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Summary
Purpose:  The  purpose  of  the  current  study  was  to  use  diffusion  tensor  imaging  (DTI)  to  conduct
tractography  of  the  optic  radiations  (OR)  and  its  component  bundles  and  to  assess  both  the
degree of  hemispheric  asymmetry  and  the  inter-subject  variability  of  Meyer’s  Loop  (ML).  We
hypothesized  that  there  are  significant  left  versus  right  differences  in  the  anterior  extent  of  ML
to the  temporal  pole  (TP)  in  healthy  subjects.
Materials  and  methods:  DTI  data  were  acquired  on  a  3  T  Siemens  MRI  system  using  a  single-
shot Spin  Echo  EPI  sequence.  The  dorsal,  central  and  ML  bundles  of  the  OR  were  tracked  and
visualized  in  forty  hemispheres  of  twenty  healthy  volunteers.  The  uncinate  fasciculus  (UF)  was
also tracked  in  these  subjects  so  that  it  could  be  used  as  a  distinct  anatomical  reference.

Measurements  were  derived  for  the  distance  between  ML-TP,  ML  and  the  temporal  horn  (ML-
TH) and  ML  and  the  uncinate  fasciculus  (ML-UF).  Paired  difference  t-tests  were  carried  out  with
SPSS 14.0.
Results:  ML  and  the  UF  were  successfully  tracked  and  visualized  in  all  20  volunteers.  Significant
hemispheric  asymmetries  were  found  for  all  measurements  with  left  distances  shorter  than  the
right (P  <  0.005).  In  50%  of  the  subjects  the  left  ML-UF  distance  was  ≤1.9  mm.
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Conclusion:  The  results  support  our  hypothesis  and  demonstrate  that  left  ML-TP  distances  are
significantly  shorter  than  right  ML-TP  distances.  These  asymmetries  are  also  reflected  in  shorter
left distances  between  ML-TH  and  ML-UF.  Moreover,  these  results  are  of  interest  to  left-sided
temporal lobe  epilepsy  surgery  because  it  is  not  only  more  likely  to  disturb  the  anterior  extent
of ML  but  also  renders  the  often  closely  located  posterior  aspect  of  the  left  UF  more  vulnerable
to potential  surgical  impact
Crown  Copyright  ©  2014  Published  by  Elsevier  B.V.  All  rights  reserved.
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the  potential  asymmetry  of  ML  across  hemispheres  we  also
report  asymmetry  measurements  between  ML  and  the  TH
Introduction

One  of  the  most  common  complications  of  temporal  lobe
epilepsy  (TLE)  surgery  is  a  partial  or  complete  superior
homonymous  quadrantanopia  (Chen  et  al.,  2009;  Jeelani
et  al.,  2010;  Jensen  and  Seedorf,  1976;  Marino  and
Rasmussen,  1968;  Taoka  et  al.,  2008;  Van  Buren  and  Baldwin,
1958;  Yeni  et  al.,  2008;  Yogarajah  et  al.,  2009).  This  defect
is  due  to  the  disruption  of  the  anterior  bundle  of  the  optic
radiation  (OR)  commonly  known  as  Meyer’s  Loop  (ML)  (Meyer,
1907).

ML  is  part  of  the  OR  (also  known  as  the  geniculocalcarine
tract)  and  is  the  ventral  bundle  of  axons  originating  from
neurons  in  the  lateral  geniculate  nucleus  (LGN)  of  the  thala-
mus.  Together  with  the  central  and  dorsal  bundles  of  the  OR,
ML  passes  through  the  retrolenticular  portion  of  the  inter-
nal  capsule  to  bring  visual  input  to  the  occipital  cortex  on
both  sides  of  the  calcarine  sulcus  (Carpenter,  1991).  Two  of
the  three  fibre  bundles  use  the  shortest  route  to  reach  the
occipital  cortex.  The  central  bundle  moves  laterally  from
the  LGN  and  projects  posteriorly  along  the  external  wall  of
the  lateral  ventricle  to  project  central  vision  to  the  occipital
cortex  both  above  and  below  the  calcarine  fissure.  Similarly,
the  dorsal  bundle  takes  the  shortest  route  via  a  direct  pos-
terior  projection  of  the  lower  visual  field  to  the  upper  area
of  the  calcarine  cortex.  By  contrast,  ML  curves  forward  first,
loops  towards  the  tip  of  the  temporal  horn  (TH)  and  turns
sharply  to  project  posteriorly  to  carry  visual  input  from  the
upper  field  to  the  region  below  the  calcarine  fissure.  It  is  this
particular  temporal-anterior  trajectory  that  demonstrates
notable  anatomical  variability  across  individuals  and  thus
poses  challenges  for  TLE  surgery  and  the  minimization  of
neurological  deficit  (Chen  et  al.,  2009;  Ebeling  and  Reulen,
1988;  Jeelani  et  al.,  2010;  Taoka  et  al.,  2008;  Yeni  et  al.,
2008;  Yogarajah  et  al.,  2009).

Diffusion  tensor  imaging  (DTI)  is  the  only  imaging  tool
that  allows  the  noninvasive  and  in  vivo  visualization  of
white  matter  (WM)  fibre  tracts  such  as  the  OR  and  its
component  bundles.  In  structured  tissues,  such  as  central
nervous  system  WM,  there  is  a  preferred  direction  of  water
diffusion  (diffusion  is  anisotropic)  that  enables  the  analysis
of  diffusion  properties  of  water  molecules  within  nerve
fibres  (Basser  and  Pierpaoli,  1996).  In  structured  tissues,
such  as  central  nervous  system  WM,  there  is  a  preferred
direction  of  water  diffusion  imposed  by  barriers  such  as
axonal  membranes  and  myelin  sheaths.  DTI  is  an  MRI
technique  based  on  diffusion  weighted  imaging.  Combining

diffusion  weighted  images,  obtained  in  many  different
directions,  allows  the  calculation  of  the  water  diffusion
tensor  in  each  voxel.  High  anisotropy  of  the  tensor  values
indicates  geometric  restrictions  for  water  movement,
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ermitting  estimation  of  the  location  and  trajectory  of  fibre
racts.  Deterministic  tractography  performed  on  these  data
ets  connects  nearest  neighbours  with  similar  anisotropy
alues  to  form  streamlines.

Although  there  are  a  number  of  dissection  studies  (Burgel
t  al.,  1999;  Ebeling  and  Reulen,  1988;  Kier  et  al.,  2004;
ubino,  2005;  Sincoff  et  al.,  2004)  and  tractography  (Chen
t  al.,  2009;  Choi  et  al.,  2006;  Nilsson  et  al.,  2007,  2010;
herbondy  et  al.,  2008;  Taoka  et  al.,  2008;  Yamamoto  et  al.,
005,  2007;  Yogarajah  et  al.,  2009;  Wang  et  al.,  2011;
inston  et  al.,  2011)  that  have  explored  the  anatomy  of
L,  there  is  considerable  variability  in  reports  of  the  exact

ocation,  trajectory,  volume  and  hemispheric  asymmetry
f  the  tract.  For  example,  in  dissection  studies  the  dis-
ance  of  the  most  anterior  extent  of  ML  to  the  temporal
ole  (ML-TP)  is  usually  shorter  compared  to  tractography
tudies.  Tractography  studies  of  the  ML  demonstrate  vari-
bility  in  distance  measurements  depending  on  the  type  of
nalysis  used  (Nilsson  et  al.,  2010;  Winston  et  al.,  2011)
s  well  as  trends  towards  a  shorter  ML-TP  distance  in  the
eft  hemisphere  (Yogarajah  et  al.,  2009).  This  is  in  agree-
ent  with  a  study  of  neurosurgical  cases  conducted  by

eelani  et  al.  (2010)  who  reported  left  greater  than  right
L  asymmetries  and  visual  field  deficits  (VFD)  that  are  3.5

imes  more  likely  following  left-sided  surgery.  Another  neu-
osurgical  study  showed  that  left-sided  surgery  resulted  in
FD  in  6  out  of  11  patients  compared  to  3  out  of  10  with
ight-sided  surgery  (Yogarajah  et  al.,  2009).  The  poten-
ial  for  significant  hemispheric  asymmetry  of  ML  has  also
een  recently  suggested  in  a  thorough  review  on  the  chal-
enges  of  the  anatomy  and  tractography  of  ML  (Mandelstam,
012).

Few  DTI  studies,  generally  with  small-study  cohorts,  have
ssessed  ML-TP  hemispheric  asymmetries  in  healthy  con-
rol  subjects  (Nilsson  et  al.,  2007;  White  and  Zhang,  2010;
u  et  al.,  2012).  The  largest  study  with  healthy  subjects
as  conducted  by  Yogarajah  et  al.  (2009)  who  used  prob-
bilistic  analysis  methods.  These  authors  reported  a  trend
owards  a  shorter  left  ML-TP  distance  across  patient  and
ontrol  groups.  The  aim  of  the  current  study  was  to  assess
oth  the  degree  of  hemispheric  asymmetry  and  the  inter-
ubject  variability  of  ML.  Specifically  we  hypothesized  that
here  would  be  significant  left  versus  right  differences  in  the
nterior  extent  of  ML  towards  the  TP.  To  further  delineate
s  well  as  the  most  posterior  aspect  of  the  uncinate  fasci-
ulus  (ML-UF).  The  original  contribution  of  our  work  is  the
emonstration  of  significant  asymmetries  of  ML,  not  only  in
elation  to  the  TP,  but  also  to  the  TH  and  UF.
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74  

ethods

ubjects

ur  study  enrolled  twenty  neurologically  healthy  volun-
eers  (10  males  and  10  females,  mean  age  22.5  ±  2.66
range  19—30)),  all  with  self-reports  of  right-handedness
rom  the  University  of  Winnipeg.  The  study  was  approved
y  the  ethics  committees  of  the  National  Research  Council
f  Canada  and  the  University  of  Winnipeg  and  informed  writ-
en  consent  was  obtained  from  all  subjects.  All  participants
ompleted  MR  safety  screening  prior  to  entry  to  the  mag-
et.  All  work  was  carried  out  in  accordance  with  The  Code
f  Ethics  of  the  World  Medical  Association  (Declaration  of
elsinki).

R  data  acquisition

RI  studies  were  performed  on  a  3  T  Siemens  TIM-TRIO
RI  scanner  at  the  National  Research  Council  Institute  for
iodiagnostics  (NRC  IBD)  MR  facility  in  Winnipeg.  For  both
natomical  and  DTI  a  12-channel  phased  array  head  matrix
oil  was  used.  To  prescribe  the  DTI  a  whole  brain  volumetric
1-weighted  (MP-RAGE)  spoiled  gradient-echo  sequence  was
sed:  1  slab  with  176  slices  and  a  0.5  mm  gap,  slice  thick-
ess:  1  mm,  in  plane  resolution:  1.0  mm  ×  1.0  mm,  TR/TE:
900/2.2  ms,  flip  angle:  9о,  acquisition  matrix:  256  ×  256,
OV:  240  mm  ×  240  mm.

The  DTI  sequence  was  a  single-shot  Spin  Echo
SE)  EPI  sequence  provided  by  Siemens.  The  scan-
ing  parameters  were  as  follows:  imaging  plane:  axial,
hase  encoding  direction:  A-P;  echo  spacing:  0.82  ms,
E:  93  ms,  TR:  9100  ms;  number  of  slices:  66,  inter-
lice  gap:  0  mm;  bandwidth:  1396  Hz/pixel,  voxel  size:
.9  mm  ×  1.9  mm  ×  1.9  mm;  acquisition  matrix:  128  ×  128,
EX:  4.  Images  were  acquired  with  b  values  of  0  and
000  s/mm2 in  20  directions  following  an  icosahedral
cheme.  Parallel  acquisition  using  GRAPPA  (generalized
utocalibrating  partially  parallel  acquisition)  with  an  effec-
ive  acceleration  factor  of  2  was  used  for  an  acquisition  time
f  13  min  13  s.

ata  analysis

he  first  step  was  the  preprocessing  and  analysis  of  dif-
usion  data  with  the  conversion  of  DICOM  images  into

 4D  Nifti  file  and  corresponding  bvecs  and  bvals.  For
his  step  we  used  Chris  Rorden’s  dcm2nii  converter  in
RICron  (Rorden  et  al.,  2007).  Eddy  Current  correction
as  performed  using  the  FDT  module  of  the  FSL  Software
ibrary  (FMRIB  Centre,  University  of  Oxford,  Oxford,
nited  Kingdom)  (Smith  et  al.,  2004).  These  eddy  current
nd  motion-corrected  files  were  used  for  tractography

n  MedINRIA  (Medical  Image  Navigation  and  Research
ool  by  INRIA,  06902  Sophia  Antipolis  CEDEX,  France;
ttp://www.sop.inria.fr.asclepios/software/-MedINRIA)
Fillard  et  al.,  2007).

d
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egion  of  interest  placement  for  tractography

nitially,  individual  tractography  was  performed  separately
or  the  right  and  left  OR,  as  a  whole  structure,  in  each  sub-
ect  (OR-entire  tract).  In  a  second  step,  three  additional
nclusive  target  Regions  of  Interest  (ROIs)  were  placed  to
eparate  ML  and  the  central  and  dorsal  bundles  (OR-separate
undles).  ROIs  were  selected  based  on  the  correspondence
etween  anatomical  knowledge  of  the  separate  bundles
Ebeling  and  Reulen,  1988)  and  their  visualization  using  the
onTrack  DTI-FT  algorithm  (Sherbondy  et  al.,  2008).

R-entire  tract
o track  the  OR  as  a  whole,  coronal  and  axial  views  of  the
irectionally  encoded  fractional  anisotropy  (DEC-FA)  maps
ere  used  to  identify  the  LGN  (caudal  and  lateral  to  the
ulvinar  nucleus  of  the  thalamus).  To  ensure  that  the  entire
R  was  circumscribed,  the  first  ROIs  were  placed  in  the  axial
lane  extending  over  five  consecutive  slices  (Fig.  1a  displays
he  central  slice,  ROI  1,  which  was  placed  at  the  level  of  the
nterior  commissure,  see  small  arrow).  This  ensured  inclu-
ion  of  all  fibres  (predominantly  red  in  the  DEC-FA  map)
rising  from  the  LGN  projecting  laterally  (Fig.  1c).  Three
xclusion  ROIs  were  placed  to  exclude  fibres  that  did  not
elong  to  the  OR.  The  first  exclusion  ROI  was  placed  mid-
agittally  to  exclude  fibres  crossing  from  the  splenium  of
he  corpus  callosum.  The  second  exclusion  ROI  was  placed  in
he  axial  plane  at  the  level  of  the  pons  to  avoid  the  inclusion
f  fibres  from  the  corticospinal  tract.  A  third  exclusion  ROI
as  placed  in  the  coronal  view  at  the  anterior  limit  of  the

emporal  horn  to  eliminate  fibres  from  neighbouring  bundles
hich  include  the  fronto-occipital,  the  uncinate  and  inferior

ongitudinal  fasciculi  as  well  as  the  anterior  commissure.

R-separate  bundles
o  track  the  three  separate  bundles  of  the  OR,  the  LGN
OI  (ROI  1)  as  described  above  was  used  as  the  first  inclu-
ion  (Fig.  1a).  The  second  inclusion  ROIs  (ROI  2,  3  and  4)
ere  prescribed  in  the  coronal  plane  and  were  segregated
long  the  dorsal-ventral  axis  based  on  the  anatomical  pro-
ection  of  the  individual  bundles  along  the  sagittal  stratum
s  described  below.

For  ML  the  second  inclusive  ROI  (ROI  2,  Fig.  1b)  was
laced  in  the  coronal  view  in  the  inferior  sagittal  stratum
parallel  to  the  posterior  horn  of  the  lateral  ventricle).  This
ntersected  all  the  horizontal  fibres  that  belong  to  ML.  These
un  anteriorly  towards  the  tip  of  the  inferior  horn,  pass
osteriorly  along  the  lateral  wall  of  the  ventricle  and  end
n  the  lower  lip  of  the  calcarine  fissure  (Fig.  1f).  For  the
dentification  of  the  central  bundle  (ROI  3,  Fig.  1b),  the  sec-
nd  inclusive  ROI  was  also  placed  in  the  sagittal  stratum,
t  midlevel.  The  central  bundle  has  mostly  oblique  fibres
hat  leave  the  LGN  in  a  lateral  direction.  It  takes  a  posterior
irection  along  the  lateral  wall  of  the  ventricle,  and  from
here  radiates  towards  the  visual  cortex  (Fig.  1e).  For  the

orsal  bundle  the  second  inclusive  ROI  (ROI  4,  Fig.  1b)  was
laced  in  the  superior  area  of  the  sagittal  stratum.  The  dor-
al  bundle  follows  a  straight  direction  to  meet  the  upper
rea  of  the  primary  visual  cortex  (Fig.  1d).

http://www.sop.inria.fr.asclepios/software/-MedINRIA
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Figure  1  Inclusion  ROIS  for  the  OR,  ventral,  central  and  dorsal  bundles  and  the  uncinate  fasciculus.  (a)  Depicts  the  central  slice
of the  LGN  volume  ROI  (1)  used  to  track  the  entire  OR  in  (c).  The  LGN  volume  ROI  (1)  was  drawn  in  5  slices  in  the  axial  plane  with
the middle  slice  at  the  level  of  the  anterior  commissure  (see  arrow  in  a).  ROI  1  in  combination  with  ROIS  2,  3  or  4  (drawn  in  the
coronal plane  at  the  level  of  the  splenium  of  the  corpus  callosum,  see  arrow  in  b)  and  the  visual  assessment  of  the  entire  OR  in  (c)
were used  to  track  the  dorsal,  central  and  ventral  bundles  (d—f).  (g)  and  (h)  show  the  coronal  planes  used  to  draw  the  temporal
(ROI 1)  and  frontal  (ROI  2)  inclusion  ROIs  for  the  UF  tractography.  All  ROIs  are  drawn  on  directionally  encoded  FA  maps  and  tracts  are
depicted superimposed  on  the  b  =  0  s/mm2 image.  (For  interpretation  of  the  references  to  colour  in  the  text,  the  reader  is  referred
to the  web  version  of  the  article.)
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76  

ncinate  fasciculus
or  the  UF  the  first  inclusive  ROI  was  placed  in  the  coronal
lane  around  the  temporal  lobe  at  the  level  of  the  genu  of
he  corpus  callosum  (GCC).  For  some  subjects  this  ROI  was
laced  slightly  posterior  to  the  GCC  to  capture  the  tempo-
al  lobe.  A  second  inclusive  coronal  ROI  was  placed  one  slice
osterior  to  the  first  inclusion  ROI  still  at  the  level  of  the  GCC
n  the  frontal  lobe.  These  ROIs  are  depicted  in  Fig.  1g—h.
dditional  exclusionary  ROIs  were  used  to  isolate  UF  fibres.
he  first  exclusion  ROI  was  drawn  in  the  sagittal  plane  over
he  midline  to  avoid  fibres  crossing  from  the  contralateral
emisphere.  A  second  exclusion  ROI  was  drawn  in  the  coro-
al  plane  right  behind  the  most  posterior  aspect  of  the  UF
o  avoid  inclusion  of  fibres  from  the  inferior  longitudinal
asciculus.

symmetry  measurements

or  all  subjects  and  both  hemispheres  distances  were  mea-
ured  between  the  anterior  extent  of  ML  and:  1.  the  most
osterior  aspect  of  the  UF  as  it  curves  upward  to  the
rbitofrontal  cortex  (ML-UF),  2.  the  anterior  terminus  of  the
emporal  horn  (ML-TH)  and  3.  the  TP,  (ML-TP).  The  TH  and
P  landmarks  were  identified  on  the  b  =  0  s/mm2 image.  The
F  was  tracked  and  also  loaded  onto  the  b  =  0 s/mm2 image
or  distance  measurements  between  ML-UF.  Fig.  2  provides  a
epiction  of  the  distance  measurements  in  three  represen-
ative  subjects.  Paired  difference  t-tests  were  carried  out
ith  SPSS  14.0  to  compare  distance  measurements  between

he  left  and  right  hemispheres.  We  also  assessed  the  effect
f  sex  on  distance  measurement  asymmetries.  Results  were
eported  as  significant  if  they  had  a  P  value  ≤0.05.

esults

sing  the  methods  described  above  we  were  able  to  success-
ully  track  the  OR  with  its  three  separate  component  bundles
onsisting  of  ML,  the  central  and  dorsal  bundles  in  twenty
ealthy  volunteers.  ML  was  successfully  tracked  in  all  sub-
ects  and  there  were  pronounced  individual  differences  in
he  symmetry  of  the  temporal-anterior  extent  of  the  tract.
he  UF  was  also  successfully  tracked  in  all  subjects,  dis-
ances  between  ML,  the  UF,  TH  and  TP  were  measured  in
0  temporal  lobes  and  significant  differences  were  observed
etween  hemispheres.  There  were  no  significant  differences
n  male/female  measurements.

symmetry  measurements

able  1  reports  the  individual  and  grouped  asymmetry
easurements  between  ML-UF,  ML-TH  and  ML-TP  in  both

emispheres.  Distance  measurements  were  conducted  in
orty  temporal  lobes.

ML-TP  distances  of  individual  subjects  were  rank  ordered
ith  the  most  symmetric  ML-TP  distance  (0  mm)  observed  in

ubject  1  (see  Table  1  and  Fig.  3)  and  the  most  asymmet-

ic  ML-TP  distance  (16.9  mm)  observed  in  Subject  20  (see
able  1  and  Figs.  3  and  4).

Significant  hemispheric  differences  were  found  for  all
hree  comparisons  (P  ≤  0.00273).
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Overall,  ML-TP  distances  were  significantly  different
etween  the  left  and  right  hemisphere  measurements
P  ≤  0.00273).  Left  ML-TP  distances  were  shorter  compared
o  right  ML-TP  distances.

ML-TH  distances  were  significantly  different  between  the
eft  and  right  hemisphere  measurements  (P  ≤  0.00038),  with
eft  ML-TH  distances  shorter  than  the  right.

ML-UF  distances  were  significantly  different  between  the
eft  and  right  hemisphere  measurements  (P  ≤  0.00038).  On
he  left  side  ML  and  UF  overlapped  in  one  subject  (S18).  By
ontrast  the  right  side  in  the  same  subject  showed  an  ML-
F  distance  of  16.9  mm.  Left  ML-UF  distances  ≤1.9  mm  were
bserved  in  10  subjects  (S4,7,  S13—20),  with  right-sided  dis-
ances  typically  measuring  ≥11.3  mm  (an  exception  was  S7
ho  had  an  ML-UF  distance  of  3.8  mm).  In  S10  these  results
ere  reversed  with  overlapping  ML-UF  tracts  on  the  right

ide  (−1.9  mm)  and  an  ML-UF  distance  of  11.3  mm  on  the  left
ide.  For  all  subjects  there  were  no  significant  asymmetries
etween  the  UF-TP  distances.

A  representation  of  these  distance  asymmetries  can  be
bserved  in  Fig.  2  where  both  the  ML  and  UF  tracts  are
verlaid  onto  the  b  =  0  s/mm2 image.  Fig.  2  displays  three
epresentative  subjects.  Fig.  2a  and  b  shows  S19  with  a
lear  leftward  ML-UF  asymmetry.  The  yellow  arrow  in  Fig.  2b
oints  towards  the  minimal  distance  (1.1  mm)  between  ML
nd  the  UF  in  the  left  hemisphere,  and  the  yellow  line
epicts  the  distance  (18.8  mm)  between  the  anterior  extent
f  ML  and  the  posterior  extent  of  the  UF  in  the  right
emisphere.  Fig.  2c  shows  S7  with  more  symmetric  ML-UF
istances.  The  yellow  arrows  point  towards  the  distances
etween  the  right  and  left  ML  and  the  UF.  Finally  Fig.  2d
hows  S10  which  is  our  only  subject  with  a  clear  rightward
symmetry  of  ML-UF.  The  right  ML-UF  distance  is  shorter
−1.9  mm,  delineated  by  the  yellow  arrow)  than  the  left
L-UF  distance  (11.3  mm,  delineated  by  the  yellow  line).

istance  measurements

veraged  across  hemispheres,  the  mean  distance  between
L-TP  was  42.9  mm  (range  28.1—54.4  mm).  The  mean  dis-

ance  of  ML-TH  is  13.7  mm  (range  3.8—24.4  mm)  and  the
ean  distance  of  ML-UF  was  10.5  mm  (range  3.8—20.6  mm).

ractography

ubjects  were  grouped  into  two  figures  for  display  purposes
nly.  Combining  all  20  subjects  into  one  figure  reduces  the
ize  of  the  individual  images  so  that  it  becomes  too  difficult
o  visually  assess  the  degree  of  asymmetry.

Figs.  3  and  4  show  that  the  tractography  is  consistent  with
he  known  anatomical  course  of  the  OR  in  general  and  ML  in
articular.  In  all  subjects  the  ML  originates  from  the  LGN  and
rojects  anteriorly  across  the  superior  aspect  of  the  anterior
ip  of  the  lateral  ventricle’s  temporal  horn.  ML  then  curves
harply  in  the  posterior  direction  and  joins  the  medial  and
orsal  bundles  that  run  along  the  wall  of  the  lateral  ventricle
nd  terminate  in  the  lower,  medial  and  dorsal  aspects  of

he  calcarine  cortex.  The  dorsal  (blue),  medial  (green)  and
L  (red)  bundles  follow  the  expected  trajectory  of  the  OR.

ndividual  differences  can  be  observed  in  the  proportions
f  the  component  bundles  of  the  OR  and  all  but  one  subject
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Figure  2  ML  distance  measurements  (a—d)  and  examples  of  ML-UF  tractography  (b—d).  ML-TP  distances  (yellow  lines)  and  ML-TH
distances (grey  lines)  are  displayed  on  a  b  =  0  s/mm2 image  with  the  corresponding  directionally  encoded  ML  (a).  ML-UF  distances
with a  leftward  asymmetry  (see  yellow  arrow)  are  depicted  in  (b).  Symmetrical  ML-UF  distances  (yellow  arrows  in  c)  and  rightward
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asymmetries  in  the  anterior  extent  of  ML.  These  signifi-
cant  asymmetries  are  supported  by  significant  differences
asymmetrical ML-UF  distances  (yellow  arrow  in  d).  (For  interpre
is referred  to  the  web  version  of  the  article.)

demonstrate  degrees  of  asymmetry  in  the  temporal-anterior
extent  of  ML.

Fig.  3  shows  the  tractography  of  the  three  bundles  of  the
OR  in  nine  subjects  with  ML-TP  asymmetry  measurements
ranging  from  0  to  6.2  mm.  Fig.  4  shows  the  tractography
of  the  OR  in  eleven  subjects  with  ML-TP  asymmetry  mea-
surements  ≥7.5  mm.  While  subjects  11—20  demonstrate
leftward  asymmetry  of  ML,  subject  10  is  the  only  subject
where  rightward  asymmetry  can  be  clearly  visualized.  In
subjects  10—14,  15,  19  and  20  the  anterior  extent  of  ML  is

clearly  visible.  The  remaining  four  subjects  show  relatively
sparse  ML  streamlines.

i
M

on  of  the  references  to  colour  in  this  figure  legend,  the  reader

iscussion

here  is  general  consensus  on  the  individual  variability
f  the  exact  location,  anatomy,  course  and  hemispheric
ymmetry  of  ML  (Chen  et  al.,  2009;  Ebeling  and  Reulen,
988;  Mandelstam,  2012).  Keeping  in  mind  that  determinis-
ic  tractography  has  been  criticized  to  overestimate  ML-TP
istances,  the  present  study  is  the  first  to  report  significant
n  three  distinct  inter-hemispheric  distance  measurements:
L-TP,  ML-TH  and  ML-UF.
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Table  1

Distance s (mm)

 Subj ect ML-TP ML-UF ML-TH

Symmetry right left right -left right left right -left right left right -left
1 45 45 0 13.2 11.3 1.9 16.9 9.4 7.5
2 42.6 43 -0.4 13.1 13.1 0 15 15 0
3 46.9 45 1.9 20.6 15.2 5.4 16.9 15 1.9
4 37.5 35.6 1.9 11.3 0 11.3 13.1 18.5 -5.4
5 46.9 48.8 -1.9 16.9 13.1 3.8 24.4 20.6 3.8
6 46.9 48.8 -1.9 18.8 13.1 5.7 18.8 18.8 0
7 38.1 35.9 2.2 3.8 1.9 1.9 9.4 3.7 5.7
8 54.4 48.8 5.6 16.9 16.9 0 18.8 16.9 1.9
9 36.9 43.1 -6.2 16.9 15 1.9 18.8 15 3.8

10 28.1 35.6 -7.5 -1.9 11.3 -13.2 3.8 11.3 -7.5
11 48.8 41.3 7.5 16.9 11.3 5.6 24.4 15 9.4
12 52.5 45 7.5 18.8 5.6 13.2 18.8 7.5 11.3
13 39.4 30 9.4 11.3 1.9 9.4 9.4 3.8 5.6
14 46.9 35.6 11.3 13.1 1.8 11.3 18.8 5.6 13.2
15 48.8 37.5 11.3 13.1 1.9 11.2 22.5 5.6 16.9
16 46.9 34.2 12.7 15 1.9 13.1 20.6 5.6 15
17 46.9 33.8 13.1 15 1.9 13.1 22.5 5.6 16.9
18 52.5 37.5 15 16.9 -3.8 20.7 16.9 5.6 11.3
19 50.6 33.8 16.8 18.8 1.1 17.7 15 3.8 11.2

Asymmetry 20 52.5 35.6 16.9 15 0 15 20.6 3.8 16.8

Mean 45.46 39.70 5.76 14.18 6.73 7.45 17.27 10.31 6.97
SD 6.60 5.82 7.48 5.29 6.50 7.73 5.25 5.93 7.23

P-Value 0.00273 0.000379 0.000379
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symmetry  measurements

L-TP  distance
symmetry  measurements  in  the  current  study  support  our
ypothesis  and  demonstrate  that  the  mean  ML-TP  distance  is
ignificantly  shorter  in  the  left  (39.70  mm)  compared  to  the
ight  (45.64  mm)  temporal  lobe  (Table  1).  The  asymmetry  of
he  anterior  extent  of  the  OR  has  been  initially  discussed
n  dissection  studies  (Ebeling  and  Reulen,  1988),  and  repre-
entative  figures  of  the  OR  in  dissection  and  tractography
tudies  often  depict  leftward  asymmetry  (Govindan  et  al.,
008;  Hofer  et  al.,  2010;  Mandelstam,  2012;  Sherbondy
t  al.,  2008).  Consistent  with  the  significant  leftward  asym-
etry  of  ML-TP  in  our  study,  Burgel  et  al.  (1999)  report

ignificant  leftward  asymmetries  of  the  LGN  and  OR  in  a  dis-
ection  study  of  ten  adult  human  brains.  To  date  there  have
nly  been  a  few  DTI  studies  that  have  assessed  ML-TP  asym-
etries  in  healthy  control  subjects  (Nilsson  et  al.,  2007;

ogarajah  et  al.,  2009;  Wu  et  al.,  2012).  While  some  DTI
tudies  with  smaller  cohorts  do  not  establish  asymmetries  of
L  (Nilsson  et  al.,  2007;  Wu  et  al.,  2012),  the  largest  study

y  Yogarajah  et  al.  (2009)  reports  a  trend  towards  the  left
L-TP  distance  being  smaller  than  the  right  across  patient
nd  control  groups.  The  authors  further  demonstrated  that
oth  the  size  of  the  anterior  temporal  lobe  resection  and  the

d
o
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nterior  extent  of  the  OR  are  predictors  of  the  occurrence
nd  severity  of  postoperative  visual  field  deficits.  This  is  in
greement  with  a  neurosurgical  study  conducted  by  Jeelani
t  al.  (2010)  who  report  left  greater  than  right  ML  asymmet-
ies  and  visual  field  deficits  that  are  3.5  times  more  likely
ollowing  left-sided  surgery.  Taken  together,  these  studies
upport  our  findings  of  significant  leftward  asymmetries  of
L.

In  a  recent  review  Mandelstam  (2012)  suggests  that  there
ay  be  significant  hemispheric  asymmetries  within  individ-

als  and  cites  studies  that  have  postulated  that  a  leftward
symmetry  of  the  OR  may  be  due  to  expanded  language
reas  in  the  left  posterior  temporal  lobe  that  have  dis-
laced  the  OR  on  that  side  (Jeelani  et  al.,  2010;  Wang  et  al.,
008).  95%  of  right-handed  individuals  have  left  lateralized
anguage  function.  Although  handedness  was  not  formally
ssessed  in  our  study,  all  subjects  gave  self-reports  of  right-
andedness.  If  expanded  language  areas  in  the  left  posterior
emporal  lobe  have  displaced  the  OR  and  pushed  ML  forward
e  would  expect  the  majority  of  right-handed  subjects  to

how  leftward  ML  asymmetries.  Keeping  in  mind  that  han-

edness  was  not  formally  assessed  in  our  study  all  but  six  of
ur  self-reported  right-handed  subjects  showed  a  leftward
L  asymmetry.  Of  these  six  subjects  one  showed  no  asym-
etry  (S1),  three  showed  asymmetries  ≤1.9  mm  (S2,  5  and
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Figure  3  Tractography  of  the  three  component  bundles  of  the  OR  in  9  subjects  with  ML  asymmetries  ≤6.2  mm.  ML  is  seen  in  red,
acts  
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the central  bundle  in  green  and  the  dorsal  bundle  in  blue.  All  tr
the references  to  colour  in  this  figure  legend,  the  reader  is  refe

6)  while  the  remaining  two  showed  rightward  asymmetry  (S9
and  S10)  (see  Table  1).

ML-UF  distance
Further  support  for  the  demonstrated  ML-TP  asymmetries
in  the  current  study  comes  from  the  significant  hemispheric
differences  in  ML-UF  distances  (Table  1).  Taoka  et  al.  (2008)
used  tractography  of  the  UF  and  proposed  that  the  UF  is
located  ‘‘just  anterior’’  to  the  most  anterior  tip  of  ML
and  can  thus  be  used  to  better  delineate  its  most  anterior
point.  Fifty  percent  of  his  patients  did  not  demonstrate  a
gap  between  the  posterior  limit  of  the  UF  and  the  ante-
rior  limit  of  ML  and  none  of  the  patients  showed  an  ML-UF
distance  greater  than  4  mm.  Consistent  with  their  findings,

our  results  show  that  the  most  posterior  aspect  of  the  UF
was  located  within  or  below  2  mm  of  the  most  anterior
aspect  of  ML  in  11  subjects.  Out  of  these,  2  subjects  had

T
l
p

are  overlaid  onto  the  b  =  0  s/mm2 image.  (For  interpretation  of
 to  the  web  version  of  the  article.)

 0  mm  distance  between  ML-UF,  and  2  subjects  demon-
trated  an  overlap  between  ML-UF.  Contrary  to  the  results
eported  by  Taoka  et  al.  (2008)  our  group  observed  signifi-
ant  differences  between  the  left  and  right  ML-UF  distance
easurements,  with  shorter  gaps  between  the  left  ML-UF

mean  =  6.73  mm)  and  longer  gaps  between  the  right  ML-UF
mean  =  14.18  mm)  tracts.  Fig.  2  provides  examples  of  left
Fig.  2a  and  b)  and  rightward  (Fig.  2d)  ML-UF  asymmetry
nd  more  symmetric  ML-UF  distances  (Fig.  2c),  in  three  rep-
esentative  subjects.  Our  results  place  the  anterior  aspect
f  ML  in  the  left  hemisphere  closer  to  the  posterior  aspect  of
he  UF,  suggesting  that  DTI  tracking  of  the  UF  may  provide

 more  reliable  and  conservative  marker  for  the  anterior
xtent  of  ML  in  the  left  hemisphere  than  either  TP  or  TH.

hese  results  also  suggest  that  left-sided  TLE  surgery  poses  a

arger  risk  for  neurological  deficit,  not  only  involving  ML  but
otentially  also  the  UF.  This  is  further  supported  by  a  DTI  TLE
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Figure  4  Tractography  of  the  three  component  bundles  of  the  OR  in  11  subjects  with  ML  asymmetries  ≥7.5  mm  (see  yellow
arrows). ML  is  seen  in  red,  the  central  bundle  in  green  and  the  dorsal  bundle  in  blue.  All  tracts  are  overlaid  onto  the  b  =  0  s/mm2
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mage.  (For  interpretation  of  the  references  to  colour  in  this  fig

tudy  by  Diehl  et  al.  (2008)  who  report  that  damage  to  the
eft  UF,  based  on  diffusion  parameter  measurements,  is  asso-
iated  with  reduced  performance  on  measures  of  auditory
mmediate  and  delayed  memory  in  left  TLE  patients.
istance  measurements

xact  knowledge  of  the  ML-TP  distance  is  necessary  to  min-
mize  its  overestimation  and  thus  decrease  the  potential  for
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gend,  the  reader  is  referred  to  the  web  version  of  the  article.)

ost-operative  VFDs.  The  overall  distance  between  ML-TP
n  this  study  is  42.9  mm,  which  is  comparable  to  mea-
urements  reported  by  Nilsson  et  al.  (2007,  2010)  (44  mm,
1  mm)  and  Wu  et  al.  (2012)  (40.2  mm)  using  determinis-
ic  tractography.  However,  these  measurements  are  high  in
ontrast  to  other  deterministic  tractography  studies  that
eport  ML-TP  distances  that  are  ≤37.3  mm  (Chen  et  al.,

009;  Taoka  et  al.,  2008;  Yamamoto  et  al.,  2005;  Yogarajah
t  al.,  2009;  for  review  see  Mandelstam,  2012).  Indeed,
treamline  algorithms  have  been  criticized  due  to  their
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high  false  negative  rate  (Mandelstam,  2012;  Sherbondy
et  al.,  2008).  Probabilistic  tractography  algorithms  allow
for  multiple  pathways  for  each  DTI  sample  point  and  direct
comparisons  of  deterministic  and  probabilistic  tractogra-
phy  report  longer  ML-TP  distances  using  the  former  (mean
41  mm,  range  34—51  mm)  versus  the  latter  (mean  30  mm,
17—42  mm)  technique  (Nilsson  et  al.,  2010).  Others  have
reported  ML-TP  mean  distances  of  28  mm  (Sherbondy  et  al.,
2008)  30  mm  (Nilsson  et  al.,  2010)  and  35  mm  (Yogarajah
et  al.,  2009)  using  probabilistic  tractography.  Probabilis-
tic  measures  therefore  more  closely  approximate  values
(≤31.4  mm)  obtained  with  gold  standard  dissection  tech-
niques  (Choi  et  al.,  2006;  Ebeling  and  Reulen,  1988;  Pujari
et  al.,  2008;  Rubino,  2005).  Probabilistic  tractography  is  less
likely  to  underestimate  the  anterior  extent  of  ML  because
it  assigns  a  probability  function  to  multiple  local  pathway
orientations,  increasing  the  ability  to  track  fibre  trajecto-
ries  with  a  high  degree  of  curvature.  The  anterior  portion  of
ML  has  a  tightly  looping  trajectory,  which  means  fibres  may
fall  below  thresholds  for  angular  resolution  of  streamline
tracking  in  deterministic  methods.  Nevertheless,  the  use  of
deterministic  tractography  in  the  current  study  is  the  only
one  to  date  demonstrating  significant  hemispheric  asymmet-
ries  in  ML-TP,  TH  and  UF  distances.  Therefore  we  propose
that  probabilistic  methods  result  in  shorter  ML-TP  distances,
however,  both,  deterministic  and  probabilistic  tractography
will  demonstrate  significant  laterality  differences.

Limitations

The  main  limitation  of  this  study  is  that  the  measurements
reported  were  derived  from  deterministic  tractography  and
may  therefore  overestimate  the  ML-TP  distance.  Together
with  Nilsson  et  al.  (2007)  and  Wu  et  al.  (2012)  our  mean
distance  of  the  most  anterior  position  of  ML  is  at  least
1  cm  posterior  to  estimates  from  dissection  studies  (Ebeling
and  Reulen,  1988).  This  concern  attaches  to  the  absolute
distance  for  any  particular  measure  when  comparing  deter-
ministic  tractography  to  dissection  studies,  and  thus  our
measures  should  not  be  adopted  as  hard  guidelines  for
surgical  intervention.  Nevertheless  this  should  have  no  bear-
ing  on  the  relative  distances  when  comparisons  are  made
across  hemispheres  when  using  deterministic  tractography.
We  were  able  to  track  the  OR  and  its  three  component  bun-
dles  and  provide  evidence  that  supports  our  hypothesis  of
significant  hemispheric  asymmetries  of  ML.

Chen  et  al.  (2009)  demonstrated  that  there  was  consid-
erable  shifting  of  the  OR  during  surgery,  without  a  common
pattern  of  brain  shift.  Therefore  tractography  in  healthy  vol-
unteers  and  even  presurgical  tractography  in  TLE  patients
may  lead  to  erroneous  assumptions  about  the  exact  loca-
tion  of  ML.  Intra-operative  tractography  may  provide  further
insight  into  the  exact  location  of  ML  after  the  skull  has  been
opened  and  therefore  decrease  the  incidence  of  postopera-
tive  VFDs  in  TLE  patients  with  ATL  surgery.  However,  fast
and  accurate  tracking  algorithms  will  be  needed  to  provide
tractography  that  can  be  useful  within  a  clinical  time  frame.
Apart  from  tractography  analysis  methods,  there  are  MR
acquisition  factors  that  can  greatly  impact  the  signal  to  noise
ratio  (SNR)  and  thus  contribute  to  the  visualization  of  ML  in
this  study.  Magnetic  field  strength,  the  sequence  used,  the
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trength  of  the  gradients  and  the  number  of  gradient  direc-
ions,  the  type  of  coil,  the  voxel  size  and  the  use  of  parallel
maging  all  contribute  to  the  results  obtained  in  this  study
nd  have  been  thoroughly  reviewed  by  others  (Alexander
t  al.,  2006;  Mukherjee  et  al.,  2008).  We  obtained  small
sotropic  voxels,  used  four  averages  to  optimize  the  SNR,
pplied  parallel  imaging  (GRAPPA)  to  minimize  distortions
ssociated  with  EPI  sequences  and  applied  20  gradient  direc-
ions  to  visualize  the  OR  and  in  particular  the  anterior  extent
f  ML  in  our  study.

onclusion

n  conclusion,  we  have  demonstrated  that  deterministic
ractography  is  an  effective  tool  to  document  significant
emispheric  asymmetries  of  the  anterior  extent  of  ML  in

 group  of  twenty  healthy  volunteers.  This  asymmetry  was
urther  supported  by  the  anatomical  relationship  of  ML  with
he  TP,  TH  and  the  UF.  The  ML-UF  distance  measurements
alidated  the  ML  asymmetries  in  that  right  ML-UF  distances
ere  significantly  longer  than  left  ML-UF  distances.  Further-
ore  the  posterior  aspect  of  the  left  UF  was  in  very  close
roximity  (<1.9  mm)  to  the  anterior  extent  of  ML  in  50%  of
ur  subjects,  suggesting  that  left-sided  TLE  can  benefit  from
he  presurgical  visualization  of  both  ML  and  the  UF.
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