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Introduction:  The  existence  in  the  human  brain  of  the  middle  longitudinal  fasciculus  (MdLF),  initially
described  in  the  macaque  monkey,  is  supported  by  diffusion  tensor  imaging  studies.  In  the  present
work,  we  aim  (1)  to  confirm  that this  fascicle  is found  constantly  in  control  subjects  with  the  use of
DTI  techniques  and  (2)  to delineate  the MdLF  from  the  other  fiber  bundles  that  constitute  the language
pathways.
Materials  and  methods:  Tractography  was  realized  in  four  right-handed  healthy  volunteers  for the  arcuate
fascicle,  uncinate  fascicle,  inferior  fronto-occipital  fascicle,  inferior  longitudinal  fascicle  and  the  middle
longitudinal  fascicle.  The  fiber  tracts  were  characterized  for their  size,  mean  fractional  anisotropy  (FA),
for their  length,  number  of  streamlines,  and  lateralization  indices  were  calculated.
Results:  The  MdLF  is  found  constantly  and  it is  clearly  delineated  from  the  other  fascicles  that  constitute
the  language  pathways,  especially  the  ventral  pathway.  It  runs  within  the  superior  temporal  gyrus  white
matter  from  the temporal  pole,  then  it extends  caudally  in  the  upper  part  of  the  sagittal  stratum  and
the  posterior  part  of the  corona  radiata,  to reach  the  inferior  parietal  lobule  (angular  gyrus).  We  found  a

leftward  asymmetry  for all  fiber  tracts  when  considering  the  mean  FA.
Discussion:  Using  DTI  methods,  we  confirm  that  the  MdLF  connects  the  angular  gyrus  and  the  superior
temporal  gyrus.  On  the  basis  of these  findings,  the role of the  MdLF  is  discussed.
Conclusion:  The  middle  longitudinal  fasciculus,  connects  the  angular  gyrus  and  the  superior  temporal
gyrus  and  its  course  can  be  systematically  differenciated  from  those  of other  fascicles  composing  both

 (IFOF
ventral  and  dorsal  routes

. Introduction
In the human brain, white-matter tracts can be classified into 5
ategories [1] depending on their location and function: brainstem

Abbreviations: AF, arcuate fasciculus; EmC, extreme capsule; DTI, diffusion
ensor imaging; FA, fractional anisotropy; fMRI, functional magnetic resonance
maging; IFOF, Inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasci-
ulus; LI, lateralization index; MdLF, middle longitudinal fasciculus; MRI, magnetic
esonance imaging; SLF, superior longitudinal fascicle; SLF III, third subcomponent
f  the superior longitudinal fasciculus; STG, superior temporal gyrus; UF, uncinate
asciculus.
∗ Corresponding author at: Department of Neuroradiology, University Hospital
enter, Gui de Chauliac Hospital, 80 Avenue Augustin Fliche, 34295 Montpellier
edex 5, France Tel.: +33 467 337276; fax: +33 4 67 33 68 38.

E-mail address: nicolasdechampfleur@orange.fr (N. Menjot de Champfleur).

720-048X/$ – see front matter ©  2012 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ejrad.2012.05.034
,  IFL, AF and UF).
© 2012 Elsevier Ireland Ltd. All rights reserved.

fascicles, limbic system fascicles, projection fascicles linking the
cortex to the brainstem, commissural (interhemispheric) fasci-
cles linking one hemisphere to the other and finally association
(intrahemispheric) fascicles connecting cortical regions together.

These tracts have initially been described using dissecting tech-
niques. Diffusion tensor imaging (DTI) is a novel method allowing
indirect investigation of brain microstructure determined by the
directionality of water molecules’ movements. Diffusion-weighted
images are used to generate, non-invasively, three-dimensional
representations of the white matter tracts. For water diffusion is
oriented along fiber tracts’ direction, fascicles are reconstructed by
using this directional property of water diffusion in each voxel.

White matter pathways are delineated using this information by
inferring the continuity of fibre paths from voxel to voxel. There-
fore, DTI allows the specific examination of the integrity of white
matter pathways, which are altered by numerous diseases such

dx.doi.org/10.1016/j.ejrad.2012.05.034
http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ejrad.2012.05.034&domain=pdf
mailto:nicolasdechampfleur@orange.fr
dx.doi.org/10.1016/j.ejrad.2012.05.034
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ig. 1. Segmentation if the stem portion of the MdLF. The seed ROI’s are delineated
roperties (green on FA-color map).

s brain tumors [2],  traumatic injuries or demyelinating diseases.
ore recently DTI, has permitted a precise delineation of white-
atter tracts in vivo, non-invasively [3,4].
The middle longitudinal fasciculus was initially described in the

acaque monkey where it connects the caudal part of the inferior
arietal lobule to the white matter of the superior temporal gyrus.
ith the use of radiographic isotopic methods, it has been shown

o be distinct from other long association fiber pathways such as
he superior longitudinal fasciculus [5,6] and these findings were
onfirmed with the use of DTI imaging techniques in the human
rain [7].

Due to its location, connecting the inferior parietal lobule and

he superior temporal gyrus, one can speculate that the MdLF
elongs to the language pathway, even if its function remains
nclear. Modern comprehension into neurobiological basis of lan-
uage suggest that language’s network is distributed in a «dorsal»

Fig. 2. Trajectory o
n the white matter of the STG, considering voxel with anterior–posterior diffusion

and «ventral» route [8–11]. In this model, the «dorsal»  route is pro-
posed for speech perception and the «ventral» route for semantic
processing and speech comprehension.

Findings in human using DTI techniques as well as intraop-
erative electrical stimulations had been compared to radioactive
anterograde tract tracing method in the Rhesus monkeys in order to
identify white matter pathways composing «ventral» and «dorsal»
route and clarify their role. These studies have supported the model
of language network detailed earlier. The «dorsal»  route involved
in phonological and articulatory processes, appears to be com-
prised of the arcuate fasciculus (AF) and the third subcomponent
of the superior longitudinal fasciculus (SLFIII) [12]. The «ventral»

route, involved in semantic processes would be comprised of the
inferior longitudinal fasciculus (ILF), the uncinate fasciculus (UF)
and the inferior fronto-occipital fasciculus (IFOF) [13]. Saur et al.
[11] suggest that the MdLF participate in both dorsal and ventral

f the MdLF.
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Table 1
Results of FA, volumetry and lateralization index of the stem portion of the MdLF.

Parameter Side Subject 1 Subject 2 Subject 3 Subject 4 Groupe std-dev lateralization
index

FA ROI G 0.36 0.41 0.43 0.38 0.40 0.03 −0.002
D 0.38  0.43 0.37 0.38 0.40 0.04

Number of voxels G 89 41 31 99 65 33.98 −0.14
81
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 = left; R = right; std-dev = standard deviation; lateralization index = (L − R)/(0.5(L + R

outes involved in language processing, thus, De Witt Hamer et al.
14] recently found intraoperatively no interference with picture
aming by electrostimulation of the middle longitudinal fasci-
le, nor permanent post-operative language deficit when resection
ncludes a large part of the fascicle and therefore, the fasciculus

ight not be essential for language.
In the present work, we aim (1) to confirm that this fascicle is

ound constantly in control subjects and (2) to delineate the MdLF
rom the other fiber bundles that constitute the language pathways,
specially the ventral pathway (i.e. IFOF, ILF, and UF).

. Materials and methods

.1. Subjects
Four right-handed healthy volunteers were enrolled in this
tudy, 2 males and 2 females, mean age: 28.5-year-old (max.: 34,
in.: 23, SD: 4.9). This study was approved by the local Ethics

Fig. 3. Comparison of the trajectories of the M
 82 74.5 13.67

Committee and informed consent was  obtained from all partici-
pants.

MRI  data were acquired using echo-planar imaging at 1.5T scan
(Philips Medical Systems, Best, the Netherlands) with a standard
head coil. High resolution T1-weighted anatomical images were
acquired (gradient-echo sequence, repetition time 7 ms,  echo time
3.5 ms,  flip angle = 9◦, matrix 256 × 256, slice thickness 2 mm). DTI
axial slices were obtained using the following parameters: repeti-
tion time 10,785 ms,  echo time 70 ms,  flip angle 90◦, matrix 96 × 96,
slice thickness 2.5 mm,  voxel size 1.88 × 1.88 × 2.5 mm). Diffusion
MR images were obtained from 15 independent noncolinear direc-
tions with a b-value of 1000 s/mm2 and with one b = 0 image with
no diffusion gradients.

Raw diffusion data were corrected for distortion secondary to

eddy currents by using FSL (FMRIB (The Oxford Centre for Func-
tional Magnetic Resonance Imaging of the Brain) Software Library,
http://www.fmrib.ox.ac.uk/fsl). FA maps were calculated in native
space using the Diffusion toolkit software [15].

dLF and IFOF. Grey: MdLF; white: IFOF.

http://www.fmrib.ox.ac.uk/fsl
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3.1. Segmentation observations

Seed ROI for the MdLF, delineated on the basis of anatomi-
cal knowledge were traced within the white matter of the STG,

Table 2
Caudal cortical boundaries of the MdLF.

Left caudal Right caudal

Subject 1 IPL (angular gyrus),
lateral occipital cortex

NA

Subject 2 IPL (angular gyrus) IPL (angular gyrus),
occipital pole
Fig. 4. Comparison of the trajectorie

Tractography data were analyzed using TrackVis software [15].
TI tractography was performed based on an algorithm based on

treamlined method. Tractography parameters were set as follows:
ngle threshold 30◦, FA threshold 0.2.

We used the TrackVis 3D tool software to delineate the seed
OI’s. They were selected on FA color maps, according to previously
escribed methods for the AF, UF, IFOF, ILF [16]. In order to realize
he middle longitudinal fascicle (MdLF) tractography, we  manually
egmented the stem portion of the MdLF on coronal slices of the FA
ap  as described by Makris et al. [7].  The selected voxels were con-

idered as being part of the MdLF if they were located within the
hite matter of the superior temporal gyrus (STG) and if the orien-

ation of diffusion properties of the tissue was anterior–posterior
green on FA-color map).

Each ROI and each fiber tract were characterized for their size
nd mean FA. Additionally, fiber tracts were characterized for their
ength and number of streamlines. Then, we calculated lateraliza-
ion index based upon the following formula: (L − R)/(0.5(L + R))
onsidering these parameters.

Each individual fiber tracts were normalized in the Montreal
eurological Institute Space (MNI http://www.bic.mni.mcgill.ca/).
he T1 images of each subject were normalized using the T1 tem-
late provided in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Then

he transformation matrix obtained from the T1 normalization was
pplied to b0 images, FA parametric maps and fiber tracts of each
ubject. Finally, cortical boundaries of MdLF tract were character-
zed for each subject in MNI  space.
e MdLF and AF. Red: MdLF; blue: AF.

3. Results

In this study, (1) we segmented the seed ROI of the MdLF in 4
healthy volunteers, and made volumetric and FA measurements;
(2) we  characterized the MdLF using tractographic techniques; (3)
we differenciated the MdLF from the putative fasciculi comprising
both «dorsal»  and «ventral» route; (4) we  calculated lateralization
index for each fiber tract and for the stem portion of the MdLF; (5)
we characterized the cortical boundaries of the MdLF in the MNI
space.
Subject 3 IPL (angular gyrus) IPL (angular gyrus)
Subject 4 IPL (angular gyrus),

occipital pole
IPL (angular gyrus),
occipital pole

IPL: inferior parietal lobule.

http://www.bic.mni.mcgill.ca/
http://www.fil.ion.ucl.ac.uk/spm/
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Fig. 5. Comparison of the trajectories of the MdLF and ILF. Red: MdLF; green: ILF.

Table 3
Quantitative assessment of each tract.

measurement Side subject 1 subject 2 subject 3 subject 4 mean std-deviation LI

MdLF FA G 0.45 0.46 0.42 0.41 0.43 0.02 0.10
D  0.38 0.43 0.37 0.38 0.39 0.03

Number of streamlines G 503 310 280 482 393.75 115.0 −0.09
D  410 388 553 371 430.5 83.21

Lenght  (mm) G 62.43 62.82 44.45 57.19 56.72 8.57 0.08
D  40.41 52.45 55.45 61.74 52.51 8.95

AF FA G  0.44 0.46 0.43 0.43 0.44 0.01 0.1
D 0.40  0.41 0.38 0.40 0.40 0.01

Number of streamlines G 2507.5 745.24 −0.2
D  3033 595.55

Lenght  (mm) G 59.39 6.51
D  58.86 6.33

IFOF FA G  0.49 0.50 0.48 0.46 0.49 0.02 0.02
D  0.48 0.47 0.48 0.47 0.47 0.05

Number of streamlines G 315.25 114.93 −0.38
D  461.75 322.89

Lenght  (mm) G 165.21 10.92
D  158.20 6.58

ILF FA G  0.51 0.50 0.48 0.45 0.49 0.03 0.14
D  0.46 0.45 0.40 0.38 0.42 0.035

Number of streamlines G 199.25 237.78 0.49
D  120.75 78.67

Lenght  (mm) G 114.24 4.14
D  104.13 11.78

FA, volume and length are calculated for each tract and each subject, then mean value for these parameters are calculated for the entire group, considering each fiber tract
separately. FA = fractional anisotropy; LI = lateralization index; std-deviation = standard deviation.
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aking into account voxels with anterior–posterior orientation of
iffusion properties (i.e. green on FA-color map  as shown on
ig. 1). Considering FA and volume of both left and right seed
OI’s for the entire group, we found a rightward lateralization

ndex for both parameters (Table 1). On the one hand, FA showed a
inor rightward lateralization (LI = −0.002) whereas, on the other

and, ROI volume showed a pronounced rightward lateralization
LI = −0.14).

.2. Tractographic observations

DTI tractography was used to characterize the course of the
dLF in 4 healthy subjects (8 hemispheres). In 7 cases, it seems

o connect the IPL to the superior temporal gyrus. Additional fibers
onnecting the occipital lobe (lateral occipital cortex and occipital
ole) were seen in 4 cases (3 subjects) (Table 2) (Fig. 2). It runs
ithin the STG white matter from the temporal pole to the cau-
al part of the STG. Then it extends caudally in the upper part of
he sagittal stratum and the posterior part of the corona radiata, to
each the IPL. We  were not able to determine the caudal cortical
oundaries of the MdLF in one case (subject 1, right hemisphere),
hus the proximal portion of the fasciculi was still found within the
ore of the STG white matter with a caudal extend in the lateral
art of the sagittal stratum.

Figs. 3–6 compare the course of the MdLF with that of the other
ber tracts composing the “dorsal” route (Fig. 4: arcuate fascicu-

us) and “ventral” (Fig. 3: inferior fronto-occipital fasciculus; Fig. 5:
nferior longitudinal fasciculus; Fig. 6: uncinate fasciculus). At the
evel of the sagittal stratum (Fig. 7), the MdLF runs medially to that
f the superior longitudinal fasciculus and above the course of the
FOF and the ILF. It has a global ascending orientation reaching the
ortex of the IPL, thus some of its fibers course horizontally to reach
he occipital pole.

We  were able to clearly distinguish the rostral extend of the
asciculus from those of the other tracts of both ventral and dorsal
oute. The rostral extent of the MdLF is located in the temporal pole,
t the level of the STG, whereas the ILF is located underneath, in the
nferior and middle temporal gyrus. The inferior portion of the AF is
ocated laterally and posteriorly to the MdLF, within the posterior
art of the STG and in the temporal lobe. The temporal projections
f the UF are located in the temporal pole, medially and anteriorly
o that of the MdLF.

We  also extracted several measurements from the DTI tractog-
aphy, such as mean FA and mean volume for each tract. These
ndings are summarized in Table 3. Considering FA, we found a

eftward asymmetry for all fiber tracts, whereas the lateraliza-
ion index suggested a rightward asymmetry when considering
he number of streamlines for the MdLF, AF, IFOF and a leftward
symmetry for the ILF.

. Discussion

In this study, (1) we confirmed that the MdLF is found con-
tantly in 8 hemispheres of four healthy volunteers and (2) we
learly delineate the MdLF from the other fascicles that constitute
he language pathways, especially the ventral pathway (i.e. infe-
ior longitudinal fascicle, inferior longitudinal fascicle, and arcuate
ascicle).

With the use of DTI, several language pathways have been
dentified, including the arcuate fasciculus [4],  the inferior fron-
ooccipital fasciculus [4],  and the inferior longitudinal fasciculus.
he Middle longitudinal fascicle has been initially described in non-

uman primates [5],  and its identification in the human brain was
ade feasible with the use of DTI [7].
Our observation, supply its existence, thus, the role of the MdLF

emains unclear. Due to its location between the inferior parietal
Fig. 6. Comparison of the trajectories of the MdLF and UF. Red: MdLF; pink: UF.

lobule (angular gyrus) and the superior temporal gyrus, Makris et al.
[7] hypothesize that it has a role in cognitive functions such as
attention in the right hemisphere and language in the left hemi-
sphere. This assumption is based on previous observations relating
lesions in the right IPL to attentional impairment [17] and lesions in
the left IPL to language deficits [18]. The role of the parietal cortex
in the non-dominant hemisphere in cognitive tasks such as spatial
attention, attention processing and episodic memory is supported
by functional neuroimaging observations [19]. Considering the lan-
guage network, Makris et al. [7] conceive the MdLF as an alternative
route between the angular gyrus (“Geschwind’s territory”) and the
superior temporal gyrus (“Wernicke’s territory”), in this way being
a substitute for the role traditionally devoted to the arcuate fascicle
in the dorsal route [9].
Combining DTI and fMRI, Saur et al. [11] suggest that the MdLF
participate in both dorsal and ventral routes involved in language
processing.
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Fig. 7. Global view of the fiber tracts. Upper figure: lateral view and lower figure:
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episodic memory: an attentional account. Nature Reviews Neuroscience
edial view. Red: MdLF; yellow: IFOF; blue: AF; green: ILF, purple: UF. At the level
f  the sagittal stratum, the MdLF runs medially to the AF, and superiorly to the IFOF
nd  the ILF.

The dorsal route involved in auditory-motor representation of
peech sounds is associated with repetition of pseudoword and,
ccording to these authors, this route is composed of the SLFIII,
he AF and the MdLF. Repetition of pseudo-words contrasted with
epetition of real words reveals activations located in the anterior
art of the superior temporal gyrus as well as in the inferior frontal
yrus (pars opercularis) and the dorsal premotor cortex [11]. These
egions being connected via the MdLF entering the AF in poste-
ior part of the superior temporal gyrus, then the AF courses in the
hite matter of the parietal lobe and reaches the premotor cor-

ex. Considering this dorsal route, in our observations, the MdLF,
unning from the STG to the IPL (AG), takes its courses medially to
he AF and we systematically differentiate the posterior part of the

dLF from the AF.
As for the ventral route, associated with sentence comprehen-

ion, it should be comprised of the MdLF, the extreme capsule (EmC)
nd the ILF. Our findings are in contradiction with those previous
bservations for we found no clear connections between the MdLF
nd the other fascicles composing this route: the fascicle runs supe-
iorly to the ILF and does not seem to reach the extreme capsule.
onsidering the IFOF as part of the ventral stream [13], using the
lingler fiber dissection technique, we have reported that the IFOF
an be decomposed in two different components [20]: a superfi-
ial and dorsal subcomponent connecting the frontal lobe with the
uperior parietal lobe and the posterior portion of the superior and
iddle occipital gyri; and a deep and ventral subcomponent, which
onnects the frontal lobe with the posterior portion of the inferior
ccipital gyrus and the posterior temporo-basal area. In this study,
e clearly distinguished the MdLF from both two  subcomponents

f the IFOF.

[

rnal of Radiology 82 (2013) 151– 157 157

One the one hand, due to its location, the fascicle might not par-
ticipate in the dorsal route as a main relay between the anterior part
of the superior temporal gyrus (T1p) and both the pars opercularis
of the inferior frontal gyrus (F3op) and the dorsal premotor cortex
(PMd). On the other hand, its situation in the ventral route is still
unclear and, in the present study, we  were not able to distinguish
any connection between the MdLF and other fascicles of the ventral
stream (i.e. ILF, IFOF, UF, nor EmC).

Finally, as the MdLF is clearly distinguished from the other fasci-
cle of the dorsal and ventral routes, and considering its relationship
with them are not clearly defined, our observations support the
hypothesis that the MdLF might not be a main pathway in lan-
guage processing but rather, as suggested by De Witt Hamer et al.,
participate in a parallel transmodal neurocognitive network, that
needs to be defined.

5. Conclusion

Using DTI methods, we  confirm that the MdLF connects the AG
and the STG and we supply evidence that its course can be system-
atically differenciated from those of other fascicles composing both
ventral and dorsal routes (IFOF, IFL, AF and UF).
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