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Abstract 
 
We compare the major white matter tracts in human and macaque occipital lobe using diffusion 
MRI. The comparison suggests similarities but also significant differences in spatial arrangement 
and relative sizes of the tracts. There are several apparently homologous tracts in the two species, 
including the vertical occipital fasciculus (VOF), optic radiation, forceps major, and inferior 
longitudinal fasciculus (ILF). There is one large human tract, the inferior fronto-occipital 
fasciculus, with no corresponding fasciculus in macaque. The macaque VOF is compact and its 
fibers intertwine with the dorsal segment of the ILF, but the human VOF is much more elongated 
in the anterior-posterior direction and may be lateral to the ILF. These similarities and 
differences will be useful in establishing which circuitry in the macaque can serve as an accurate 
model for human visual cortex. 
 
key words: diffusion MRI; white matter; visual cortex; comparative study; vertical occipital 
fasciculus 
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Introduction 
 
The macaque monkey has been an important model for understanding human vision. The two 
species perform at similar levels on many basic sensory tasks, such as color, motion and spatial 
discriminations (De Valois and Jacobs 1968; De Valois et al. 1974; Newsome et al. 1989; Miura 
et al. 2006; Horwitz 2015), or categorization of objects (Rajalingham et al. 2015). Some 
performance differences between human and macaque vision have also been described (Gellman 
et al. 1990; Zarco et al. 2009; Lindbloom-Brown et al. 2014; Horwitz 2015). A substantial 
literature compares human and macaque functional cortical responses to visual stimuli (Brewer 
et al. 2002; Tsao et al. 2003, 2008; Sasaki et al. 2006; Kriegeskorte et al. 2008; Wade et al. 2008; 
Pinsk et al. 2009; Mantini et al. 2012; Okazawa et al. 2012; Polosecki et al. 2013; Goda et al. 
2014; Kolster et al. 2014; Russ and Leopold 2015; Lafer-Sousa et al. 2016). There are 
similarities and differences in the functional responses, as well (Tootell et al. 2003; Wandell and 
Winawer 2011; Vanduffel et al. 2014).  
 
The anatomical connections to visual cortex are an important source for understanding the 
similarities and differences. It is well established that the physiological properties of individual 
neurons are similar throughout cortex, with large variations in neuronal responses arising 
substantially from differences in their connections. For instance, Wernicke’s classic theory of 
Connectionism emphasizes the important role of the white matter axon bundles (fascicles, tracts) 
in defining the long-range neuronal connections (Catani and Ffytche 2005). These tracts 
establish critical features of the brain’s information processing (Bullock et al. 2005; Fields 2008a, 
2008b, 2015; Wandell and Yeatman 2013). Comparing the anatomical connections in the two 
species may help us specify which macaque behaviors and responses are a good model for 
human and which are not. 
 
Diffusion MRI (dMRI) and tractography algorithms provide an excellent opportunity to better 
understand the organization of major white matter tracts (Catani et al. 2002; Mori and Zhang 
2006; Schmahmann et al. 2007; Catani and Thiebaut de Schotten 2012; Craddock et al. 2013; 
Wandell and Yeatman 2013; Wandell 2016). These methods assess the large-scale organization 
of the major white matter tracts, including their relative positions of the tracts, their relative sizes, 
and the positions of the estimated tract endpoints with respect to the visual field maps 
(Greenberg et al. 2012; Takemura et al. 2016b). The goal of this study is to shed light on how the 
pattern of long-range white matter tracts contribute to the functional and behavioral similarities 
and differences between human and macaque visual system. This work is part of a growing 
literature using dMRI and tractography to compare the white matter tracts between the two 
species (Schmahmann et al. 2007; Rilling et al. 2008; Thiebaut de Schotten et al. 2011; Jbabdi et 
al. 2013; Li et al. 2013; Mars et al. 2015; van den Heuvel et al. 2016).  
 
We report three principal findings. First, several white matter tracts are homologous in the 
human and macaque occipital lobe. These are the Optic Radiation (OR), Forceps Major, and 
Inferior Longitudinal Fasciculus (ILF). In contrast, we do not find support for the existence of a 
macaque tract homologous to the human Inferior Fronto-Occipital Fasciculus (IFOF), a relatively 
large tract in human. 
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Second, we describe the Vertical Occipital Fasciculus (VOF), a major white matter tract 
communicating between the dorsal and ventral streams (Takemura et al. 2016b). We focus on the 
VOF because other major tracts have been extensively described (Schmahmann et al. 2007), but 
until recently the VOF has been relatively neglected in both the human and macaque literature 
(Yeatman et al. 2013, 2014; Duan et al. 2015; Takemura et al. 2016b; Weiner et al., 2016a). The 
diffusion measurements find a tract located in a position consistent with classical reports by 
Wernicke in an unnamed monkey species (Wernicke 1881). We estimated that the dorsal and 
ventral endpoints of the VOF are near similar visual field maps in human and macaque. The 
VOF properties may be particularly important for understanding how information is 
communicated between the dorsal and ventral streams within the occipital lobe.  
 
Third, we describe a difference in the relative position of several, large tracts in the occipital lobe, 
VOF, ILF, and OR. In both human and macaque, the VOF is clearly located lateral to the OR. 
However, the macaque VOF intermingles with the dorsal segment of the ILF, while the human 
VOF is more separated from human ILF in terms of tract position and endpoints.  

Materials and Methods 
 
The analyses are based on a diverse set of macaque and human measurements, pooled across 
several laboratories and public datasets. The datasets have different spatial and angular 
resolution and image quality. 

MR data acquisition 
 
Macaque diffusion data 1 (subject M1, ex vivo) 
This dataset was acquired from a post-mortem Macaca mulatta (rhesus macaque monkey) brain 
using 30-cm magnet bore Bruker 7T scanner at the National Institute of Health. The dMRI data 
were sampled in 121 directions at a spatial resolution of 250 µm isotropic. The b-value was set to 
4800 s/mm2 and TE was 34 ms. Seven non-diffusion weighted image (b=0) were obtained. These 
data were analyzed in two previous publications (Thomas et al. 2014; Reveley et al. 2015). 
 
Macaque diffusion data 2 (subject M2, in vivo) 
This dataset was acquired from a living Macaca mulatta (rhesus macaque monkey) brain using a 
Bruker BIOSPEC 4.7 T vertical bore scanner at Max Planck Institute, Tübingen, Germany. The 
dMRI data were sampled in 61 different directions at a spatial resolution of 750 µm isotropic. 
The gradient b-value was 1200 s/mm2 and TE was 62.65 msec. Seven non-diffusion weighted 
images (b=0) were acquired at the beginning of the scan. The total imaging time was 6 h 48 min. 
T1-weighted images at 375 um isotropic resolution were also acquired using a 3D-MDEFT 
sequence (Lee et al. 1995).  
 
Macaque diffusion data 3 (subject M3, ex vivo) 
This dataset was acquired in a formalin-fixed post-mortem Macaca mulatta (rhesus macaque 
monkey) brain using a Bruker BIOSPEC 4.7 T vertical bore scanner at Max Planck Institute, 
Tübingen, Germany. The brain was perfused, removed from the skull, and kept in 4% 
paraformaldehyde for 5 years prior to scanning. The dMRI data were sampled in 61 directions at 
a spatial resolution of 800 µm isotropic. The b-value was 4000 s/mm2 and TE was 78 msec. 
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Seven non-diffusion weighted images (b=0) were acquired at the beginning of the scan. These 
measurements were repeated 4 times and then averaged. The total imaging time was 64 hours. 
These data were analyzed in a previous publication (Iturria-Medina et al. 2011).  
 
Macaque diffusion data 4 (subject M4, in vivo) 
This dataset was acquired from a living Macaca mulatta (rhesus macaque monkey) brain using a 
3T SIEMENS Trio MRI scanner using an AC-88 gradient insert (Siemens) at the Citigroup 
Biomedical Imaging Center of the Weill Cornell Medical College. The dMRI data were sampled 
in 64 directions at a spatial resolution of 1 mm isotropic. The b-value was set to 2000 s/mm2 and 
TE was 76.8 msec. The measurements were repeated 3 times. A total of 42 non-diffusion 
weighted images (b=0) were acquired at the beginning of the session and between scans. 
 
Human diffusion data: HCP90 dataset (subjects H1-H3) 
We used human diffusion-weighted MRI dataset acquired from three subjects by the Human 
Connectome Consortium (HCP90 dataset; Van Essen et al. 2013). The HCP90 dataset was 
acquired at multiple b-values (1000, 2000 and 3000  s/mm2) and spatial resolution of 
1.25x1.25x1.25 mm3. We used only the b =  2000 s/mm2.  
       
Human diffusion data: STN96 dataset (subject H4)  
This dataset was acquired at Stanford’s Center for Cognitive and Neurobiological Imaging 
(www.cni.stanford.edu). The dMRI data were sampled in 96 directions and the spatial resolution 
is 1.5x1.5x1.5 mm3. The b-value was set to 2000 s/mm2. FMRI measurement of the visual field 
maps (Dumoulin and Wandell 2008) and T1-weighted anatomical image were also acquired  
from the same individuals. Informed written consent was obtained from all subjects. 
The experimental procedures were approved by the Stanford University Institutional Review 
Board. This dataset is used in the analysis of previous papers (STN96 dataset; Pestilli et al. 2014; 
Rokem et al. 2015; Takemura et al. 2016a, 2016b).  

MR data preprocessing 
Macaque diffusion data 1 
Macaque diffusion data1 was preprocessed by the TORTOISE software package (Pierpaoli et al. 
2010) for eddy-current and motion corrections. Processing details are presented in a previous 
publication (Thomas et al. 2014).  
 
Macaque diffusion data 2-4 
Eddy-currents and motion correction was performed by a 14-parameter constrained nonlinear co-
registration based on the expected pattern of eddy-current distortions given the phase-encoding 
direction of the acquired data (Rohde et al. 2004). The direction of the diffusion-gradient in each 
diffusion-weighted volume was corrected using the rotation parameters from the motion and 
eddy-current distortion correction procedure. All pre-processing steps have been implemented in 
Matlab as part of the mrVista software distribution (https://github.com/vistalab/vistasoft). 
  
The dMRI data were registered to the mean of the (motion-corrected) non-diffusion-weighted 
(b0) images using a two-stage coarse-to-fine approach that maximized the normalized mutual 
information (Friston and Ashburner 2004). The mean non-diffusion weighted image was aligned 
automatically to the anatomical image using a rigid body mutual information algorithm. 
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Human STN96 data 
For Human STN96 dataset, we also used the measurements of the B0 magnetic field for post-hoc 
correction of EPI spatial distortion (https://github.com/kendrickkay/preprocessfmri). Eddy-
current correction was not applied because the data is corrected by using dual-spin echo 
sequence which minimizes eddy-current distortion (Reese et al. 2003). The other preprocessing 
step was identical to macaque diffusion data 2-4, and described in a previous publication 
(Takemura et al., 2016a). 
 
Human HCP90 data 
The Human Connectome data were preprocessed by the consortium using methods that are 
presented in a previous publication (Sotiropoulos et al. 2013). 
 

 
Figure 1. The resolution of the several diffusion MRI data sets. Panels show axial-plane images of the Principal 
Diffusion Direction (PDD) map of six representative subjects in human and macaque datasets. Data were acquired at 
different angular and spatial resolution (see Materials and Methods). Colors indicate the PDD in individual voxels 
(blue: superior-inferior, S-I; green: anterior-posterior, A-P; red: left-right, L-R). Top panel shows the PDD in two 
living human datasets; one in HCP90 (H1, 1.25 mm isotropic) and the other in STN96 dataset (H4, 1.5 mm 
isotropic) dataset. The middle panels are the datasets from living macaque (left: M2, 0.75 mm; right: M4, 1 mm). 
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The bottom panels are datasets from post-mortem macaque (left: M1, 0.25 mm; right: M3, 0.8 mm). In later section, 
we describe the dependency of results on spatial resolution among datasets (Figures 8 and 9).  
 

Tractography and fascicle evaluation 

Connectome optimization 
We used Ensemble Tractography (ET) to estimate the streamlines in the human and macaque 
data (Takemura et al. 2016a; https://www.github.com/brain-life/pestillilab_projects/et). This 
method begins by generating a large set of candidate streamlines using MRtrix (Tournier et al. 
2012) using the entire white-matter volume as a seed region. We generated a candidate 
connectome using probabilistic tractography and five curvature thresholds (minimum radius of 
curvature, 0.25, 0.5, 1, 2, and 4 mm; Takemura et al. 2016a). We used Constrained Spherical 
Deconvolution (CSD; Tournier et al. 2007) for tractography and set the maximum number of 
harmonics in CSD to 8 (Lmax=8) for all datasets. We set other parameters as default (step size: 0.2 
mm; maximum length: 200 mm; minimum length: 10 mm). We generated a total of 10,000,000 
streamlines for the large human brain and 2,500,000 streamlines for the smaller macaque brain. 
Finally, we used Linear Fascicle Evaluation (LiFE; Pestilli et al. 2014; Caiafa and Pestilli, 2015) 
to optimize the candidate connectome. This procedure removes the streamlines that make no 
significant contribution to explaining the diffusion measurements. The number of streamlines 
retained in an optimized connectome depends on the quality and spatial resolution of the data, 
ranging from 45,969 (M4, 1 mm isotropic) to 925,593 (M1, 0.25 mm isotropic) streamlines in 
the macaque data, and from 266,246 (H4, STN96, 1.5 mm isotropic) to 450,966 (H2, HCP90, 
1.25 mm isotropic) in the human data.   
 
The data quality and spatial resolution in the M1 (post-mortem) data is extremely high. Even 
though the volume of the macaque brain is only 7% of the human brain, the spatial resolution of 
the M4 data is 125 times greater than the high resolution HCP human data. Hence, the number of 
streamlines retained by LiFE in the M1 dataset exceeds the number retained to model the human 
dataset. 

Cortical area identification 
Human data. For STN96 dataset, we identified the location of cortical areas (visual field maps) 
using fMRI data and population receptive field method (Dumoulin and Wandell 2008; Wandell 
and Winawer 2011). We identified the border between visual areas (V1, V2, V3, hV4, V3A/B, 
VO, LO, TO and IPS-0) based on the reversal of polar angle, eccentricity and anatomical 
landmarks (Press et al. 2001; Dougherty et al. 2003; Brewer et al. 2005; Larsson and Heeger 
2006; Amano et al. 2009; Witthoft et al. 2014; Winawer and Witthoft 2015). Technical details of 
the method are described in previous publications (Dumoulin and Wandell 2008; Amano et al. 
2009; Winawer et al. 2010; Takemura et al. 2012).  
 
For the HCP90 dataset, we identified the location of visual field maps based on the surface-based 
probabilistic atlas proposed by Wang and colleagues (Wang et al. 2015). We adapted the visual 
field maps defined in the atlas (V1/V2/V3, V3A/B, hV4, LO, TO and IPS-0) for the T1-weighted 
image in individual HCP90 dataset based on surface-based registration.  
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Macaque data. We used the Saleem and Logothetis (Saleem and Logothetis 2012) MR atlas to 
identify areas in macaque visual cortex (V1, V2, V3, V3A, V4d, V4v, MT and TEO). Briefly, we 
compared the coronal slice of the anatomical image (T1-weighted, T2-weighted or b=0 image) 
with the coronal section of the atlas comparing the area identification based on the histology and 
anatomical MRI data. This method is the same as a previous study (Thomas et al. 2014).  

Tract identification 
 
For human data, we identified major white matter tracts in occipital cortex using Automatic 
Fiber Quantification (AFQ; Yeatman et al. 2012b; https://github.com/yeatmanlab/AFQ). AFQ 
defines waypoint ROIs in individual subject by non-linear transformation from waypoint ROI in 
MNI template brain, which is drawn on the basis of anatomical prescription (Wakana et al. 2004). 
The streamlines that pass through a pair of ROIs are considered as potential members of a given 
tract. The set of potential streamlines is refined by removing outliers. These are streamlines that 
meet the following criteria: (1) the streamline length  ≥ 3 sd longer than the mean streamline 
length in the tract, (2) the streamline position is ≥ 3 sd away from the mean position of the tract 
(Yeatman et al. 2012b).   
 
For macaque data, we used waypoint ROIs in structural images based on anatomical prescription 
to identify major tracts in human and macaque occipital cortex (Catani et al. 2002; Wakana et al. 
2004).  
 
There were a few additional processing steps. First, we used conTrack (Sherbondy et al. 2008a) 
to identify the human OR. Second, in both human and macaque VOF, we added a constraint that 
the streamlines must be dorsal-ventral between the two ROI waypoints. Streamlines whose path 
deviated more than 2 sd from the mean direction of the VOF streamlines (Takemura et al. 2016b) 
were deleted. Finally, tract visualization is implemented in the Matlab Brain Anatomy toolbox 
(https://github.com/francopestilli/mba; Pestilli et al., 2014).  

Human data   
 
ILF, IFOF and Forceps Major. ILF, IFOF and Forceps Major are defined as the tract passing 
through two waypoint ROIs derived from AFQ. For some subjects, we manually edited the 
position of waypoint ROI when MNI transformation produces ROIs in an erroneous position. We 
finally select streamlines in the optimized connectome passing through two waypoint ROIs. For 
the ILF, we also tested five different waypoint ROI definitions to examine the generality of the 
results (see Supplementary Figure 6).  
 
VOF. We identified the VOF using the VOF toolbox within AFQ software package 
(https://github.com/jyeatman/AFQ/tree/master/vof). Briefly, this method identifies the location 
of ventral occipital-temporal cortex as a ROI using the Freesurfer (Fischl 2012; 
http://surfer.nmr.mgh.harvard.edu) parcellation, and then select streamlines having endpoint in 
the ROI from the optimized connectome. The detailed explanation of the VOF identification 
method is described in previous articles (Yeatman et al. 2014; Duan et al. 2015; Weiner et al., 
2016a).  
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OR.  We used conTrack (Sherbondy et al. 2008a) to estimate the human OR. First, we manually 
estimated the approximate location of the Lateral Geniculate Nucleus (LGN) on T1-weighted 
image. To confirm the manual definition of the LGN, we confirmed that streamlines originating 
in the optic chiasm terminate in the LGN ROIs by using deterministic tractography (Ogawa et al. 
2014). We then placed a 5-mm radius sphere that covers the LGN endpoints of streamlines from 
the optic chiasm. Second, we identify the location of the V1 using Freesurfer (Hinds et al. 2008; 
Fischl 2012). We generated 100,000 candidate streamlines connecting between the LGN and V1 
using conTrack, and selected 5,000 streamlines with the highest conTrack scores. Streamlines 
were only excluded if they traversed a non-biological path, such as passing through the ventricles 
or crossing to the other hemisphere. 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). 

Macaque data   
 
For macaque, we manually defined the waypoint ROI based on the anatomical prescription 
reported in a previous work (Schmahmann and Pandya 2006). 
 
ILF.   We identified the macaque ILF using two-plane “AND” ROIs (anterior, posterior), which 
are manually drawn in the coronal plane on the basis of the previous study (Schmahmann and 
Pandya 2006). We also manually defined the “NOT” ROIs covering the Sagittal Stratum in the 
coronal plane, which is visible in high-resolution non-diffusion weighted image (b=0), following 
anatomical prescription (Schmahmann and Pandya 2006). The ILF is defined as a group of 
streamlines passing through two “AND” waypoint ILF ROIs, and does not pass through “NOT” 
ROIs defining the Sagittal Stratum. See Supplementary Figure 1A to see the location of 
waypoint ROIs.  
 
Forceps Major.  We identified the macaque Forceps Major using three waypoint ROIs. The first 
ROI is the corpus callosum which is defined manually from an anatomical image. The second 
and third ROIs are coronal planes in the left and right hemispheres; each plane is located near the 
anterior edge of MST as defined in the atlas (Saleem and Logothetis 2012). The Forceps Major is 
defined as a group of streamlines passing through all three waypoint ROIs.  
 
OR.  To identify the OR we manually identified the LGN from high-resolution non-diffusion 
weighted image (b=0) and V1 from MRI-based atlas (Saleem and Logothetis 2012). We 
identified the OR as a group of streamlines having one endpoint in the LGN and the other 
endpoint within 3 mm of the V1 gray matter ROI.  
 
VOF.  We identified the macaque VOF using two waypoint ROIs in axial plane (dorsal, ventral; 
Takemura et al. 2016b). Supplementary Figure 1B shows a waypoint ROI placed in the left 
hemisphere of M1. We placed dorsal plane inferior to the Angular Gyrus, because Wernicke 
(1881) indicated that the dorsal projection of mVOF may include the Angular Gyrus. The 
posterior limit of dorsal plane is the lunate sulcus, and the anterior limit is the superior temporal 
sulcus. The position of the ventral plane is dorsal to occipital temporal sulcus. The anterior limit 
of the ventral plane is also the STS, whereas the posterior limit is the inferior occipital sulcus. 
The macaque VOF is the group of streamlines passing through both planes (see Supplementary 
Figure 1A for the location of waypoint ROIs). 
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Virtual lesions 
 
There are many possible ways that one could assess the statistical evidence supporting a 
collection of streamlines. Here, we used the Virtual Lesion method (Pestilli et al. 2014; 
Takemura et al. 2016b; Leong et al. 2016) to evaluate the evidence supporting the existence of 
the macaque VOF. Specifically, we compare the change in prediction accuracy (root mean 
squared error; RMSE) for diffusion signal between the optimized connectome and a lesioned 
connectome with the streamlines of interest removed. The RMSE is compared in all voxels 
touched by the lesioned streamlines, the mVOF in this case. The complete set of streamlines that 
contribute to the prediction of the diffusion measurements in these voxels is called the path-
neighborhood of the mVOF. This path neighborhood includes the mVOF itself and all of the 
other streamlines that pass through the mVOF voxels. We measure the distribution of RMSE 
values in the mVOF voxels when using the entire path-neighborhood and then we remove the 
mVOF and solve for the weights with the remaining streamlines. The supporting evidence is 
assessed with two different measures. We compare the two RMSE distributions using the Earth 
Mover’s Distance (EM), and also by calculating the strength of evidence, S, which is the 
difference in the mean RMSEs divided by the joint standard deviation (see Pestilli et al. 2014). 

Relating the VOF endpoint and cortical area 
Streamlines terminate at the boundary between white and gray matter. We measured the distance 
between tract endpoints and gray matter voxels. We could then identify the cortical areas closest 
to the tract endpoints. Specifically, we collected the X, Y, and Z coordinates of the endpoints of 
the VOF streamlines and computed the distance between the endpoints and gray matter voxels. 
For each gray matter voxel, we counted the number of endpoints within a threshold distance 
(human data: 3 mm, macaque data: 2 mm). We plot the normalized endpoint counts on the 
smoothed cortical surface (Figure 6).  
 
This analysis has some limitations, derived from the challenges in associating the cortical surface 
and tract endpoints (Reveley et al. 2015). This analysis measures only the general proximity 
between cortical maps and tract endpoints, rather than the definitive estimates of the fiber 
projections into cortical gray matter surface.  

Results 
 
We begin by comparing the spatial arrangement of the major white matter tracts in both human 
and macaque visual cortex. We focus much of our attention on a tract that has been little studied: 
the human and macaque VOF. We then identify its position with respect to other tracts and the 
location of its endpoints with respect to the cortical maps. 

Comparison of major occipital tract positions 
 
Figure 2 compares the general organization of the major occipital tracts in macaques (Figure 2A) 
and humans (Figure 2B). We consistently identified the major tracts in both datasets (OR, ILF, 
Forceps Major and VOF) from both datasets. These tracts are reported in previous studies in 
human (Wakana et al. 2004; Catani and Thiebaut de Schotten 2008, 2012; Martino and Garcia-
Porrero 2013; Yeatman et al. 2013; Takemura et al. 2016b) and macaque (Schmahmann and 
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Pandya 2006; Schmahmann et al. 2007), with the exception of the macaque VOF. We discuss 
this tract in more detail in the next section. 
 
There is a significant difference between the major occipital tracts in human and macaque: the 
macaque dMRI data does not provide a strong support for the IFOF. This is consistent with 
previous studies showing evidence for the existence of the IFOF in humans (Catani and Thiebaut 
de Schotten 2008; Martino et al. 2010a; 2010b; 2011; Sarubbo et al. 2013; Pestilli et al. 2014; 
Forkel et al. 2014), but no evidence for this tract in macaques (Schmahmann and Pandya 2006; 
Schmahmann et al. 2007; but see Mars et al. 2015).  
 

 
Figure 2. Major white matter tracts with at least one endpoint in occipital cortex. Axial view of major white 
matter tracts (ILF, red; IFOF, purple; OR, green; Forceps Major, dark yellow; VOF, blue) overlaid on anatomical 
image in a representative macaque (A, subject M1, ex vivo) and human (B, subject H1, HCP90 dataset). The small 
panel in the left side in panel A indicates the size of the macaque tracts in an identical spatial scaling with human 
figure.  
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Identification of macaque VOF (mVOF) 

 
Figure 3. The position of the macaque VOF. The position of the mVOF identified in PDD map (subject M1, ex 
vivo). The color scheme depicts the PDD in each voxel (blue, superior-inferior; green, anterior-posterior; red, left-
right). In the axial slice (left panel), we could see the white matter portion with predominantly superior-inferior 
diffusion signal between Superior Temporal Sulcus (STS) and Inferior Occipital Sulcus (IOS). In the coronal slice 
(right panel), this region is located lateral to the Calcarine sulcus and the Optic Radiation (OR, which has anterior-
posterior PDD, green). Scale bar (white) in each panel indicates 10 mm. Light blue dotted line in left panel indicates 
the position of coronal slice in the right panel, vice versa. LS: Lateral Sulcus, IPS: Intraparietal sulcus, Calc: 
Calcarine sulcus, POS: Parieto-Occipital Sulcus, OTS: Occipito-Temporal Sulcus. 
 
Figure 3 shows the Principal Diffusion Direction (PDD) map in the highest resolution ex vivo 
macaque dMRI dataset (subject M1, 0.25 mm isotropic voxels; see Supplementary Figure 2 for 
other slices). PDD map has been used to identify the position of the tract in human studies 
(Pajevic and Pierpaoli 1999; Wakana et al. 2004; Yeatman et al. 2013; Takemura et al. 2016b). 
Inspection of the PDD images clearly reveals the position of several major tracts; such as the OR 
and Forceps Major (Figure 3 and Supplementary Figure 2).    
 
Importantly, the PDD maps in this high resolution dataset clearly identify the major macaque 
pathways including a pathway seemingly homologous to the human VOF. Specifically, the data 
in Figure 3 reveal tracts with a superior-inferior diffusion direction (blue) in the lateral occipital 
white matter (outlined). The blue PDD indicates the presence of a vertical tract communicating 
between dorsal and ventral visual cortex. The ventral portion of this tract is located between 
Inferior Occipital Sulcus (IOS) and the Superior Temporal Sulcus (STS; left panel, axial view, 
Figure 3). This tract is lateral to the Calcarine sulcus and the OR (green regions in right panel, 
Figure 3). This tract is also identifiable from PDD map in other slices (Supplementary Figure 2). 
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Hereafter, we call this tract macaque Vertical Occipital Fasciculus or mVOF. We consistently 
identified the core portion of this tract from the PDD map in the dataset from living and post-
mortem macaque brain with coarser spatial resolution (see Figure 8; “Instrumentation and 
acquisition parameter dependencies”). We also note that the position of mVOF is qualitatively 
consistent with classical studies by Wernicke and other authors (Wernicke 1881; Bailey et al. 
1944; Petr et al. 1949; see “Diffusion MRI estimates of the mVOF are consistent with anatomical 
studies” in Discussion).  
 
Figure 4A describes the estimated mVOF visualized as a tract using tractography (see Materials 
and Methods). The mVOF is located on the anterior-lateral side of the lunate sulcus dorsally and 
its ventral endpoints are near the occipito-temporal sulcus (OTS). We observed the core of the 
mVOF in this position for all of the macaque brains (see Figure 8 for more examples). Figure 4B 
is the human VOF identified from HCP90 dataset, shown for a comparison.  
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Figure 4. Human and macaque VOF identified using tractography. A. Macaque VOF identified using 
tractography, overlaid on non-diffusion weighted (b=0) image (subject M1; left top, axial slice; right top, coronal 
slice; bottom, sagittal slices). Lunate, Lunate Sulcus, Hipp: Hippocampus. Other conventions are identical to those 
in Figure 2. B. Human VOF identified using tractography, overlaid on T1-weighted image (subject H1, 
HCP90dataset). Scale bar (white line) in each panel indicate 10 mm.  
 

Statistical evidence in support of the mVOF tract 
We use the virtual lesion method (Honey and Sporns 2008; Pestilli et al. 2014; Takemura et al. 
2016b; Leong et al. 2016) to evaluate the strength of evidence supporting the existence of the 
mVOF. Briefly, the virtual lesion method compares the prediction accuracy on the diffusion 
signals between two connectome models. The first connectome model contains all streamlines 
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(unlesioned), and the second connectome model contains all streamlines except the tract of 
interest (lesion). First, we identify all voxels touched by the tract of interest (right mVOF, 1919 
streamlines). We then find all of the rest of the streamlines passing through these voxels (path-
neighborhood, 32399 streamlines). Finally, we compare the ability of the two models to predict 
the diffusion data within the mVOF voxels. More specifically, we compare the root mean square 
error (RMSE) in the mVOF voxels of the lesioned and unlesioned connectome models. 
 
We compare the distributions of RMSE for lesioned and unlesioned models. First, we plot the 
distribution of root mean squared error (RMSE) between these two models in subject M1; the 
model with and without the right mVOF (Figure 5). There is a clear difference in the RMSE 
distribution of the two models, with the lesioned model doing a substantially worse job. We 
quantify the difference between these distributions by computing the strength of evidence (S) and 
Earth Mover’s distance (EM) as an index for statistical support for this pathway (Pestilli et al. 
2014). Figure 5 shows that there is a high strength of evidence for the mVOF pathway in the 
right hemisphere (S = 14.03). There is also a large earth mover’s distance between the two 
RMSE distributions (EM = 4.24) for right mVOF in subject M1. The strength of evidence is also 
significant in the left mVOF (S = 25.63; EM = 6.3). Thus, in addition to visible evidence on 
PDD maps (Figure 3 and Supplementary Figure 2), there is a strong statistical support for the 
mVOF.  
 

 
Figures 5. Statistical evidence supporting the existence of the mVOF. A. The histogram of the model accuracy 
(root mean squared error; RMSE) of two models (red; unlesioned model, blue; lesioned model) in voxels along the 
right mVOF or its path-neighborhood, in subject M1 (see Material and Methods). The difference of two distributions 
is statistically significant (S = 14.03, EM = 4.24). B. Model accuracy comparison between unlesioned and lesioned 
models in voxels along right mVOF in subject M1 (abscissa: unlesioned model, ordinate: lesioned model). Color 
map indicates number of voxels.  
 

Cortical regions near the mVOF endpoints 
Next, we identified the cortical maps near the endpoints of the VOF in humans and macaques. In 
humans, visual field maps were identified using fMRI as reported in a previous study (Takemura 
et al. 2016b) as well as using a surface-based atlas (Wang et al. 2015). In macaques, visual areas 
were identified using a standard MRI-based atlas (Saleem and Logothetis 2012). Tract cortical 
endpoints were computed by counting the number of VOF streamlines having endpoint near each 
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gray matter voxel (tract endpoint density, see Materials and Methods; Takemura et al. 2016b). 
Normalized streamline endpoint density was superimposed on the cortical surface (Figure 6; see 
Methods). 
 
Figure 6A shows the mVOF terminations in several visual field maps (right hemisphere, subject 
M1). One end of the mVOF terminates near the anterior portion of the Lunate sulcus dorsally, 
and OTS ventrally. The left panel of Figure 6A shows maps near dorsal mVOF endpoints. The 
region includes V3A, V4d/DP and possibly MT (see Figure 8 for a comparison of the 
consistency across datasets, and Supplementary Figure 3 for the results in left hemisphere). Right 
panel of the Figure 6A shows the maps near ventral mVOF endpoints. Endpoints are near 
cortical regions around OTS, which is mostly V4v. There are some endpoints near the anterior 
portion of the OTS, which may correspond to TEO (Saleem and Logothetis 2012; Kolster et al. 
2014; see Supplementary Fig 3 for the results in left hemisphere). We note that the estimates of 
cortical endpoints depend on the spatial resolution of the diffusion MRI data (see 
“Instrumentation and acquisition parameter dependencies”; Figure 8).  
 
Figures 6B and 6C describe the results on the right hemisphere in human dataset in two 
representative participants (subject H1, HCP90 dataset; Subject H4, STN96 dataset). The 
datasets are the same used previously (Takemura et al. 2016b), but analyses differed from 
previous reports because of the use of Ensemble Tractography methods (Takemura et al. 2016a; 
see Materials and Methods). New methods reproduce previous results (Takemura et al. 2016b), 
showing that the dorsal human VOF endpoints are proximal to V3A and V3B, V3d and IPS-0 
whereas the ventral endpoints are proximal to human V4, VO and neighboring maps. This 
pattern is consistent across datasets (HCP90, Figure 6B and STN96, Figure 6C; see 
Supplementary Figure 4 for more examples). Human VOF endpoints supported by HCP90 
dataset cover lager portions of cortical maps presumably because of the higher spatial resolution. 
 
Whereas there are differences in visual field map organization between humans and macaques, 
results seem consistent between human and macaque VOF; the VOF endpoints are near V3A, 
and ventral endpoints are near ventral V4. These similarities in cortical endpoints suggest that 
the mVOF is homologous to human VOF.  
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Figure 6. Cortical visual maps near VOF endpoints in human and macaque.  A. Cortical maps near the mVOF 
endpoint (subject M1, right hemisphere). In this plot, we calculated the spatial distance between mVOF endpoints 
and gray matter voxels, and counted the number of mVOF streamlines having endpoints close to the gray matter 
voxel (see Materials and Methods). The boundaries between visual areas are manually identified using a MRI-based 
atlas (Saleem and Logothetis 2012). We observed the putative mVOF termination near V3A, V4d dorsally and V4v, 
TEO ventrally. See Figure 9 and Supplementary Figure 3 for more examples. B. Cortical maps near human VOF 
endpoint in HCP90 dataset, Subject H1). The boundaries between cortical areas are estimated using a surface-based 
probabilistic atlas (Wang et al. 2015). C. Cortical maps near human VOF endpoint in relation to visual field maps 
estimated individually using fMRI (Dumoulin and Wandell 2008; Wandell and Winawer 2011; STN96 dataset, 
Subject H4). The boundaries between cortical areas are defined by the boundaries of polar angle and eccentricity 
estimated by fMRI-based visual field mapping (see captions at the center; circular inset; UVM, upper vertical 
meridian; HM, horizontal meridian; LVM, lower vertical meridian).  
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VOF position with respect to other tracts 
 
The human brain volume is about 15 times larger than the macaque brain, and the human cortical 
surface area is greatly expanded as well (Rilling 2006; Wandell and Winawer 2011; Corthout 
2014). The structures in the human brain are not a one-to-one match with the macaque, simply 
scaled up (Rilling 2006; Passingham 2009). Investigators from many previous studies sought to 
associate the findings in macaque to the human brain and argued about the homology in 
functional measurements (Brewer et al. 2002; Fize et al. 2003; Tsao et al. 2003, 2008; Orban et 
al. 2004; Kriegeskorte et al. 2008; Wade et al. 2008; Kornblith et al. 2013; Kolster et al. 2014). 
Hereafter, we compare the gross anatomy on the human and macaque VOF.  
 
Figure 7A shows PDD map in human (HCP90 H1) and macaque (M1). For ease of comparison, 
we used the same scale for both human and macaque PDD maps. We report noticeable difference 
between human and macaque VOF. The volume of human VOF is substantially larger than that 
of mVOF. The volume of the human brain is 15-times that of the macaque brain (Corthout 2014). 
Using the data from HCP90 dataset and M1, we estimate that the volume of the human VOF is 
approximately 31-times the volume of right mVOF. The relative increase in size of the human 
VOF seems to follow the general increase in area of the mid-level visual areas. We note that in 
macaque, early visual areas (such as V1) comprise a larger portion of the occipital cortex, 
whereas in humans mid-level visual maps are relatively larger (Brewer et al. 2002; Dougherty et 
al. 2003; Lyon and Connolly 2012).  
 
Figure 7B plots the human and macaque VOF together with other fiber systems, the OR and the 
ILF. Human and macaque brains have similar relative position of VOF and OR. In both species, 
the VOF is located lateral to OR and they are clearly distinguishable (Figure 7B, top panels). 
This observation has been also reported in classical studies on post-mortem human and macaque 
(Wernicke 1881; Déjerine 1895). 
 
We identified the macaque ILF using the guidelines in an earlier macaque dMRI and tracer 
studies (Schmahmann et al., 2007; Schmahmann and Pandya 2006). We then superimposed the 
VOF and ILF streamlines to investigate the relative position of these tracts. 
 
We find that the relative position between ILF and VOF streamlines differs between human and 
macaque. A major portion of the macaque VOF communicates vertically between dorsal and 
ventral visual cortex (Figure 7B, right panel), and the dorsal end of the mVOF intermingles with 
the dorsal segment of the macaque ILF. For this reason, the mVOF cannot be well separated 
from the ILF (Figure 7B, bottom right). In human, the VOF is located lateral and orthogonally to 
the ILF streamlines. Most of the human VOF ventral streamlines can be distinguished from the 
ILF (Figure 7B, bottom left). There are a small number of intermingled streamlines in the human 
despite the fact that the human VOF is relatively large compared to the mVOF (Figure 7B; see 
Supplementary Figure 5 in other example from STN96 dataset). While estimated crossing 
between VOF and ILF depends on the selection for waypoint ROIs, however, we did not identify 
a large number of ILF streamlines intermingled with dorsal or ventral endpoint of the VOF 
streamlines (Supplementary Figure 6), unlike the results in macaque (Figure 7B).  
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Panels 7C and 7D show the positions of the dorsal and ventral VOF endpoints, as well as the 
posterior ILF endpoints, on the cortical surface. In this comparison, the estimated VOF and ILF 
endpoints are intermingled in the macaque while it is relatively distinguishable in the human.  
 

 
Figure 7. Human-macaque comparison. A. The comparison of the PDD map in human (subject H1, HCP90 data) 
and macaque (Subject M1) in an axial slice. Color schemes are identical to those in Figures 1 and 3. We plot the 
approximate position of the VOF by dotted yellow lines. While human VOF is elongated from anterior to posterior, 
the macaque VOF position is restricted between the IOS and OTS (see Figure 3 for details in macaque data). B. 
Spatial relationship between the Optic Radiation (OR; green), the Inferior Longitudinal Fasciculus (ILF, magenta) 
and VOF (blue) in human and macaque. C-D. VOF and ILF cortical endpoints in human and macaque (C. subject 
H1 from HCP90 dataset, D. subject M1).  

Instrumentation and acquisition parameter dependencies 
The ability to resolve different tracts, estimate their sizes and endpoints depends strongly on the 
spatial and angular resolution of the acquisition (Kim et al. 2006; Roebroeck et al. 2008; Berman 
et al. 2013; Sotiropoulos et al. 2013, 2016; Pestilli et al. 2014; see also Lebel et al. 2012). The 
quality of the post-mortem data from subject M1 (Thomas et al. 2014; Reveley et al. 2015) is far 
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beyond the other datasets. However, data collected from living brains offers additional 
opportunities even if it is limited in resolution (see “Combining post-mortem anatomical data 
with in vivo diffusion MRI” in Discussion). Here we tested what we can identify in relatively 
lower resolution datasets from macaque brains.  
 
Figure 8A depicts the PDD map from macaque brain in other dMRI datasets. We can identify the 
mVOF (blue, superior-inferior) and the OR (Figure 8A; see Supplementary Figure 7 for a 
comparison in other slice selections). The result suggests that the core portion of the mVOF can 
be consistently identified in all macaque datasets, including in vivo data.  
 
While the datasets are qualitatively consistent, the estimates of the mVOF volume differ across 
datasets. For example, the mVOF volume estimated in subject M4 (in vivo, 1 mm isotropic, 
Figure 8B) is smaller than that in subject M1 (ex vivo, 0.25 isotropic, Figure 4A; Figure 8B) 
presumably because of the partial volume effect in lower resolution data. Depending on the data 
resolution, portions of even relatively large tracts can be missed.  
 
The estimates of cortical endpoints also depend on spatial resolution. In subject M1 (0.25 mm 
isotropic; see also Figure 4) the mVOF branches enter a gyrus around the OTS; this branch is 
absent in the lower resolution data (Figure 8A). In subject M4 (1 mm isotropic), we could not 
identify mVOF endpoints close to the OTS (Figure 8A). These differences are probably not due 
to individual differences but to data resolution. 
 
Figure 9 compares the cortical maps near mVOF endpoints among the datasets. While the center 
of the mVOF endpoints is consistent, mVOF endpoints in subject M1 (higher-resolution data) 
span a larger spatial extent on the cortical surface. In lower-resolution data, we particularly miss 
any cortical endpoints in the gyrus between IOS and OTS. This is because lower spatial 
resolution data is vulnerable to the partial volume effect with gray matter and superficial U-fiber 
system (Reveley et al. 2015; Vu et al. 2015). The results suggest that the improvement of spatial 
resolution on diffusion MRI data reduces the tractography bias for sulci over gyri; we still may 
miss some of the cortical endpoints in the dataset even with the highest spatial resolution used in 
the present study (Reveley et al. 2015; Sotiropoulos et al. 2016).  
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Figure 8. Consistency and dependency across the dataset with different resolutions. A. The comparison of left 
mVOF in PDD map across datasets. The color chart is identical to those used in Figure 3. B. The comparison of left 
mVOF identified by tractography across datasets.   
 

 
Figure 9. Spatial resolution dependency on the cortical endpoints estimate of mVOF. The comparison of 
estimated cortical mVOF endpoints across four macaque dMRI datasets collected at different spatial resolutions. 
The color map indicates the normalized density of left mVOF endpoint, as shown in Figure 6 (upper panels, dorsal 
mVOF endpoint; lower panels, ventral mVOF endpoint).  
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Discussion 
 
We used diffusion MRI data and tractography, in both human and macaque, to identify the major 
white matter tracts with at least one occipital endpoint. In both species we find apparently 
homologous tracts including the OR, Forceps Major, ILF and VOF. We find no evidence for a 
macaque IFOF, consistent with previous reports (Schmahmann et al. 2007; Catani and Thiebaut 
de Schotten 2008).  
 
We succeeded in identifying the macaque VOF, which has been little studied. The core portion 
of this tract is consistent across dMRI datasets obtained with different spatial resolutions and 
number of diffusion directions. The macaque VOF shares some similarities with human VOF, 
particularly with regards to the position of its endpoints with respect to the cortical maps. But the 
position of the VOF in relation to the ILF may differ between species.  

Many homologous tracts, but no homologous IFOF 
 
The dMRI analysis supports the existence of several large homologous tracts in macaque and 
human in occipital cortex: the OR, Forceps Major and ILF. This result supports the macaque 
dMRI analysis by Schmahmann and colleagues who also demonstrated consistency between the 
dMRI data and tracer study (Schmahmann et al. 2007).  
 
There is also a notable difference between human and macaque occipital white matter tracts: the 
macaque dMRI data lack support for the IFOF, while the human dMRI supports the existence of 
an IFOF. This too is consistent with tracer (Schmahmann and Pandya 2006) and dMRI studies 
(Schmahmann et al. 2007) in macaque. The species difference concerning the IFOF has also 
been supported by classical and recent fiber dissection studies (Curran 1909; Martino et al. 
2010a; 2010b; 2011; Sarubbo et al. 2013; Forkel et al. 2014). Further, the statistical support for 
the IFOF from dMRI data is highly significant (Pestilli et al. 2014). It remains uncertain whether 
human IFOF is composed by fully monosynaptic connections or series of connections (Mars et al. 
2015). However that issue may resolve, there is a significant inter-species difference with respect 
to the estimated IFOF streamlines. 
 
The functional significance of IFOF inter-species difference is an open and interesting question. 
One working hypothesis is that the IFOF is crucial for the rapid transmission of visual 
information to a semantic processing system in frontal cortex (Duffau et al. 2013). But the much 
greater size of the human brain, which is 15 times the volume of macaque, allows for many new 
functions and the possibility that the IFOF provides visual information to many of these circuits.  

Diffusion MRI estimates of the mVOF are consistent with anatomical studies 
 
Wernicke (1881) reported the existence of a tract (senkrechtes Occipitalbündel (fp); 
“perpendicular fasciculus”) connecting dorsal and ventral occipital cortex. His schematic of an 
axial slice of the post-mortem monkey brain is compared with the dMRI estimates of the 
principal diffusion direction (PDD) in macaque (Figure 10, “fp” in the right panel). Wernicke 
(1881) described the position of “perpendicular fasciculus” as lateral to the OR, which is 
consistent with PDD map (Figure 3). In Wernicke’s schematic diagram, the position of the 
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perpendicular fasciculus is surrounded by two sulci, which correspond to modern definitions of 
the STS and the IOS. Thus, the existence and position of the mVOF derived from dMRI and 
tractography is consistent with Wernicke’s classical post-mortem study.  
 
The dMRI derived mVOF is also consistent with tract degeneration studies conducted by Bailey 
and colleagues (Bailey et al. 1944). Specifically, they studied association pathways in Macaca 
mulatta by first injecting the neurotoxin in a target cortical site and then measuring the loss of 
electrophysiological signal following cortical damage. Using this method, Bailey and colleagues 
reported a pathway connecting the posterior end of the temporal cortex with both dorsal 
extrastriate cortex as well as the posterior portion of the inferior parietal lobule. Petr and 
colleagues (Petr et al. 1949) further explored these tracts with comparable methods. They 
identified that this vertical pathway extended from dorsal visual cortex and nearby aspects of the 
inferior parietal lobe to macaque TEO, but not area TE. This observation is consistent with 
results from the present study showing that the mVOF has ventral endpoints within TEO, but not 
TE (Figure 6). It is important to note that while the mVOF has not been widely examined in 
modern studies, these vertical connections were crucial for solidifying the division separating  
TEO from TE as these areas were complicated to differentiate cytoarchitectonically in Von 
Bonin and Bailey’s classic atlas (Iwai and Mishkin 1969; Petr et al. 1949).  
 
Additionally, Bonin and colleagues (1942) provide observations that are consistent with the 
present work. For example, we find that the mVOF and ILF are compressed and intertwined 
within the occipital lobe of macaque, while the VOF and ILF are clearly separable with 
orthogonal orientations in human. Bonin and colleagues had very similar observations. In a 
summary of their strychnine measurements and Weigert stains in macaque, Bonin et al. write: 
 

Wernicke’s vertical bundle, running lateral of the ventricle, is well seen in the macaque 
wherein it was first recognized by Wernicke himself...there is much more room in the 
spacious white core of the occipital lobes of chimpanzee and man than in the sparse 
white matter of the macaque’s occipital lobe. Hence the association fibers which are 
compressed into a compact bundle in the macaque, may be more diffusely spread out 
over a larger space in the higher primates...The experimental results suggest moreover 
that there are fibers passing from the dorsal part of the parastriate area to the temporal 
lobe. These may run first in the vertical occipital bundle of Wernicke, to sweep over into 
the inferior horizontal fasciculus in a ventral level. It should not be too difficult to test 
this assumption. Pg. 179-183 

 
The evidence from the present study provides support for their hypothesis nearly 75 years later.  
 
Evidence from recent studies provide further anatomical evidence for the mVOF. For example, 
in recent studies, Schmahmann and Pandya explored major white matter tracts, including those 
in occipital cortex, in macaque brain using retrograde tracers (Schmahmann and Pandya 2006). 
Schmahmann and Pandya directly relate the ILF to vertical fascicles when they write: 
 

We have observed that fibers that are caudally situated in the vertical component of the 
ILF link the dorsal and ventral aspects of the occipital lobe and are equivalent to this 
vertical occipital system of Wernicke.  
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Their description of this fiber pathway is also consistent with what we observed in our dMRI 
data, showing the vertical occipital fiber connecting dorsal and ventral visual cortex which are 
less distinguishable from the ILF (Figure 7). 
 
There is a collection of tracer studies of the macaque that are consistent with this study. 
Ungerleider and Desimone (1986) reported a connection between MT and ventral V4. Distler 
and colleagues (1993) injected anterograde and retrograde tracers in macaque area TEO, and 
described a bidirectional connections to dorsal areas, including V3d, V3A, V4d and MT. 
Webster and colleagues (Webster et al. 1994) explored the cortical connections in area TEO and 
TE, and reported that the TEO is connected with V3A whereas TE is predominantly connected to 
area LIPd, rather than V3A. More recently, Ungerleider and colleagues (Ungerleider et al. 2008) 
studied pathways terminating in macaque V4 using both anterograde and retrograde tracers. 
They described bidirectional connections between V3A, MT (dorsal) and ventral V4. These 
tracer studies suggest that the mVOF includes bidirectional information transmission between 
dorsal and ventral visual cortex. The streamline estimates here also show that the mVOF 
connects dorsal (V3A, V4d and MT) and ventral areas (V4v, TEO).  
 
Taken together, the mVOF streamlines follow a path that is consistent with macaque studies 
using fiber dissections, tract degeneration, Weigert stains, and tracers.  
 

 
Figure 10. History of the macaque VOF. The comparison of the mVOF position in modern diffusion MRI data 
and Wernicke’s study (Wernicke 1881). A. The position of the mVOF in PDD map in the left hemisphere (subject 
M1). This slice is chosen to match the schematic diagram in Wernicke’s study (right, B). While it is impossible to 
completely match the slice between modern data and classical work, the position of the mVOF (left) and 
“perpendicular fasciculus” (fp, right panel) is qualitatively consistent; both are located between the STS (e, 
Parallelfurche in Wernicke) and IOS (k, vordere Occipitalfurche in Wernicke).  
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The VOF cortical endpoints with respect to visual field maps 
 
The organization of the visual field map has been widely studied in both human and macaque 
system, and scientists have proposed organization principles of the visual field maps (Wandell et 
al. 2007). The VOF endpoints in human and macaque share some similarities with respect to the 
position of visual field maps. Notably, in both species, VOF endpoints are close to V3A dorsally 
and V4 ventrally. In both human fMRI and macaque electrophysiology literature, visual 
neuroscientists largely agree that relatively dorsal aspects of visual cortex process spatial 
information, whereas relatively ventral aspects of visual cortex process categorical information  
(Ungerleider and Mishkin 1982; Goodale and Milner 1992; Ungerleider and Haxby 1994). 
Recent studies raise the possibility of substantial interaction between dorsal and ventral visual 
areas (Grill-Spector et al. 1998, 2000; Konen and Kastner 2008). The increased prominence of 
the VOF in recent anatomy literature provides an anatomical infrastructure supporting the 
interaction between dorsal and ventral visual cortex (Yeatman et al. 2014; Takemura et al. 
2016b).  
 
In both human and macaque, V2 and V3 are separated into dorsal and ventral components, and 
each represent a quarter of the visual field. However, mid-level visual maps contain hemifield 
representations, such as V3A/B, IPS-0, hV4, VO, LO in humans and V3A in macaques. The 
macaque map organization anterior to V4v is controversial in the literature, but a recent study 
provides evidence for hemifield maps anterior to V4v and adjacent to TEO (Kolster et al. 2014). 
As endpoints of the VOF are near hemifield maps, it is likely that the VOF has an essential 
functional role for transmitting upper and lower visual field information between dorsal and 
ventral visual field maps (Takemura et al. 2016b).  
 
While the VOF in human and macaque have some similarities, the human and macaque visual 
field maps have some differences in spatial arrangements (Wandell and Winawer 2011; Kolster 
et al. 2014; Vanduffel et al. 2014). For example, some differences between human and macaque 
reported in the literature are the volume of V3 (Brewer et al. 2002; Dougherty et al. 2003), the 
retinotopy in V4 (Brewer et al. 2005; Wade et al. 2008; Arcaro et al. 2009; Winawer et al. 2010; 
Goddard et al. 2011; Winawer and Witthoft 2015), and response selectivity in V3A (Tootell et al. 
1997; Vanduffel et al. 2001). The homology of some humans maps, such as V3B (Smith et al. 
1998; Press et al. 2001) and LO (Larsson and Heeger 2006; Amano et al. 2009; Silson et al., 
2013), is still under debate (but see Kolster et al. 2014). The difference in the spatial arrangement 
of maps between human and macaque may be related to the change in position and size of the 
VOF. The position of all these maps, and their size, make it seem likely that the growth in the 
VOF and its change in position may have had influence on the cortical organization.  

The relative size and position of the VOF and ILF in human and macaque 
 
Human and macaque VOF are similar in two critical ways. First, the endpoints of the VOF are 
near similar maps such as V3A in dorsal visual cortex and V4 in ventral visual cortex. Second, in 
both human and macaque, the VOF is located lateral to the Optic Radiation and oriented in a 
direction perpendicular to the OR. These similarities suggest that the mVOF is a homologous 
pathway to the human VOF. But there are also significant differences between these pathways 
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that reflect some of the general differences between the macaque brain and the much larger 
human brain.  
 
First, the human VOF is significantly elongated in the anterior-posterior dimension compared to 
the macaque VOF, which is largely confined between the IOS and STS. The human VOF 
extends nearly to the posterior Arcuate Fasciculus (pAF; or Vertical (posterior) Segment of the 
Arcuate; Catani et al. 2005; Weiner et al. 2016b). While classical and recent studies describe the 
pAF and VOF as separate tracts (Curran 1909; Catani et al. 2005; Yeatman et al. 2014; Weiner et 
al. 2016b), the distinction between the VOF and pAF is relatively unclear in the literature. As 
discussed in a recent letter (Weiner et al. 2016b), there is uncertainty regarding the homology 
between mVOF relative to the human VOF and pAF for a number of reasons. For example, the 
human brain is significantly expanded compared to the macaque brain and there is not a one-to-
one mapping of anatomical structures between species. Consequently, mapping Wernicke’s 
original definition of the perpendicular fasciculus in a schematic image to the human brain is 
non-trivial.   
 
In fact, some groups suggest that the pAF is homologous to mVOF (also termed Wernicke’s 
perpendicular fasciculus; Homola et al. 2012; Bartsch et al. 2013; see also Martino and Garcia-
Porrero 2013 for a debate). Our comparison with visual maps suggests that the mVOF is 
homologous to human VOF, because it has endpoints near similar maps such as V3A and ventral 
V4 (Figure 6). While there are significant similarities between human and macaque VOF, the 
relation of human pAF with mVOF is an open question. One possibility is that the pAF and the 
VOF in humans originally derived from the same vertical fiber system in a common ancestor 
between humans and macaques. Throughout the evolution and expansion of frontal cortex and 
white matter pathways, the vertical fiber system of the human brain may have expanded in the 
anterior-posterior direction whereby the most anterior fascicles became the pAF in human.    
 
A second difference is that the macaque mVOF and ILF streamlines intermingle, but in human 
the estimated VOF streamlines are largely separate and lateral to the estimated ILF streamlines. 
This difference suggests a hypothesis regarding the evolution of the VOF that is related to the 
substantial cortical expansion in human (Figure 11). The VOF may be the part of the ILF system 
in a common ancestor (right panel, Figure 10). With the expansion of cerebral cortex and the 
increase in the number of mid-level visual areas, the VOF may have grown to the point where it 
became independent of the ILF system, shifting laterally and separating from the ILF. This 
hypothesis is speculative because it is difficult to exclude the possibility that the estimated 
human ILF streamlines separate from the VOF due to the limited ability to resolve crossing 
fibers in in vivo human data or waypoint ROI selection procedures. We include this speculation 
because it provides a hypothesis for future comparative studies, comparing high-resolution 
human and macaque anatomy data, that assess the evolution of the visual association areas and 
vertical occipital fiber system in more fine detail. 
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Figure 11. Schematic diagram of estimated human-macaque occipital fiber system. This diagram schematically 
describes the position of three major white matter pathways in the right hemisphere in humans (left panel) and 
macaque (right panel); the OR (green), the ILF (red) and the VOF (blue). As compared with macaques, human VOF 
is moved to the lateral side of the white matter and becomes relatively distinguishable from the ILF.  

Combining post-mortem anatomical data with in vivo diffusion MRI 
 
Tractography creates a model of the white matter tracts, and the model is constrained to predict 
the diffusion MRI data. Current models and data are generally at the millimeter scale and 
decreasing. But even the highest quality current measurements do not provide accurate estimates 
on cortico-cortical connectivity at the spatial scale of fine connections (Thomas et al. 2014; 
Reveley et al. 2015). It is worth remembering, however, that much information can be gleaned 
from millimeter scale measurements in living subjects, and we should take advantage of what we 
can learn from this scale. 
 
The data in this paper include in vivo diffusion data and post-mortem diffusion data, and we 
contextualize the diffusion measurements with post-mortem tracer studies. The in vivo diffusion 
data are relatively coarse, but they have great value for studies of development, plasticity, 
disease and individual differences. This type of data is being used in human studies to provide 
insight of white matter plasticity during developmental stages in relation to behavioral learning 
(Yeatman et al. 2012a; Gomez et al. 2015) or white matter consequences of retinal or cortical 
damages (Levin et al. 2010; Bock et al. 2013; Ogawa et al. 2014; Ajina et al. 2015). Recent 
studies use these methods to measure tissue changes following learning and disease in rodents 
(Blumenfeld-Katzir et al. 2011; Hofstetter et al. 2013; Sampaio-Baptista et al. 2013), marmosets 
(Warner et al. 2015) and macaques (Li et al. 2011).  
 
There are several advantages of in vivo dMRI compared to other methods. First, in vivo methods 
enable longitudinal measurements. Second, dMRI provides a large field of view compared to 
post-mortem tracer studies. Third, dMRI and tractography have built up an infrastructure of 
reproducible computational methods and atlases that can be shared (Hayashi et al., 2015; 
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Calabrese et al. 2015). This supports the methods needed to grow a shared database that enables 
comparisons between individual subjects and population norms (Wandell et al. 2015).  
 
The strengths and weaknesses of anatomical methods are complementary to the dMRI strengths. 
Post-mortem tracer studies are very well suited for examining hypotheses about the fine spatial 
detail and directionality of specific connections (Cheng et al., 1997; Ungerleider et al. 2008; 
Banno et al., 2011; Grimaldi et al. 2016), or the relationship between specific connections and 
molecular targets (Ichinohe et al. 2010). For example, if one identifies a target of interest using 
dMRI, the best way to discover the molecular and cellular basis is to make anatomical and 
histological measurements in locations identified as good targets from the dMRI data (Sagi et al. 
2012; Sampaio-Baptista et al. 2013). In contrast, it is very difficult to study the variability 
between individuals using tracer methods because of the inability to precisely control the 
placement of injections and uptake of tracers. Anatomical tracer studies typically slice the brain 
and recover only a subset of the pathways reconstructed from challenging material (Kennedy et 
al. 2013). As a result, these studies have a limited field of view and critical measurement 
limitations to the result from the need to dissect the brain to follow tracts. Finally, tracer studies 
have not yet developed a digital technology that enables one to compute atlases and integrate 
data. The most widely used summaries of anatomical data are simple tables that collect the 
known collection, and these tables do not capture the pathways themselves (CoCoMac database; 
Bakker et al. 2012). The methods for integrating anatomical data with diffusion involves 
comparing drawings from tracer studies with digital atlases in a reference coordinate frame and 
reproducible computations from dMRI studies. 
 
Once we recognize that tractography is model building, it becomes clear that there is great 
potential value in combining post-mortem and in vivo dMRI data. Both measure a large field of 
view and can be represented in a computational format. The post-mortem studies obtain data and 
build models at higher resolution and better sensitivity. These models can serve to disambiguate 
the lower quality in vivo measurements. Moreover, because the data are obtained without slicing 
the brain the post-mortem data are easily interpreted in terms of the natural three-dimensional 
pathway structures.  
 
Finally, when high quality post-mortem measurements provide a consistent and high quality 
model (Axer et al. 2011; Miller et al. 2011; Dell’Acqua et al. 2013; Leuze et al. 2014; Aggarwal 
et al. 2015; Caspers et al., 2015; Seehaus et al. 2015), the same model can guide the search for 
tracts using the lower resolution in vivo dMRI data. In this approach, the post-mortem data are 
used to create high quality tract models. The in vivo data are used to find the most likely position 
of known tracts (Sherbondy et al. 2008b; Kammen et al., 2016). To some extent, this has been 
the approach used in much of human tractography. The major white matter tracts that are studied 
by many groups are known to exist, and tractography is used to identify their positions and paths 
(Catani et al. 2002; Wakana et al. 2004; Catani and Thiebaut de Schotten 2008; Yendiki et al. 
2011; Yeatman et al. 2012b). 
 
In summary, one way to proceed is to develop high-resolution models of the white matter 
pathways using post-mortem diffusion data, and to use these models to guide model estimates 
from lower resolution in vivo data. We can then use anatomical tracer methods to analyze 
specific pathways and cellular molecular questions. 
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Conclusions 
 
The comparative analysis reported here supports the long-held view that certain aspects of 
human and macaque visual cortex are very similar. Specifically, the majority of occipital white 
matter tracts (OR, Forceps Major, ILF) appear to form similar connections in the two species. 
Significant differences, on the other hand, were found in the white matter tract connecting 
occipital and frontal cortex. Most significant is the absence in macaque of a tract homologous to 
human IFOF. The much larger volume (15x) of the human brain seems to have brought forth a 
need to create a long pathway that speeds the projection of signals from posterior to anterior 
portions of the brain. Such a new pathway together with the well-documented expansion of the 
frontal cortex in humans appears to have brought for new circuitry underlying visual cognitive 
behavior. Tasks that rely on this communication pathway in human may not have a 
corresponding substrate in macaque. 
 
A second notable difference is the position of the mVOF and the human VOF with respect to 
other white matter tracts. In both species, the VOF connects dorsal and ventral posterior brain, 
and are likely to have endpoints near similar maps (V3A and ventral V4). But, in human, the 
VOF is largely segregated from the ILF while in macaque, the VOF is embedded within the ILF. 
This difference will certainly have implications for interpreting the consequences of white matter 
lesions, such as one might observe in stroke patients or other clinical lesions. It is not clear that 
the position matters for typical signaling and function.    
 
The gross anatomical positions of stimulus-selective cortical regions, such as regions selective 
for faces, differ between human and macaque (Tsao et al. 2008; Bell et al. 2009; Pinsk et al. 
2009; Kornblith et al. 2013; Weiner and Grill-Spector 2015; Lafer-Sousa et al. 2016). The dMRI 
measurements reveal similarities and differences in the organization of the major occipital white 
matter tracts in human and macaque, and the projections of these tracts may explain the different 
locations of these cortical specializations. It is possible that in some cases, the different position 
is incidental, and the fundamental white matter circuitry is homologous. As we improve our 
understanding about the white matter tracts in both species, we hope to clarify the degree to 
which certain cortical specializations reflect a common functional circuitry in which responses in 
macaque serve as an accurate model for human vision. 
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