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ABSTRACT

The vertical occipital fasciculus (VOF) is a white-matter tract that connects the ventral and dorsal visual streams. The precise borders of the VOF have been a matter of
dispute since its discovery in the 19th century. The presence of an adjacent vertical pathway, the posterior arcuate fasciculus, makes it especially hard to determine the
anterior extent of the VOF. By integrating diffusion MRI tractography with quantitative T1 mapping we found that the vertical streamlines originating in the ventral
occipito-temporal cortex show a pattern of lower T1 in more posterior streamlines. We used this pattern to develop an automatic procedure for VOF identification
based on a sharp increase in the streamline T1 signature along the posterior-anterior axis. We studied the cortical endpoints of the VOF and their relation to known
cytoarchitectonic and functional divisions of the cortex. These results show that multi-modal MRI information, which characterizes local tissue microstructure such as

myelination, can be used to delineate white-matter tracts in vivo.

1. Introduction

The vertical occipital fasciculus (VOF) is a white-matter tract con-
necting ventral and dorsal regions in the occipital, temporal and parietal
lobes. Decades after it was first described, the VOF was only recently
rediscovered, drawing great attention from the scientific community
(Briggs et al., 2018; Takemura et al., 2016; Weiner et al., 2016; Yeatman
et al., 2014b). The precise location of the VOF, and in fact its very exis-
tence, has been a matter of dispute since it was first described by Wer-
nicke (Yeatman et al., 2014b). One of the factors contributing to this
dispute is the existence of the adjacent posterior arcuate fasciculus (pAF),
another vertical white-matter tract, just anterior to the VOF (Curran,
1909; Weiner et al., 2016) (Fig. 1).

In vivo identification of the VOF is important for the study of visual
cognitive function in the healthy population, as well as its disruption in
diseased populations (Budisavljevic et al., 2018; Duan et al., 2015; Lee
Masson et al., 2017; Oishi et al., 2018). The pAF, which connects ventral
and dorsal regions involved in language processing, is important for the
study of uniquely human language functions (Catani et al., 2005; Weiner
et al., 2016). Several recent works have identified the VOF in vivo,
although a definitive definition of its exact location, especially with
regards to its anterior extent, is still missing (Briggs et al., 2018; Keser
et al., 2016; Takemura et al., 2017; Wang et al., 2016; Weiner et al.,
2016). In some axial diffusion MRI slices, two clusters of vertically ori-
ented fibers are visible, presumably belonging to the VOF and pAF. These
clusters are often separated by the ascending branch of the superior
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temporal sulcus (STS) and by the anterior occipital sulcus (AOS) on lower
slices (Takemura et al., 2017). Individual variability in tractography re-
sults is known to exist in this region: in some subjects, the vertical
streamlines comprise of two fully separated bundles, while in others, they
form a continuous sheet (Weiner et al., 2016). Hence, the geometry of
these tracts often precludes the identification of the border between
them.

Different approaches exist for delineating specific white-matter tracts
using diffusion MRI tractography. These approaches rely on recognizing
a unique property that distinguishes the tract-relevant streamlines from
all others. Most commonly, tract-specific streamlines are identified based
on spatial criteria, such as passing through specific waypoint regions of
interest, ending in specific cortical or subcortical regions, or presenting
geometrical similarity to some atlas-defined tract (see Wasserthal et al.,
2018). Yet white-matter tracts differ not only in their spatial course, but
also in their microstructural signatures. For example, different myelin
content allows the identification of white-matter tracts post mortem in
myelin staining studies (Biirgel et al., 2006). In vivo, these distinct
microstructural signatures are captured using quantitative MRI parame-
ters, such as quantitative T1 (Schurr et al., 2018; Takemura et al., 2018;
Yeatman et al., 2014a), which is sensitive to myelin content (Lutti et al.,
2014; Stiiber et al., 2014). We have shown previously that T1 provides
significant contrast between different white-matter tracts, and can be
used to improve the accuracy of in vivo tractography of the optic radiation
(Schurr et al., 2018). It is still an open question whether other
white-matter tracts can be identified using T1 mapping. Here we tested
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whether VOF identification can be facilitated using T1 mapping.

A recent study characterized two sub-regions in the ventral occipito-
temporal cortex (vOTC): a posterior region from which the VOF origi-
nates and an anterior region from which the pAF originates (Lerma-U-
sabiaga et al., 2018). These two cortical sub-regions have distinct
quantitative T1 signatures, with the posterior region presenting lower T1
values. However, it is unknown whether the tracts originating from these
sub-regions, VOF and pAF, also display distinct microstructural signa-
tures. Here we tested whether the VOF can be identified based on its
microstructural signature, as reflected by quantitative T1 mapping. We
developed an automatic algorithm for identifying the VOF, based on a
sharp increase in the streamlines T1 signature along the
posterior-anterior axis. We term the resulting posterior tract VOF-T1. We
compared the resulting bundle to the results of two published methods
for VOF identification, based on spatial and anatomical criteria. We
showed that the proposed algorithm is reliable and robust to instru-
mental biases. Then, we studied how the microstructural signatures of
VOF-T1 change across the lifespan. Finally, we characterized the cortical
endpoints of VOF-T1 with respect to known cytoarchitectonic and
functional atlases.

2. Methods
2.1. Subjects

We used the dataset from Yeatman et al. (2014a) collected at Stanford
University. Of the original 102 subjects, we included only subjects with
high angular resolution diffusion data (HARDI) and excluded one subject
in which the diffusion data did not include the entire vOTC. This yielded
a cohort of 89 subjects (41 male; mean + STD age 33 + 24, range: 7-85
years old). Four additional subjects (3 male, mean + STD age 25 + 1,
range 23-26 years old) were taken from a separate dataset collected at
Stanford University (Gomez et al., 2017) and used to test for scan-rescan
reliability. In these four subjects, the data required for T1 mapping were
acquired a year apart, and the diffusion MRI data several months apart.

Data collection procedures were approved by the Stanford University
Institutional Review Board. Healthy subjects were recruited from the San
Francisco area and screened to have no neurological, cognitive or psy-
chiatric disorders. Each adult subject provided a written informed con-
sent, and each child provided assent with the consent of their parent or
guardian.

In addition, we used a second independent dataset, scanned at the
Hebrew University of Jerusalem (HUJI dataset; Filo et al., 2019). We
used this dataset to replicate the results of the main dataset, and to test
whether the transverse relaxation time, T2, can also be used for VOF
identification. Subjects (n =13; 7 male; mean 4+ STD 27 + 3 years old)
were screened to have no neurological, cognitive or psychiatric disor-
ders. The experimental procedure was approved by the Helsinki Ethics
Committee of Hadassah Hospital, Jerusalem, Israel. Each subject pro-
vided written informed consent.
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Fig. 1. (A) A post mortem dissected brain showing
the VOF (blue) and the pAF (orange), reproduced
from Curran (1909). The middle part of the VOF was
removed to reveal the sagittal stratum. (B) In vivo
reconstruction of vertical fascicles originating in the
ventral occipito-temporal cortex. These candidate
streamlines, colored by orientation, include both the
VOF and the pAF. (C) The reconstructed vertical
streamlines shown from a medial point of view. In this
subject, two separate clusters of streamlines can be
distinguished. The posterior cluster ends in close
proximity to the posterior end of the mid-fusiform
sulcus (MFS; yellow). See additional subjects in Sup-
plementary Fig. 2.

2.2. MRI acquisition and processing

For the main dataset, data were collected at Stanford University’s
Center for Cognitive and Neurobiological Imaging (www.cni.sta
nford.edu), using a 3T General Electric Discovery 750 (General Electric
Healthcare, Milwaukee, WI, USA) equipped with a 32-channel head coil
(Nova Medical, Wilmington, MA, USA).

For the HUJI dataset, data were collected at the ELSC neuroimaging
unit at the Hebrew University of Jerusalem, Israel, using a 3T Siemens
MAGNETOM Skyra scanner equipped with a 32-channel head receive-
only coil.

2.3. T1 mapping

For the main dataset, the longitudinal relaxation time T1 was
computed from spoiled gradient (SPGR) echo images acquired at four
flip angles (o« = 4°, 10°, 20°, 30°, TR = 14 ms, TE = 2.4 ms) with a spatial
resolution of 1 mm? isotropic. In addition, spin-echo inversion-recovery
(SEIR) scans that are free from transmit-coil inhomogeneity were used
as described below. The SEIR was scanned with an echo-planar imaging
(EPI) readout, a slab inversion pulse, and spectral-spatial fat suppres-
sion, with TR = 3's, echo time set to minimum full, and inversion times
of 50, 400, 1200, and 2400 ms. The SEIR resolution was 2 mm? in-plane
with a slice thickness of 4 mm. To minimize spatial distortions, the EPI
readout was performed using an acceleration factor of 2. Whole-brain T1
maps were computed as described previously (Berman et al., 2018;
Mezer et al.,, 2016, 2013). In short, SPGR images are automatically
transformed to the conventional AC-PC aligned space, and subsequently
used to calculate T1 maps of high resolution, which are biased by B1
excite inhomogeneity. SEIR images are used to calculate low-resolution
T1 maps, which are unbiased (Barral et al., 2010). By comparing the two
maps and assuming a smooth bias field, one uses the unbiased SEIR data
to correct the high-resolution T1 map (for details see Mezer et al. (2016,
2013)). Voxels in which the B1+ bias field was extrapolated and not
calculated directly or interpolated were excluded from further analysis.
For each subject, we also synthesized a T1-weighted image from the
multi flip-angle SPGR images. The analysis pipeline for producing the
unbiased T1 maps is an open-source MATLAB code available at
(https://github.com/mezera/mrQ). We used Advanced Normalization
Tools (ANTs; Avants et al. (2009); https://github.com/ANTsX/ANTs) to
non-linearly warp (but not downsample) the T1 map to the space of
the diffusion MRI data in each subject. For an analysis of the effect
of registration direction (T1 to diffusion MRI or vice versa), see
Appendix B.

For the HUJI dataset, we used a similar protocol, with the following
changes. The SPGR images were scanned with TR=19m and five
equally spaced echoes (TE = 3.34-14.02 ms), of which only the first was
used for T1 mapping. The SEIR images were acquired with TR = 2920 ms
and TE = 49 ms, with a spatial resolution of 2 mm? in-plane and a slice
thickness of 3 mm.
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2.4. Diffusion weighted imaging

For the main dataset, whole-brain diffusion-weighted MRI data were
acquired using dual spin-echo diffusion-weighted sequences. Diffusion-
weighting gradients were applied at 96 non-collinear directions across
the surface of a sphere as determined by the electrostatic repulsion al-
gorithm (Jones et al., 1999). Data were acquired at a spatial resolution of
2mm? isotropic, with the strength of the diffusion weighting set to
b=2000s/mm? (TE/TR =93.60,/7800ms, G=53mT/ms, §=21ms,
A = 25.4 ms). Eight non-diffusion-weighted images (b = 0) were scanned
at the beginning of each measurement. Subject motion was corrected
using a rigid-body alignment, and diffusion gradients were adjusted
accordingly. This dual spin-echo sequence does not require eddy current
correction because it has a relatively long delay between the RF excita-
tion pulse and image acquisition, which allows sufficient time for the
eddy currents to dephase. The diffusion-weighted images were rigidly
transformed to match the orientation of the anatomical T1 map,
rendering them in the conventional AC-PC aligned space. Tensor-based
parameter maps of mean diffusivity (MD) and fractional anisotropy
(FA) were calculated for each subject. Preprocessing was implemented in
MATLAB (MathWorks, Natwick, MI, USA) and is publicly available as
part of the Vistasoft git repository (https://github.com/vistalab/vistasoft
/tree/master/mrDiffusion; see dtilnit.m).

For the HUJI dataset, we used a similar protocol, with the following
changes. The spatial resolution was 1.5mm?> isotropic. Diffusion
weighting gradients were applied at 64 directions (TE/TR =95.80/
6000ms, G=45mT/ms, §=32.25ms, A=52.02ms). Eight non-
diffusion-weighted images (b = 0) were interspersed between the diffu-
sion weighted volumes. In addition, data included non-diffusion-
weighted images with reversed phase-encode blips; these were used to
correct for susceptibility and eddy current induced distortions using the
topup command of the FDT toolbox in FSL (Smith et al., 2004), as
described previously (Andersson and Sotiropoulos, 2016; Sotiropoulos
et al., 2013).

Since the corrected data is free of EPI-related distortion, we aligned it
to the imaging space of the T1 map using FSL’s FLIRT affine registration
(Jenkinson et al., 2002; Jenkinson and Smith, 2001), rather than using a
nonlinear warp, as in the main dataset.

2.5. T2 mapping

For the HUJI dataset, we also collected T2 data. Multi-spin-echo im-
ages were acquired, with 10 equally spaced spin echoes of 12-120 ms.
The TR was 4210 ms. The scan resolution was 2 mm isotropic. Whole-
brain T2 maps were computed using the echo-modulation curve algo-
rithm (Ben-Eliezer et al., 2015). The T2 map was aligned to the imaging
space of the diffusion data using FSL’s FLIRT rigid-body alignment.

2.6. Spatially-based identification of the VOF

We compared the proposed T1-based procedure with previously
published methods for VOF identification. To minimize age contribution,
we chose all young adults from our main dataset (age 18-55 years old;
n = 32). For each subject, we identified the VOF using two automatic
methods based on spatial criteria that require no manual intervention:

1. VOF-anatomy (Weiner et al.,, 2016; Yeatman et al., 2012). This
method is based on minimizing the overlap between VOF and arcuate
fasciculus. In short, the vertical streamlines originating at the vOTC
are identified, and streamlines that overlap with the pAF or extend
anterior to the pAF core are removed.

2. VOF-waypoint (Takemura et al., 2016). This method is based on two
axial waypoint regions of interest (ROIs). In short, tractography is
restricted to the occipital lobe, and VOF is identified as streamlines
passing through both ROIs. Streamlines that are outliers in terms of
their direction, length and position are removed. To implement the
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VOF-waypoint method, we used the publicly available ROIs that the
authors supply, and registered them to each of our subjects using
FSL’s FNIRT.

We note that while the original works by Takemura et al. and Yeat-
man et al. used LiFE (Caiafa and Pestilli, 2017) to filter the candidate
tractogram, here we did not employ such preliminary filtering. On our
data, LiFE resulted in sparse VOF streamlines, possibly due to the lower
resolution of the diffusion MRI data (see Caiafa and Pestilli (2017) for
relevant discussion).

We used the method of Weiner et al. (2016) to automatically identify
the pAF using white-matter waypoint ROIs.

2.7. The distinct T1 signatures of the VOF and pAF

To estimate the T1 signatures of the VOF and pAF, we performed
several analyses. First, we used AFQ (Yeatman et al., 2012) to calculate
the T1 profile along each tract (VOF-anatomy, VOF-waypoint and pAF).
Briefly, each streamline was resampled to 100 equally spaced nodes, and
the T1 of each node was sampled from the warped T1 map. The tract core
was calculated as the robust mean coordinate of all streamlines per node.
The T1 tract profile was calculated along the core of the tract as a
weighted sum of the T1 values of all the streamlines at any given node,
weighted by the Mahalanobis distance from the core of the tract. Second,
we calculated the median T1 value along each tract, and calculated the
difference between the median T1 of the pAF and each of the VOF tracts
within hemisphere.

To test whether the median T1 in pAF is greater than that of the VOF,
we performed a one-tailed paired samples Wilcoxon test for each VOF
identification method. Finally, we repeated this analysis for VOF-T1.

2.8. T1-based identification of the VOF

The main steps of the proposed procedure are described in this sec-
tion, and a schematic overview of the steps is given in Fig. 2. We
computed a probabilistic whole-brain tractogram of 500,000 streamlines
per subject using anatomically-constrained tractography (ACT) with the
default tracking parameters as implemented in MRTrix 3.0 (Smith et al.,
2012; Tournier et al., 2012). We used the T1-weighted image that was
warped to diffusion space to create a gray-matter-white-matter interface
image that served as a seeding mask, using the MRtrix function
5tt2gmwmi. From this whole-brain tractogram we extracted the candi-
date set of vertical streamlines originating from the ventral occipital
temporal cortex as implemented in the Automated Fiber Quantification
toolbox (AFQ; Weiner et al., 2016; Yeatman et al., 2012). We additionally
excluded all streamlines not terminating within 2 mm from the cortex, as
identified by FreeSurfer and warped to diffusion space using ANTs.

The median T1 (T1-Mdn) along each streamline was computed using
AFQ as in Yeatman et al. (2014a), based on the T1 map that was warped
to diffusion space. The first and last six nodes of each streamline were
excluded from this analysis to minimize partial volume effects with the
cortex (Oishi et al., 2018). To minimize the effects of inaccuracies in B1+
field estimation, any streamline that passed through voxels of extrapo-
lated B1+ for more than 20% of its length was excluded from this part of
the analysis. We used the streamlines’ T1-Mdn values to identify the
anterior border of the VOF as follows:

Candidate streamlines were divided into approximately 60 equally
spaced subsets with 75% overlap along the posterior-anterior direction,
based on each streamline’s median coordinate along this axis (y-Mdn;
Fig. 4B, black lines). Any subset with less than 35 streamlines was merged
with the subset immediately anterior to it (for example, Fig. 4B, right-
most black line). For each subset, we calculated the median value of
the T1-Mdn. We identified the mid-fusiform sulcus (MFS) of each subject
bilaterally using FreeSurfer (Fischl, 2012) as described in Weiner et al.
(2018), and warped it to the diffusion space using ANTs. To define the
anterior border of the VOF we identified the two greatest increases in T1
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Fig. 2. Summary of the main analysis steps.

between consecutive subsets, and selected the one that resulted in a
bundle that terminates closest to the posterior end of the MFS. Any
streamline posterior of this point was considered part of VOF-T1.

2.9. Scan-rescan reliability

To assess the reliability of the T1-based identification of the VOF we
repeated the analysis for four subjects who were scanned twice with the
full protocol.

2.10. Controlling for instrumental biases

A possible concern regarding the T1-based identification procedure is
that the increase in T1 values along the posterior-anterior axis does not
reflect true properties of the underlying tissue, but rather stems from
residual instrumental bias, such as a gradient of B1+ excite field in-
homogeneity. To account for this alternative explanation we scanned one
subject for T1 mapping at three different head positions within the
scanner — once with normal head position, and twice with the head tilted
at different angles. Different head positions lead to a different spatial
distribution of B1+ inhomogeneity (Bammer et al., 2011). We then
repeated the T1-based identification of the VOF using the same candidate

streamlines, each time with a different T1 map.
2.11. Comparison with other VOF delineation methods

To quantify the spatial agreement between the VOF-T1 and each
spatially-defined VOF, we calculated the Dice coefficient between the
voxels traversed by each tract (Dice, 1945):

Dice Coefficient = M
A+ 1Bl

where A are the voxels traversed by one tract and B are the voxels tra-

versed by another tract. The Dice coefficient ranges between 0 (no

overlap) and 1 (complete overlap).

In addition, we used the virtual lesion approach (Caiafa and Pestilli,
2017; Pestilli et al., 2014) to estimate the strength of evidence supporting
the existence of the VOF, as identified by the different methods. In short,
the whole-brain tractogram is used to predict the diffusion signal using
the linear fascicle evaluation (LiFE) freamework (Pestilli et al., 2014).
The strength of evidence S is calculated by removing the streamlines of
interest and comparing the root mean squared prediction error of the
lesioned and nonlesioned tractograms.

Finally, we calculated the percentage of pAF voxels which are also
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(STS; white arrow). (B) The same voxels in a quantitative T1 map. The more posterior cluster is characterized by lower T1 values. (C) Boxplots indicate the distribution
of mean T1 values across hemispheres. The VOF shows consistently lower T1 distributions compared with the pAF, for all VOF identification methods. Center lines
indicate median values; notch indicates 95% confidence interval for the median; box limits indicate the interquartile range (IQR; 25th-75th percentiles); whiskers
extend to the most extreme data points within 1.5 x IQR outside the box. Cases outside this range are individually represented as red crosses. (D) Boxplots indicate the
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(10-90), for the left (E) and right (F) hemispheres. The mean profile for each tract is marked with a different color.

traversed by VOF-T1.
2.12. Cortical endpoints of the VOF

For each subject (n = 89), in each hemisphere, the streamlines’ end-
points of VOF-T1 were projected onto the cortical gray matter using a 3D
Gaussian smoothing kernel (5mm), binarized and registered to Free-
Surfer’s average cortical surface (fsaverage) using surface-based regis-
tration (Fischl, 2012). The ventral endpoints were compared with a
cytoarchitectonic atlas of the ventral occipital cortex (Rosenke et al.,
2018). The dorsal endpoints were compared with a functional topo-
graphic atlas of the visual cortex (Wang et al., 2015). Following Take-
mura et al. (2016), we calculated for each cortical region the VOF
coverage, defined as the proportion of voxels in close proximity to VOF
endpoints. In short, we projected the streamlines’ endpoints onto the
cortex using a 3D Gaussian smoothing kernel (3 mm). We used Free-
Surfer’s surface-based registration to register the ROI masks of each atlas
to the subjects’ T1 space, and then warped them to diffusion space using
the calculated warp for the T1 map. We then calculated the proportion of
ROI voxels that intersected with the smoothed VOF endpoints.

We repeated the cortical endpoints analysis spatially-based methods
for VOF identification in the subset of young adults (n = 32).

2.13. Microstructural changes in the VOF across the lifespan

To study how the microstructural properties of VOF-T1 and pAF
change across the lifespan, we modeled the change in R1 (1/T1), MD and
FA as a function of age (see Appendix D).

2.14. VOF identification using other quantitative MRI parameters

We tested whether the VOF can be identified using other quantitative
MRI parameters (MD, FA or quantitative T2). To account for the different
spatial resolutions, we additionally used a downsampled version of the
T1 map to match the resolution of the other parameter maps (2 mm
isotropic). To minimize the difference between the T1 and the non-T1
pipelines, we excluded any voxel that was excluded when using T1.

For the diffusion-based parameters, we used the cohort of 32 young
adults from the main dataset. Eight hemispheres with very sparse
candidate streamlines (<300) were excluded, resulting in 56 hemi-
spheres. For the use of T2, we used the HUJI dataset.

To assess the robustness of the separation based on each quantitative
MR parameter, we defined the separation effect size for each parameter
(T1/MD/FA) as follows:
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ant.3

where Mdn(T1/MD/FA),, s is the median parameter value of the
streamlines in the three bins anterior to the border and
Mdn(T1/MD/FA),,, , is the median parameter value of the streamlines in
the three bins posterior to the border. We compared the separation effect

size for all cases in which the diffusion-based border was found in
proximity to the T1-based border (within 5 mm).

2.15. Code availability

All code for T1l-based VOF identification, with example data, is
publicly available as open source MATLAB code (https://github.
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com/MezerLab/VOF-T1).

3. Results

3.1. Microstructural and macroanatomical observations in VOF and pAF

The VOF and the pAF are vertical white-matter pathways originating
from the vOTC, just lateral to the sagittal stratum. We observed that in
multiple cases, the white-matter voxels that correspond to the VOF and
PAF show distinct T1 values, with the more posterior cluster of voxels
showing lower T1 values (Fig. 3B; Sup. Fig. 1). To further investigate
these signatures, we used diffusion MRI tractography to reconstruct the
VOF and pAF using published methods. The reconstructed VOF and pAF
show distinct T1 values. The median T1 across each tract was lower in the
VOF compared with the pAF (Fig. 3C; mean+ STD VOF-waypoint:
845 + 33 ms; VOF-anatomy: 844 + 32 ms; pAF: 866 + 26 ms). Further-
more, within hemisphere, the difference between the median T1 in the
PAF and in the VOF was significantly greater than zero (Fig. 3D), both for
VOF-anatomy (median+ MAD (median-absolute-deviation) Left:
26 + 17 ms; Right: 30 £ 11 ms; p < 107° for both hemispheres in a one-
tailed paired samples Wilcoxon test) and VOF-waypoint (Left:
29 + 16 ms; Right: 43 +13ms; p< 107%). The mean T1 profiles along
each tract are presented in Fig. 3E and F. These results allow us to hy-
pothesize that the VOF and pAF present distinct microstructural signa-
tures, with a similar trend as that found in the vOTC (Lerma-Usabiaga
et al., 2018).

3.2. T1-based identification of the VOF

To test if we can delineate the VOF using T1 mapping, we first used
diffusion MRI tractography to identify a candidate set of vertical
streamlines originating in the vOTC (Fig. 4A,D). In the cases of spatially
separated bundles, we noticed that the anterior end of the VOF (the more
posterior bundle) lies in close proximity to the posterior end of the mid-
fusiform sulcus (MFS; Fig. 1C, Sup Fig. 2). Visual inspection revealed that
the posterior and anterior portions of the candidate streamlines differ in
their T1 signature. Fig. 4A shows the candidate streamlines in one sub-
ject, colored by the median T1 value along their length (T1-Mdn). More
posterior candidates are characterized by lower T1-Mdn values, sug-
gesting greater myelin content. This result agrees with previous histo-
logical studies that showed that greater myelin content in early sensory
regions compared with cross-modal regions (e.g., the parietal lobe;
Nieuwenhuys and Broere, 2017). The same pattern is evident in all
subjects (see additional examples in Fig. 4D). We therefore used the
streamlines’ T1-Mdn value to determine the border separating the pos-
terior streamlines from the anterior ones. We term the resulting posterior
bundle VOF-T1.

When plotting the T1-Mdn values of the candidate streamlines against
their median position along the posterior-anterior axis (Y-Mdn), a sharp
increase in T1 values from posterior to anterior can be seen in the ma-
jority of the subjects (Fig. 4B,D). The anterior border of the VOF was
determined as a point of sharp increase in T1-Mdn. Since the use of a
single extremum is prone to be noise-sensitive, we identified the two
sharpest increases in T1-Mdn, and chose the one closer to the posterior
end of the MFS. As no ground truth exists for in vivo tractography, we
assessed the quality of the resulting tract in comparison to previous de-
scriptions of the VOF, based on subjective visual inspection. In particular,
cases in which the VOF included multiple anterior streamlines projecting
to the temporo-parietal junction or the superior parietal lobe were
deemed unsuccessful. Using the T1-based algorithm, we successfully
identified the VOF in 88/89 left hemispheres and 83/89 right hemi-
spheres (for more quantitative analysis, see below). We found a tendency
for greater volume in the right VOF-T1 (7.84 £ 3.09 ml) compared with
the left VOF-T1 (6.64 + 3.39 ml; p = 0.014, paired-sample t-test). For an
additional, quantitative analysis, see below (Comparison with anatomi-
cally defined VOF).
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We verified that the proposed algorithm is robust with respect to
changes in the underlying parameters (see Appendix C). In addition, we
tested whether other quantitative MRI parameters (T2, FA or MD) also
can be used for VOF delineation. We found that while they can be used as
informative input, the best results are obtained using T1 (Sup. Figs. 14
and 15).

3.3. Controlling for instrumental biases

Next, we wanted to rule out an alternative source that could poten-
tially explain the VOF separation by T1-Mdn values, i.e., a gradient of
B1+ excite field inhomogeneity along the posterior-anterior axis. First,
we observed that in multiple subjects, plotting the candidate streamlines
T1-Mdn against their posterior-anterior position resulted in two distinct
and stable clusters, and not in a gradually increasing continuum of T1-
Mdn values, as would be expected with a slowly varying bias field
(Fig. 4). Second, we repeated the VOF separation in a single subject
scanned three times for T1 mapping, each time with the head tilted at a
different angle. Tilting the head leads to a different spatial distribution of
B1+ inhomogeneity. While the three scans demonstrated different B1+
inhomogeneity fields (Sup. Fig. 3B), the resulting separations of the VOF
were almost identical (Sup. Fig. 3C). These results provide evidence that
the distinct T1 signatures of the VOF and the more anterior vertical
candidates reflect true microstructural variation, and are not a result of
instrumental biases.

3.4. Scan-rescan reliability

To assess the scan-rescan reliability, we repeated the T1-based VOF
delineation process in four subjects, scanned twice for the full protocol.
Supplementary Figures 4-7 show the scan-rescan results for these sub-
jects. The anterior-posterior T1 profiles are very similar across scans,
suggesting good scan-rescan reliability of the resulting VOF-T1. In one
left hemisphere (subject 2; Sup. Fig. 5A) and two right hemispheres
(subjects 1 and 3; Sup. Figs. 4E and 6E) we noticed a sub-bundle of
streamlines that were excluded from VOF-T1 in the first scan and
included for the second scan. This indicates that while the T1 map holds
valuable information for VOF identification, the proposed algorithm may
be sensitive to small changes in the input, especially in cases where two
sharp increases in T1 appear close to the posterior end of the MFS. In such
cases, the anterior-posterior T1 profile can aid in a manual segmentation
of the VOF (as was done in Sup. Fig. 4E’ and 6E").

3.5. The T1 signature of VOF-T1

The proposed procedure for identifying VOF-T1 is based on a local
change in T1 values, and does not guarantee that VOF-T1 will show a
signature of low T1 throughout its extent. We therefore quantitatively
compared the T1 signatures of VOF-T1 and pAF. As in the case of the two
spatially-based identification methods of the VOF (Fig. 3), VOF-T1 shows
a signature of low T1 compared with the pAF throughout its extent
(Fig. 3E and F; Sup. Fig. 8). The median T1 of VOF-T1 (mean + STD
845 + 33 ms) was lower compared to the pAF (866 + 26 ms; Fig. 3C).
Furthermore, the difference between the median T1 of the pAF and that
of VOF-T1 was significantly greater that zero across hemispheres (me-
dian +MAD Left: 26 +18ms; Right: 30+ 12ms; p<10~® for both
hemispheres in a one-tailed paired samples Wilcoxon test; Fig. 3D).

3.6. Comparison with spatially-defined VOF

As in any in vivo tractography study, the lack of ground truth limits the
possibility to fully validate the results. Therefore, to estimate the validity
of our T1-based VOF delineation, we used the cohort of young adult
subjects and compared our results with two published methods for VOF
delineation, based on spatial criteria: VOF-anatomy and VOF-waypoint.
We quantified the voxel-wise agreement between the methods by
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calculating the Dice coefficient between the resulting tracts (Fig. 5A).
VOF-T1 showed high agreement with VOF-anatomy (mean + STD Dice
coefficient across subjects: 0.88 +0.1), and low agreement with VOF-
waypoint (0.4 + 0.2). The volume of the resulting tracts was also com-
parable across methods, with the greatest volumes found for VOF-
waypoint (Fig. 5B; Table 1).

We used LiFE to evaluate the strength of evidence (S; Caiafa and
Pestilli, 2017; Pestilli et al., 2014) for the VOF, as identified by each
method. Here too, we found comparable values across methods, with
greater values found for VOF-waypoint. As described before, the differ-
ence in S values can be attributed in part to the volume differences, as
larger tracts tend to result in greater S values (Pestilli et al., 2014).

Finally, we quantified the fraction of pAF voxels traversed by VOF
streamlines, which should be minimal. The percent of pAF voxels tra-
versed by VOF-T1 (of the total pAF voxels traversed by the candidate
streamlines) was very small, and was lower for the left hemisphere
(mean +STD 0.6% +2%) compared with the right (2.5% =+ 4.3%;
Fig. 5C). This difference was statistically significant (p < 0.01; paired-
sample t-test, n=32). We found that this difference could not be
explained by a volume laterality in the pAF. The volume of the pAF
tended to be greater in the left hemisphere (mean + STD 18.0 + 5.8 ml)
than in the right hemisphere (17.4 + 6.0 ml), but this difference was not
statistically significant (p = 0.2, paired samples t-test).

3.7. Cortical endpoints of the VOF

Fig. 6A shows the cortical endpoints of the VOF-T1 (heatmap)
compared with those of the entire candidate set of vertical streamlines
(dark blue) across the entire population (n = 89). Candidate streamlines
projecting to the temporo-parietal region were consistently eliminated by
the proposed T1-based procedure. The eliminated streamlines share
much of their course with the anatomically defined pAF, but they differ
from the pAF in two ways: their trajectory is less curved, and some of
them reach the superior parietal lobule (Sup. Fig. 9).

To study the cortical endpoints of VOF-T1, we compared them with
published atlases (Fig. 6B): a cytoarchitectonic atlas of the ventral oc-
cipital cortex (Rosenke et al., 2018) and a functional topographic atlas of
the visual cortex (Wang et al., 2015). Interestingly, while VOF-T1 is
defined based on T1 values within the white matter, the resulting pro-
jection sites respect the cortical parcellations of cytoarchitectonic and
functional atlases (Fig. 6B). Dorsally, VOF-T1 projects most consistently
to the functionally-defined areas V3A and V3d, as well as to IPSO and
IPS1. Ventrally, it terminates most consistently in the cytoarchitectonic
areas hOc3v and hOc4v, and to a lesser degree in the posterior parts of
FG1 and FG2.

Fig. 6C-E shows for each cortical region the proportion of voxels
within 3mm from VOF-T1 streamline endpoints. Dorsally, the most
covered region is V3A, followed by V3d. Ventrally, we found greater
coverage by the cytoarchitectonic atlas, with the greatest proportion of
voxels found for FG2 and hOcv4.

The implications for the function of the VOF are discussed below (see
Discussion).

Using the subset of young adults, we found that while VOF-T1 and
VOF-anatomy present similar cortical projections, they differ from the
results obtained for VOF-waypoint (Fig. 7). Notably, streamlines of VOF-
anatomy tend to terminate in more lateral cortical regions, such as V3B,
LO1 and LO2, and to have fewer terminations in IPS1 anteriorly, and V2d
posteriorly.

3.8. Microstructural changes in the VOF across the lifespan

We wanted to study how microstructural signatures of VOF-T1 and
PAF change throughout the lifespan (see Appendix D). In short, we
calculated the median R1 (1/T1), MD or FA for each tract. Following
previous literature (Yeatman et al., 2014a), we fit a quadratic model of
R1 as a function of age and a Poisson model of the diffusion-based
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parameters as a function of age (Sup. Fig. 13). We found that VOF-T1 and
PAF indeed show inverted U-shaped trajectories of R1 throughout the
lifespan, whereas MD follows a Poisson curve, as reported for other
white-matter tracts (Yeatman et al., 2014a). We note that compared with
VOF-T1, pAF shows consistently lower R1 throughout the lifespan. This
agrees with our observation of higher T1 (i.e., lower R1) in anterior
streamlines (like pAF; Figs. 3 and 4), and further confirms the applica-
bility of the proposed method across the lifespan.

3.9. The distinct T1 signatures of the VOF and pAF

Our proposed method relies on identifying a local difference in the T1
between the VOF and more anterior streamlines. We tested if the VOF-T1
and pAF present distinct T1 signatures throughout their extent, and
found that 80% of the analyzed hemispheres (129/163) showed the ex-
pected effect (lower T1 in the VOF). A one-tailed t-test on the mean T1 of
those hemispheres revealed that this difference was statistically signifi-
cant in 95% of the hemispheres (122/129; alpha = 0.05, adjusted for
Bonferroni correction).

3.10. VOF identification using other quantitative MRI parameters

We tested whether the VOF can be identified using other quantitative
MRI parameters. Fig. 8A compares the Dice coefficient (quantifying the
spatial overlap with VOF-anatomy) for different MR parameters. On
average, the highest Dice coefficient values were found for T1
(mean + STD 0.88 + 0.11), followed by T1-downsampled (0.87 + 0.09),
FA (0.80 £ 0.18) and MD (0.80 & 0.18). As evident by the standard de-
viation of the results, the diffusion-based parameters also showed greater
variability in the Dice coefficient values across subjects. In a one-tailed
paired-samples t-test between T1-downsampled and each of the other
parameters (Bonferroni corrected for multiple comparisons), no signifi-
cant difference was found between T1 and T1-downsampled (p > 0.05),
while a significant difference was found in comparison of TI-
downsampled with FA (p < 0.05) and MD (p < 0.01). These results sug-
gest that the T1 sensitivity for VOF delineation remains also when using
lower resolution (2 mmB).

While the results are not as robust as in the case of T1, the resulting
MD-border in 22/56 hemispheres (39%) was within 5 mm from the T1-
based border (mean+STD distance between borders 7 4+ 6 mm).
Similar results were found for the FA-based border (20/56 hemispheres
(36%), mean + STD distance between borders 10 4+ 12 mm). For cases in
which the T1-and MD-based borders were within 5 mm from each other,
the separation effect size was greater for T1 (mean &+ STD 0.022 + 0.011)
compared with MD (0.002 + 0.013). For cases in which the T1-and FA-
based borders were within 5 mm from each other, the average separation
effect size was greater for FA, although this effect size was much more
variable across hemispheres (T1 effect size: 0.027 4+ 0.015; FA effect size:
0.040 + 0.074).

Fig. 8B shows the distribution of Dice coefficient values for the use of
T1, T1-downsampled and T2. Here, too, we found that the agreement
with VOF-anatomy was greatest when using T1 (mean+STD
0.77 +0.23), followed by T1-downsampled (0.74 + 23) and finally T2
(0.63+0.28). In a one-tailed paired-samples t-test between T1-
downsampled and each of the other parameters (Bonferroni corrected
for two comparisons), no significant difference was found between T1
and T1-downsampled (p>0.05), while a significant difference was
found in comparison of T1-downsampled with T2 (p < 0.05). For T2, the
resulting border was within 5 mm from the T1-based border only in 7/28
hemispheres.

4. Discussion
In this study, we found strong evidence that white-matter tract

delineation of the VOF in vivo can be facilitated by integrating diffusion
MRI tractography with quantitative T1 mapping. We showed that the
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Fig. 5. Comparison with spatially-defined VOF. (A) Boxplots indicate the
Dice coefficient of VOF-T1 calculated with each spatially-defined VOF, showing
high agreement with VOF-anatomy (mean + STD 0.88+0.1). Center lines
indicate median values; notch indicates 95% confidence interval for the median;
box limits indicate the interquartile range (IQR; 25th-75th percentiles); whiskers
extend to the most extreme data points within 1.5 x IQR outside the box. Cases
outside this range are individually represented as red crosses. (B) Boxplots
indicate the VOF volume per hemisphere, showing comparable results across
methods. (C) The histogram shows the percentage of candidate voxels that
overlap with the pAF, and were traversed by streamlines included in VOF-T1. As
expected, this percentage was low both for the left (0.5% +1%) and right
(‘3% + 4%) hemispheres.

candidate set of vertical streamlines originating in the vOTC includes two
clusters that can be separated based on a sharp increase in their T1 sig-
natures. We implemented this observation as an observer-free procedure
for determining a separating border on the posterior-anterior axis. This
procedure results in a posterior group of streamlines, which we term
VOF-T1. Previous studies have identified the VOF based on spatial
criteria, using white-matter waypoint ROIs (Keser et al., 2016; Takemura
et al., 2016), using cortical ROIs (Briggs et al., 2018) or requiring no
intersection with an independently defined pAF (Weiner et al., 2016). To
this family of methods we add an approach that is inspired by algorithms
used in quantitative cytoarchitectonics, where a border between two
cortical regions is based on a sharp change in the profile of cell packing
density along the cortex (Schleicher et al., 1998). Here we build on the
assumption that different tracts have distinct microstructural properties.
We were able to reconstruct the VOF-T1 in 171/178 hemispheres (88/89
in the left hemispheres), in subjects 7-85 years old. While the proposed
procedure is heuristic in nature, we have shown that it is reliable using
scan-rescan data, and that it is robust to changes in various tuning pa-
rameters (see Appendix C). Nevertheless, it is possible that some pa-
rameters have to be tuned when applying the proposed method to
another data set, or using other preprocessing steps in the analysis. The
choice of registration method of the T1 map to the diffusion data could
also affect the analysis results (see Appendix B). Future work could
further characterize the effects of different registration methods.

The myelin-sensitive T1 is known to vary between white-matter tracts
(De Santis et al., 2014; Schurr et al., 2018; Yeatman et al., 2014a). Pre-
vious works compared the VOF with other tracts within the occipital
lobe, and found that it shows less myelin staining (Forkel et al., 2014)
and higher T1 values (Yeatman et al., 2014b). Here we identified an
additional T1 difference between VOF and the white matter outside the
occipital lobe, in the temporo-parietal region. These findings agree with a
posterior-anterior T1 pattern that was recently described in the ventral
cortical projection sites of the VOF and pAF (Lerma-Usabiaga et al.,
2018). These distinct T1 signatures could have several underlying bio-
logical sources. While T1 is sensitive to myelin, it is also affected by
factors such as water content (Mezer et al., 2013), iron content (Gelman
et al., 2001; Stiiber et al., 2014), mean axonal diameter (Harkins et al.,
2016), inflammation (Stanisz et al., 2004), edema (Bastin et al., 2002)
and axonal loss (Brex et al., 2000). Therefore, care must be taken when
applying the proposed method in pathological cases (e.g., in case of focal
lesions; see Dayan et al., 2016; Schurr et al., 2018). In particular, the
accuracy of VOF identification might be compromised in case the pa-
thology differentially affects one of the white-matter tracts, thereby
decreasing the T1 contrast between them.

The cortical endpoints of VOF-T1 may inform us about the tract’s
functional role in the communication between ventral and dorsal visual
streams. The cortical endpoints of VOF-T1 agree with both functional and
cytoarchitectonic parcellations of the ventral and dorsal cortices. The
dorsal VOF-T1 endpoints are most consistent across subjects in the
functional areas V3A and V3d. V3A is the first region in the visual cortex
to include a full map of the entire hemifield, which makes the VOF a good
candidate for communicating information between the ventral and dor-
sal visual streams (Takemura et al., 2016). Dorsally, the VOF also projects
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Table 1
Quantitative comparison of tract volume and strength of evidence (S, as evaluated by LiFE) for the three VOF identification methods (mean + STD; n = 32 subjects).
VOF-T1 VOF-anatomy VOF-waypoint
L R L R L R
Strength of evidence ]s.d.[ 0.6+0.4 0.94+0.6 0.7+0.4 1.0+0.6 1.0+0.4 2.0+1.2
Volume Jml[ 6.4+2.8 6.9+2.7 7.3+23 7.0+2.7 8.6+2.4 8.0+2.8
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Fig. 6. Cortical endpoint of VOF-T1. (A) The cortical projections of VOF-T1 overlaid on the inflated average cortical surface in MNI space, shown from dorsal (left,
right) and ventral (middle) points of view. The cortical projections are consistent across subjects (left: n = 88, right: n = 83). Blue regions mark cortical projections that
were consistent across subjects (n>=20) but were removed in the process of T1-based VOF identification. (B) The same cortical projections shown with regions-of-
interest borders for the Wang et al. (2015) functional atlas of visual topography (left, right) and for the Rosenke et al. (2018) cytoarchitectonic atlas (middle).
Ventrally, VOF-T1 projects mainly to hOc3v-4v and the posterior parts of FG2. Dorsally, VOF-T1 projects mainly to V3a and V3d, as well as IPSO. (C-E) Bar plots
indicating the proportion of voxels within 3 mm from VOF-T1 streamline endpoints for the atlases of Wang et al. (C-D) and Rosenke et al. (E). Error bars indicate
+SEM. hOc: Human occipital cytoarchitectonic area. hOcv: Ventral human occipital cytoarchitectonic area. IPS: Intraparietal sulcus.

to IPSO and IPS1 regions, which have been shown to communicate in-
formation between the two visual streams (Kay and Yeatman, 2017). In
the ventral visual cortex, we found that VOF-T1 terminates most
consistently in the cytoarchitectonic areas hOc3v and hOc4v. VOF-T1

10

also terminated in the posterior parts of FG1 and FG2, which include
face-selective and character-selective regions (Weiner et al., 2017). Our
results corroborate a recent study that found different functional re-
sponses within the left vOTC to written words stimuli (Lerma-Usabiaga
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Fig. 7. Cortical endpoints of VOF across identification methods. The cortical projections of the VOF across the young adults (n = 32) overlaid on the inflated
average cortical surface in MNI space, shown from dorsal (left, right) and ventral (middle) points of view. Results are shown for (A) VOF-T1, (B) VOF-anatomy and (C)
VOF-waypoint, with regions-of-interest borders for the Wang et al. (2015) functional atlas of visual topography (left, right) and for the Rosenke et al. (2018)
cytoarchitectonic atlas (middle). While VOF-T1 and VOF-anatomy result in a very similar pattern of cortical endpoints, streamlines of the VOF-waypoint method tend
to terminate in more lateral regions such as V3B, LO1 and LO2. By construction, VOF-waypoint streamlines are more confined to the occipital lobe, with fewer
projections reaching IPS1. (D-F) Quantitative analysis of the VOF cortical endpoints across identification methods. Bar plots indicating the proportion of voxels within
3 mm from VOF-T1 streamline endpoints for the Wang et al. functional atlas (D-E) and the Rosenke et al. cytoarchitectonic atlas (F). Error bars indicate +SEM.

et al., 2018). These results are also in line with our findings regarding the
spatial relationship of VOF-T1 and the MFS. Others have shown that the
MFS can be used as an anatomical landmark for identifying functional
regions (Weiner et al., 2014). A previous study (Yeatman et al., 2014b)
used a common reference space and reported that the anterior boundary

11

of the anatomically-defined VOF usually occurs near the middle of the
MFS. We identified the MFS in individual subjects and found that the
sharp increase in T1 tends to occur in close proximity to the posterior end
of the MFS. Therefore, when our algorithm has to choose between two
possible T1-based borders, it prefers the one closer to the posterior end of
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the MFS. This supports previous work that advocated the integration of
microstructural and macrostructural priors for resolving cases of ambi-
guity in tractography (Daducci et al., 2016, 2015; Jbabdi et al., 2015;
Schurr et al., 2018). Another source of information that could potentially
be used for separating VOF and pAF is the distinct T1 signature of their
cortical endpoints (Lerma-Usabiaga et al., 2018). Such additional infor-
mation could be useful for mitigating the limitations of tractography
algorithms near the cortex, where the diffusion signal is less coherent
(Jbabdi and Johansen-Berg, 2011).

As in any in vivo tractography study, the lack of ground truth limits the
ability to validate the results. Here we chose to compare our proposed
procedure with two published methods for VOF identification, both
based on spatial criteria: (1) VOF-anatomy, which builds on the identi-
fication of the well-defined pAF, and requires no intermingling between
the two tracts (Weiner et al., 2016; Yeatman et al., 2014b), and (2)
VOF-waypoint, which is based on defining two waypoint ROIs within the
occipital white matter (Takemura et al., 2016). Our results suggest a high
level of agreement between VOF-T1 and VOF-anatomy, in terms of their
spatial overlap, T1 signatures, volume, strength of evidence (S) and
pattern of cortical projections. In part, this agreement can be attributed to
the fact that both tracts are subsets of the same candidate set of vertical
streamlines. This is in contrast to VOF-waypoint, which showed less
agreement with VOF-T1 in all these aspects. In particular, we found that
the choice of tract identification method affects the resulting cortical
endpoints (Bain et al., 2019), such that the cortical endpoints of
VOF-waypoint tend to cover more lateral regions: V3B, LO1 and LO2.
These discrepancies can be traced back to the underlying methodological
choices of each method, e.g.: VOF-anatomy excludes streamlines shorter
than 20 mm, as well as streamlines that do not travel vertically for most
of their path; VOF-waypoint is restricted to the occipital white matter,
while VOF-anatomy is not. We note that the proposed T1-based identi-
fication of the VOF is less conservative in terms of the anterior extent of
the VOF, as it does not pose restrictions on VOF intermingling with pAF.
Here we found that in some cases, the reconstructed VOF-T1 and pAF do
intermingle, albeit to a small degree. This is plausible according to the
description of post-mortem dissections by Curran (1909), who described
the VOF as extending “from the pole of the occipital lobe to the arcuate
fibers”. The existence of VOF as single bundle or as a collection of several
sub-bundles is still an open question (Briggs et al., 2018; Forkel et al.,
2014). The proposed VOF-T1 may therefore include other nearby vertical
pathways such as the stratum cunei transversum and adjacent U-fibers
(Forkel et al., 2014) that we could not reliably identify. Future work
using higher resolution and additional MRI contrasts (Deoni and Kolind,
2015; Henkelman et al., 1993; Lee et al., 2012) may be able to shed more
light on this question.
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Fig. 8. Dice coefficient of VOF delineation
using different MR parameters. (A) Boxplots
indicate the distribution of Dice coefficient values
(quantifying the agreement with VOF-anatomy)
across analyzed hemispheres of young adults in
the main dataset (n =54 hemispheres). The T1-
based delineation results in greater Dice coeffi-
cient values compared with diffusion-based pa-
rameters. This difference is significant in a one-
tailed paired-samples t-test between T1-
downsampled and each of the diffusion-based
parameters (p < 0.05). (B) In the HUJI dataset
& (n =26 hemispheres), T1 results in greater Dice
coefficient values compared with T2 (p < 0.05).
T1- T2 Center lines indicate median values; notch in-
downsampled dicates 95% confidence interval for the median;
box limits indicate the interquartile range; whis-
kers extend to the most extreme data points
within 1.5 x IQR outside the box. Cases outside
this range are individually represented as red
crosses.

As for the eliminated anterior streamlines, we emphasize that we do
not consider them as pAF necessarily. Previous accounts of the pAF
describe it as an arched pathway, connecting posterior temporal and
inferior parietal regions (Catani et al., 2005; Sandip et al., 2018). Indeed,
the anterior streamlines we eliminate overlap extensively with the
anatomically-defined pAF, yet do not cover all of it (Sup. Fig. 8).
Furthermore, some of these anterior streamlines project to more superior
parietal regions, and may correspond with a separate recently proposed
pathway (Kamali et al., 2014). Therefore, when comparing VOF and pAF
properties, we used an anatomically-based protocol designed specifically
for pAF identification (Weiner et al., 2016).

A recent work that identified the VOF using deterministic tractog-
raphy and a set of inclusion and exclusion regions of interest found no
laterality in VOF volume (Keser et al., 2016). Here we observed some
differences between the left and right VOF-T1. Our subjective visual
assessment revealed more cases of unsuccessful VOF identification in the
right hemisphere. Furthermore, we found a tendency for greater volume
in the right VOF-T1, with a greater percentage of pAF voxels traversed by
VOF-T1. The greater overlap with pAF in the right hemisphere could not
be explained by laterality in the volume of the pAF. This is in line with
previous work that found rightward volume laterality of the pAF only for
young subjects 9-11 years old (Budisavljevic et al., 2015), or no volume
laterality at all (Thiebaut de Schotten et al., 2011; but see Wilkinson
et al., 2017). It is possible that there is no laterality effect in the actual
volume of the VOF, and these results reflect a laterality effect in our
ability to identify a border using the streamlines T1 profile.

Quantitative MRI techniques aim to provide unbiased microstructural
parameter maps. Nevertheless, imperfections in the fitting procedure
may lead to residual instrumental bias in the final maps. Here we wanted
to rule out an alternative explanation that could account for the distinct
T1 signature we observed between the posterior and anterior vertical
streamlines. Specifically, it was shown that the B1+ excite field is char-
acterized by a smoothly varying intensity, which might manifest as a
local bias along the posterior-anterior axis. We found converging evi-
dence against this alternative explanation (Fig. 4B, Sup. Fig. 3). Never-
theless, it is impossible to rule out the contribution of the instrumental
bias, and additional validation such as post mortem quantitative myelin
staining could be beneficial.

Different quantitative MRI techniques are sensitive to complementary
aspects of the underlying tissue (De Santis et al., 2014; Mezer et al., 2013;
Stikov et al., 2011; Yeatman et al., 2014a). In this work, we focused on
quantitative T1 mapping and showed that it reveals a robust and reliable
contrast between VOF and pAF. We further found that T1 gives better
results compared with three other quantitative MRI parameters — MD, FA
and T2. However, MD, FA and T2 do allow for some separation between
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VOF and pAF. One explanation for this finding is that all these qMRI
parameters are sensitive to similar or covarying microstructural proper-
ties of the VOF and pAF. A second explanation is the contribution of the
macrostructural information (location of the MFS) to the proposed pro-
cedure. Third, partial volume effects may affect all the measured pa-
rameters near the VOF-pAF border, which tends to occur close to an
intrusion of the superior temporal sulcus (STS; Fig. 3). In this region, the
bundle of vertical fascicles is thinner compared with neighboring regions
(Forkel et al., 2014). Other quantitative MRI parameters, such as T2*,
myelin water fraction or quantitative magnetization transfer (Deoni and
Kolind, 2015; Henkelman et al., 1993; Mackay et al., 1994), may provide
additional sufficient contrast for separating the VOF. Further study of
various quantitative MRI signatures of VOF and pAF could shed light on
the biological sources of the observed contrast identified here. We hope
that future studies will extend the approach presented here to other
white-matter pathways, ultimately creating a multi-modal tractogram of
the human white matter.
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