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Abstract
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The middle longitudinal fascicle (MdLF) is a major fiber connection running principally between
the superior temporal gyrus and the parietal lobe, neocortical regions of great biological and
clinical interest. Although one of the most prominent cerebral association fiber tracts it has only
recently been discovered in humans. In this high angular resolution diffusion imaging (HARDI)
MRI study, we delineated the two major fiber connections of the human MdLF, by examining
morphology, topography, cortical connections, biophysical measures, volume and length in
seventy-four brains. These two fiber connections course together through the dorsal temporal pole
and the superior temporal gyrus maintaining a characteristic topographic relationship in the
mediolateral and ventrodorsal dimensions. As these pathways course towards the parietal lobe,
they split to form separate fiber pathways, one following a ventrolateral trajectory and connecting
with the angular gyrus and the other following a dorsomedial route and connecting with the
superior parietal lobule. Based on the functions of their cortical affiliations, we suggest that the
superior temporal-angular connection of the MdLF, i.e., STG(MdLF)AG plays a role in language
and attention, whereas the superior temporal-superior parietal connection of the MdLF, i.e.,
STG(MdLF)SPL is involved in visuospatial and integrative audiovisual functions. Furthermore,
the MdLF may have clinical implications in neurodegenerative disorders such as primary
progressive aphasia, frontotemporal dementia, posterior cortical atrophy, corticobulbar
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degeneration and Alzheimer’s disease as well as attention-deficit/hyperactivity disorder and
schizophrenia.
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Introduction
The human middle longitudinal fascicle (MdLF) is a prominent association cortico-cortical
fiber pathway connecting the superior temporal gyrus (STG, BA 22, 42) and dorsal temporal
pole (TP, BA 38) principally with the angular gyrus (AG, BA 39) (N. Makris 1999; N.
Makris et al. 2009; N. Makris et al. 2012) and superior parietal lobule (SPL, BA 7) (N.
Makris et al. 2012; Wang et al. 2012). Although a fiber tract of distinct size and location in
the human brain, the MdLF was not identified by classical neuroanatomical examinations
using gross dissection, secondary degeneration, staining and fixation (e.g., (Dejerine 1895))
or fiber dissection techniques (e.g., (Ludwig and Klingler 1956)), during the past two
centuries and was only recently discovered (N. Makris et al. 1999; N. Makris et al. 2009).
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In the rhesus monkey, the MdLF was originally described by Seltzer and Pandya using
autoradiography (Seltzer and Pandya 1984). These investigators traced MdLF from the
inferior parietal lobule (area PG-Opt) following its course rostrally and ventrally within the
white matter of the STG to its terminations in areas TPO, PGa and IPa along the upper bank
and depth of the superior temporal sulcus (Seltzer and Pandya 1984; Schmahmann and
Pandya 2006). Recent diffusion spectrum imaging (DSI) tractography studies also
demonstrated the MdLF in the rhesus monkey (Schmahmann et al. 2007).
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In humans, the middle longitudinal fascicle was first identified by preliminary histological
observations by Makris (1999) (N. Makris 1999), and described as a connection between the
STG and the inferior parietal lobule. Subsequent studies used diffusion tensor imaging (DTI)
tractography (N. Makris et al. 2009) to demonstrate that the MdLF courses through the
superior temporal gyrus and inferior parietal lobule connecting STG (BA 22, 42) and
temporal pole (TP, BA 38) principally with the angular gyrus (AG, BA 39). Two very recent
reports by Makris and colleagues using streamline DTI tractography (N. Makris et al. 2012)
and by Wang and colleagues using diffusion spectrum imaging (DSI) tractography and fiber
microdissection (Wang et al. 2012) have expanded our understanding of MdLF and
elucidated a number of other connections within the parietal and occipital lobes, particularly
emphasizing the superior parietal lobule (SPL, BA 7) connection of the MdLF. Although to
a lesser extent, MdLF fibers also connect with several other postrolandic regions, namely the
supramarginal gyrus (SMG, BA 40) (N. Makris et al. 2012), precuneus (PCN, BA 7) (N.
Makris et al. 2012; Wang et al. 2012), cuneus (CN, BA 18 and BA 19) (N. Makris et al.
2012; Wang et al. 2012), temporo-occipital region (caudal BA 21 and BA 37) (N. Makris et
al. 2012) and lateral occipital cortex (BA 18 and 19) (N. Makris et al. 2012). Although they
agree in some regards, the reports of these two groups differ significantly. Whereas Makris
and colleagues (N. Makris et al. 2012) describe the MdLF as a major fiber connection for
the STG and dorsal TP to both, the AG and SPL, Wang and colleagues (Wang et al. 2012)
propose that it serves as a major connection only for the TP, STG and SPL with only minor
connection to the AG.
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Whereas these studies have been relevant for the discovery and current anatomical definition
of MdLF in humans, they also presented weaknesses. Specifically, the studies by Makris
(1999) and Makris and colleagues (2009) were underpowered, the former based on
histological data of one subject and the latter on DTI data of only four subjects. In their
study, Wang and colleagues (2012) used DSI/high angular resolution diffusion imaging
(HARDI), a technique that offers advantages compared to DTI, however, their study was
also underpowered (i.e., six subjects). Finally, although in their study, Makris and
colleagues (2012) used a considerably higher number of subjects (i.e., thirty-nine), they used
single-tensor based tractography.
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Given that the AG (N. Makris et al. 2012) and SPL (N. Makris et al. 2012; Wang et al.
2012) are thought to be the principal connections of the STG and TP with the parietal lobe
conveyed by the MdLF, we designed the current study to test the hypothesis that MdLF
fibers are present, specifically, either originating or terminating, within the neocortex of the
STG, TP, AG and SPL. Thus we performed multi-tensor tractography (Malcolm et al. 2010)
in 74 human brains (148 hemispheres) and used a particular approach of diffusion imaging
tractography, which made possible the examination of the connections between exclusively
and directly selected cortical regions of interest (ROIs). We also hypothesized that the fibers
mediating these connections maintain distinct topographic locations within the core of the
MdLF. Additionally, we note that the present study includes seventy-four subjects, which is
approximately twice the size of our previous investigation of the MdLF. Second, this study
uses multi-tensor tractography, which makes it possible to trace through complex fiber
architecture, thus offering a novel approach that overcomes the weaknesses of a singletensor approach as used in our previous study. Third, this study deals with a very relevant
issue that has not been addressed previously with the MdLF, namely the direct cortical
affiliations of this fiber tract by tracing fiber connections specifically within the gray matter
core of the neocortical regions, not just the white matter underlying them. Finally, it
provides a clear mapping of the topography of MdLF’s two major subdivisions (STG with
AG and STG with SPL) and elucidates the importance of both where only one (STG with
SPL) has been thought important by Wang and colleagues (Wang et al. 2012).

Methods
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We used magnetic multi-tensor based tractography in seventy-four human subjects to
accomplish three goals: a) to delineate the principal cortical regions of origin and/or
termination of the MdLF within the temporoparietal cortex, specifically the STG, TP, AG
and SPL; b) to map the two major subcomponents of the MdLF, that is, the superior
temporal-angular or STG(MdLF)AG connection and the superior temporal-superior parietal
or STG(MdLF)SPL connection and determine their relative topography within the MdLF;
and c) to generate a database based on volume, length and biophysical parameters such as
fractional anisotropy (FA) (Basser 2004), axial diffusivity (AD) (Song et al. 2003) and radial
diffusivity (RD) (Song et al. 2002; Song et al. 2003) for STG(MdLF)AG and
STG(MdLF)SPL. Terminology We used the following naming convention to identify the
two connections of the MdLF. The fiber pathway (MdLF) appears in parentheses with the
gray matter structures it connects to on each side. For instance “STG(MdLF)AG” denotes
that the “MdLF” fiber tract connects the “STG” and “AG” gray matter regions; in other
words the gray matter regions “STG” and “AG” are connected via the “MdLF” fiber
pathway. Likewise, “STG(MdLF)SPL” indicates the MdLF connection that runs between
the “STG” and “SPL”. For simplicity, in the terms “STG(MdLF)AG” and
“STG(MdLF)SPL”, “STG” includes the dorsal part of temporal pole. This usage is
consistent throughout the text, tables and figures.
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Subjects
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Seventy-four healthy subjects, sixty-two males (mean age = 35.1±12.4) and twelve females
(mean age = 24.9±8.7), 17 to 55 years of age (age 34 on average) participated in the study.
Of these subjects, seventy-two were right-handed and two left-handed. The average IQ was
113, and none of the subjects presented with diagnosed neurological disorder or history of
alcohol or other drug dependency. Subjects were recruited through newspaper
advertisements as part of a larger study, and were ascertained to have no Axis I disorder
according to the SCID I/NP the Structural Clinical Interview for DSM Disorders (First et al.
1997). This study was approved by the IRBs of both the VA Boston Healthcare System,
Brockton Division and Brigham and Women’s Hospital. Written informed consent was
obtained from all subjects prior to study participation. Thirty-eight of these subjects
participated in a previous study published by our group using different anatomical
hypotheses, experimental design and methods of diffusion imaging tractographic analysis
(N. Makris et al. 2012).
MRI procedures
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All subjects were scanned on a 3T GE Echospeed system (General Electric Medical
Systems, Milwaukee, WI) using a T1-weighted, T2-weighted and echo planar imaging (EPI)
HARDI pulse sequences. The T1-weighted sequence consisted of the following parameters:
TR = 7.4 ms, TE = 3 ms, TI = 600, 10° flip angle, 25.6 cm2 field of view, matrix = 256 ×
256. The voxel dimensions were 1 × 1 × 1 mm3. The T2-weighted acquisition (namely,
eXtended Echo Train Acquisition) produced a series of contiguous images with TR = 2500
ms, TE = 80 ms, 25.6 cm2 field of view, and voxel dimensions of 1 × 1 × 1 mm3. The
HARDI acquisition used a double echo sequence (Alexander et al. 1997; Heid 2000) with an
8-channel coil and ASSET (Array Spatial Sensitivity Encoding Techniques, GE); a SENSEfactor (speed-up) of 2 was used to reduce eddy-current and EPI spatial related distortions. A
product GE sequence was modified to accommodate for higher spatial resolution, that is a
spatial-spectral pulse was replaced by Fat-Sat suppression pulse, and echo spacing was
decreased by 15% to accommodate for more slices per TR. Fifty-one (51) noncollinear
diffusion directions with b = 900 and eight baseline scans with b = 0 were acquired. Eightyfive (85) axial slices parallel to the AC-PC (anterior commissure-posterior commissure) line
spanning the entire brain (no gap) were collected for each subject. Scan parameters were as
follows: TR = 17000 ms, TE = 78 ms, FOV = 24 cm, 144 × 144 encoding steps with slice
thickness = 1.7 mm, producing isotropic 1.7×1.7×1.7 mm3 voxels. Total scanning time for
the HARDI sequence was 17 minutes. Diffusion data were prepared by removing motion
and eddy current artifacts from the raw data using software based on FSL (http://
www.fmrib.ox.ac.uk/fsl). Noise filtering was done using a one-step recursive LMMSE
estimator for signal estimation and noise removal assuming a Rician noise model (AjaFernandez et al. 2008). After reconstruction, diffusion-weighted images were transferred to
a LINUX workstation, on which diffusion tensors were estimated in 3D Slicer software
(http://www.slicer.org), and then FA, AD and RD were calculated for each voxel.
Cortical parcellation of temporal and parietal regions
To define the cortical ROIs in the temporal and parietal cortices, namely the STG, TP, AG
and SPL, we carried out analyses using algorithms in the publicly available FreeSurfer
software package (http://www.martinos.org/freesurfer) (Fischl et al. 1999; Dale et al. 1999;
Fischl and Dale 2000; Fischl et al. 2002; Fischl et al. 2004). The T1-weighted images from
each subject were motion-corrected, averaged, and normalized for intensity; subsequently,
automated computational reconstruction of brain surface and segmentation of the cortical
and subcortical structures were done. Segmentation and automatic labeling of cortical (i.e.,
cortical parcellation) and subcortical regions (Fischl et al. 2002; Desikan et al. 2006) were
done by implementing algorithms as described by Fischl and colleagues (Dale et al. 1999;
Brain Imaging Behav. Author manuscript; available in PMC 2014 September 01.
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Fischl et al. 1999; Fischl and Dale 2000). Finally, the T1 images were registered to the b0
images first rigidly and then implementing a free form deformation field using the Advanced
Neuroimaging Tools (ANTs) software (Avants et al. 2008) and the labels were transported
using the same deformation. All ROIs identified in our hypotheses, i.e., STG, TP, AG and
SPL, were characterized using these methods.
Tractographic delineation of MdLF
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Tractography was performed in the 3D Slicer software package (http://www.slicer.org,
https://github.com/pnlbwh/ukftractography), using a multi-tensor tractography algorithm
(Malcolm et al. 2010). This algorithm uses tractography to drive the local fiber model
estimation, i.e., model estimation (in this case, the multiple tensors) is done while tracing a
“fiber” from seed to termination. It must be pointed out that “fiber” is a computational term
used throughout this study to denote “virtual fibers”. Because existing techniques
independently estimate the model parameters at each voxel (throughout the brain) prior to
tractography, there is no running knowledge of confidence in the estimated model fit.
Furthermore, noise can significantly affect the estimated model parameters particularly in
the case of multi-tensor models, which others including Malcolm and colleagues (Malcolm
et al. 2010) and Baumgartner and colleagues (Baumgartner et al. 2012) have compared with
existing methods. Malcolm and colleagues (Malcolm et al. 2010) describe an algorithm that
formulates fiber tracking as a recursive estimation process, wherein the estimate at each step
of tracing the fiber is guided by those previous estimates. In this model, tractography is
performed within a filter framework that uses a discrete mixture of Gaussian tensors to
model the signal. Starting from a seed point, each fiber is traced to its termination using an
unscented Kalman filter to simultaneously fit the local model to the signal and propagate it
in the most consistent direction. Despite the presence of noise and uncertainty, this method
provides a causal estimate of the local structure at each point along the fiber. Furthermore,
because each iteration begins with a near-optimal solution based on the previous estimation,
the convergence of model fitting is improved and local minima are naturally avoided.
Furthermore, since tractography and model estimation is done simultaneously, we do not
need artificial criteria such as critical stopping angle.
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Another important aspect of this algorithm is that it provides a measure of confidence (a
covariance matrix) in the estimation of the parameters at each step, which can remove false
positives in tractography. This approach reduces signal reconstruction error and significantly
improves the angular resolution at crossings and branchings. Because it enables detection of
two eigenvalues in a voxel, this method resolves the problem of crossing fibers, allowing
fiber tracing in areas that are known to contain such crossing and branching (Rathi et al.
2010). White matter voxels in the brain (FA > 0.15) were used as seed points for (wholebrain) tractography. We then obtained two different fiber tracts for both hemispheres by
selecting only the fibers that passed through specific regions for each MdLF connection.
Therefore, we do not require any additional geometric constraints to remove short fibers. For
the superior temporal-AG (i.e., STG(MdLF)AG) connection these regions comprised the
cortex of the superior temporal gyrus (STG) and temporal pole (TP), cortex of the angular
gyrus (AG) and a white matter ROI of STG. For the superior temporal-SPL (i.e.,
STG(MdLF)SPL) connection, the selected regions were the cortex of the superior temporal
gyrus and temporal pole, cortex of the superior parietal lobule (SPL) and a white matter ROI
of STG (Figures 1 and 2). Whereas the cortical ROIs in the STG, TP, AG and SPL were
determined automatically using FreeSurfer, as noted previously, the STG white matter ROI
was defined manually. Specifically, this ROI was set by sampling all voxels within the white
matter of the STG in a single coronal section in the rostral one third of the STG, precisely 17
mm caudal to the frontotemporal junction (FTJ), as shown in Figure 1c. It is important to
note that FTJ corresponds to Y = +4 mm in the rostrocaudal dimension of the Talairach
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coordinate space system. Given that the STG spans +4 mm to −55 mm in the Talairach Y
rostrocaudal dimension, the white matter STG ROI is located approximately at Y = -13 mm
and, thus within the rostral third of STG in Talairach space. This is important for assuring
that fibers of the MdLF course through the anterior part of the STG. Therefore, the
tractographic approach used in this study had two necessary conditions, that is, specification
of the cortical ROIs and the white matter ROI. The first condition for selection of the
cortical ROIs ensured that only fibers originating and terminating within these temporal and
parietal cortical regions could be sampled and any fibers passing through their underlying
white matter compartment but not entering or exiting these cortices were excluded.
Positioning the white matter ROI only within the STG, which also ensured the sampling of
all STG white matter voxels in that coronal section, guaranteed that only fibers coursing
within the STG were sampled, hence excluding fibers coursing in adjacent regions such as
the extreme capsule (EmC) or the middle temporal gyrus. To ensure the anatomical accuracy
of MdLF reconstructions, all cases were inspected and all neighboring long association fiber
tracts were delineated in five brains by one of the authors (NM) using procedures previously
described by our group (N Makris et al. 2002; N. Makris et al. 2005; N. Makris et al. 2007b;
N. Makris et al. 2009; N. Makris and Pandya 2009; N. Makris et al. 2012). Differentiating
the MdLF from other fiber tracts such as the EmC, the inferior frontooccipital fascicle
(IFOF) and the arcuate fascicle (AF) is critical. The two necessary conditions set in this
method help to ensure the exclusion of EmC, IFOF and AF fibers.
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Probabilistic Mapping of MdLF
We generated probability maps for STG(MdLF)AG and STG(MdLF)SPL in MNI152
standard space (Evans et al. 1993) by first registering each subject to an MNI152 template
with a resolution of 1 mm3. The FA map of each subject was registered linearly using
FLIRT (Jenkinson and Smith 2001), and then nonlinearly using ANTs (Avants et al. 2008).
We then applied the same deformation to the fiber tracts to set them in MNI152 space and
calculated a fiber tract mask on the MNI152 template for each subject. In this mask a voxel
has a value only if a tract traverses it. Finally, to obtain the probabilistic maps, we averaged
the masks of all subjects.
Quantitative Analyses
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Measurements of volume, length, mean FA, mean AD and mean RD of the left and the right
MdLF were obtained in 74 healthy human subjects (148 middle longitudinal fascicles). The
diffusion imaging biophysical parameters of FA, AD and RD may relate to fiber tract
coherence and integrity (Basser 2004; Song et al. 2002; Song et al. 2003). Symmetry index
(SI) (SI = (Left— Right) / 0.5 (Left + Right) (Galaburda et al. 1987)) for left and right
MdLF for measures of volume, mean FA, mean AD and mean RD were calculated for each
individual, and across subjects.

Results
Delineation of MdLF and its connections
This study demonstrated clear delineation of the MdLF from other neighboring fiber tracts
such as the AF, EmC and IFOF as shown in Figure 3, and further, the delineation of the
STG(MdLF)AG and STG(MdLF)SPL connections within the MdLF (Figures 1, 2 and 3).
With a sample of 74 normal subjects, this is the largest study for the MdLF according to our
previous data (N. Makris et al. 2012). Specifically, STG(MdLF)AG connections were
ascertained on the left in 68 (92%) subjects and on the right in 69 (93%) subjects.
Furthermore, STG(MdLF)SPL connections were ascertained on the left in 56 (76%) subjects
and on the right in 65 (88%) subjects. The TP was found to connect on the left in 47 (69%)
subjects and on the right in 37 (50%) subjects of the STG(MdLF)AG connections; in
Brain Imaging Behav. Author manuscript; available in PMC 2014 September 01.
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STG(MdLF)SPL connections, the TP connected on the left in 27 (47%) and on the right in
35 (55%) subjects.
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Mapping of STG(MdLF)AG and STG(MdLF)SPL
Figure 4 shows the two major subdivisions of the MdLF mapped on the MNI152 standard
space. These maps were obtained by averaging tract masks generated from the fiber tracts of
all subjects previously registered to the MNI space. The 3D Slicer software environment
was used to create these images.
Three-dimensional reconstructions elucidated the relative topography of STG(MdLF)AG
and STG(MdLF)SPL within the MdLF. STG(MdLF)AG was located ventrally and laterally
with respect to STG(MdLF)SPL, which was positioned dorsally and medially. The two fiber
pathways coursed within the dorsal TP and the entire STG white matter as a compact fiber
tract showing generally this relative topography. Caudally at the temporoparietal transition
of STG the two fiber tracts split and course as separate entities within the parietal lobe.
STG(MdLF)AG follows a lateral course penetrating the cortex of AG, whereas
STG(MdLF)SPL continues in a dorsomedial trajectory penetrating the cortex of SPL (Figure
5).
Quantitative analysis
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We measured biophysical parameters including FA, AD, RD and volume for
STG(MdLF)AG and STG(MdLF)SPL, as shown in Table 1. STG(MdLF)AG had a mean
volume (left and right) of 4.54 cm3 (2.11 cm3 and 2.43 cm3 on the left and right
respectively), mean lengths of 8.72 cm on the left and 8.45 cm on the right; the mean FA
was .34 on both the left and right. STG(MdLF)SPL had a total volume (left and right) of
4.07 cm3, i.e., 1.68 cm3 and 2.39 cm3 on the left and right sides respectively, and mean
lengths of 10.1 cm on the left and 10.2 cm on the right. The mean FA on both the left and
the right was .37.
Analysis of symmetry
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Table 1 lists the symmetry index (SI) for the left and right measurements of volume, length,
mean FA, mean AD and mean RD in STG(MdLF)AG and STG(MdLF)SPL. Some of these
measures, as we explain below, showed significant left-right differences in two-tailed
independent sample t-tests. The left STG(MdLF)SPL FA and length measures were greater
than those in either the right or left STG(MdLF)AG, while the right STG(MdLF)SPL FA
and length were greater than those in the right STG(MdLF)AG. The total overall (i.e., right
and left combined) FA and length were greater in STG(MdLF)SPL than in the
STG(MdLF)AG. Interestingly, the RD measurements showed the opposite statistically
significant pattern; that is, the left STG(MdLF)SPL RD was lower than in either the right or
left STG(MdLF)AG, and RD in the right STG(MdLF)SPL was lower than in the right
STG(MdLF)AG. The total (right and left combined) RD in STG(MdLF)SPL was lower than
the total RD in STG(MdLF)AG. Meanwhile, AD was statistically significantly greater in the
left STG(MdLF)SPL than in the right STG(MdLF)SPL or right STG(MdLF)AG.
Volumetrically, the right STG(MdLF)AG was statistically significantly larger than the left
STG(MdLF)SPL and the right STG(MdLF)SPL was statistically significantly larger than
left STG(MdLF)SPL. Furthermore, the entire right side of the MdLF (i.e., right
STG(MdLF)AG and right STG(MdLF)SPL combined) was statistically significantly larger
than the left MdLF (i.e., left STG(MdLF)AG and left STG(MdLF)SPL combined), even
though STG(MdLF)AG (right and left) showed no statistically significant difference
compared to STG(MdLF)SPL (right and left).
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In this study we acquired 74 high-resolution HARDI datasets from normal human subjects,
which together allowed us to examine a total of 148 middle longitudinal fascicles with
multi-tensor tractography. As we had hypothesized, our data showed that MdLF fibers were
present within the neocortex of the STG, TP, AG and SPL regions; furthermore, our data
showed that within the MdLF were the two principal connections of (N. Makris et al. 2012)
that can be delineated as two distinct fiber pathways, one connecting the superior temporal
gyrus with the angular gyrus (i.e., STG(MdLF)AG) and the other connecting the superior
temporal gyrus with the superior parietal lobule (i.e., STG(MdLF)SPL). By mapping these
pathways on the MNI152 coordinate space we determined their characteristic relative
topographic locations within the core of the MdLF as well as their characteristic topography
within the STG and lateral parietal lobe. While they appear to share the space within the
core of the STG and dorsal TP white matter to a large extent, in the lateral parietal lobe,
STG(MdLF)AG clearly occupies the ventrolateral position, while STG(MdLF)SPL lies in
the dorsomedial position (Figures 4 and 5). These two fiber connections were comparable in
length and biophysical measures, and to a certain extent, were similar in volume (Table 1).
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After reviewing the available literature, we find there have been only a few anatomical
studies on the human middle longitudinal fascicle. This pathway was proposed as an
association fiber tract connecting the posterior STG with the inferior parietal lobule by
Makris (1999) (N. Makris 1999) based on preliminary histological observations. In a second
study using DTI tractography in four subjects (eight hemispheres), Makris and colleagues
(2009) (N. Makris et al. 2009) defined MdLF as a long corticocortical connection between
STG and AG. According to the latter study, MdLF courses from the temporal pole (BA 38)
throughout the entire superior temporal gyrus (BA 22, 41, 42) to connect with the inferior
parietal lobule, especially the angular gyrus (BA 39). These two studies showed agreement
with earlier observations in the rhesus monkey where Seltzer and Pandya originally defined
the MdLF (Seltzer and Pandya 1984). Furthermore, the STG with AG connection of MdLF
in humans was later confirmed by three studies (Turken and Dronkers 2011; Menjot de
Champfleur et al. 2013; Asami et al. 2013). Recently, knowledge of MdLF connectivity has
been expanded by two studies. Specifically, Makris and colleagues using single-tensor
tractography (N. Makris et al. 2012) showed variations in MdLF connections in a sample of
39 subjects. In their study, they demonstrated that the two principal connections of the
MdLF are between the dorsal TP (BA 38) and STG (BA 22, 42) and, respectively the AG
(BA 39) and SPL (BA 7). Furthermore, they determined other connections with several
postrolandic regions in the parietal and occipital lobes such as the supramarginal gyrus (BA
40), precuneus (BA 7), cuneus (BA 18, 19), temporo-occipital region (caudal BA 21 and BA
37) and lateral occipital cortex (BA 18, 19). Another study by Wang and colleagues (Wang
et al. 2012) using DSI tractography (Tuch et al. 2002; Wedeen et al. 2008) in six subjects as
well as the publicly available NTU-90 DSI atlas (Yeh and Tseng 2011) and complemented
by fiber microdissection in four subjects, demonstrated the MdLF connection between TP,
STG and SPL (BA 7), precuneus (BA 7) and cuneus (CN, BA 18 and BA 19). The latter
studies supported further the concept that due to evolutionary changes human association
fiber tracts differ considerably from the monkey (Rilling et al. 2008) and provided
substantial evidence in this regard for MdLF in particular. Although the principal findings
emerging from these studies were that the STG and TP also connect robustly with the SPL
and parietooccipital regions, it is important to point out that there is a critical difference
between these two depictions. Whereas Makris and colleagues have shown that the MdLF
robustly connects the STG and dorsal TP with both the AG and SPL (N. Makris et al. 2012),
Wang and colleagues describe MdLF as a primary connection for TP, STG and SPL only,
with minimal connection to AG (Wang et al. 2012).
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We successfully delineated two distinct corticocortical connections between the STG and
dorsal TP with the lateral parietal lobe, specifically with the angular gyrus (i.e.,
STG(MdLF)AG) and the superior parietal lobule (i.e., STG(MdLF)SPL). These two long
fiber pathways were distinctly visible within the core white matter of the dorsal TP and
STG. As they coursed caudally in the parietal lobe, they were clearly segregated and
connected robustly with the AG and SPL. STG(MdLF)AG was located ventrolaterally and
STG(MdLF)SPL dorsomedially, as shown with clarity and in detail in Figures 4 and 5.
Furthermore, their intricate spatial relationships are illustrated in a simplified manner by
plotting the complete trajectories of all subjects in the Talairach coordinate space as shown
in Figure 6 with their complete coordinates reported in the APPENDIX. Length, FA, AD
and RD values were overall in agreement with the results from previous studies on MdLF
(N. Makris et al. 2009; N. Makris et al. 2012; Wang et al. 2012). Nevertheless, we did find
certain statistically significant differences in symmetry between right and left for these fiber
tracts. Interestingly, FA, RD and length asymmetries showed a pattern in that they were
present for the same pair of comparisons, namely left STG(MdLF)SPL versus the left or
right STG(MdLF)AG, right STG(MdLF)SPL versus the right STG(MdLF)AG and total (i.e.,
left and right combined) STG(MdLF)SPL versus the total STG(MdLF)AG. As expected, FA
and length differences were concordant, whereas RD differences were evident in the
opposite direction detailed in Results section. Importantly, the significantly larger RD in the
left or right STG(MdLF)AG as well as in the total (i.e., left and right combined)
STG(MdLF)AG compared to left or right STG(MdLF)SPL or total STG(MdLF)SPL
reflected the curved form of STG(MdLF)AG as opposed to the more longitudinal shape of
STG(MdLF)SPL. AD comparisons, which showed significantly larger values for left
STG(MdLF)SPL versus right STG(MdLF)AG, provide further evidence to support this
observation. STG(MdLF)AG (4.54 cm3) was slightly larger than STG(MdLF)SPL (4.07
cm3) in overall (i.e., right plus left) volume. This finding was consistent with the observation
that the connection between STG and AG is larger than the connection between STG and
SPL in the human brain (N. Makris et al. 2012). Furthermore, STG(MdLF)AG (2.11 cm3)
was 25% larger than STG(MdLF)SPL (1.68 cm3) in the left hemisphere, supporting the
notion that STG(MdLF)AG is the predominant MdLF connection in the dominant
hemisphere and, given its affiliations with the superior temporal and angular gyri, may play
a role in language, particularly in sub-lexical processing (Hickok 2001; Hickok and Poeppel
2007; N. Makris et al. 2012). Furthermore, after removing two left handed individuals from
the analysis, the STG(MdLF)AG (2.09 cm3) was still larger than the STG(MdLF)SPL (1.65
cm3) in the left hemisphere by 27% and the symmetry ratio did not change significantly.
Moreover the right STG(MdLF)SPL (2.39 cm3) was significantly (42%) larger than its left
counterpart (1.68 cm3), in agreement with recent reports (N. Makris et al. 2012; Wang et al.
2012), which may indicate a predominant role of the right STG(MdLF)SPL in visuospatial
attention (Duffy and Burchfiel 1971; Lacquaniti et al. 1995; Mountcastle et al. 1975; Sakata
et al. 1973). In the right hemisphere both, STG(MdLF)AG (2.43 cm3) and STG(MdLF)SPL
(2.39 cm3) were large and did not differ significantly in volume, and therefore the right total
MdLF (4.82 cm3) was larger overall (by 27%) than the left MdLF (3.79 cm3). The strong
right-side prominence of both components of the MdLF suggests the MdLF is involved in
attention functions (Heilman and Van Den Abell 1980; Thiebaut de Schotten et al. 2011).
The overall volume of the MdLF, i.e., STG(MdLF)AG and STG(MdLF)SPL, right and left
combined was measured as 8.6 cm3, similar to the average measurement of 8.25 cm3 in a
previous study of a smaller subject sample (N. Makris et al. 2012); the average
STG(MdLF)AG volume (4.54 cm3) was also similar to that from a previous comparable
study (4.55 cm3) by our group (N. Makris et al. 2009). Interestingly, in the present study we
observed more robust bilateral connections between the STG and both, the AG and SPL;
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these connections were not as lateralized as in our previous study (N. Makris et al. 2012).
Furthermore, in this study the presence of STG connections with AG or SPL was
considerably higher than in a recent study of our group (N. Makris et al. 2012). However,
the method applied here had two principal differences. First, this study examined a restricted
set of connections, exclusively those among the STG, TP, AG and SPL neocortical regions,
excluding any fibers ending or passing through white matter regions underneath these
cortices or elsewhere in the brain. Second, it implemented a filtered multi-tensor
tractography algorithm that differs from the single-tensor tractography approach used
previously by our group (N. Makris et al. 2009; N. Makris et al. 2012). In addition to the fact
that the sample examined in the present study was considerably larger than in prior studies,
these two principal methodological factors may account for the connectional differences
observed here. Nevertheless, the almost categorical difference in our observations of the
superior temporal-angular connection of MdLF (i.e., STG(MdLF)AG) (between both our
findings from the single-tensor tractography study in 39 subjects (N. Makris et al. 2012) and
the present multi-tensor tractographic analyses on 74 subjects) and the DSI tractography
analysis in six subjects and NTU-90 atlas analysis by Wang and colleagues (Wang et al.
2012; Yeh and Tseng 2011), remains an important unresolved issue to address. We concur
with Wang and colleagues (Wang et al. 2012) that direct comparisons of diffusion imaging
datasets of the identical subjects should be done to understand the discrepancy between
findings using different modalities of diffusion imaging tractographic analyses of the MdLF
in the human brain. This should be done using comparable experimental conditions among
the different imaging modalities (such as DTI, DSI or HARDI) in terms of acquisition
parameters, spatial resolution and tractographic procedures.
Functional role of MdLF

NIH-PA Author Manuscript

Separating STG(MdLF)AG from STG(MdLF)SPL, the two principal connections running
between the superior temporal regions and the parietal lobe, increases specificity in the
anatomical connectivity of MdLF, which could be reflected in functional specificity as well.
Although there is no direct functional evidence of the function of the MdLF per se, there are
some propositions based on the known functions of the cortical regions it is connected to. As
mentioned previously, it has been suggested that STG(MdLF)AG may be related to
language processing (N. Makris et al. 2009; Turken and Dronkers 2011; N. Makris et al.
2012; Saur et al. 2008; Menjot de Champfleur et al. 2013). More specifically, following the
dual stream model of language processing by Hickok and Poeppel (Hickok and Poeppel
2000, 2007), Makris et al. (N. Makris et al. 2012) suggested that MdLF in the dominant
hemisphere for language “may play a role in coding of sublexical representations into
articulatory forms and in acoustic-phonetic processing of words and word production” (N.
Makris et al. 2012). The role of STG(MdLF)AG in language has been debated by De Witt
Hamer and colleagues (2011) (De Witt Hamer et al. 2011) based on intraoperative brain
electrostimulation findings of no interference with picture naming, whereas Wang and
colleagues (Wang et al. 2012) did not support a role for MdLF in language based on their
DSI tractography results that showed minimal connections between STG and AG. By
contrast, it has been proposed that STG(MdLF)SPL may be involved in high order auditory
association functions (N. Makris et al. 2012). This assumption is based in part on
experimental studies in monkeys demonstrating high order auditory association functions
and polysensory (i.e., visual and auditory) processing in temporopolar cortical areas TAr
(Poremba et al. 2003) and TAp (Bruce et al. 1981; Seltzer and Pandya 1978, 1991; Poremba
et al. 2003) respectively.
Recent observations in humans revealing that SPL is involved in higher order auditory
association and integrative audio-visual multisensory processing (Molholm et al. 2006) add
credence to the notion that STG(MdLF)SPL by linking temporopolar regions with SPL, may

Brain Imaging Behav. Author manuscript; available in PMC 2014 September 01.

Makris et al.

Page 11

NIH-PA Author Manuscript

be an important connection for this integrative function. Furthermore, it has been suggested
that STG(MdLF)SPL could be related to processing of spatial features of sound and thus
may represent part of the “where” pathway for the auditory system (Wang et al. 2012). The
two principal connections of MdLF seem to subserve several dominant functions in the right
hemisphere as well, such as attention, and visuospatial ability. It has been long known that
visuospatial disabilities have been associated with parietooccipital lesions (Heilman and
Valenstein 1985) and also that the cortical attention system involves mainly the inferior
parietal lobule, the dorsolateral prefrontal region, the cingulate gyrus and the banks of the
superior temporal sulcus in humans (Cabeza and Nyberg 2000; Corbetta and Shulman 2002;
Critchley 1966; Duncan and Owen 2000; Goldman-Rakic 1988; Heilman et al. 1970;
Heilman and Valenstein 1985; Heilman and Van Den Abell 1980; Heilman et al. 1983;
Mesulam 1990, 1998; Posner and Petersen 1990; Karnath et al. 2001). Recently, based on a
multimodal neuroimaging study using a task of active exploration, Suchan and colleagues
suggested that the right STG(MdLG)AG may be involved in spatial orientation and attention
(Suchan et al. 2013).
Clinical role of MdLF
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The MdLF may have clinical implications for several neurologic and psychiatric conditions
involving the dorsal temporal pole, angular gyrus, superior temporal gyrus, and superior
parietal lobule. Neurodegenerative diseases affecting these regions include primary
progressive aphasia (PPA) (Sapolsky et al. 2010), frontotemporal dementia (Rohrer et al.
2008), Alzheimer’s disease (Dickerson et al. 2009), posterior cortical atrophy (Lehmann et
al. 2009), and corticobasal degeneration (Boxer et al. 2006). The semantic variant of PPA,
also known as semantic dementia, selectively involves the temporal pole early in its course
(Galton et al. 2001); based on our own preliminary data, as the disease progresses, it spreads
into orbitofrontal cortex as well as angular gyrus, raising the question of whether
connections via uncinate fascicle and MdLF may be critical to the localization of
progression. The logopenic variant of PPA selectively affects posterior temporal and inferior
parietal regions including angular gyrus, often resulting in a conduction-like or mixed
transcortical sensory aphasia early in its course (Gorno-Tempini et al. 2008). Alzheimer’s
disease commonly involves all of the key regions connected through the MdLF, resulting in
associated semantic and phonologic language impairments, Gerstmann syndrome, apraxias,
and visuospatial/attentional symptoms. As neurodegenerative diseases begin to be
understood in the context of large-scale brain networks (Seeley et al. 2009), the key large
white matter bundles linking spatially distributed cortical regions become of critical interest.
This notion applies to other disorders as well such as schizophrenia (see (N. Makris et al.
2010; Rajarethinam et al. 2004)), attention-deficit/hyperactivity disorder (ADHD) (N.
Makris et al. 2007a) and neglect syndrome (Heilman and Van Den Abell 1980). In a recent
study by our group, it has been suggested that in chronic schizophrenia, MdLF may be
structurally altered bilaterally and differentially associated with thought organization deficit
on the left and attention deficit on the right hemisphere (Asami et al. 2013).

Limitations and future studies
There are certain limitations that should be considered when interpreting the results of this
study. One such limitation we must point out is that of the diffusion imaging methodology
itself; namely, that diffusion imaging detects and measures water behavior only in
extracellular space, making diffusion measures only indirectly related to tract integrity and/
or orientation (Catani et al. 2012; N. Makris et al. 2012). However, our sample of 74
subjects was relatively large and the diffusion data we acquired were of high quality and
resolution. Furthermore, filtered multi-tensor tractography (Rathi et al. 2010), which
significantly improves the angular resolution at crossings and branchings, allows the tracing
of fibers in regions where multiple axons or tracts cross one another resulting in less fiber
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truncations, more virtual fibers and more connections as shown in Figure 7. It is interesting
that in this study using multi-tensor tractography we obtained stronger results for both,
STG(MdLF)AG and STG(MdLF)SPL connections of MdLF than in our previous study
using single-tensor tractography (N. Makris et al. 2012). The advantages multi-tensor
tractography offers over single-tensor tractography make the former an improved technique
for the study of inter-individual variability, a topic of high interest in biology. Again,
however, the present study examined a much larger sample, specifically 74 subjects
compared to 39 in a previous study by our group (N. Makris et al. 2012). Another possible
limitation was that our results were based on a group containing predominantly males (62
males and 12 females) and, therefore should not be considered representative of female
brains. Bearing this limitation in mind we examined separately males and females and
observed no differences with respect to measurements reported in Table 1. To elucidate the
functional roles of STG(MdLF)AG and STG(MdLF)SPL, future studies should employ
specific language, visuospatial attention and audiovisual paradigms and implement
multimodal neuroimaging procedures that incorporate functional imaging (e.g., functional
MRI and/or magnetoencephalography) with structural MRI techniques such as T1-MRI and
diffusion imaging. Moreover, future studies with adequately powered samples, should
examine issues on gender and handedness, as well as address the question of inter-individual
variability to further elucidate whether variability of MdLF connections represents actual
individual connectivity differences among subjects, or it reflects one or more
methodological factors. Finally, future studies should target specific clinical populations to
clarify the clinical role of the different subcomponents of MdLF.

Conclusion
Based on high-resolution filtered multi-tensor tractographic analysis we delineated and
quantified the two major components of the MdLF in seventy-four healthy adult volunteers,
the largest study of its kind to examine this long association fiber pathway to date. Both
connections of the MdLF, that is, the one connecting the STG and dorsal TP with the AG
(i.e., STG(MdLF)AG) and the one connecting the STG and dorsal TP with the SPL (i.e.,
STG(MdLF)SPL) were robust. These connections presented a characteristic topography
within the MdLF, with STG(MdLF)AG located more ventrolaterally and STG(MdLF)SPL
more dorsomedially. Based on the functional roles of the cortical areas these two fiber tracts
are affiliated with in humans, we suggest that STG(MdLF)AG may be related to language
and attention, whereas STG(MdLF)SPL to audiovisual integrative and visuospatial
functions. Moreover, the MdLF may be involved in several neuropsychiatric conditions such
as neurodegenerative diseases, attention-deficit/hyperactivity disorder and schizophrenia.
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Method of tractography of the two major MdLF subcomponents, i.e., the superior temporalangular, or STG(MdLF)AG, connection and the superior temporal-superior parietal, or
STG(MdLF)SPL, connection. The regions of waypoints used for the tractographic
delineation of STG(MdLF)AG (yellow) and STG(MdLF)SPL (cyan) are shown in (a) frontal
and (b) lateral 3D views in a representative subject. The regions used to delineate
STG(MdLF)AG include the cortex of the superior temporal gyrus and temporal pole
(temporal region), the cortex of angular gyrus (AG), and a white matter STG ROI; for
STG(MdLF)SPL, regions include the cortex of the superior temporal gyrus and temporal
pole (temporal region), the cortex of superior parietal lobule (SPL) and a white matter STG
ROI. The latter is located at a coronal level corresponding to Y = -13 mm in the rostrocaudal
dimension of the Talairach coordinate system (Talairach and Tournoux 1988) as elaborated
upon in more detail in Methods. The delineation of the white matter (WM) superior
temporal gyrus (STG) ROI for both hemispheres is shown (red) in (c). The 3D Slicer
software environment was used to generate these images. “STG” in the terms
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“STG(MdLF)AG” and “STG(MdLF)SPL” refers to the cortices of the superior temporal
gyrus and dorsal temporal pole as also described in Methods. Abbreviations: AG = angular
gyrus; L = left; MdLF = middle longitudinal fascicle; R = right; ROI = region of interest;
SPL = superior parietal lobule; STG = superior temporal gyrus; STG(MdLF)AG = superior
temporal-angular connection of MdLF; STG(MdLF)SPL = superior temporal-superior
parietal connection of MdLF; TP = temporal pole; WM = white matter.
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Figure 2.

Results of MdLF tractography showing STG(MdLF)AG (yellow) and STG(MdLF)SPL
(cyan) as the two major subcomponents of the MdLF. Penetration of STG(MdLF)AG and
STG(MdLF)SPL fibers in the dorsal temporopolar cortex is clearly visible bilaterally. A
frontal view is shown in (a), a right lateral view in (b), and a left lateral view in (c). The 3D
Slicer software environment was used to generate these images. Abbreviations: A = anterior;
AG = angular gyrus; L = left; MdLF = middle longitudinal fascicle; P = posterior; R= right;
ROI = region of interest; SPL = superior parietal lobule; STG = superior temporal gyrus;
STG(MdLF)AG = superior temporal-angular connection of MdLF; STG(MdLF)SPL =
superior temporal-superior parietal connection of MdLF; TP = temporal pole; WM = white
matter.
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Figure 3.

Delineation of the superior temporal-angular (STG(MdLF)AG) (light green) and the
superior temporal-superior parietal (STG(MdLF)SPL) (dark green) connections of the
MdLF and their differentiation from other long association fiber tracts in the human
cerebrum. The 3D Slicer software environment was used to generate these images.
Abbreviations: AF = arcuate fascicle; AG = angular gyrus; CB = cingulum bundle; EmC/
IFOF = extreme capsule/inferior frontooccipital fascicle; ILF = inferior longitudinal fascicle;
STG(MdLF)AG = superior temporal-angular connection of MdLF; STG(MdLF)SPL =
superior temporal-superior parietal connection of MdLF; SFOF = superior frontooccipital
fascicle; SLF I, II, III = superior longitudinal fascicle I, II, III; SPL = superior parietal
lobule; UF = uncinate fascicle.
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Figure 4.
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Probability maps of STG(MdLF)AG and STG(MdLF)SPL. The probability maps of
STG(MdLF)AG (red) and STG(MdLF)SPL (blue) are shown in sagittal, coronal, and axial
views. The maps were obtained by averaging tract masks generated from the fiber tracts of
all subjects previously registered to the MNI152 standard space. Probability maps are shown
in color code and thresholded at a value of probability equal to 0.008. The 3D Slicer
software environment was used to generate these images. In (a), the STG(MdLF)AG and
STG(MdLF)SPL are shown on the right hemisphere in a series of three parasagittal sections
the location of which is indicated in the axials contained within the smaller rectangular
areas. In (b), three coronal sections (upper row) are cross-referenced with three axial
sections (bottom row) showing the location of STG(MdLF)AG and STG(MdLF)SPL in the
dorsal TP (left coronal), STG (middle coronal) and lateral parietal lobe (including AG and
SPL). STG(MdLF)AG maintains a ventrolateral position in relation to STG(MdLF)SPL,
which is located dorsomedially. In (c), STG(MdLF)AG (upper panel) and STG(MdLF)SPL
(lower panel) are shown separately in a series of four coronal plates in the rostrocaudal
dimension from left to right. These sections in both the upper and lower panels, are at the
level of the dorsal TP (left coronal), STG (second coronal from left), temporoparietal
transition region (third coronal from left) and lateral parietal lobe (rightmost coronal,
including AG and SPL). The position of the four coronal sections is indicated in the sagittal
section as 1, 2, 3 and 4 in the rostrocaudal dimension. Abbreviations: A = anterior; AG =
angular gyrus; inpars = intraparietal sulcus; L = left; MdLF = middle longitudinal fascicle;
STG(MdLF)AG = superior temporal-angular connection of MdLF; P = posterior; R= right;
STG = superior temporal gyrus; SPL = superior parietal lobule; STG(MdLF)SPL = superior
temporal-superior parietal connection of MdLF; TP = temporal pole.
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Figure 5.

3D Visualization of the STG(MdLF)AG (red) and STG(MdLF)SPL (blue) probability maps
described in Figure 4. 3D visualization of the probability maps were done using 3D Slicer
environment. In (a), the probability maps of both STG(MdLF)AG and STG(MdLF)SPL
combined are shown in ventral, dorsal, frontal, caudal and lateral views. In (b),
STG(MdLF)AG and STG(MdLF)SPL are shown magnified against the background of a
coronal and an axial MRI section, which are intersecting each other, to emphasize their
relative location within the anatomical context of the superior temporal region (including the
temporal pole and superior temporal gyrus) and the parietal lobe. Instead, in (c) and (d),
STG(MdLF)AG and STG(MdLF)SPL are shown individually to appreciate their absolute
anatomical locations with more clarity. Panels (e), (f) and (g) are identical to (a), (b) and (c)
respectively, the only difference being that the anatomical background created by the two
MRI sections has been removed to emphasize the two fiber tracts individually, and to depict
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with more clarity their relative locations and size. STG(MdLF)AG is positioned in a
ventrolateral location with respect to STG(MdLF)SPL, which is located dorsomedially.
Abbreviations: A = anterior; AG = angular gyrus; inpars = intraparietal sulcus; L = left;
MdLF = middle longitudinal fascicle; STG(MdLF)AG = superior temporal-angular
connection of MdLF; P = posterior; R= right; STG = superior temporal gyrus; SPL =
superior parietal lobule; STG(MdLF)SPL = superior temporal-superior parietal connection
of MdLF; TP = temporal pole.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Brain Imaging Behav. Author manuscript; available in PMC 2014 September 01.

Makris et al.

Page 31

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 6.

NIH-PA Author Manuscript

In this figure, the complete trajectories of the two major subdivisions of the middle
longitudinal fascicle (MdLF) of all subjects have been placed in the Talairach coordinate
space. In (a), the STG(MdLF)AG (red) and STG(MdLF)SPL (blue) are shown in 3-D
against the background of a lower T1-weighted axial slice intersected by a posterior coronal
section. In (b), the STG(MdLF)AG and STG(MdLF)SPL are visualized in transparency,
whereas within their core are shown their “center-lines”. A center-line, which represents the
average shape of fiber tracts, has been created by concatenating average center-points across
all coronal sections in which a fiber tract is present. In (c), the STG(MdLF)AG (red) and
STG(MdLF)SPL (blue) are represented by their center-lines extending from the temporal
pole (TP) to the angular gyrus (AG) and superior parietal lobule (SPL) respectively. The
trajectories of the STG(MdLF)AG and STG(MdLF)SPL are depicted in the Talairach
coordinate space in axial (d), right sagittal (e) and left sagittal (f) views. The complete
Talairach coordinates of their center-points are reported in detail in the APPENDIX.
Abbreviations: AG = angular gyrus; inpars = intraparietal sulcus; L = left; MdLF = middle
longitudinal fascicle; STG(MdLF)AG = superior temporal-angular connection of MdLF; R
= right; SPL = superior parietal lobule; STG(MdLF)SPL = superior temporal-superior
parietal connection of MdLF; TP = temporal pole.
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Figure 7.

NIH-PA Author Manuscript

Comparison of single-tensor and multi-tensor tractography models Two types of
tractography have been performed to define the middle longitudinal fascicle (MdLF)
trajectory on the same diffusion data (same subject). Yellow virtual fibers (on a, b and d),
have been created using single-tensor tractography to represent MdLF as described in our
previous publication (N. Makris et al. 2012). Red and blue virtual fibers (c and d) illustrate
the two major subdivisions of MdLF, namely STG(MdLF)AG (red) and STG(MdLF)SPL
(blue) obtained using multi-tensor tractography. The latter method offers several advantages
over single-tensor tractography, such as less fiber truncations shown in the enlarged “box”
in (b), and more virtual fibers and more connections indicated by arrows in (c). In (d) the
single-tensor and multi-tensor tractography results for MdLF are superimposed.
Abbreviations: MdLF = middle longitudinal fascicle; STG(MdLF)AG = superior temporalangular connection of MdLF; STG(MdLF)SPL = superior temporal-superior parietal
connection of MdLF.
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