 1.5                 

mm​3​; multi-band factor, 2; acquisition matrix, 96 × 96; echo spacing, 0.68 ms; partial Fourier               

was not applied for 2 mm​3​), while other parameters were identical.  

 

Stimuli, block design and task.  

All visual stimuli were generated by using Psychtoolbox 3 in MATLAB           

(​http://psychtoolbox.org/​). Stimuli were projected from a projector (WUX5000, Cannon)         

located outside the scanner room and reflected via a mirror onto a gamma-corrected             

translucent screen positioned over the subject’s head. Gamma-correction was applied using           

Mcalibrator2 (​Ban and Yamamoto, 2013​; ​https://github.com/hiroshiban/Mcalibrator2​). Stimuli       

were presented on a full-flat screen (416 mm × 222 mm) at a spatial resolution of 1920 ×                  

1200 and a frame rate of 60 Hz. The screen was viewed via a mirror mounted over the                  

subject’s eyes. The viewing distance and visual angle of the screen was 92 cm and 41.2 ° ×                  

25.8 °, respectively. 

I adapted two types of stimuli (M-type and P-type stimulus; Fig. 2.4.1A) designed to elicit               

selective BOLD responses in M and P subdivisions ​(Denison et al., 2014)​;            

https://github.com/racheldenison/MPLocalizer​). M-type stimulus was a 100% contrast,       

black-white grating with low spatial frequency (0.5 cycles per degree) and higher flicker             

frequency (15 Hz). P-type stimulus was near-isoluminant (see below) red-green grating with            

higher spatial frequency (2 cycles per degree) and lower flicker frequency (5 Hz). The              

orientation of the grating (0°, 30°, 60°, 90°, 120°, or 150°) was changed per every 3 seconds                 

in a random manner. Prior to the fMRI experiment, I adjusted luminance of P-type stimuli in                

order to make it perceptually isoluminant using a flicker method ​(Ives, 1912; Minami and              

Amano, 2017)​.  

I used block design for fMRI experiment, in which each run comprised 15 blocks (6 blocks                

for each of the M- or P-type stimuli and 3 blocks with blank screen). The duration of each                  

block was 20.25 seconds (18 seconds for stimulus presentation and 2.25 seconds for blank              

period, during which subjects made responses). During each block, subjects were instructed            
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to count the number of the randomly presented targets, two-dimensional Gaussian contrast            

decrement within stimuli, while maintaining fixation. During the blank period, subjects           

reported how many targets they had seen during a previous stimuli block by pressing a               

button. Subjects completed 7-8 runs. This procedure Other details of the stimuli, task and              

the block design were described in a previous fMRI study ​(Denison et al., 2014)​.  

 

2.2.9 Functional MRI data analysis 

Functional MRI data were analyzed using MrVista (​https://github.com/vistalab/vistasoft​). I         

registered fMRI data into T1-weighted MRI data to ensure comparisons with other MRI             

dataset. I corrected the slice timing to match the multi-slice acquisition order. Data was then               

corrected for the subject's motion within and between scans. I fitted a general linear model               

(GLM) consisting of predictors (M type and P type stimuli were regressors) convolved with              

hemodynamic response function (HRF; ​Boynton et al., 1996​) to the time course of each              

voxel. I used Boynton HRF in order to match a procedure with a previous fMRI study                

(Denison et al., 2014)​. By fitting the HRF model to the time series of BOLD responses, I                 

estimated the beta values for the M and P type stimuli. I then calculated the difference                

between them (beta​M-P​):  

beta​M-P​ = beta​M​ - beta​P (1) 

I used beta​M-P ​as an index for evaluating stimulus selectivity of LGN subdivisions identified by               

qMRI. I averaged beta​M-P ​across all voxels in each LGN subdivisions parcellated on the basis               

of MTV maps. Finally, I compared beta​M-P between MTV-based M- and P-subdivisions to             

evaluate consistency between stimulus selectivity of BOLD responses and MTV-based          

parcellation of LGN subdivisions.  

 

2.2.10 Test-retest reliability analysis 

In order to assess the reproducibility of the MTV measurements and MTV-based LGN             

parcellation, I re-measured qMRI of thirteen participants (mean age, 23.85; five female). The             

data acquisition and analysis procedure of qMRI retest data is identical to those in the main                

experiments. I evaluated the reproducibility of MTV measurements within the LGN by            

calculating the inter-voxel correlation coefficient (R) between test and retest data. I also             

quantify the reproducibility of MTV-based LGN parcellation, by calculating the proportion of            

voxels which were classified into the same subdivisions between test and retest data, among              

all LGN voxels. I evaluated statistical significance on this proportion based upon comparison             

with a null distribution, which was obtained by shuffling the labelling of M and P voxels for                 
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10,000 times and calculating the distribution of proportions of voxels classified into the same              

subdivisions between test and shuffled data. Finally, I also performed the spatial            

comparisons between retest data and BigBrain data using the same procedure used for the              

test data.  

 

2.3 Results 
I identified the whole LGN in individual subjects using PD-weighted image ​(Viviano and             

Schneider, 2015)​. I then used MTV maps ​(Mezer et al., 2013) to identify LGN subdivisions in                

a single-subject level. I evaluated the validity of MTV-based parcellation of human LGN by              

comparison with histological data from BigBrain ​(Amunts et al., 2013) and with functional             

MRI data collected from identical subjects. I also tested the validity of LGN parcellation              

obtained from other types of structural MRI images. Finally, I evaluated test-retest reliability             

of MTV-based parcellation of human LGN.  

 

2.3.1 LGN in PD-weighted image 

In all individual hemispheres, position and shape of the whole LGN was visible in              

PD-weighted images (Fig. 2.1.1A), as reported in a previous work ​(Viviano and Schneider,             

2015)​. We delineated the whole LGN in all individual hemispheres, by manual inspection of              

PD-weighted images (Fig. 2.1.1A-2.1.1B; see Materials and Methods). Figure 2.1.2 depicts           

volume of whole LGN in all individual hemispheres. LGN volume identified from BigBrain             

histological data ​(Amunts et al., 2013) and previous structural MRI works ​(Mcketton et al.,              

2014; Giraldo-Chica and Schneider, 2018) were also shown. Among 15 subjects tested in             

this study, the mean (± s.e.m.) volume of the whole LGN was 153.48 mm​3 ± 2.32 mm​3 and                  

158.40 mm​3 ± 1.83 mm​3 in the left and right hemispheres, respectively. The LGN volume               

manually identified from PD-weighted images are overall consistent with that of BigBrain            

(168.65 mm​3 ​and 162.37 mm​3 in left and right hemispheres, respectively) and previous             

structural MRI work on the basis of similar PD-weighted MRI data ​(Mcketton et al., 2014;               

Giraldo-Chica and Schneider, 2018) (Figure 2.1.2). The right LGN was slightly larger than             

the left LGN (​d’ = 0.608, ​t​14 = 2.136, ​p = 0.0508, a paired ​t test). I note that M and P                      

subdivisions cannot be identified by visual inspections of the PD-weighted image.  

 

2.3.2 M and P subdivisions identification from MTV fraction  

I then analyzed MTV maps ​(Mezer et al., 2013) co-registered with PD-weighted images in              

each individual subject (Fig. 2.1.1C). In all individual hemispheres, I observed gradual            
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changes of MTV fractions within LGN ROIs (Fig. 2.1.1D); the superior-lateral part of the LGN               

has a higher MTV fraction than inferior-medial part. The distribution of MTV (pooled across              

subjects) did not exhibit clear multiple peaks (Fig. 2.1.3), which made it difficult to determine               

a threshold value of MTV to separate M and P subdivisions. The gradual MTV change within                

LGN was likely due to a limited spatial resolution of ​in vivo qMRI measurements in this study                 

(voxel size: 1 mm isotropic). I here parcellated human LGN, by incorporating prior             

knowledge from anatomical study demonstrating that the area size of P subdivisions is             

roughly four times larger than that of M subdivision ​(Andrews et al., 1997)​. Based upon this                

knowledge, I classified the 20% of voxels with the lowest MTV to the putative M-subdivision               

and the remaining 80% of voxels to the putative P-subdivisions (Fig. 2.2.1; see Figs. 2.2.3               

and 2.2.4 for results in other representative subjects; see Figure 3-S3 for results with              

different M/P ratio definition). As expected from the gradual difference in MTV fractions,             

voxels classified as putative M-subdivision appears at inferior-medial part whereas voxels           

classified as putative P-subdivision appeared at superior-lateral part. I also note that these             

M- and P-subdivisions are identified as distinct two clusters of voxels which are highly              

continuous across slices in most hemispheres (Figs. 2.2.2 and 2.2.3).  
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Figure 2.1.1 Procedure for identifying the whole LGN and LGN subdivisions in a single human               
subject from structural MRI data. ​(A) A coronal section of Proton density (PD)-weighted image in a                

representative subject (left hemisphere, Subject S10). ​Left panel, ​the coronal PD-weighted image of the              

whole left hemisphere. The cyan rectangle indicates the region magnified in the right panel. ​Right panel,                

the magnified PD-weighted image near the LGN. TRN, thalamic reticular nucleus; Hi, hippocampus; MGN,              

medial geniculate nucleus; Pul, pulvinar. The scale bar (while line) indicates 6 mm. (B) ROI covering the                 
whole LGN (translucent blue), which was manually defined from the PD-weighted image. (C)             

Macromolecular tissue volume (MTV) map coregistered with the PD-weighted image. The hot color map              

corresponds to MTV fractions in individual voxels. (D) MTV fractions within the LGN ROI. MTV fraction                

gradually changed along the superior-inferior and lateral-medial axis. Note that the scale of the MTV               

fraction differs from that of panel C. 
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Figure 2.1.2: The LGN volume estimated in the current study and previous anatomical and              
neuroimaging studies. The gray and white bars depict the LGN volumes of the left and right hemispheres,                 

respectively. The ​LGN volumes in this study (​N = 15, from S1-S15) are within the range of the BigBrain                   

(Big, left end) and previous structural MRI works (P1, Mcketton et al., 2014 and P2, Giraldo-Chica et al.,                  

2018). I note that both P1 and P2 data is taken from the data collected from healthy control subjects in                    

each paper. Error bars depict ±1 S.E.M. 
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Figure 2.1.3: The histogram of MTV fraction in all LGN voxels for all subjects (S1-S15) and those                 
pooled across subjects. ​The horizontal axis represents MTV fraction and the vertical axis represents the               

number of voxels. Bin widths are 0.005. I did not find a visible bimodal distribution of MTV fraction within                   

the LGN ROI.  

 

 

Figure 2.2.1. LGN subdivisions parcellated by MTV fraction on a series of coronal sections in a                
single representative hemisphere. ​(A) MTV fractions in LGN ROI overlaid on a series of coronal sections                

of PD-weighted image (the left and right panels represent anterior and posterior sections; distance between               

sections: 0.5 mm) in a representative hemisphere (left hemisphere, subject S10). The conventions are              
identical to those used in Figure 1D. (B) M- and P-subdivisions estimated from MTV fractions in the                 

hemisphere shown in panel A. I classified 20% voxels with the lowest MTV fractions as M-subdivision (dark                 

red), and the remaining 80% voxels as P-subdivision (light green). The scale bar indicates 4 mm. 
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Figure 2.2.2: LGN subdivisions parcellated by MTV in the left hemispheres of all subjects. M and P                 

subdivisions identified by MTV in all subjects (N=15) were overlaid on a series of coronal sections of                 

PD-weighted images (left: anterior section; right: posterior section; distance between sections: 0.5 mm).             

Conventions are identical to those used in Figure 2B. 
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Figure 2.2.3: LGN subdivisions parcellated by MTV in the right hemispheres of all subjects.              
Conventions are identical to those used in Fig. 2.2.1B and 2.2.2. 

 

 

Figure 2.2.4: LGN subdivisions on a series of coronal sections in the BigBrain. ​M (translucent red)                

and P subdivisions (translucent green) manually identified from BigBrain data (upper panel, left             

hemisphere; lower panel, right hemisphere). The cyan scale bar indicates 4 mm, and the distance between                

sections was 0.5 mm.  Other conventions are identical to those used in Fig. 2.2.1.  
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2.3.3 Validations of M and P subdivisions in MRI data 

I evaluated the validity of MTV-based LGN parcellation by comparing with the histological             

data on human LGN subdivisions (Fig. 2.2.4). To do so, I calculated the centers of               

coordinates among all M- and P-subdivision voxels classified based on MTV in all             

hemispheres ​(Denison et al., 2014)​, and compared them with those of BigBrain data (Fig              

2.3.1; Fig. 2.3.2). In BigBrain, center of M subdivision was located in medial, posterior and               

ventral part of the LGN, while center of P division was located in lateral, anterior and dorsal                 

part (dashed lines and open circles in Fig. 2.3.1 and Fig. 2.3.2). I found that the center of                  

coordinates of M- and P-subdivisions defined by ​in vivo MTV data showed a similar trend as                

BigBrain data, and this trend was well replicated across all subjects (solid lines and filled               

circles in Fig. 2.3.1 and Fig. 2.3.2). Therefore, this result suggests that LGN subdivisions              

identified from MTV have a good agreement with anatomical architecture of histological            

human LGN data.  

 

 

Figure 2.3.1: Center positions of MTV-based M- and P-subdivisions, compared with BigBrain data.             
The horizontal and vertical axis depicts the center position for M (red) and P subdivisions (green). The                 

horizontal and vertical axes represent left-right and ventral-dorsal axes, respectively (Denison et al., 2014).              

M and P subdivisions identified in a representative coronal slice of the BigBrain are inserted in each panel.                  
The center positions were calculated in MNI coordinates and are plotted as a proportion of the extent of                  

each subject’s entire LGN along a given axis. Filled circles and solid lines are spatial centers of M- and                   

P-subdivisions estimated from MTV map. Open circles and dotted lines are spatial centers of M and P                 

subdivisions in a human histological dataset (BigBrain; Amunts et al., 2013). I found that the centers of M                  

voxels defined from MTV are located more medially and ventrally as compared with P-voxels in all                

hemispheres, in a consistent manner with the BigBrain histological data. 
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Figure 2.3.2: ​Center positions of MTV-based M- and P-subdivisions, compared with BigBrain in the              
anterior-posterior/ventral-dorsal axis. Horizontal and vertical axes represent anterior-posterior and         

ventral-dorsal axes, respectively. M and P subdivisions identified in a representative sagittal slice of the               

BigBrain are inserted in each panel. Other conventions are identical to those used in Fig. 2.3.1.  

 

I replicated MTV-based parcellation results using two different definitions of volume ratio            

between M and P subdivisions (M:P ratio = 19.0:81.0 or 28.9:71.1) in order to test how much                 

arbitrary choice of fixed volume ratio in the main analysis (1:4; ​(Denison et al., 2014) affects                

validity of MTV-based parcellation. These two ratios correspond to the minimum and            

maximum proportion of M subdivisions across brains reported among a previous           

post-mortem studies ​(Andrews et al., 1997) and the current investigations on BigBrain data. I              

found that the overall pattern of MTV-based parcellation was well preserved in this analysis,              

suggesting that as far as I used the volume ratio within a range reported in anatomical study,                 

I could obtain similar MTV-based LGN parcellation in a consistent manner with histological             

data (Fig. 2.3.3). 
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Figure 2.3.3: MTV-based parcellation was robust against the ratios of M and P subdivisions. ​The               

plots depict the center of M and P subdivisions estimated by MTV fractions with different M:P ratios from                  

the main analysis (top panels, M: 19.0%; bottom panels, M: 28.9%). These two ratios correspond to the                 

minimum and maximum proportion of M subdivisions across brains reported among a previous             

post-mortem studies ​(Andrews et al., 1997) and the investigations on BigBrain data. The conventions are               

identical to those used in Fig. 2.3.1. 

 

2.3.4 Different visual sensitivity in MTV-based M and P subdivisions 

Using fMRI, I further tested whether M and P subdivisions identified from MTV showed              

different visual stimulus sensitivities that are reported in previous macaque and human            

studies ​(Derrington and Lennie, 1984; Usrey and Reid, 2000; Denison et al., 2014; Zhang et               

al., 2015, 2016)​. I measured BOLD responses to a pair of visual stimuli designed to activate                

M and P subdivisions differently ​(Denison et al., 2014) (Fig. 2.4.1A; see ​Materials and              
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Methods, Functional MRI data acquisition​). I examined the extent to which M and P              

subdivisions defined from MTV show different stimulus selectivity in their BOLD response.  

I calculated the difference in beta weights between M and P type stimuli (Beta​Mstim-PStim​;              

positive value indicates BOLD response was greater for M type stimuli) for M and P               

subdivisions defined from MTV in individual hemispheres (Fig. 2.4.1B). Group analysis           

showed a significant difference in Beta​Mstim-PStim between M and P subdivisions (t​14 = 4.5416,              

P = 0.0005 for left hemisphere; t​14 = 3.5838, ​P = 0.0030 for right hemisphere, a paired t-test).                  

Consistency with known stimulus selectivity in M and P subdivisions further support that             

MTV-based parcellation provides reasonable ​in vivo identification of LGN subdivisions in           

individual hemisphere level.  
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Figure 2.4.1: MTV-based M and P subdivisions show the stimulus selectivity reported in the              
previous literature. ​(A) Stimuli used for eliciting differential BOLD responses from voxels with greater M               

subdivision representation and voxels with greater P subdivision representations. ​Upper panel: ​Achromatic,            

low spatial frequency, high temporal frequency, and high luminance contrast grating stimulus used for              

activating M-subdivisions. ​Lower panel: High color contrast, high spatial frequency, low temporal frequency,             

and low luminance contrast grating stimulus used for activating P-subdivisions. These stimuli are adapted              
from Denison et al., (2014). See Materials and Methods for the details of stimuli. (B) Stimulus selectivity                 

measured by fMRI in the MTV-based M- and P-subdivision (​top panel​, left hemisphere; bottom panel​, right                

hemisphere; ​N​=15 for each). The vertical axis depicts the difference of beta value between M- and P-type                 

stimuli (positive value indicates more selective BOLD responses for M-type stimuli). Dots indicate data in               

individual hemispheres. Dark and light gray dots represent the measurement with1.5 mm isotropic (S1-S10)              

and 2.0 mm isotropic (S11-S15) voxels, respectively. Asterisks represent statistically significant difference            
in stimulus selectivity measured by BOLD response between M- and P-subdivisions (two-sample ​t​-test, * <               

0.005). Details of fMRI methods are described in ​Materials and Methods, Functional MRI data acquisition​.  
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2.3.5 Inter-subject variability and hemispheric differences of MTV        
fractions 

I examined how much MTV fractions in estimated M and P subdivisions are consistent or               

variable across healthy subjects participated in this study (Fig. 2.5.1). MTV fractions of             

estimated M-subdivision were 0.2525 ± 0.0032 and 0.2388 ± 0.0035 for left and right              

hemispheres (mean ± S.E.M),　whereas MTV fractions of estimated P-subdivisions were          

0.2923 ± 0.0029 and 0.2782 ± 0.0031 for left and right hemispheres. Therefore, the              

inter-subject variability of MTV fractions in each subdivision was much smaller than the             

mean difference between M- and P-subdivisions in healthy subjects. Given small variability            

in measurements across the healthy population, MTV measurement in LGN can be useful             

for evaluating how much LGN tissue properties of individuals such as eye-disease patients             

are deviated from controls.  

I found the MTV of the left LGN was significantly higher than that of the right LGN in both M                    

and P subdivisions (M subdivisions, 0.2525 ± 0.0032 and 0.2388 ± 0.0035 in left and right                

hemispheres [mean MTV ± S.E.M], ​d’ = 1.0708, ​t​14 = 4.9078, ​p = 0.0002, paired t-test; ​P                 

subdivisions, 0.2923 ± 0.0029 and 0.2782 ± 0.0031 in left and right hemispheres, ​d’ = 1.220,                

t​14 = 5.1707, ​p = 0.0001, paired t-test​). These significant hemispheric asymmetries of MTV              

may not be due to measurement biases present in the entire image, since I did not observe                 

inter-hemispheric MTV difference in whole gray matter and white matter (gray matter, 0.2038             

± 0.0015 and 0.2033 ± 0.0013 in left and right hemispheres, d’ = 0.0933, ​t​14 = 0.6404, ​p =                   

0.5322; white matter, ​0.3069 ± 0.0021 and 0.3073 ± 0.0022 in left and right hemispheres, d’                

= 0.0533, ​t​14 = 1.3652, ​p = 0.1937​). The asymmetry of MTV suggests that there may be                 

some inter-hemispheric tissue differences in LGN, although the exact microstructural          

interpretation of this effect should be tested in future works.  
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Figure 5: MTV fractions in estimated M- and P-subdivision are overall consistent across healthy              
subjects. ​Vertical axis depicts the MTV fraction averaged across voxels within M- (left panel, red) and                

P-subdivisions (right panel, green) in individual hemispheres. The dark and light bars indicate the MTV               

fractions of left and right hemispheres, respectively. The thin dotted lines indicate the averages across               

subjects in each hemisphere. MTV fractions in these subdivisions are overall consistent across 15 healthy               

subjects. Error bars depict ±1 standard deviation across voxels.  

 

2.3.6 Non-sufficient parcellation of M and P subdivisions base on PD-w           
and T1-w/T2-w ratio map 

MTV is a useful measurement method to provide quantitative measurements on brain tissue             

properties ​(Mezer et al., 2013; Duval et al., 2017; Berman et al., 2018)​. Meanwhile, a               

number of studies have used other types of MRI-based metrics, such as the ratio between               

T1-weighted and T2-weighted images (T1w/T2w ratio), to evaluate tissue properties with           

shorter acquisition time, while measurements are not fully quantitative ​(Glasser and Van            

Essen, 2011; Glasser et al., 2016)​. Therefore, we also tested whether M and P subdivisions               

can be similarly parcellated using image intensity of other non-quantitative structural MRI            

data or not, to evaluate a possible advantage of MTV-based approach.  

I firstly tested LGN parcellation by using image intensities of PD-weighted images, which             

was used to identify the whole LGN (Fig. 2.6.1A). I also tested the parcellation using the                

T1w/T2w ratio map, which have been often used to perform parcellation of cortical areas              

(Glasser and Van Essen, 2011) (Fig. 2.6.1B). In both cases, I found that coordinates of M-                

and P-subdivision centers in a majority of subjects showed inconsistent patterns from those             

in the histological data (BigBrain), suggesting that these maps were not sufficient for             

parcellating M and P subdivision in LGN. This is most likely because these values are prone                

to measurement biases ​(Shams et al., 2019)​. Unsuccessful parcellation using PD or            

T1w/T2w maps indicates the advantage for acquiring MTV data for LGN parcellation. 
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Figure 6: LGN subdivisions may not be identified from non-quantitative structural MRI maps. ​(A)              
LGN parcellation performed based on image intensity of PD-weighted image. The centers of M- and               

P-voxels are varied across hemispheres and inconsistent with the LGN in the BigBrain. (B) LGN               

parcellation performed based on image intensity of T1w/T2w map. In most hemispheres, center locations              

along the left-right axis were similar between M and P subdivisions, unlike the BigBrain data. The                

conventions are identical to those used in Fig. 2.3.1. 

 

2.3.7 Robust parcellation of M and P subdivisions based on MTV 

Finally I tested the test-retest reliability of the M and P parcellations by performing the same                

MTV measurement in 13 subjects on a different day. MTV fractions of voxels within LGN               

ROI were highly correlated between test and retest experiment (r = 0.78, Fig. 2.7.1A). I then                

calculated the probability that individual voxel can be classified as the same subdivisions             

between test and retest experiments. I found that 85.62 and 82.31 % of voxels (left and right                 
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LGN, respectively) were classified as the same subdivision between test and retest data             

(Fig. 2.7.1B; mean across subjects). In order to assess statistical significance of these             

numbers, I randomly classified 80% voxels into P subdivisions and remaining 20 % voxels              

into M subdivisions in order to obtain a null distribution. I repeated this process by shuffling                

voxels 10,000 times. The maximum probability of voxels classified into the same            

subdivisions between test data and shuffled data was 71.73 and 71.55 % for left and right                

hemisphere (mean across subjects), suggesting that the test-retest reliability of MTV-based           

parcellation was much higher than the significance level (​p < 0.0001). Finally, I replicated the               

results that the center of M- and P-subdivisions showed the same spatial pattern as              

histological data in the retest dataset (Fig. 2.7.1C). Taken together, these results support a              

considerable degree of reproducibility of the current results on MTV-based LGN parcellation. 
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Figure 7: Test-retest reproducibility of MTV-based parcellation. ​(A) Two-dimensional histogram          

comparing MTV measurements across days in LGN voxels. The data are derived from LGN voxels pooled                

across participants, who participated in retest scanning (​N ​= 13). Color map indicates the number of voxels.                 

The correlation coefficient of MTV measurements across days was 0.78 (​p < 10​-10​). This high correlation                

coefficient indicates that MTV measurement is reproducible across days. (B) Reproducibility of            

classification. The vertical axis depicts a probability that individual voxels are classified into the same LGN                
subdivisions between test and retest dataset. Individual dots depict results in individual hemispheres. The              

dotted lines depict the maximum probability of voxels classified into the same subdivisions between test               

and shuffled data, which is equal to ​p = 0.0001. (C) The center of coordinates in M and P subdivisions                    

identified by MTV-based parcellation using retest dataset (filled circles and solid lines). I replicated results               

with BigBrain data (open circles and dotted line). The conventions are identical to Fig. 2.3.3.  
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2.4 Discussion 
It is widely known that the human LGN consists of functionally and anatomically different              

subdivisions. However, identifying these subdivisions in individual living human brains using           

conventional structural neuroimaging methods had been challenging. In this study, I           

demonstrated the approximate parcellation of LGN subdivisions in a single-subject level, by            

combining ​in vivo structural MRI methods (multiple PD-weighted imaging and MTV           

measurement). Spatial positions of identified LGN subdivisions were consistent with those in            

the postmortem human LGN subdivisions in BigBrain data ​(Amunts et al., 2013)​.            

Furthermore, using fMRI, I confirmed that these subdivisions have different stimulus           

selectivity, in a consistent manner with previous physiological studies. Finally, I confirmed            

the MTV-based LGN parcellation is highly consistent across datasets acquired in different            

days, suggesting that proposed methods are highly reproducible. Other non-quantitative MRI           

methods did not provide LGN parcellation consistent with neuroanatomical data. Taken           

together, this study provides evidence on the utility of quantitative structural MRI approach             

on LGN parcellation, and establishes methods to measure structural properties of human            

LGN subdivisions in single living human subjects, using clinically feasible 3T MRI scanner.  

 

2.4.1 Microstructural origin of MTV-based parcellation 

The current result demonstrated that the MTV fraction can be a useful measurement for              

distinguishing M and P subdivision. One might ask what types of microstructural differences             

may lead MTV differences between M and P subdivisions. In principle, MTV quantifies             

non-water macromolecular volumes on the basis of calibrated quantitative proton density           

maps ​(Mezer et al., 2013)​. Phantom experiments confirmed that MTV measurement           

correlated with lipid fraction ​(Mezer et al., 2013; Filo et al., 2019; Shtangel and Mezer, 2020)​.                

Still, there is no established theory on how much variance of MTV in a certain brain area can                  

be explained by specific types of microstructural properties. A number of histological studies             

on non-human primate reported differences in anatomical properties between M and P            

subdivisions, such as higher neuronal cell density in P subdivision ​(Hassler, 1966; Yücel et              

al., 2000, 2003) and greater myelin content in P subdivision ​(Pistorio et al., 2006)​. A recent                

post-mortem human study confirmed that P subdivision has higher neuronal cell and myelin             

densities as compared with M subdivisions ​(Müller-Axt et al., n.d.)​. These results are in line               

with the current results showing a larger MTV fraction in P subdivision than in M subdivision                

since both a larger number of cells and greater myelin content will result in larger lipid                

volume fraction. There remains a possibility that other neurobiological factors such as glial             

cell density also partly explain the difference in MTV between M and P subdivisions. This               
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remains as an open question for future investigations more directly comparing histology and             

quantitative MRI maps.  

In this study, I also found the significant MTV difference between left and right LGN. To my                 

knowledge, this is the first neuroimaging study showing the inter-hemispheric difference of            

human LGN tissue properties. While speculative, these results may be related to a previous              

study showing the difference of number of neurons in left and right LGN of rhesus monkeys                

(Williams and Rakic, 1988)​. Further histological examination necessary to establish what           

type of microstructural difference between hemispheres may exist in human LGN.  

 

2.4.2 Advantage of MTV-based parcellation over other structural MRI         
methods 

In a standard practice, many neuroimaging studies have utilized T1-weighted image and/or            

T2-weighted image to identify the location of cortical area or subcortical nuclei. While the              

relative values in these images are useful to identify the border between gray matter and               

white matter, their absolute values can not be interpreted as a quantitative unit since              

measurements are affected by multiple sources of inhomogeneity such as B1+           

inhomogeneity or coil gain bias. Recent development of quantitative MRI method enables us             

to quantify MRI parameters (such as PD, T1, and T2), which opens the avenue to study                

tissue properties of the brain across human subjects ​(Mezer et al., 2013; Weiskopf et al.,               

2015; Forstmann et al., 2016; Keuken et al., 2017; Cercignani et al., 2018)​. These              

quantitative MRI measurements have provided valuable insights on tissue properties of           

cortical areas ​(Sereno et al., 2013; Lutti et al., 2014) or white matter ​(Stuber et al., 2014;                 

Takemura et al., 2019)​. 

Mezer and colleagues (2013) proposed MTV methods, and demonstrated consistency of           

measurements with lipid volume fractions in the phantom, high test-retest reproducibility, and            

sensitivity for white matter tissue changes in multiple sclerosis patients. A strong advantage             

of this method is its independence from static magnetic field strength, since it is based on                

PD measurements calibrated by assuming that water fraction in CSF voxels equals to 100%.              

In fact, Mezer et al. (2013) demonstrated that MTV measurements in the brain are consistent               

across measurements performed by using different hardwares. Therefore, I chose MTV           

mapping as a method for human LGN parcellation since it is a promising method relatively               

independent from hardware choices and thus useful for future clinical works.  

I found that MTV provides parcellation consistent with histological data (Fig. 2.3.1) and             

stimulus selectivity known in physiological studies (Fig. 2.4.1). MTV-based parcellation was           

superior to the parcellation based upon other non-quantitative MRI maps (PD-weighted or            
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T1w/T2w; Fig. 2.6.1). This is most likely because MTV has been corrected for B1 transmitter               

(B1+) inhomogeneity, while other maps do not. While T1w/T2w map has been demonstrated             

to enhance tissue contrast and thus be useful for delineating borders between brain areas              

(Glasser and Van Essen, 2011) and has advantages in its shorter acquisition time, several              

studies demonstrated inconsistencies between T1w/T2w and quantitative MRI        

measurements that are more sensitive to myelin ​(Arshad et al., 2017; Hagiwara et al., 2018;               

Uddin et al., 2018)​. These inconsistencies are most likely due to the fact that T1w/T2w is not                 

calibrated for B1+ inhomogeneity ​(Glasser and Van Essen, 2011)​. While I do not fully              

exclude a possibility that ad-hoc B1+ bias field correction ​(Glasser et al., 2013) may improve               

LGN parcellation using T1w/T2w, the current results showed superior performance for LGN            

parcellation with MTV than with T1w/T2w, most likely because of superior calibrations for             

B1+ inhomogeneity in the LGN.  

 

2.4.3 Comparison with fMRI-based LGN parcellation 

A few fMRI studies have examined the spatial pattern of visually-evoked BOLD signals in the               

LGN ​(Denison et al., 2014; Zhang et al., 2015)​. These studies demonstrated clusters of LGN               

voxels preferentially responding to distinct types of visual stimuli, in a consistent manner with              

neurophysiological findings, suggesting that approximate identification of LGN subdivisions         

in living humans can be achieved by fMRI measurements on visual stimulus sensitivities.             

Quantitative structural MRI-based parcellation methods as shown in this study have several            

advantages as compared with the fMRI-based parcellation method. First, the fMRI-based           

methods require a precise control of stimuli including presentation of isoluminant stimuli            

(Denison et al., 2014)​, which is unnecessary in the structural MRI-based methods.            

Furthermore, use of visual stimuli limits the application for LGN parcellation methods on             

clinical studies for patients with visual field loss or using MRI scanners where visual stimulus               

presentation equipment is not available. Second, structural MRI-based methods have higher           

spatial precision, since voxel size of qMRI measurement (e.g. 1 mm isotropic in this study) is                

generally smaller than those used in fMRI experiments (e.g. 1.8×1.8×1.5 mm for 3T, 1.2~1.5              

mm ​isotropic for 7T in ​Denison et al., 2014​). For fMRI, large veins passing through multiple                

voxels can limit spatial specificity of BOLD signal ​(Uludağ and Blinder, 2018; Kay et al.,               

2019)​. Therefore, the current methods have advantage over fMRI-based methods in terms of             

spatial precision, though fMRI-based methods will surely continue to improve ​(Huber et al.,             

2014, 2018b; Kay et al., 2020)​. Finally, MTV-based parcellation has higher test-retest            

reliability across days (Fig. 2.7.1), as compared with those reported in a previous fMRI work               
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(r < 0.4; ​Denison et al., 2014​). Therefore, MTV-based parcellation will provide more stable              

identification for M and P subdivisions in individual living human brains.  

 

2.4.4 Limitations and future directions 

In this study, I classified voxels into M and P subdivisions using a fixed volumetric ratio (1:4).                 

However, previous studies reported the inter-subject variability in the ratio of the M and P               

subdivision volumes in post-mortem human data ​(Hickey and Guillery, 1979; Andrews et al.,             

1997)​. Therefore, it will be ideal to classify LGN voxels into M and P subdivisions by fitting a                  

mixture model composed of two curves with distinct peaks to the distribution of MTV              

fractions in each individual LGN. However, this approach was not practical in this study due               

to the fact that MTV distribution of LGN voxels in the current in vivo data did not show two                   

distinct peaks which correspond to M and P subdivisions (Fig. 2.1.3). Given that a recent               

study using a high resolution ​ex vivo ​quantitative structural MRI (220 μm isotropic) using 7T               

MRI demonstrated a parcellation of LGN subdivisions using aforementioned curve fitting           

procedure ​(Müller-Axt et al., n.d.)​, I expect that future improvement on the spatial resolution              

of i​n vivo quantitative MRI will provide LGN parcellation without assuming a fixed volumetric              

ratio, enabling quantitative comparisons of M and P subdivisions volumes across subjects.  

The other limitation of the MTV-based parcellation method proposed in this work is a              

relatively long acquisition time. The current identification method requires multiple structural           

image acquisitions, each of which require considerable acquisition time (60-90 and 28 min             

for PD-weighted image and quantitative structural MRI, respectively) in order to ensure            

higher signal quality at the LGN and quantification of MTV ​(Mezer et al., 2013; Mcketton et                

al., 2014; Giraldo-Chica et al., 2015; Viviano and Schneider, 2015; Giraldo-Chica and            

Schneider, 2018)​. While the trade-off between signal quality and acquisition time is inherent             

to any neuroimaging methods, prolonged acquisition time limits application of MTV-based           

parcellation to studies on clinical populations. Further development of quantitative MRI           

method with shorter acquisition time ​(Warntjes et al., 2008; Marques et al., 2010; Ma et al.,                

2013; Caan et al., 2019) is essential to increase an opportunity to measure LGN              

subdivisions in a wide range of populations.  

The length of time for the current scanning protocols can be too long compared to scan time                 

in clinical situations. It is a trade-off between time and accuracy, but it can be possible to                 

reduce scanning time. For example, I identify LGN by averaging multiple acquisitions of LGN              

using PD 2D Turbo Spin Echo (TSE), which is the established method (​Mezer et al., 2013;                

Mcketton et al., 2014; Giraldo-Chica et al., 2015; Viviano and Schneider, 2015;            
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Giraldo-Chica and Schneider, 2018​), but the weak point of 2D imaging is the cross-talk              

between adjusted slices. I measured at 1.0 mm of slice thickness with no gap, which might                

have interfered with the contrast to Noise Ratio (CNR) of the image. Although the time per                

scan of 3D imaging will become longer, the 3D imaging (e.g. 3D-TSE) will improve the CNR                

of the image, which will result in reducing the required numbers of acquisition.  

It is known that thin layers named koniocellular layers (K layers) exist between each layer of                

M and P subdivisions in the LGN ​(Guillery and Colonnier, 1970)​. Previous histological             

studies showed the K layers have distinct anatomical properties given its smaller cell size              

compared with M and P subdivisions ​(Hendry and Clay Reid, 2000)​. Considering the location              

of K layers, MTV fractions in many of LGN voxels are likely to be affected by partial voluming                  

between K layers and M/P subdivision. Therefore, a part of variance in structural             

measurements can be affected by anatomical properties of K layers.  

Despite the limitations discussed above, the current study is an important step for             

establishing a method to parcellate human LGN subdivisions and quantify their tissue            

properties in living humans brains. Once I could overcome the existing limitation of             

acquisition time, MTV-based ​in vivo human LGN measurements will open fruitful           

opportunities for understanding how properties of human LGN are related to brain functions             

and are affected as a consequence of diseases. For example, psychophysical studies have             

suggested that properties of M subdivisions will be crucially related to reading performance             

(Chase and Jenner, 1993; Felmingham and Jakobson, 1995; Demb et al., 1998; Stein, 2001;              

Main et al., 2014)​. Similarly, psychophysical investigations on glaucoma patients suggested           

that M subdivision may be damaged earlier than P subdivisions ​(Maddess et al., 1992; Cello               

et al., 2000)​. Extension of this study will provide a powerful tool to directly compare tissue                

properties of LGN subdivisions and psychophysical performance measured in identical          

subjects, and thus to improve our understanding how properties of LGN subdivisions are             

related to functions and disorders.  
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Chapter 3. 
Structural properties of the vertical occipital      
fasciculus correlates with the variability in      
human stereoacuity. 
 

This chapter is adapted from “Microstructural properties of the vertical occipital fasciculus explain             

the variability in human stereoacuity.” Proceedings of National Academy of Sciences of the United              

States of America, National Academy of Sciences, 115 (48), 12289-12294, 2018, Hiroki Oishi,             

Hiromasa Takemura, Shuntaro C. Aoki, Ichiro Fujita, Kaoru Amano. 

3.1 Introduction 
Stereopsis is a fundamental human visual function that has been studied over two centuries              

(Wheatstone, 1843; Julesz, 1971; Howard and Rogers, 1995)​. Traditional visual          

neuroscience has focused on the properties of neural response towards important cues for             

the stereopsis, such as binocular disparity, to understand the neural computation achieving            

the perception of three-dimensional world ​(Parker, 2007; Welchman, 2016)​. A series of            

studies have revealed a number of cortical areas involved in binocular disparity processing             

(Janssen et al., 1999; Orban et al., 2006; Parker, 2007; Welchman, 2016) and demonstrated              

that dorsal and ventral visual areas have complementary roles in processing different            

aspects of stereoscopic information ​(Neri et al., 2004; Uka and DeAngelis, 2006a; Shiozaki             

et al., 2012a; Chang et al., 2014)​. 

However, there is one key question that remains unanswered: why does the ability to              

discriminate depth (stereoacuity) vary among people. In fact, a number of psychophysical            

studies have reported a broad and often bimodal distribution of human stereoacuity, which             

are much less evident than other visual modalities ​(Richards, 1970; Movshon et al., 1972;              

Zaroff et al., 2003; Hess et al., 2015)​. The neurobiological origin of such large differences in                

perceptual performance is unknown. 

As I mentioned above, several visual areas in both dorsal and ventral pathways are known               

to be involved in stereo perception and each pathway has complementary aspects for             

stereopsis. For example, absolute disparity is represented in the dorsal visual areas while             

relative disparity processing is represented in the ventral visual areas ​(Neri et al., 2004)​.              

While this suggests the distinct representation between dorsal and ventral pathways, the            
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depth discrimination acuity for the absolute disparity and that for the relative disparity of              

humans is marginally correlated ​(Chopin et al., 2016)​. Based on the complementary            

representations of absolute and relative disparity in dorsal and ventral pathways but with             

perceptual correlation between them, I hypothesised the dorsal and ventral pathways           

communicate with each other during stereopsis. The anatomical properties of the white            

matter tract that supports communication between the dorsal and ventral areas should thus             

be crucial. VOF ​(Yeatman et al., 2014b; Takemura et al., 2016c, 2017)​, which connects              

dorsal and ventral visual cortices, can be one of the candidates for the tracts responsible for                

the dorso-ventral communication.  

Here, I have combined modern structural neuroimaging techniques (diffusion MRI and MTV)            

with psychophysical measurements to assess human stereoacuity, and attempted to clarify           

how the tissue properties of visual white matter tracts may relate to the stereoacuity. In               

addition, I have evaluated the relationship between the endpoints of the tracts and areas              

activated by the same stereo stimuli using fMRI. Furthermore, I tested how these tissue              

properties relate to the contrast detection threshold to test whether the observed relationship             

between anatomical and psychophysical measurements are specific to stereoacuity. 

 

3.2 Materials and Methods  

 

3.2.1 Participants 

Twenty-three healthy volunteers (19 males and 4 females; mean age 26.1 years)            

participated in the study. All participants had normal or corrected-to-normal vision. All            

individual participants gave written informed consent to take part in this study, which was              

conducted in accordance with the ethical standards stated in the Declaration of Helsinki and              

approved by the local ethics and safety committees at Center for Information and Neural              

Networks (CiNet), National Institute of Information and Communications Technology. 

 
3.2.2 Psychophysical measurement and analysis of stereoacuity       
experiment 
Participants.  

Nineteen participants underwent an experiment to determine their stereoacuity (16 males           

and 3 females; mean age 25.0 years old). All participants had no diagnosis history of eye                

diseases. For each participant, all procedures in this experiment took around 80 minutes.  
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Apparatus.  

The stereoacuity experiment employed a haploscope in which each eye viewed a half side of               

the monitor through an angled mirror and a front triangular prism mirror. RDSs were              

presented with a spatial resolution of 3840 × 2160 pixels at a frame rate of 60 Hz on a                   

gamma-corrected, full-flat 4K LCD monitor (P2715Q, Dell, USA). The distance from the            

angled mirror to the prism mirror was 10 cm and the direct distance from a display to chin                  

support was 160 cm, i.e., the viewing distance was 170 cm. Each side of the monitor                

covered a visual angle of 10.0°× 11.3°.  

 

Stimuli. 

An RDS was presented at one of 4 different positions (Up-Right, Up-Left, Down-Right and               

Down-Left), whose center was 3° away from the fixation point (see Fig. 3.1A). The stimulus               

consisted of an equal number of black (0.15 cd/m​2​) and white (171.85 cd/m​2​) dots on a                

mid-gray background (86.00 cd/m​2​). Diameter and density of the dots were 0.16° and 25%,              

respectively. Dot patterns in each eye were refreshed at 20 Hz. An RDS composed of a                

central disk (diameter: 3°) and a surrounding ring (width: 0.5°, outer diameter: 4°; see Fig.               

3.1A for an example stimulus used in the stereoacuity experiment). While the surrounding             

ring always had zero disparity, the binocular disparity in the central disk varied across trials               

(±0.12, ±0.24, ±0.48, ±0.96, ±1.92, ±3.84, ±7.68 arcmin; these disparity magnitudes were            

chosen based on the range of human stereoacuity ​(Zaroff et al., 2003)​. The stimulus              

duration was 94 ms, in order to avoid the occurrence of vergence eye movements ​(Masson               

et al., 1997)​. The inter-stimulus interval was 2 s.  
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Figure 3.1. Details of stereoacuity experiment. A. Random dot stereogram (RDS) stimulus used to test               

stereoacuity. Left and right panels show the stimulus in the left and right eyes, respectively. I used a                  

haploscope to present the RDS stimulus. The RDSs consisted of central and surrounding stimuli, which are                

highlighted as dotted contours (not visible in the experiment). Dots on the central disk had crossed or                 

uncrossed binocular disparities, while dots on the surrounding ring and the fixation target (a cross when                

properly fused) had zero disparity (See Materials and Methods for more details of stimulus parameters).               
The white scale bar depicts 1°, which was not visible in the experiment. Participants were asked to judge                  

whether the central disk appeared to be nearer or farther than the surrounding ring. B. Difference in                 

refractive errors and pupillary distance of eyes between good stereoacuity (low disparity-threshold) and             

poor stereoacuity (high disparity-threshold) groups. The difference in stereoacuity between these two            

groups was not accompanied by the difference in mean spherical refractive error (d’ = 0.30, t​17 ​= 0.65, ​p =                    

0.53, -4.25 ± 2.16 and -4.93 ± 2.41 diopters for good and poor stereoacuity groups), interocular difference                 
in spherical refractive error (d’ = 0.39, t​17 ​= 0.86, ​p = 0.40, 0.90 ± 0.53 and 0.69 ± 0.51 diopters for good and                        

poor stereoacuity groups), mean cylindrical refractive error (d’ = 0.33, t​17 ​= 0.73, ​p = 0.48, -0.85 ± SD = 0.74                     

and -1.07 ± 0.59 diopters for good and poor stereoacuity groups), interocular difference in cylindrical               

refractive error (d’ = -0.41, t​17 ​= -0.89, ​p = 0.39, 0.40 ± 0.38 and 0.64 ± 0.75 diopters for good and poor                       
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stereoacuity groups) and pupillary distance between eyes (d’ = -0.10, t​17 ​= -0.23, ​p = 0.82, 63.3 ± 2.06 and                    

63.56 ± 2.83 mm for good and poor stereoacuity groups).  

 

Task.  

Participants performed a single-interval, two-alternative forced-choice near/far discrimination        

task. Participants judged whether the central stimulus appeared nearer or farther than the             

surrounding ring while fixating on the central fixation point (Fig. 3.1A). The stimulus position              

(Up-Right, Up-Left, Down-Right and Down-Left) was constant within a session of 42 trials             

(three trials for each disparity condition), and was randomized across sessions. Participants            

went through 20 sessions in total (5 sessions for each stimulus position). Before the main               

experiment, the participants practiced the task with longer stimulus presentation (500 ms)            

and 8 different binocular disparities (±0.24, ±0.96, ±3.84, ±15.36 arcmin). Every participant            

practiced an identical number of trials (24 trials in total, 3 trials for each disparity condition).  

 

Analysis.  

I estimated stereoacuity in each participant by fitting their correct response rate with a              

cumulative Gaussian psychometric function using a maximum-likelihood estimation        

(Wichmann and Hill, 2001)​. The responses were pooled across all four positions and across              

crossed and uncrossed disparities because there was no systematic difference in           

performance across positions and depth directions. Hereafter, I defined stereoacuity as the            

magnitude of binocular disparity corresponding to the 84% correct rate in the task. I              

identified stereoacuity from 14 participants by using this procedure, however, I could not             

identify stereoacuity in the other 5 participants whose correct rate was below 84% in all               

disparity conditions I tested (Fig. 3.2). Note that the five participants were not stereoblind              

because in the practice session before the main experiment, they could discriminate depth             

with a longer duration (500 ms) and a larger disparity (15.36 arcmin) with an accuracy (100,                

70.8, 83.3, 87.5, 95.8% for 15.36 arcmin) significantly higher than the chance level (95%              

confidence interval = 42.7 - 63.3% using binomial distribution).  
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Figure 3.2. Psychophysical experiment on stereoacuity. A. Schematic illustration of depth           

discrimination task using RDSs. An RDS was concentric-bipartite. Participants were asked to judge             

whether the central disk was nearer or farther than the surrounding disk. B. Psychometric functions in three                 

representative participants with different performances. Horizontal axis depicts binocular disparity (arcmin;           

logarithmic scale), while the vertical axis depicts the correct rate. The performance on crossed and               

uncrossed disparities was averaged. By fitting psychometric function, I estimated stereoacuity as the             
binocular disparity at which a participant achieved 84% correct rate. For the participant shown in the right                 

panel, the performance was lower than 84% over the tested range of disparities and I could not estimate                  

the stereoacuity using the identical criteria. C. The stereoacuity in all participants (​N = 19). The vertical axis                  

of bar plot indicates the disparity threshold at which performance reached 84% correct. In the five                

participants whose stereoacuity could not be estimated (labeled with diamonds), the value of stereoacuity is               

arbitrary. Note that these five participants were not stereoblind (see Materials and Methods for stereoacuity               
experiment). I divided participants into good and poor stereoacuity groups using a two-step clustering              

algorithm and Schwarz’s Bayesian criterion.  

 

I used a two-step clustering algorithm applying Schwarz’s Bayesian criterion (SPSS           

Statistics 25, IBM, USA) ​(Fraley and Raftery, 1998) to identify two subgroups in 14              

participants; one with good stereoacuity (​N = 10; 1.19 ± 0.69 arcmin) and the other with poor                 

stereoacuity (​N = 4; 4.56 ± 0.55 arcmin). In group comparison analysis (as shown in Fig.                
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3.3C), the five participants without quantitative stereoacuity estimate were classified into the            

poor stereoacuity group (​N​ = 9 in total; Fig. 3.2C). 

 

 

Figure 3.3. Tissue property of the right VOF explains individual differences in human stereoacuity.              
A.VOF in the right hemisphere identified in a representative participant (participant 9). VOF connects the               

dorsal and ventral parts of the occipital cortex. B. Correlation between MTV of right VOF and stereoacuity                 

(​N = 14; R​2 = 0.36, ​p =0.024). See Fig. 3.6A for the correlation between FA of the right VOF and                     

stereoacuity. C. Tissue properties along the right VOF in good and poor stereoacuity groups. Vertical axis                

indicates the MTV along the right VOF, and the horizontal axis indicates the spatial position along the right                  

VOF. Good stereoacuity group (blue, N = 10) showed significantly higher MTV than poor stereoacuity               

group (green, N = 9) along the entire portion of the right VOF (d’ = 1.27, ​p = 0.013 using two-sample t-test).                      
The solid line indicates the mean in each group, whereas the dotted line indicates ±1 s.e.m. D. No                  

significant statistical support for stereoacuity-dependent difference in FA/MTV of other visual white matter             

tracts. The left panel depicts the visual white matter tracts estimated by tractography (green, OR; pink,                

Forceps major; dark yellow, ILF; blue, VOF) in a representative participant (participant 9). In the right panel,                 

the horizontal axis represents the effect sizes (d’) of the FA and MTV difference in each visual white matter                   

tract between the good and poor stereoacuity groups. The positive or negative values represent the index                
values larger or smaller for the good stereoacuity group than for the poor stereoacuity group, respectively.                

The asterisks in the panel indicate a significant difference between the good and poor stereoacuity groups                

(​p = 0.05, using two-sample ​t​-test). The effect size was largest in the right VOF in a consistent manner                   

across the two independent measurements (FA and MTV).  

 

64 



3.2.3 Psychophysical measurement and analysis of Contrast threshold        
experiment 
 

Participants.  

19 participants underwent a contrast threshold experiment (15 males and 4 females; mean             

age 26.0 years old), 15 of whom participated in the stereoacuity experiment. For each              

participant, all procedures in this experiment took around 57 minutes. 

  

Apparatus. 

I used a gamma-corrected ​(Ban and Yamamoto, 2013)        

(https://github.com/hiroshiban/Mcalibrator2), full-flat 10-bit LCD monitor (sx2262w, Eizo,       

Japan; spatial resolution, 1920 x 1200 pixels corresponding with 43.4° × 27.4°; frame rate,              

60 Hz) to present Gabor patch stimuli. The viewing distance was 60 cm.  

 

Stimuli.  

I presented Gabor patch stimuli whose orientation was leftward or rightward tilted by 45°              

from the vertical (Figure 8B; spatial frequency, 3 cycles/degree; stimulus diameter, 4°; the             

standard deviation of Gabor filter, 0.8°). The mean luminance of the Gabor patch stimuli and               

the background were 112.37 cd/m​2​. The stimulus positions were identical to those used in              

the stereoacuity experiment. The stimulus duration was 100 ms.  
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Figure 3.4. Tissue property of the right VOF does not explain individual differences in contrast               
sensitivity. A. Gabor patch stimulus used for measuring contrast sensitivity (see Materials and Methods).              

The white scale bar depicts 1°, which was not visible in the experiment. B. Contrast sensitivity of all                  

participants (N = 19). I divided participants into good and poor contrast sensitivity groups using a two-step                 

clustering algorithm and Schwarz’s Bayesian criterion. C. Scatter plot of MTV along the right VOF               

(horizontal axis) and contrast detection threshold in each subject. MTV along the right VOF did not                
significantly predict contrast detection threshold (R​2 = 0.031, ​p = 0.47). D. The MTV along right VOF in the                   

good and poor contrast sensitivity groups. I did not find a significant difference in MTV between the groups                  

(d’ = 0.21, ​p​ = 0.66). The conventions are identical to those in Fig. 3.3.  

 

Task and analysis.  

The experiment consisted of two stages. An approximate threshold was measured in the first              

stage, which was used to determine the contrast range used at the second stage for               

estimating a precise threshold. In both stages, participants were asked to judge whether the              

stimulus orientation was leftward or rightward tilted. In the first stage, I presented Gabor              

stimuli of six largely different levels of luminance contrast (0.00%, 0.39%, 0.77%, 1.16%,             

1.54%​, 1.91% Michelson contrast)​. One session of 18 trials (3 trials for each contrast              

condition) was performed for each stimulus position. I then pooled the data across four              
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different positions, and roughly estimated the threshold as the contrast corresponding to            

84% correct rate by fitting a psychometric function ​(Wichmann and Hill, 2001)​. In the second               

stage, the stimulus contrast was varied at 12 levels between 0% and 1.73% (12              

participants), between 0% and 2.1% (6 participants) or between 0% and 2.47% (6             

participants), which were around the approximate threshold identified at the first stage. I             

estimated the contrast detection threshold (84% correct rate) by fitting a cumulative            

Gaussian function to the correct response rate obtained at the second stage.  

I used two-step clustering algorithm and Schwarz’s Bayesian criterion to contrast detection            

threshold to identify two subgroups (Figure 8B): one with good contrast sensitivity (​N = 12;               

0.78 ± 0.085% ​Michelson contrast​) and the other with poor contrast sensitivity (​N = 7; 1.11 ±                 

0.17% ​Michelson contrast​). 

 

3.2.4 MRI data acquisition 

Anatomical MRI data acquisition and tissue segmentation 

I measured T1-weighted MR-RAGE image (1 mm isotropic; TR = 1900 ms, TE = 2.48 ms)                

from all 23 participants to estimate white/gray matter border. For each participant, acquisition             

of anatomical MRI image took around 15 minutes. The segmentation was performed using             

an automated procedure in Freesurfer software (https://surfer.nmr.mgh.harvard.edu/) ​(Fischl,        

2012)​. The tissue segmentation was used for a subsequent dMRI and fMRI analysis. 

 

Diffusion MRI data acquisition 

I measured dMRI data from all 23 participants. DMRI data was acquired at 3T SIEMENS               

Trio Tim scanner using a 32-channel head coil at Center for Information and Neural              

Networks (CiNet), National Institute of Information and Communications Technology, and          

Osaka University. The dMRI data were acquired using dual-spin echo planar imaging (EPI;             

TR = 5000 ms, TE = 73 ms, multi-band factor = 2, partial fourier = 5/8, and the voxel size of                     

2 x 2 x 2 mm​3​) implemented in multi-band accelerated EPI pulse sequence provided by               

Center for Magnetic Resonance Research, Department of Radiology, University of          

Minnesota ​(Setsompop et al., 2012)​; https://www.cmrr.umn.edu/multiband/). The diffusion        

weighting was isotropically distributed along the 64 directions (b-value = 1000 s/mm​2​), and a              

non diffusion-weighted (b = 0) images were acquired at the beginning and end of the dMRI                

session (total of two b = 0 volumes per image set). To minimize EPI distortion, two image                 

sets were acquired with the reversed phase-encoding directions (A-P and P-A). For each             

participant, the entire dMRI acquisition took around 20 minutes.  
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Quantitative MRI data acquisition 

I measured qMRI data from all 23 participants. QMRI data was acquired at 3T SIEMENS               

Trio Tim scanner using 32-channel head coil at Center for Information and Neural Networks              

(CiNet), National Institute of Information and Communications Technology, and Osaka          

University. QMRI measurements were obtained from the protocols described in previous           

publications ​(Mezer et al., 2013; Gomez et al., 2017)​. I measured four Fast Low Angle Shot                

(FLASH) images with flip angles of 4°, 10°, 20°, 30° (TR = 12 ms, TE = 2.41 ms) and a scan                     

resolution of 1 mm isotropic. For the purposes of removing field inhomogeneities, I collected              

five additional spin echo inversion recovery (SEIR) scans with an echo planar imaging (EPI)              

readout (TR = 3 s, TE = 49 ms, 2x acceleration). The inversion times were 50, 200, 400,                  

1200, and 2400 ms. In-plane resolution and a slice thickness of the additional scan was 2 x                 

2 mm​2 and 4 mm, respectively. For each participant, the entire qMRI acquisition took around               

35 min.  

 

Functional MRI data acquisition 

I further measured a functional MRI (fMRI) dataset to identify cortical areas selectively             

activated by visual stimuli with binocular disparity.  

 

Participants.  

Eight participants, all of whom participated in the psychophysical experiments on           

stereoacuity, underwent fMRI experiment (7 males, 1 female; mean age 26.6 years old). I              

excluded two participants who showed low performances on the fixation task from the             

subsequent analyses (see Experimental design and task). For each participant, all           

procedures of fMRI experiment took around 60 min. 

 

fMRI Acquisition protocol.  

FMRI data were acquired at a 3T Siemens Trio scanner with a posterior half of 32-channel                

coil. Functional data were collected with parallel acceleration technique (iPAT; acceleration           

factor = 2) and a simultaneous multi-slice EPI sequence (multi-band factor = 2) to acquire               

whole-brain (60 slices) volumes at TR = 2 s, TE = 30 ms; flip angle = 70 deg; FOV = 192                     

mm​2​; acquisition matrix = 96 ×96; slice thickness = 2 mm with no gap, implemented in                
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multi-band accelerated EPI pulse sequence provided by Center for Magnetic Resonance           

Research, Department of Radiology, University of Minnesota ​(Moeller et al., 2010)​;           

https://www.cmrr.umn.edu/multiband/). Data were acquired at a resolution of 2.0 mm          

isotropic voxels with interleaved T2＊-weighted gradient echo sequence. The slices were           

aligned parallel to the AC-PC (anterior commissure-posterior commissure) line. 

 

Apparatus.  

Stimulus presentation inside the scanner used a stereoscopic projector system, in which the             

left and right images were generated by a dual head graphic converter (Matrox             

DualHead2Go, Matrox) and were projected via polarizing filters on a screen placed in front of               

the participants. The participants viewed through eye glasses with a pair of polarizing filters              

that match with those on the projector. Stimuli were presented with a spatial resolution of               

1024 × 820 pixels at a frame rate of 85 Hz on a full-flat screen (333 mm × 266 mm). The                     

viewing distance was 97 cm, and the visual angle of the screen was 19.5° × 15.6°. 

 

Experimental design and task.  

The participants viewed 12-s blocks of gray background (“Blank”), RDS, or uncorrelated            

RDS (uRDS), during which the participants performed a fixation task requiring vernier            

detection (see below). In “Blank” blocks, only a fixation point was presented. In “RDS”              

blocks, the RDSs identical to those used in the stereoacuity measurement were presented.             

Binocular disparity of central stimulus was randomly chosen from ±1.92, ±3.84 and ±7.68             

arcmin. In “uRDS” blocks, the random dot stimuli presented in the left and right eyes were                

mutually independent so that participants did not perceive depth. In “RDS” or “uRDS” blocks,              

the stimulus was simultaneously presented in all four positions used in the psychophysical             

experiment, and the stimuli for 0.5 s was repeated 12 times with an inter-stimulus-interval of               

0.5 s. Each session started from a “Blank” block, followed by 6 repetitions of 3 types of                 

blocks (“RDS” - “Blank” - “uRDS” - “Blank”). Ten sessions were repeated for each              

participant. ​During the fMRI experiment, the participants were asked to perform a demanding             

vernier detection ​task ​(Preston et al., 2008) on the fixation point. This ensured proper fusion               

of the left and right images as well as similar levels of attentional engagement across               

different stimuli (correlated, uncorrelated, and blank) ​(Preston et al., 2008)​. The correct rates             

of two participants were lower than or close to the chance level (95% binomial proportion               

confidence interval) when stimuli were presented on the right side. As this result means they               
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were not able to fuse left and right eye image during the experiment, I excluded the two                 

participants from the analysis.  

 

3.2.5 MRI data analysis 

Diffusion MRI data analysis 

 

Preprocessing.  

DMRI images were corrected for susceptibility-induced distortions using FSL TOPUP tools           

(Andersson et al., 2003)​. Eddy current distortions and participant motion in the dMRI images              

were removed by a 14-parameter constrained non-linear co-registration based on the           

expected pattern of eddy-current distortions given the phase-encode direction of the           

acquired data ​(Rohde et al., 2004) using mrDiffusion tools implemented in vistasoft            

distribution (https://github.com/vistalab/vistasoft). 

 

Tracking.  

I used constrained spherical deconvolution (CSD; ​L​max = 8; ​(Tournier et al., 2007) to estimate               

fiber orientation distribution in each voxel using MRTrix3 ​(Tournier et al., 2012)​;            

http://www.mrtrix.org/). I performed probabilistic tractography implemented in MRTrix to         

generate 2 million candidate streamlines for each dMRI dataset (step size = 0.2 mm;              

maximum angle between successive steps = 9 deg; minimum length = 10 mm; maximum              

length = 250 mm; FOD amplitude stopping criterion = 0.1). The seed voxels for tracking were                

randomly chosen from the gray-white matter interface region ​(Smith et al., 2012)​.  

 

Tractography optimization. 

I optimized the estimate of tractography using Linear Fascicle Evaluation (LiFE; ​(Pestilli et              

al., 2014; Caiafa and Pestilli, 2017)​; ​https://francopestilli.github.io/life/​). Briefly, using LiFE, I           

eliminated streamlines which made no contribution to predict the diffusion signal. Further            

technical details of LiFE are described in previous publications ​(Pestilli et al., 2014;             

Takemura et al., 2016a, 2016b; Uesaki et al., 2017)​.  

 

Tract identification from diffusion MRI data 
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Except for the optic radiation (see below), I identified major visual white matter tracts from               

streamlines generated by probabilistic tractography in MrTrix and selected by LiFE.  

 

VOF.  

I identified the VOF using open-source MATLAB code distributed with Automated Fiber            

Quantification (AFQ) toolbox ​(Yeatman et al., 2012b)​; https://github.com/yeatmanlab/AFQ). I         

identified streamlines which traveled in vertical direction and were ​located posterior to the             

arcuate fasciculus, and whose ventral endpoints were near the ventral and lateral            

occipito-temporal cortices defined in Freesurfer atlas ​(Desikan et al., 2006)​. The details of             

the VOF identification method were described in previous papers ​(Yeatman et al., 2014b;             

Duan et al., 2015; Takemura et al., 2017)​. 

 

Forceps major. 

I identified the forceps major as streamlines which passed through three ROIs. One ROI was               

the mid-sagittal plane of the corpus callosum ​(Huang et al., 2005) which was automatically              

segmented using AFQ. The other two ROIs in left or right hemispheres were manually              

defined on the coronal plane located in Y=-65 (ACPC coordinate) because the            

transformation of these ROIs from MNI152 template did not work properly in some             

participants, presumably because the morphological differences between the Japanese         

brains and the MNI152 template.  

 

ILF.  

I identified the ILF using automated pipelines implemented in AFQ toolbox           

(​https://github.com/yeatmanlab/AFQ​) ​(Yeatman et al., 2012b)​. Briefly, AFQ transforms two         

coronal ROIs (anterior and posterior) in MNI152 template into individual brains, and then             

selects streamlines passing through both of coronal ROIs ​(Yeatman et al., 2012b)​.  

 

Optic radiation. 

I identified the optic radiation (OR) using a dedicated method (ConTrack; ​Sherbondy et al.,              

2008a​), because there are known challenges to estimate human OR using a standard             

whole-brain tractography, particularly on the tracking of crossing fiber regions around           

Meyer’s loop ​(Chamberland et al., 2017)​. First, I estimated the approximate location of the              
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lateral geniculate nucleus (LGN) on manual inspection of T1-weighted image and           

deterministic tractography from the optic chiasm ​(Ogawa et al., 2014)​. I then placed a 8-mm               

radius sphere that covered the LGN endpoints of streamlines from the optic chiasm. Second,              

I identified the location of the primary visual cortex (V1) using a probabilistic atlas of               

retinotopic visual areas ​(Wang et al., 2015)​. Using ConTrack, I then sampled 100,000             

candidate streamlines connecting LGN and V1 (angle threshold, 90 deg; step size, 1 mm).              

Tracking was restricted using the white matter mask generated by tissue segmentation. I             

selected the top 50,000 streamlines with a higher score in the ConTrack scoring process              

(Sherbondy et al., 2008b)​. Further details on the methods to identify the OR using ConTrack               

are described in previous papers ​(Sherbondy et al., 2008b; Levin et al., 2010; Ogawa et al.,                

2014; Duan et al., 2015; Takemura et al., 2017)​. 

 

Across-session averaging and outlier exclusion. 

I identified the tracts (VOF, Forceps Major, ILF and OR) of each participant, separately for               

two dMRI sessions with reversed phase encoding directions. After merging streamlines of            

each tract from the two sessions, I excluded outlier streamlines based on a criteria used in                

previous works ​(Takemura et al., 2016b, 2017)​, for subsequent evaluation of tissue            

properties.  

 

3.2.6 Quantitative MRI data analysis 

Both the FLASH and the SEIR scans were processed using the mrQ software package              

(https://github.com/mezera/mrQ) in MATLAB to produce the MTV maps. The mrQ analysis           

pipeline corrects for RF coil bias using SEIR-EPI scans, producing accurate proton density             

(PD) and T1 fits across the brain. Using individual participants’ voxels containing            

cerebrospinal fluid (CSF) within the ventricles, maps of macromolecular tissue volume (MTV)            

were produced by calculating the fraction of a voxel that is non-water (CSF voxels were               

taken to be nearly 100% water). The full analysis pipeline and its published description can               

be found at (​https://github.com/mezera/mrQ​; ​Mezer et al., 2013​).  

 

3.2.7 Functional MRI data analysis 

Functional MRI data were analyzed using MrVista in vistasoft distribution          

(https://github.com/vistalab/vistasoft). I first corrected slice timing in accord with the          

multi-slice acquisition order and corrected motions both within and between scans. I fitted a              

general linear model (GLM) consisting of predictors convolved with hemodynamic response           
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function (two-gamma HRF; ​(Friston et al., 1998) to the time course of each voxel). I then                

compared beta-weights of predictors between ”RDS” and “uRDS” blocks, and generated           

statistical maps of contrasts (​p < 0.05 using a one-sample ​t​-test). I used a probabilistic atlas                

proposed in a previous study ​(Wang et al., 2015) to estimate cortical location of visual field                

maps.  

 

3.2.8 Evaluating tissue properties of tract 

I evaluated the tissue properties of each visual white matter tract based on the methods               

used in previous studies ​(Levin et al., 2010; Yeatman et al., 2012a; Ogawa et al., 2014;                

Duan et al., 2015)​. Briefly, I resampled each streamline to 100 equidistant nodes. Tissue              

properties were calculated at each node of each streamline using spline interpolation of the              

tissue properties: fractional anisotropy (FA) and macromolecular tissue volume (MTV). MTV           

map was registered with dMRI data in each participant and I computed the MTV values               

along each node of each streamline. Properties at each node were summarized by taking a               

weighted average of the FA or MTV on each streamline within that node. The weight of each                 

streamline was based on the streamline’s Mahalanobis distance from the tract core. I             

excluded the first and the last 10 nodes from the tissue property of tract core in order to                  

exclude voxels close to gray/white matter interface where the tract is likely to be heavily               

intersected with superficial U-fiber system ​(Ogawa et al., 2014; Duan et al., 2015)​. I              

summarized the profile of each tract with a vector of 80 values representing the FA or MTV                 

values sampled at equidistant locations along the central portion of the tract. FA was              

averaged across two sessions. 

I first examined which white matter tracts explain individual differences in stereoacuity by             

evaluating multiple linear regression models predicting stereoacuity from tract properties. In           

this analysis, I used the data of 14 participants whose stereoacuity can be estimated. For               

each participant, MTV or FA values along 80 equidistant nodes in each tract are averaged to                

obtain a subject-specific single number summary representing tract tissue property. I then            

generated multiple linear regression models which predict individual differences of          

stereoacuity by using tract properties as explanatory variables. In each model, explanatory            

variables are chosen from tract property (either MTV or FA) of seven white matter tracts. I                

identified (left and right OR, left and right ILF, left and right VOF and forceps major). The                 

explanatory variables were the property of either one tract or combinations of multiple tracts.              

In total, I tested 127 possible linear regression models for each MTV and FA to predict the                 

stereoacuity. In order to select the best model, I used the Bayesian Information Criterion              

(BIC), which enables a model comparison by penalizing models with more parameters as a              
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redundant model. I define a model with the smallest BIC as the best models for MTV and                 

FA, separately. I also evaluated a statistical significance of goodness-of-fit for each model by              

using F-test (Table 1).  

 

 

Table 1. The statistical evaluation for linear regression models of stereoacuity using properties of              
visual tracts. The left column indicates the representative input variables in the models. The middle two                

columns indicate goodness-of-fit statistics of the regression models (R​2 and p-value of F-test). The right               

column indicates the Bayesian Information Criterion (BIC) of the regression models (see Material and              

Methods for Evaluating tissue properties of tract). The dark and light gray rows indicate significant models                

(p < 0.05), and the dark gray rows indicate the best model showing the lowest BIC. The model using only                    

the right VOF showed the lowest BIC in both FA and MTV. While the model using only the left ILF was                     

significant for MTV, the model for FA as well as the group analysis (Fig. 3.3D) did not support the                   
relationship between left ILF and stereoacuity. 
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I also compared the tract profiles (FA or MTV) between the good and poor performance               

groups defined in the psychophysical experiments (stereoacuity or contrast sensitivity; see           

above for grouping participants). For a statistical group comparison, after averaging FA and             

MTV measurements across all 80 nodes for each participant and tract, I computed the effect               

size (d’) and statistical significance of inter-group difference using a two-sample t-test. In this              

analysis, I utilized the data of all 19 participants including 5 participants whose stereoacuity              

cannot be estimated. 

 

3.2.9 Evaluating the overlap between VOF cortical endpoint and         
fMRI-based localization  

I evaluated overlap between fMRI-based activation maps driven by binocular disparity (see            

Functional MRI data analysis) and the VOF endpoints. First, I measured the distance             

between VOF streamline endpoints and gray matter voxels. I defined gray matter voxels　            

within 1.5 mm, 3.0 mm, 4.5 mm, from any of VOF streamline point as voxels covered by the                  

VOF. Second, I calculated the proportion of gray matter voxels near VOF intersecting with              

fMRI-based activation map for binocular disparity with a specific statistical threshold (​p <             

0.05). I computed the proportion separately for dorsal and ventral VOF endpoints. This             

overlap analysis was used in several previous publications ​(Takemura et al., 2016b, 2017;             

Uesaki et al., 2017)​. 

I note that there is a known limitation in the spatial precision of this analysis originating from                 

the challenges in associating the cortical surface and dMRI-based estimates of tract            

endpoints ​(Reveley et al., 2015)​. This analysis measures only the general proximity between             

cortical maps and tract endpoints, not a definitive estimate of the fiber projections into              

cortical gray matter regions. 

  

3.3 Results 
 

3.3.1 Psychophysical experiment on stereoacuity 

In a psychophysical experiment, I measured stereoacuity from 19 healthy human           

participants as a performance to judge perceived depth based on binocular disparity (Fig.             

3.2A). Participants viewed a random dot stereogram (RDS; ​Julesz, 1971​) which consisted of             

a central disk and a surrounding ring (Fig. 3.1A). Whereas the surrounding stimulus was              
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always presented at zero disparity, the central stimulus was presented at a range of              

disparities across trials. Participants judged the depth of the central disk (“near” or “far”) with               

respect to the surrounding ring. Stereoacuity was estimated by fitting a psychometric            

function to each participant's responses ​(Wichmann and Hill, 2001)​. Fig. 3.2B shows            

examples of psychometric functions and estimated stereoacuity discrimination threshold         

corresponding to 84% correct rate. Stereoacuity thresholds varied by more than an order of              

magnitude across individuals (Fig. 3.2C), as reported in previous psychophysical studies           

(Howard and Rogers, 1995; Zaroff et al., 2003; Hess et al., 2015)​. I succeeded in estimating                

stereoacuity of 14 participants. In five participants, their correct rate was lower than 84%              

over the entire range of the tested disparities (±7.68 arcmin), thus not allowing us to               

determine stereoacuity from their psychometric functions. However, none of the participants           

were stereoblind because all of them discriminated depth from RDSs with a longer duration              

(500 ms) and larger disparities (15.36 arcmin) at significantly better than chance level (see              

Materials and Methods for Stereoacuity experiment). 

 

3.3.2 Microstructural properties of VOF correlated with individual        
variabilities in stereoacuity 
I collected two independent structural MRI datasets, dMRI and qMRI, from these            

participants. I performed probabilistic tractography and fascicle evaluation on dMRI dataset           

(Tournier et al., 2012; Pestilli et al., 2014) to identify the trajectory of major visual white                

matter tracts (left and right optic radiation, left and right inferior longitudinal fasciculus, left              

and right VOF, and forceps major of the corpus callosum) following the anatomical             

prescriptions in previous studies ​(Catani et al., 2002; Wakana et al., 2004; Sherbondy et al.,               

2008b; Yeatman et al., 2012b, 2014c; Takemura et al., 2017)​. I evaluated the tissue              

properties along these visual white matter tracts by utilizing widely used dMRI measure (FA;              

Basser and Pierpaoli, 1996​) and recently proposed qMRI (MTV) measure quantifying the            

amount of non-proton neural tissue density ​(Mezer et al., 2013; Berman et al., 2018)​. Finally,               

I examined how the variation of FA or MTV in visual white matter tracts correlates with the                 

stereoacuity thresholds in each participant (see Fig. 3.5).  
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Figure 3.5. Macromolecular tissue volume (MTV; Mezer et al., 2014) along a tract of interest. A. MTV                 

values map in a coronal plane from a representative participant (participant 4). B. VOF identified from dMRI                 

data in the same participant. C. MTV values of all participants (​N ​= 19) who participated in the stereoacuity                   

experiment. I divided the VOF in each participant into 100 nodes from dorsal to ventral. I estimated the                  

profile of MTV along the VOF by a coregistration across dMRI dataset and MTV maps in each individual                  

participant, and calculated the MTV values in each node along the VOF. MTV values (vertical axis) from                 
node 11 (dorsal) to 90 (ventral; horizontal axis) were plotted. Each line indicates the MTV profile of                 

individual participants. See Materials and Method for technical details on the estimation of MTV profile               

along white matter tracts.  

 

First, I examined white matter tracts that explain individual differences in stereoacuity, by             

comparing a performance of multiple linear regression models which predict stereoacuity           

from tissue properties (MTV or FA) of examined tracts (see Materials and Methods). This              

analysis utilized the data of the 14 participants whose stereoacuity was quantitatively            

estimated (an analysis utilizing all 19 participants data is also presented below). I then              

selected the best linear regression model by utilizing a Bayesian Information Criterion (BIC).             

The BIC model selection for the MTV of visual white matter tracts revealed that the               

regression using a single tract, the right VOF (Fig. 3.3A), is significant and the best model for                 

predicting the stereoacuity (R​2 = 0.36, F​(1,12) ＝ 5.78, ​p = 0.024 using BIC model selection;                

Fig. 3.3B, Table 1). The next best model was the one using the left ILF, and also predicted                  

the stereoacuity significantly (R​2 = 0.30, F​(1,12) ＝ 5.22, ​p = 0.041; Table 1). Models with the                 

other visual tracts or tract combinations did not significantly correlate with the stereoacuity             

(Table 1). The right VOF is the white matter tract whose microstructural property best              

predicts the individual variability of stereoacuity.  

 

The BIC model selection for the FA also provided similar results: the best model to explain                

human stereoacuity used a single tract, the right VOF (R​2 = 0.30, F​(1,12) ＝ 5.22, ​p = 0.041;                  

see Fig. 3.6 and Table 3.1). None of other models including the model using FA of the left                  
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ILF (R​2 = 0.12, F​(1,12) ＝ 1.57, ​p = 0.23) significantly predicted the stereoacuity (Table 1). The                 

results that the structural-behavioral correlation along the right VOF was replicated across            

two independent measurements using different pulse sequences (dMRI and qMRI) suggest           

that the observed correlation will be related to neural tissue volume along the right VOF,               

rather than the morphological factors specifically affecting FA (e.g., crossing fibers). 

 

 

Figure 3.6. Fractional Anisotropy (FA) of the right VOF and individual difference in stereoacuity. ​A.               

Correlation between FA of the right VOF and stereoacuity (​N = 14; R​2 = 0.30, ​p = 0.041). B. FA along the                      

right VOF in good stereoacuity (blue, N = 10) and poor stereoacuity group (green, N = 9). Conventions are                   

identical to those in Fig. 3.3.  

 

I further examined how the MTV and FA differ across participants with good stereoacuity              

(low disparity-threshold) or poor stereoacuity (high disparity-threshold), by incorporating         

datasets from all participants (​N = 19) including five poor stereoacuity participants whose             

stereoacuity cannot be estimated from psychometric function (Fig. 3.2B). To this end, I took              

a group comparison approach by classifying participants into good (​N = 10) and poor              

stereoacuity groups (​N = 9), which included the five participants without parametric            

estimates of stereoacuity (Fig. 3.2C; see Materials and Methods for methods to classify             

participants into good or poor stereoacuity groups). I found that the good stereoacuity group              

(​N = 10) showed a significantly higher MTV (Fig. 3.2C; d’ = 1.27, t​17 ​= 2.77, ​p = 0.013) and                    

higher FA (Fig. 3.6B; d’ = 1.14; t​17 = 2.48; ​p = 0.024) along the right VOF, further supporting                   

the relationship between microstructural properties of the right VOF and stereoacuity. The            

spatial profile of tract property suggests that the group difference was present along the              

entire length of the right VOF from dorsal to ventral (Figs. 3.4C and 3.5B), not at a restricted                  

local region. Thus, it is unlikely that the group difference can be explained by a partial                
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volume effect with other short-range fibers (such as U-fiber). I did not find any significant               

differences of MTV and FA between the two groups in the other visual white matter tracts                

(left VOF, the forceps major, the OR and the ILF in both hemispheres; Fig. 3.3D). It should                 

be noted that the difference in stereoacuity between these two groups was not accompanied              

by differences in ​refractive power or the pupillary distance of the eyes (Fig. 3.1B) nor by age                 

(t​17 ​= 0, ​p = 1, 25 ± 5.19 and 25 ± 3.31 years old for good and poor stereoacuity groups,                     

respectively).  

 

 

Figure 3.7. MTV differences of right VOF between the good stereoacuity group and the              
sub-populations of the poor stereoacuity group. ​I subdivided the poor stereoacuity group into the poor               
stereoacuity group 1 or 2. The poor stereoacuity group 1 indicates the participants (n = 4) whose                 

stereoacuity I could estimate. The poor stereoacuity group 2 indicates the participants (n = 5) whose                

stereoacuity I could not quantitatively estimate (Fig. 3.2C). The dots indicate the mean of the MTV of each                  

group. The error bars indicate ±1 S.E.M. MTV was significantly different between good stereoacuity group               

and poor stereoacuity group 1 (t​12 ​= 3.26, ​p​ = 0.0068). 
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While I included the five poor stereoacuity participants whose stereoacuity cannot be            

estimated among the poor stereoacuity group, one might argue that these participants are             

distinct from those whose stereoacuity were quantitatively estimated. I thus defined two poor             

stereoacuity groups, one is whose stereoacuity I could estimate (poor stereoacuity group 1,             

n = 4) and the other one is not (poor stereoacuity group 2, n = 5). I tested the difference of                     

the MTV among the groups (Fig. 3.7). I found the MTV was significantly different between               

the good stereoacuity group and poor stereoacuity group 1 (t​12 ​= 3.26, p = 0.0068). This                

result is consistent with the group comparison between high and poor stereoacuity groups             

(Fig. 3.3C). However, while the MTV of good stereoacuity group was higher than those of               

poor stereoacuity group 2, the differences were not significant (t​13 ​= 1.70, p = 0.11). The MTV                 

of poor stereoacuity group 2 was 0.3070, 0.3257, 0.3331, 0.3397, 0.3435. Since the mean of               

the mtv of the high stereoacuity group was 0.340, one of the five participants in poor                

stereoacuity group 2 thus showed higher MTV than the mean of the good stereoacuity              

group. One possibility is the participant’s disparity detection performance was not poor.            

While all the participants could pass the practice session for stereopsis, the differences             

between stereoacuity experiment and practice session were the disparity magnitude and the            

stimulus duration (see ​analysis in the section of 3.2.2 Psychophysical measurement and            

analysis of stereoacuity experiment). This means the poor stereoacuity group 2 includes            

participants with poor performance for either or both fine disparity and rapid stimulus             

presentation. The participant in poor stereoacuity group 2 with higher MTV might have been              

not poor for stereoacuity but poor for the perception of rapid stimulus presentation. However,              

I can not exclude other possibilities for the not significant difference, including the case that               

the participants in the poor stereoacuity group 2 were less motivated for the stereoacuity              

experiment or a lack of the statistical power for the group comparison due to the small                

population in the poor stereoacuity group 2 ​(Makin and de Xivry, 2019)​. 

 

3.3.3 Cortical regions responding to visual stimuli with binocular         
disparity 
In order to test whether the right VOF indeed connects cortical areas involved in binocular               

disparity processing, I performed fMRI experiments to measure cortical responses activated           

by the same RDSs as those in the psychophysical experiment (see Materials and Methods              

for functional MRI data acquisition). I observed significant BOLD responses to the RDSs             

compared to the uncorrelated RDSs in both dorsal and ventral extrastriate cortices, which             

are consistent with previous fMRI studies in humans (Fig. 3.8; ​Tsao et al., 2003; Neri et al.,                 
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2004; Preston et al., 2008; Ip et al., 2014​). Importantly, both dorsal and ventral VOF               

endpoints overlapped with disparity-selective regions (Fig. 3.8; see Materials and Methods).           

The results agree with the idea that discrimination of stereoscopic depth involves an             

interaction between dorsal and ventral cortices throughout the VOF.  

 

 

Figure 3.8. Comparison between VOF endpoints and disparity-sensitive regions. A. Cortical coverage            

of the VOF endpoints in the right hemisphere from a representative participant (Left panel: dorsal view;                

Right panel: ventral view; both data from participant 8). I estimated the normalized VOF endpoint density on                 

gray matter by counting a number of streamlines which had an endpoint within 3 mm from each gray matter                   

voxel (see Materials and Methods). The left and right panels represent dorsal and ventral VOF endpoints,                

respectively. B. Disparity selective areas (hot color) which were significantly activated in the “RDS” blocks               

than in the “uncorrelated RDS” blocks (​p ​< 0.05 using a one-sample t-test). The borders of estimated VOF                  
endpoints (cyan, identical in A) as well as the borders of visual areas (white) were overlaid. Cortical                 

coverage of the VOF endpoint and its relation to the retinotopic areas is consistent with a previous study                  

which measured retinotopy using fMRI ​(Takemura et al., 2016b)​. C. Overlap between VOF endpoints and               

disparity selective regions in the right hemisphere. Vertical axis indicates the proportion of the gray matter                

voxels near VOF endpoints which intersected with binocular disparity activation areas. Left and right three               

bars represent dorsal and ventral VOF endpoints, respectively. Bars with different colors show the data with                

varying distance thresholds for selecting the gray matter voxels near the VOF endpoints (1.5 mm, blue; 3.0                 
mm green; 4.5 mm orange). The proportions were averaged across participants (​N ​= 6). Disparity-selective               
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regions overlap with a similar proportion of VOF endpoints across dorsal and ventral visual cortex. Error                

bars depict ± 1 s.e.m. across 6 participants. 

 

3.3.4 Psychophysical experiment on contrast detection sensitivity 

Finally, I addressed whether the tissue properties of the right VOF is specifically related to               

stereoacuity or to general sensitivity of the visual system. I measured a contrast detection              

threshold using Gabor patch stimuli, which does not require binocular integration (Fig. 3.4A;             

Materials and Methods). The contrast detection thresholds varied across the individuals (Fig.            

3.4B), but were not significantly correlated with stereoacuity (​r = 0.08, ​p = 0.82). A simple                

linear model on the tissue properties along right VOF did not significantly predict contrast              

detection threshold (R​2 = 0.017, ​p = 0.59 for FA; R​2 = 0.031, ​p = 0.47 for MTV, Fig. 3.4C).                    

Group difference analysis also suggests no significant difference in the tissue properties            

between the good contrast sensitivity (low contrast-threshold) and poor contrast sensitivity           

(high contrast-threshold) groups (Fig. 3.4D; d’ = 0.21, t​17 ​= 0.44, ​p = 0.66 for MTV; d’ = 0.16,                   

t​17 ​= 0.34, ​p = 0.74 for FA; see Material and Methods for methods to classify subjects into                  

two groups). Taken together, the FA and MTV difference in the right VOF between the good                

and poor stereoacuity groups (Fig. 3.3) does not reflect general visual sensitivity assessed             

by contrast detection threshold.  

 

3.4 Discussion 
In the current study, I examined the neurobiological correlates of the large inter-individual             

differences in stereoacuity. Advanced non-invasive neuroimaging methods, such as dMRI          

and qMRI, have a strong advantage to investigate neurobiological origin of individual            

variabilities of sensory abilities, because neuroanatomical and behavioral measurements         

collected from the same human participants can be compared ​(Dougherty et al., 2007; Genç              

et al., 2011; Thiebaut de Schotten et al., 2011; Yeatman et al., 2012a; Gomez et al., 2015;                 

Wandell, 2016)​. I took this advantage and compared individual differences in human            

stereoacuity with white matter properties. Supporting classical and recent theories          

emphasizing the importance of white matter tracts to understand sensory and cognitive            

functions ​(Catani and Ffytche, 2005; Catani and Thiebaut de Schotten, 2012)​, I found a              

significant statistical evidence for relationship between stereoacuity and the microstructural          

properties in a specific white matter tract connecting dorsal and ventral visual cortex (right              

VOF ​(Yeatman et al., 2013, 2014b; Takemura et al., 2016b​). Behavior-anatomy correlations            

could be found using two independent microstructural measurements (MTV and FA) and            

analysis strategies (regression and group comparison). I further confirmed that the VOF had             
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endpoints in disparity responsive regions of dorsal and ventral cortices, suggesting that the             

VOF is a tract connecting cortical regions involved in disparity processing. Finally, the tissue              

properties of the right VOF were not related to contrast sensitivity.  

 

3.4.1 Microstructural difference of right VOF between good and poor          
stereoacuity groups 

A number of previous studies used conventional diffusion tensor metrics, such as FA, to              

examine tissue properties of white matter tracts in relation to behavioral characteristics            

(Dougherty et al., 2007; Genç et al., 2011; Scherf et al., 2014; Yeatman et al., 2014b)​. In                 

contrast, only a few recent studies use advanced qMRI metrics such as MTV ​(Mezer et al.,                

2013; Berman et al., 2018) in order to further understand microstructural properties of white              

matter tracts. FA is a reproducible metric with high sensitivity to detect tissue structural              

difference of white matter tracts ​(Thomason and Thompson, 2011; Wandell and Yeatman,            

2013; Rokem et al., 2017; Wandell and Le, 2017; Assaf et al., 2019)​. However,              

microstructural interpretation of a difference in FA is generally challenging because FA is             

known to detect many biological factors, such as axon diameter, axon density, myelin-sheath             

thickness, and tightness of fasciculation affected by crossing fibers ​(Basser and Pierpaoli,            

1996; Jones et al., 2013; Assaf et al., 2019)​. Here, I took the approach of combining dMRI                 

with qMRI, which has been proposed to provide additional information for inferring            

microstructural properties ​(Mezer et al., 2013; Stuber et al., 2014; Weiskopf et al., 2015)​.              

The MTV is a robust qMRI-based metric to quantify the local tissue volume within the voxel                

by quantification of the proton density ​(Mezer et al., 2013)​. There is converging evidence              

showing that the MTV is a reliable approximation on the lipid and macromolecular volume              

fractions ​(Duval et al., 2017; Berman et al., 2018)​. Taken together, the difference of both FA                

and MTV profiles in the right VOF between the good and poor stereoacuity groups suggests               

that the observed difference may reflect a difference in lipid or macromolecule volume             

fractions, such as myelin thickness or axon density, rather than the morphological            

configuration of axons such as the degree of fiber crossings. 

 

3.4.2 The possible causal relationships between stereoacuity and VOF 

We consider that the structure-behavioral relationship in the VOF may be explained by either              

or both of two potential factors: strategy of stereo perception alters white matter; white              

matter plasticity alters stereo perception. Recent neurobiological studies made a major           

progress in demonstrating that plasticity in white matter microstructure, such as the degree             

of myelination, is dependent on neural activity or behavioral experience ​(Sampaio-Baptista           
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et al., 2013; Fields, 2015)​. We speculate that the behavioral-structural relationship observed            

in this study might reflect differences in development such as different levels of usage of               

binocular disparity as a stereo cue, or cue combination strategies across dorsal and ventral              

visual areas ​(Dekker et al., 2015)​. Alternatively, it is also feasible that development of white               

matter, which has a significant impact on efficient transmission of neural signals, will affect              

accuracy of stereo perception. However, it is not yet understood how such modulation in              

conduction velocity is related to the optimality of neural computation for sensory            

discrimination ​(Fields, 2015)​. 

 

3.4.3 A related study of a binocular visual disorder and white matter            
tracts 

Previously, Duan and colleagues ​(Duan et al., 2015) investigated the microstructural           

properties of visual white matter tracts between an amblyopia group and a control group.              

They observed that there is a difference in diffusion property (mean diffusivity) along right              

VOF, but the difference is not supported by qMRI measurement. Additionally, Duan and             

colleagues reported a difference in the diffusion property along the optic radiation, which I              

did not find in this study. The difference between the current result and the result of the                 

previous study ​(Duan et al., 2015) suggests that the microstructural basis on individual             

difference in stereoacuity is distinct from the white matter consequence of the amblyopia. 

 

3.4.4 The communication between dorsal and ventral streams via VOF in           
processing binocular disparity 

Despite a visual processing theory emphasizing the role of “dorsal stream” on stereopsis             

(Hubel and Livingstone, 1987; Sakata et al., 1997; Gonzalez and Perez, 1998) and             

experimental evidence on neural correlates of stereoscopic depth perception in dorsal areas            

(Minini et al., 2010)​, there are converging lines of evidence showing that both dorsal and               

ventral visual cortices are involved in binocular disparity processing, including computations           

of relative disparity and disparity-defined three-dimensional shapes ​(Cowey and Porter,          

1979; Ptito et al., 1991; Janssen et al., 1999; Uka et al., 2000; Tanaka et al., 2001; Tsao et                   

al., 2003; Neri et al., 2004; Orban et al., 2006; Preston et al., 2008; Cottereau et al., 2011;                  

Bridge et al., 2013; Chang et al., 2014)​. Other lines of studies also suggest that the role of                  

dorsal and ventral stream in stereopsis may be complementary because they are sensitive             

to different types of disparity information ​(Neri et al., 2004; Uka and DeAngelis, 2006b;              

Shiozaki et al., 2012b; Chang et al., 2014; Fujita and Doi, 2016)​. Additionally, cortical              

representations which account for perceptually relevant disparity processing are found in           
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higher portions of both of the dorsal and ventral visual streams ​(Bridge and Parker, 2007;               

Preston et al., 2008) including cortical areas near the VOF endpoints ​(Takemura et al.,              

2016b)​. Here, I found that the stereoacuity measured using the stimuli with relative disparity              

(Fig. 3.1A) is correlated with the properties of VOF (Fig. 3.3). I also confirmed that the                

endpoints of VOF overlapped with relative disparity selective regions (Fig. 3.8). Therefore,            

the VOF may transmit perceptually relevant relative disparity signals, by connecting dorsal            

and ventral cortices involved in binocular disparity processing. 

 
3.4.5 Relationship between stereoacuity and white matter tracts        
connecting early visual areas  
Diffusion MRI studies have focused on relatively long-range white matter tracts known to             
exist from anatomical studies ​(Catani and Thiebaut de Schotten, 2012)​. However, one might             
argue that fibers from other areas, such as V2 or MT, may also explain the variability on                 
human stereoacuity. We indeed cannot exclude this possibility. Measuring such relatively           
short fibers requires a substantial improvement in data resolution, analysis methods as well             
as anatomical knowledge of the human visual system. Furthermore, the resolution of our             
dMRI data does not allow us to reliably identify subcomponents of VOF only terminating              
in/near specific areas. Testing those questions with improved measurements is an important            
future research direction.  
 

3.4.6 No significant correlation in left VOF to stereoacuity 

While the right VOF showed a significant relationship with stereoacuity, I did not find              

statistically significant results in the left VOF. The asymmetry is consistent with previous             

studies reporting the lateralization of disparity processing in the right hemisphere. For            

example, a number of neuropsychological studies reported that the brain damage causing            

the loss of stereoscopic depth perception is lateralized to the right hemisphere ​(Carmon and              

Bechtoldt, 1969; Benton and Hécaen, 1970; Hamsher, 1978; Ross, 1983; Ptito et al., 1991;              

Gillebert et al., 2015; Bridge, 2016; Murphy et al., 2016)​, while the generality of these               

findings has been debated ​(Howard and Rogers, 1995)​. FMRI studies also demonstrated            

some evidence for the lateralization of cortical response to disparity-defined stimuli to the             

right hemisphere ​(Nishida et al., 2001; Tsao et al., 2003; Durand et al., 2009; Georgieva et                

al., 2009; Ip et al., 2014)​. The current results showing that stereoacuity correlates more              

strongly with the right VOF are in line with these previous publications. 
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3.4.7 Limitations of statistical analysis 

In this study, I did the exploratory analysis to find the best model of white matter tract for                  

explaining the stereoacuity. This analysis compared the explanatory accuracies among the           

regressions of the tissue properties of white matter tracts and found that the model using the                

right VOF data was the best one for explaining stereoacuity. I then tested the linear               

regression analysis using the right VOF data and showed the significance of the regression.              

In these analyses, the same right VOF data was used, which could unfairly inflate the               

statistical power, called circular analysis ​(Makin and de Xivry, 2019)​.  

To avoid this problem, I should have planned to conduct only the regression analysis of VOF                

because I had a hypothesis that the VOF was the candidate for explaining the stereoacuity               

(3.1 Introduction). Another option was analysing without any hypothesis, which tests           

regressions of all white matter tracts data. However, this analysis requires a large correction              

of the significant level due to multiple comparisons, and thus could have overlooked the              

significance, considering the not much number of the participants in this study.  

I conclude that the robust demonstration of the correlation between the right VOF and              

stereoacuity requires a reliable retest study without circular analysis by increasing the            

number of participants to a statistically desirable number. Based on the statistics of the              

regression between the MTV of right VOF and stereoacuity (Fig. 3.3B), forty five participants              

are desirable (using G Power 3; ​Faul et al., 2007​). The retest study with the appropriate                

detection power will clarify the structural correlation with the stereoacuity in this study was              

plausible or not.  
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Chapter 4. 
General discussion and conclusion 
 

4.1 Integrative summary 
In this dissertation, I first describe the structural and functional properties of geniculo-cortical             

and cortical visual pathways including the literature of human and NHP. I then describe the               

key neuroimaging methods for measuring the properties of the human visual pathway. 

In the works of this dissertation, I examined structural and functional properties of the              

geniculo-cortical and cortical pathways in the human visual pathway. The first study (Chapter             

2) tested the structural and functional properties in the geniculo-cortical pathway, primarily            

using MTV and fMRI. I could identify the M and P subdivisions of LGN in living humans,                 

primarily using MTV. I also showed the visual sensitivity difference of the identified M and P                

subdivisions, which corresponds to the physiological findings of M and P subdivisions in             

NHP. The second study (Chapter 3) tested the structural coupling with behavior and function              

in the cortical pathway, using dMRI, MTV, fMRI and psychological experiment. I revealed the              

relationship between the stereoacuity and structural properties of the VOF. I also showed the              

VOF connects the dorsal and ventral visual areas that are sensitive to binocular disparity.              

Taken together, I showed it is possible to non-invasively quantify the structural properties of              

nucleus and white matter tract in both geniculo-cortical and cortical pathways, and found that              

the structural property differences were associated with the functional difference in M and P              

subdivisions and individual differences in stereoacuity. Since our understanding of the           

human visual pathway has been mainly based on the analogy of the findings in the research                

on NHP, this dissertation must be a valuable stepping stone to study the relationship              

between perception, function and structure in the human visual pathway.  

 

4.2 Comparison of the visual pathway between       
human and NHP 
The comparison across species is an important investigation in cognitive neuroscience,           

which supports the translation of findings between humans and NHP. High resolution fMRI             

studies showed that the different functional selectivities in human LGN, which corresponds            

to the M and P functions of NHP ​(Denison et al., 2014; Zhang et al., 2015)​. The first study in                    

this dissertation showed different structural densities in LGN, which corresponds to the M             
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and P structural organizations of NHP. These studies suggest that the structural and             

functional properties of the M and P subdivisions are preserved across humans and NHP.  

In the cortical pathway, the VOF in humans connects dorsal and ventral visual areas,              

including V3A/B and IPS-0 in dorsal and hV4, VO and LO in ventral ​(Takemura et al.,                

2016b)​. The second study in this dissertation suggested that the depth-related signal is             

communicated between dorsal and ventral visual areas via VOF. However, while NHP has a              

white matter tract that connects dorsal and ventral areas, the connection surface locations             

are different between humans and NHP ​(Takemura et al., 2017; Kaneko et al., 2020)​. VOF               

in NHP is more medial than that in humans. It is thus controversial that the VOF in NHP also                   

communicates depth information via VOF. Combining approach of dMRI and fMRI, which is             

implemented in the second study will clarify the functional similarity of the VOF between              

humans and NHP in the future.  

These findings suggest that the organization of the geniculo-cortical pathway is relatively            

similar across humans and NHP while the organization of the cortical pathway is relatively              

different across humans and NHP. 

 

4.3 Potentiality of the noninvasive quantitative      
structural imagings 
In the works of this dissertation, I measured structural properties of thalamic nuclei and white               

matter tracts using MTV. Besides the MTV, structural imaging methods on living human             

brains have been recently developed (quantitative T1 (qT1), quantitative magnetization          

transfer (qMT), quantitative R2* (qR2*), quantitative susceptibility mapping (qSM), see          

(Tabelow et al., 2019​). However, since these quantitative structural image acquisitions           

including MTV are relatively new techniques, the use of quantitative structural imaging is still              

minor in the field of cognitive neuroscience. These measurements including MTV will enable             

us to quantify variable aspects of structural properties such axon, myelin, iron and water              

concentration, which will be powerful clues to see the structure of the visual areas in a scale                 

of cortical layers and clusters   ​(Fukunaga et al., 2010; Li et al., 2019)​. 
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4.4 Applicability of the noninvasive quantitative      
structural imagings 
MTV enables us to identify the correspondence between a structural property of an area and               

a specific behavior, as the second study revealed the relationship between MTV of VOF and               

stereoacuity. Brain structure can be changed not only by diseases such as multiple sclerosis              

(Mezer et al., 2013) in patients, but also plastically changed by development, learning,             

training and aging in people including healthy people and some experts ​(Scholz et al., 2009;               

Yeatman et al., 2014a; Gomez et al., 2017; Huber et al., 2018a)​. This suggests that we can                 

predict a variety of structures and related behaviors in individuals by monitoring changes of              

structural properties over time. I expect this idea can be a foundation of the new innovation                

in the field of healthcare.  

 

4.5 Concluding remarks 
Recent MRI techniques have enabled us to quantitatively measure structural tissue           

properties of the living human visual pathway. In this dissertation, by combining MTV with              

fMRI, dMRI and psychophysical experiment, I showed the robust identification of visual            

areas and the correlation of structure and visual perception. These combinatorial           

approaches will further elucidate the relationship between perception, function and structure           

in the human visual pathway. 
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