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Abstract: Visual perceptual skills are basically mature by the age of 7 years. White matter, however, con-
tinues to develop until late adolescence. Here, we examined children (aged 5–7 years) and adults (aged
20–30 years) using diffusion tensor imaging (DTI) fiber tracking to investigate the microstructural matu-
ration of the visual system. We characterized the brain volumes, DTI indices, and architecture of visual
fiber tracts passing through white matter structures adjacent to occipital and parietal cortex (dorsal
stream), and to occipital and temporal cortex (ventral stream). Dorsal, but not ventral visual stream path-
ways were found to increase in volume during maturation. DTI indices revealed expected maturational
differences, manifested as decreased mean and radial diffusivities and increased fractional anisotropy in
both streams. Additionally, fractional anisotropy was increased and radial diffusivity was decreased in
the adult dorsal stream, which can be explained by specific dorsal stream myelination or increasing fiber
compaction. Adult dorsal stream architecture showed additional intra- and interhemispheric connec-
tions: Dorsal fibers penetrated into contralateral hemispheres via commissural structures and projection
fibers extended to the superior temporal gyrus and ventral association pathways. Moreover, intra-hemi-
spheric connectivity was particularly strong in adult dorsal stream of the right hemisphere. Ventral
stream architecture also differed between adults and children. Adults revealed additional connections to
posterior lateral areas (occipital-temporal gyrus), whereas children showed connections to posterior
medial areas (posterior parahippocampal and lingual gyrus). Hence, in addition to dorsal stream myeli-
nation or fiber compaction, progressing maturation of intra- and interhemispheric connectivity may con-
tribute to the development of the visual system. Hum Brain Mapp 32:935–946, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Visual perception shows a rapid rate of maturation dur-
ing the first years of life. However, visual perceptual func-
tions seem to differ in the speed of development and some
visual perceptual skills may not be mature until adoles-
cence [Atkinson, 2000]. Recent studies have attempted to
investigate the underlying mechanisms of visual develop-
ment by looking at the course of development of function-
ally specialized brain areas. Mature visual systems were
found to be segregated into two functionally specialized
pathways, the occipitoparietal or ‘‘dorsal’’ stream and the
occipitotemporal or ‘‘ventral’’ stream [Haxby et al., 1991;
Hubel and Livingstone, 1987; Ungerleider and Mishkin,
1982]. Dorsal stream functions are associated with spatial
processing and the control of visually guided actions,
while ventral stream functions are committed to percep-
tual identification [Goodale and Milner, 1992]. It has been
shown that children at the age of 7 years are able to iden-
tify objects or biological stimuli such as humans or ani-
mals even on the basis of scarce visual information
[Pavlova et al., 2001]. High-order perceptual functions,
however, such as detection of biological stimuli based on
point-light motion within noise, visual-spatial integration,
or detection of objects under uncommon viewpoints, may
not mature until late adolescence or early adulthood
[Freire et al., 2006; Jüttner et al., 2006; Kovács et al., 1999;
Rentschler et al., 2004].

The anatomical foundations underlying visual develop-
ment remain unclear. Some studies on visual development
suggested that one of the streams may mature later than
the other without providing neuroimaging evidence for
this effect [Jüttner et al., 2006; Kovács et al., 1999; Rent-
schler et al., 2004]. In a few cases, functional brain imaging
studies have demonstrated that dorsal stream areas de-
velop late [Klaver et al., 2008; Lichtensteiger et al., 2008],
but specialized areas related to perceptual identification
and memory of faces and objects within the ventral stream
have also been shown to be immature at age 7 [Gathers
et al., 2004; Golarai et al., 2007]. One important way to
investigate large scale functional networks is by searching
for the white matter connections underlying these net-
works [Gong et al., 2009]. To our knowledge, no previous
studies have compared the development of the dorsal and
ventral streams directly, or looked at the development of
the connectivity between these streams.

Since DTI enables the detection and evaluation of white-
matter microstructure, it is a valuable tool for investigating
typical and atypical changes during white matter matura-
tion [Barnea-Goraly et al., 2005; Ben Bashat et al., 2005;
Hüppi et al., 2001; Lebel et al., 2008; Mukherjee et al.,
2001; Paus et al., 1999]. Previous studies have revealed
age-related increases in fiber tract volumes within several
major trajectories, including those within the visual sys-
tem. Since there is evidence that the fiber density does not
increase after birth the aggrandising fiber volume is
thought to originate from the ongoing axonal myelination,

resulting in an overall increase of fiber diameters [Jito
et al., 2008; LaMantia and Rakic, 1990; Paus et al., 2001].
Along with the protracted structural arrangement of fibers
into tight bundles and increasing white matter volumes
those maturational processes strongly modulate observable
changes in DTI measurements, resulting in increasing frac-
tional anisotropy (FA) and axial diffusivity (AD) along
with reduced radial diffusivity (RD) and mean diffusivity
(MD) [Hasan et al., 2009; Lebel et al., 2008; Morriss et al.,
1999; Suzuki et al., 2003].

To date, just a few DTI studies have focused on the de-
velopment of the visual system and related white matter
maturation for high order visual functions such as visual
working memory or visual search. These studies have
shown that trajectories mature late in a broad network,
including connections between parietal and frontal regions
[Klingberg, 2006; Mabbott et al., 2006]. Studies on the
microstructural development of the corpus callosum (CC)
have suggested that abundant reorganization takes place
in the splenium of the CC [Innocenti et al., 1995]. The sple-
nium is comprised of myelinated fibers that connect occi-
pital, parietal, and temporal brain regions and may play
an important role in visual development during childhood
and adolescence [Hasan et al., 2009]. In addition, FA was
recently found to increase in most major tracts in the brain
from age 5 to age 30 years [Lebel et al., 2008]. The authors
defined mature fiber tracts as those demonstrating 90% of
its maturational plateau in FA. They reported that associa-
tion fibers in the inferior longitudinal fascicle (ILF) fin-
ished maturation earlier than commissural fibers, while
projection fibers were found to mature latest. Their results
opposed those of earlier studies who suggested a different
sequence of development based on WM maturation in
term born or preterm born infants [Partridge et al., 2004;
Shimony et al., 1999]. A second important suggestion was
that the FA increase was highest in the thalamus and in
cortical WM. The authors suggested that the FA increase
in major tracts might finish earlier than the FA increase in
the start and end points of trajectories, due to late rear-
rangement of white matter connections bordering on gray
matter structures.

To capture visual stream fiber connections in this study,
we assumed that fiber connections pass through white
matter structures adjacent to occipital and parietal gray
matter (dorsal stream), and between occipital and tempo-
ral gray matter (ventral stream) [Haxby et al., 1991; Unger-
leider and Mishkin, 1982]. The ventral stream may be
supported by U-curved fibers connecting nearby cortico-
cortical regions within the temporal lobe, and the ILF
[Conturo et al., 1999]. By contrast, the dorsal stream does
not appear to be supported by major white matter connec-
tions between occipital and parietal white matter but may
be supported by either U-curved fibers or long range
fibers that have the visual system as trajectory destination
[Mori et al., 2005]. Gong et al. reported that bilateral pre-
cuneus and middle occipital gyrus are important hubs
connecting cortical structures. The connections between
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parietal and occipital cortex were suggested to contain
inter- and intrahemispheric fiber trajectories, but they did
not explicitly report the specific anatomical structures con-
tributing to these connections [Gong et al., 2009]. For our
purpose, we did not want to restrict our search for dorsal
and ventral visual pathways to predefined white matter
fiber structures. Hence, we chose to segment dorsal and
ventral streams based on cortical, rather than on white
matter structures. Next, we identified adjacent white mat-
ter structures by region growing and performed a two
ROI approach for fiber tracking between seeds and targets
(and the reverse for validation) within each visual stream
and in each hemisphere separately [Mori and van Zijl,
2002]. Finally, we segmented the principal white matter
structures to identify those white matter structures over-
lapping with the dorsal and ventral streams [Conturo
et al., 1999; Mori et al., 2005; Wakana et al., 2004]. Brod-
mann area 7 (BA7) was chosen as a target cortical struc-
ture for the dorsal stream since BA7 is cytoarchitecturally
regarded as an undifferentiated precursor zone for all pa-
rietal areas and is functionally associated with dorsal vis-
ual processing [Haxby et al., 1991; Milner and Goodale,
1995; Orban et al., 2006; Waberski et al., 2008]. Brodmann
area 37 (BA37) is anatomically adequately located and has
the appropriate functional properties to be regarded as a
ventral stream area [Grill-Spector et al., 2008; Haxby et al.,
1991; Milner and Goodale, 1995]. Although the primary
visual cortex would be an ideal starting point for the dor-
sal and ventral streams, our fiber tracking algorithm did
not resolve connections between closely connected regions
(BA17, 18, and 19) within the occipital cortex. To avoid
losing connections, we combined these areas in a single
region. Children (age 5–7 years) and adults (age 20–32
years) were compared with each other to identify quantita-
tive DTI properties of each visual stream and to investi-
gate qualitative differences in microstructural architecture
of dorsal and ventral streams. We hypothesized an
increase of fiber tract volumes and maturational differen-
ces of the fiber architecture of both visual streams. On the
basis of findings that parietal WM structures mature late
and temporal WM structures such as the inferior longitu-
dinal fasciculus mature early, we expected both effects to
be more pronounced within the dorsal stream [Klingberg,
2006; Lebel et al., 2008]. We further hypothesized develop-
mental changes in the main DTI indices, i.e. age-related
decreases in MD and RD and increases in FA and AD,
with different microstructural and developmental charac-
teristics between the two visual pathways.

METHODS

Participants

Twelve normally achieving children (mean age: 6.6 yrs,
range: 5.4–7.8 yrs, 4 females) and 12 adults (mean age: 27.9
yrs, range: 20.2–32.9 yrs, 6 females) participated in the

study after recruitment from local primary schools and the
local community. All participants were right-handed as
assessed by the Edinburgh Handedness Inventory. Data
from one child were excluded, due to extensive head
motion during the scan. To improve compliance, alleviate
anxiety, and to reduce head motion, children were first
introduced to the scanning procedure by a cartoon. Next,
a teddy bear was positioned on the scanner table to
explain and simulate the scanning procedure. They could
view a short movie via video-goggles during scanning and
were given a book voucher in appreciation for their partic-
ipation. Adult participants received financial compensa-
tion. The study was approved by the ethics committee of
the University and the State of Zurich. All adult subjects
and the legal guardians of the children gave written
informed consent consistent with the Declaration of
Helsinki.

Data Acquisition and Analysis

DTI was performed on a 3.0T whole-body MR system
using a standard eight-channel array head coil. Images
were sampled along 21 different encoding directions by
repeating with a diffusion-weighted single-shot double-
spin-echo sequence. An effective b-value of 1,000 s/mm2

was used for each of the 21 directions. To allow post hoc
motion correction, five additional b0 measurements with a
b-value of 0s/mm2 were interleaved with the diffusion
encoding scans. The DTI scan parameters were: repetition
time (TR): 12.5 s, echo time (TE): 99.2 ms, image matrix
size: 128 � 128, and FOV: 220 � 220 mm2. Thirty-nine con-
tiguous 3-mm thick axial images were acquired parallel to
the anteroposterior commissural line. All participants
additionally volunteered for a functional MRI study. These
fMRI data are published elsewhere [Lichtensteiger et al.,
2008].

DTI data processing and fiber tracking was performed
in the native space of each subject. The five interleaved b0
volumes were motion corrected using an affine algorithm.
Resulting transformation matrices were stepwise applied
to the subsequent diffusion encoded image volumes (Dif-
fusion Toolbox, sourceforge.net/projects/spmtools, SPM5,
www.fil.ion.ucl.ac.uk/spm). Diffusion tensors, FA, MD,
AD, and RD maps were calculated using the same soft-
ware. Tensor data and maps of the diffusion indices were
then transformed into a data format amenable to the
DTI&Fiber Tools software package for fiber tracking and
visualization [Kreher et al., 2005] using an in-house Mat-
labTM interface. A deterministic fiber tracking algorithm
[Mori et al., 1999] was applied to the whole brain by plac-
ing one fiber seed at the centre of each voxel of the data
volume. To identify the main cerebral fiber skeleton, the
following stop criteria were applied: FA value drops
below 0.2 or MD exceeds 0.002. Fibers were also termi-
nated if the angle between the principal eigenvectors of
adjacent voxels exceeded 53.1� [Kreher et al., 2005].
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Cerebral brain and fiber volumes were estimated to con-
trol for global anatomical differences between age groups.
Cerebral brain volumes were estimated by masking the
individual DTI brain volumes with the standard Montreal
Neurological Institute (MNI) brain mask. This procedure
involved transformation of the MNI brain mask into native
subject space, skull stripping the volumes, removal of the
cerebellum by using a mask that was defined in WFU
Pickatlas v.2.4 [Maldjian et al., 2003], segmenting the vol-
umes into gray matter, white matter and cerebrospinal
fluid, and counting the total number of voxels of the
resulting gray matter. Cerebral fiber volumes were derived
from the individual FA volumes by applying the criteria
used for fiber tracking (FA > 0.2; MD < 0.002). Cerebral
brain and fiber volumes were tested for group differences
by means of independent samples t-test statistics.
Reported volumes were not corrected for brain volumes,
since total brain volume did not show significant differen-
ces between groups. Testing the volumes by applying cor-
rected values did not change the results.

To analyse properties of visual system fiber trajectories,
a set of anatomical gray matter regions-of-interest (ROI)
were generated, depicting early visual processing areas
(BA17, BA18, and BA19) as well as dorsal (BA7) and ven-
tral (BA37) visual areas, for each hemisphere separately
using WFU Pickatlas. ROIs were transferred into native
subject space using inverted deformation fields based on
the transformation matrices from MNI space normalization
of the individual mean b0 images (SPM5 Deformations
utility). Next, ROIs underwent region growing only within
white matter until a white matter ROI volume of 1 cm3

was reached. Individual ROI volumes were transformed
into DTI&Fiber Tools data format and used as seed and
target regions in a two-ROI-approach to select correspond-
ing fibers [Mori and van Zijl, 2002]. Trajectories of the left
dorsal stream were determined between white matter
ROIs adjacent to left parietal (BA7) and occipital (BA17,
BA18, and BA19) ROIs. Similarly, the right dorsal stream
was determined for the right hemisphere ROIs. Trajecto-
ries of the ventral streams were determined between white
matter ROIs adjacent to temporal (BA37) and occipital
(BA17, BA18, and BA19) ROIs within each hemisphere.
White matter ROIs served as seeds and targets in the two-
ROI approach to verify the algorithm. There was no signif-
icant difference either way the algorithm was applied. Bi-
nary visit-masks of all fiber tracts were estimated and
transferred from each subject’s native space into common
MNI space by applying the transformation matrix
obtained from nonlinear normalization of the mean b0
images. These visit-masks, representing all voxels inter-
secting with fibers of a specific tract, were used to extract
fiber tract volume (number of voxels) and specific DTI
indices (FA, MD, AD, and RD). We applied Gaussian fit-
ting to test for the distribution of indices across voxels
within each individual visit-mask and found median val-
ues to best represent the data. DTI indices were statisti-
cally analyzed within SPSS v.14.0 applying repeated

measures ANOVA with within-subjects variables path
(dorsal, ventral) and hemisphere (right, left), and between-
subjects factor group (children, adults). Post hoc t-test
analysis was used to further specify developmental differ-
ences. Applying a Bonferroni correction for multiple com-
parisons to obtain an alpha level of 0.05 resulted in a
statistical threshold for significance of P < 0.00625.

To characterize maturation of visual system WM archi-
tecture, the following steps were undertaken. First, visit-
masks were group-wise averaged to obtain fiber tract
probability maps for the left and right dorsal and ventral
visual streams. Second, a threshold of 60% within-group
concordance was applied. Third, the resulting binary
group visit-masks were segmented into fiber structure
compartments. In accordance with previous work describ-
ing visual temporal lobe connections [Catani et al., 2003],
the following fiber structures were tracked to parcel the
individual ventral and dorsal streams into tract compart-
ments: posterior corpus callosum (PCC), posterior thalamic
radiation (PTR), inferior longitudinal fascicle (ILF), inferior
fronto-occipital fascicle (IFO), and superior longitudinal
fascicle (SLF) [Conturo et al., 1999; Mori et al., 2002]. Unci-
nate fasciculus, posterior region of the corona radiate, and
anterior thalamic radiation were also tracked, but not
reported here since no tracts of the dorsal or ventral visual
streams were found to overlap with these structures.
Finally, to test developmental differences in the fiber com-
position and connectivity of the dorsal and ventral visual
pathways, the contribution of each aforementioned ana-
tomical tract compartment and the overlap between ana-
tomical tract compartments were logically compared
between age groups. This analysis is thought to provide a
descriptive estimation of anatomical differences in fiber
tractography between adults and children.

RESULTS

Tract Volumes

Table I shows volume properties of the whole brain
(gray and white matter), total white matter, and dorsal
and ventral visual stream fiber tracts. Cerebral volumes
showed no significant group difference and visual stream
fiber tract volumes also revealed no significant difference
between children and adults. Repeated measures ANOVA
on visual stream fiber tract volumes yielded a significant
difference in path (F1.21 ¼ 19.77, P < 0.001) and in the
interaction between path and group (F1.21 ¼ 10.67, P <
0.005). Dorsal stream fiber tract volumes were larger in
adults than in children, while ventral stream tract volumes
did not differ between groups (dorsal: t21 ¼ �3.41, P <
0.005; ventral: t21 ¼ �0.53, P > 0.5). Paired t-test analysis
on path revealed significantly larger dorsal than ventral
stream fiber tract volumes for adults only (adults: t11 ¼
5.71, P < 0.001; children: t10 ¼ 0.80, P > 0.1). No signifi-
cant volume differences between hemispheres or interac-
tions with group were found.
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DTI Indices

Figure 1A–D shows FA, MD, AD, and RD for each age
group, visual stream, and hemisphere.

Fractional anisotropy

Mean FA of the visual streams seems to be higher for
adults than for children and age-related differences seem
more pronounced within the dorsal streams than the ven-
tral streams. These observations were confirmed by
repeated measures ANOVA, which exhibited a significant
main effect for the between-subject factor group (F1.21 ¼
14.03, P ¼ 0.001) and interaction between path and group
(F1.21 ¼ 5.50, P < 0.029). Additionally, the within-subject
factors path (F1.21 ¼ 40.34, P < 0.001) and hemisphere
were significant (F1.21 ¼ 11.54, P ¼ 0.003), indicating
higher FA values for dorsal than ventral stream fiber
tracts and higher FA values for right than left hemisphere
tracts.

Mean diffusivity

Higher MD indices were found for children than adults
(group: F1.21 ¼ 18.20, P < 0.001) and for ventral stream
more than for dorsal stream (path: F1.21 ¼ 39.69, P <
0.001). A significant interaction path by hemisphere (F1.21
¼ 32.47, P < 0.001) indicated higher ventral than dorsal
stream indices in the left hemisphere.

Axial diffusivity

Mean AD for adults and children seemed to differ
between pathways as confirmed by a significant interac-
tion between path and group (F1.21 ¼ 10.00, P ¼ 0.005).
This may be due to a larger difference between AD values
of adult dorsal and ventral stream, or because ventral
stream AD values tended to be lower for adults than for
children. Furthermore, the right dorsal stream yielded

large AD values as revealed by a significant interaction
between path and hemisphere (F1.21 ¼ 33.13, P < 0.001).
Main effects of path (F1.21 ¼ 141.42, P < 0.001) and hemi-
sphere (F1.21 ¼ 14.06, P ¼ 0.001) were also significant.

Radial diffusivity

Mean RD was higher for children than adults (group:
F1.21 ¼ 22.03, P < 0.001) and for ventral stream more than
for dorsal stream (path: F1.21 ¼ 72.22, P < 0.001). A signifi-
cant interaction was found between path and group (F1.21
¼ 5.34, P ¼ 0.031), indicating that RD differences between
age groups were larger in the dorsal than ventral stream.
The main effect of hemisphere (F1.21 ¼ 9.06, P ¼ 0.007) and
interaction between path and hemisphere (F1.21 ¼ 5.76, P
¼ 0.026) were also significant.

Fiber Architecture

Figure 2 shows visual stream fiber tract structures in
each hemisphere that are common to all subjects or exclu-
sively present in adults or children. Tables II and III show
statistics of the number of voxels that overlap between an-
atomical and visual stream fiber tract structures, and
between anatomical fiber tract structures within each vis-
ual stream fiber tract structure, respectively.

Left dorsal stream

Common fiber tracts for adults and children were found
in WM structures adjacent to the left cuneus, left middle
occipital gyrus (MOG), left middle temporal gyrus (MTG),
bilateral precuneus, and inferior parietal lobule. Partial
overlap was found with WM structures of the PCC and
left PTR. Fibers of the left PTR and PCC partly over-
lapped. Adults showed additional fiber structures adjacent
to the left cuneus, right BA19, bilateral posterior cingulate
gyrus, MTG, BA18, and BA7. These fibers reflected mainly
enlarged core fiber skeletons in the PCC and bilateral PTR.

TABLE I. Mean cerebral volumes, white matter volumes, and fiber tract volumes of children and adults

Group Mean volume [voxel] SD (volume) [voxel] t Sig. (2-tailed)

Total cerebral volume children 122,269.36 18,255.197 �0.242 P ¼ 0.811
adults 124,036.42 16,820.065

Total white matter volume children 62,819.36 10,707.647 �0.775 P ¼ 0.447
adults 66,017.83 9,075.95

dorsal stream fiber tract volume children 764.36 456.064 �3.407 P ¼ 0.003*
adults 1,295.17 277.377

ventral stream fiber tract volume children 677.46 265.924 �0.527 P ¼ 0.604
adults 728.33 194.644

Group differences were estimated by means of independent sample t-test (children vs. adults) statistics. One voxel corresponds to
8.875 mm3.
*P < 0.00625 is regarded to be significant after Bonferroni’s correction for multiple comparisons.
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Fibers of the PCC were found to partially overlap with
bilateral PTR. Children showed additional fibers adjacent
to the left MOG, BA7, cuneus, and precuneus. These struc-
tures overlapped with the PCC, left PTR, ILF, and SLF,
but about 50% of these fibers could not be unambiguously
identified.

Right dorsal stream

Common fiber tracts in adults and children include
WM structures adjacent to right cuneus, precuneus,
MOG, and MTG, bordering right extrastriate visual areas
(BA18 and BA19), dorsal posterior cingulate (BA31), and
superior parietal lobule (BA7). These fiber tracts were

mostly comprised of the PCC but also included smaller
portions of the right ILF and bilateral PTR. A partial
overlap was found between fiber structures of the PCC
and right PTR, PCC and right ILF, right PTR and ILF.
Adults revealed fiber tracts adjacent to the contralateral
agranular retrolimbic cortex (BA30), right primary visual
cortex (BA17), and superior temporal gyrus. The increase
in volume accompanied an overlap with PCC, bilateral
PTR, ILF, and IFO. The PCC showed an overlap with
bilateral PTR, but more importantly, dorsal tracts pene-
trated into temporal lobe regions by showing overlap of
the PCC and PTR with bilateral IFO and ILF. Children
revealed only additional fiber structures overlapping with
the PCC.

Figure 1.

Bar graphs of (A) mean FA, (B) mean MD, (C) mean AD, and (D) mean RD for the left dorsal,

right dorsal, left ventral, and right ventral visual streams of children (dark gray) and adults (light

gray). Presented values represent mean group indices derived from the union of the adult and

children group visit-masks after applying a threshold of 60% within-group concordance. Error

bars symbolize standard deviations.
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Left ventral stream

Fiber tracts common in adults and children were located
adjacent to left inferior temporal gyrus (ITG), MOG, para-
hippocampal gyrus (PHG), and fusiform gyrus (FG). They
bordered BA19, BA20, BA36, and BA37. The tracts partly
overlapped with left ILF, IFO, and PTR. Note that ILF and
IFO are contiguous in a great part of their trajectory result-
ing in large overlap of volumes. A small tract part over-
lapped with the SLF. Adults revealed exclusive fibers next
to left inferior occipital gyrus (IOG) and BA36 that over-
lapped with IFO, ILF, and PTR. Children yielded addi-
tional bundles adjacent to left lingual gyrus (BA18), ITG
(BA20), and PHG (BA36) that also overlapped with IFO,
ILF, and PTR.

Right ventral stream

Fiber tracts common to both groups encompassed right
hemisphere WM structures next to MTG, IOG, PHG, and
FG, that bordered on BA7, BA18, BA19, and BA31. The
structure included parts of right ILF, IFO, and PTR. Adults
exclusively revealed mainly tracts next to right BA36 and
BA37 that overlapped with ILF, IFO, and PTR, while chil-
dren yielded exclusive fiber bundles adjacent to the right
lingual gyrus and BA21 that also overlapped with ILF,
IFO, and PTR.

DISCUSSION

The aim of this study was to investigate the microstruc-
tural development of dorsal and ventral visual streams. In
line with our hypothesis, we found evidence for age differ-
ences in volume and DTI parameters particularly in the
dorsal stream. A novel finding was that maturation is
reflected in the fiber connectivity of both visual pathways.
The dorsal stream fiber architecture showed age differen-
ces in terms of greater inter-hemispheric connectivity and
augmenting connections between dorsal and ventral
streams. The ventral visual stream of children was almost
adult-like, although the trajectories within the ventral
stream suggested reorganization between children and
adults of the fiber pathways from medial to lateral tempo-
ral cortex.

White Matter Indices of the Visual System

Age-dependent white matter indices support and extend
previous results on fiber development [Giedd et al., 1999;
Hasan et al., 2009; Lebel et al., 2008; Paus et al., 2001].
Core fiber skeletons increased in volume by a factor 2 to 3
for PCC fiber bundles and by 1.5 to 2 for PTR fibers within
the dorsal stream. Ventral stream structures did not
change in volume. Volume changes were more prominent
within the right dorsal streams and may partly reflect pro-
tracted fiber myelination of commissural and projection
trajectories. Fiber diameters are known to range from

Figure 2.

Dorsal (A) and ventral streams (B) (neurological convention, axial

view) representing voxels with 60% or more within group con-

cordance. Common fiber tracts of both groups are marked in yel-

low; fibers exclusively found in adults are red and those exclusively

found in children blue. Labels refer to areas of major differences in

the fiber architecture of adults (red) and children (blue) as

described in the text. Dorsal streams are separately displayed for

left (top) and right (bottom) streams. As left and right ventral

stream structures do not overlap they are combined in one figure.

2A-top: (1) left middle temporal gyrus (MTG), (2) left cuneus, (3)

bilateral posterior cingulate gyrus (PCG), (4) bilateral inferior pari-

etal lobule (IPL), (5) right MTG, (6) bilateral BA18, (7) right BA19,

(8) left middle occipital gyrus (MOG), (9) left BA7, cuneus, and

precuneus; 2A-bottom: (1) right BA17, (2) left BA30, (3) right

STG, (4) right BA19. 2B: (1) right BA36, (2) right BA37, (3) right

lingual gyrus, (4) right BA21, (5) left IOG, (6) left BA36, (7) left

BA18, (8) left BA20, (9) left BA36. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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about 0.1 lm for nonmyelinated to 0.4–5.0 lm for myelin-
ated axons [Aboitiz et al., 1992], which could well account
for the volume changes. We further observed an age-
related increase in FA and a decrease in MD and RD
within both visual streams. FA increase and RD decrease
were particularly strong in the dorsal stream. These find-
ings extend earlier findings about development of major
trajectories. Most important trajectories that were found to
be part of dorsal (PCC and PTR) and ventral streams (IFO
and ILF) increase in FA and decrease in MD between 5
and 30 years [Lebel et al., 2008]. Lebel et al. showed that
the FA in the ILF increased most rapidly between 5 and 7
years, and remained stable after age seven. It therefore
seems plausible that FA does not increase much in ILF in
our group, since the average age was 6 years. Hence, the
early maturation of the ILF may account for the small dif-
ference in FA within the ventral visual stream between
age groups in our study. The reduction in RD fits with the
hypothesis that unrestricted myelination decreases unre-
stricted extra-axonal water, resulting in a higher decrease
in RD compared with AD [Suzuki et al., 2003]. The finding
that AD tended to decrease in the ventral stream and
increase in the dorsal stream may reflect differences in the
gradation of axonal flow [Suzuki et al., 2003] or fiber com-
pactness [Van Essen, 1997] that accompanies maturation.

Age-related hemispheric differences were not found for
the DTI indices. However, children and adults both
revealed lateralization effects for MD and AD between
the dorsal streams. Independent of age both diffusivities
were higher within the right hemisphere. To our knowl-
edge no previous study on comparable WM structures
reported hemispheric differences in any of the DTI indi-
ces [Bonekamp et al., 2007; Snook et al., 2005]. One possi-
ble explanation is that the observed pattern of changes in
MD and AD reflect hemispheric differences in fiber pack-
ing [Van Essen, 1997]. However, we consider this

unlikely. Rather, we suggest that the overlap of the right
dorsal stream with few main WM structures may account
for the high alignment and structural organization of the
dorsal stream. By contrast, the high number of adjacent
and crossing trajectories in the ventral stream and close
alignment to cortical structures may reduce AD. Never-
theless, further studies are warranted to explain these
effects.

Connectivity Within the Visual System

Generally, the ventral stream followed the expected
overlap with the ILF and IFO along the temporal lobe. In
contrast, the dorsal stream did not follow the direct way
between the occipital and parietal lobes, as would have
been expected on the basis of functional imaging data
[Haxby et al., 1991; Orban et al., 2006]. Rather, we found
fibers that penetrated through white matter structures in
occipital and parietal lobes and run along the main struc-
tures of the PCC and PTR. As can be seen in Figure 2,
these dorsal stream fibers share the thalamic respectively
contralateral destinations of these tracts. This is in line
with previous results from adult DTI data and postmor-
tem anatomy showing PTR and PCC fibers that partially
cross borders between occipital and parietal white matter
structures [Mori et al., 2002]. Our data also support and
extend results reported by Gong et al. They showed that
precuneus and middle occipital cortex serve as important
‘‘hubs’’ for connecting networks of cortical structures
within and beyond the visual system. These hubs take
advantage of both inter and intracortical fiber trajectories
[Gong et al., 2009]. On the basis of our data, one might
hypothesize that age related differences in the dorsal
stream also affect connectivity between these hubs.

TABLE II. Composition of dorsal and ventral visual fiber streams [posterior corpus callosum (PCC), posterior

thalamic radiation (PTR), inferior longitudinal fasciculus (ILF), inferior fronto-occipital fasciculus (IFO), and

superior longitudinal fasciculus (SLF)]

Path Hemisphere Group Total
Not

identified
Right
SLF

Left
SLF

Right
PTR

Left
PTR

Right
ILF

Left
ILF

Right
IFO

Left
IFO

Bilateral
PCC

Dorsal Right Common (children and adults) 569 — — — 59 1 18 — — — 519
Exclusively adults 1,302 — — — 150 113 46 40 21 2 1,210
Exclusively children 60 36 — — — — — — — — 24

Left Common (children and adults) 698 — — — 1 110 — 6 — — 586
Exclusively adults 938 135 — — 59 22 1 6 - - 715
Exclusively children 193 91 — 3 — 66 — 13 — — 20

Ventral Right Common (children and adults) 734 — — — 16 — 633 — 336 — 1
Exclusively adults 240 87 — — 19 — 104 — 30 — —
Exclusively children 253 — — — 14 — 214 — 96 — —

Left Common (children and adults) 574 — — 4 — 26 — 553 — 313 —
Exclusively adults 268 — — 4 — 31 — 185 — 95 6
Exclusively children 441 — — 2 — 33 — 358 — 158 —

Values represent volumes (in voxels, 1 voxel ¼¼ 8.875 mm3) of contributing anatomical fiber structures.
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Developmental changes of fiber architecture were found
within both visual pathways. The dorsal stream undergoes
major architectural changes between age 6 and adulthood.
We observed a larger number of inter-hemispheric fiber
connections in both left and right dorsal streams. Here, the
tracking algorithm found more fibers in adults than in
children across callosal fibers into structures that over-
lapped with ipsilateral association and projection fibers in
the ipsilateral and contralateral hemisphere. This pattern
was particularly prominent within the right hemisphere
dorsal visual stream where more fibers were found in
adults than in children in bilateral parietal, temporal, and
occipital structures. One possibility is that fibers are con-
nected to each other through axonal synapses [Innocenti
et al., 1995]. Alternatively, pruning may facilitate finding
fiber solutions as reduction of fiber crossing and kissing
decreases ambiguity in microstructural organization within
voxels [Mori and van Zijl, 2002]. In any case, the observa-
tion that interhemisphere connectivity is higher in adults
than in children is consistent with studies on development
of the CC [Hasan et al., 2009]. The finding that adults
showed additional fibers in ipsilateral structures of the
IFO and ILF is new and suggests that intrahemispheric
connectivity increases between childhood and adulthood,
but the functional relevance of this finding needs to be
investigated further. One hypothesis is that higher cogni-
tive functions, including the development of dorsal stream
function, require organized inter and intrahemisphere con-
nectivity [Aboitiz and Montiel, 2003; Baizer et al., 1991].
The development of these functional networks may not be
mature at age 6 [Freire et al., 2006; Klaver et al., 2008;
Kovács et al., 1999; Lichtensteiger et al., 2008].

The core fiber skeletons of ventral stream tracts did not
differ between the two age groups. However, the spatial or-
ganization of fiber tracts neighboring right-hemisphere
temporal cortical structures showed high variations
between groups. Adult subjects showed additional fiber
bundles adjacent to the right temporo-occipital junction,
i.e., to areas that are specialized for processing different
visual semantic categories [Grill-Spector, 2003]. This result
is in line with behavioral and neuroimaging studies on the
development of processing visual semantic categories
[Gathers et al., 2004; Golarai et al., 2007; Klaver et al., 2008;
Lichtensteiger et al., 2008]. Adults also showed more fiber
tracts adjacent to the left inferior occipital gyrus, while the
children’s ventral stream tracts extended further toward
the left lingual areas BA18 and BA19. Although the func-
tionality of the architectural reorganization cannot be veri-
fied in this study, the additional trajectories between adult
left lateral temporal cortex and anterior temporal cortex
may support functional connectivity between areas special-
ized for processing visual word forms and language
[Mechelli et al., 2005; Price, 2000; van der Mark et al., 2009].

There are some limitations to this study. (1) We applied
a deterministic fiber tracking approach, which, although
widely used, has limitations for resolving crossing fibers
[Mori and van Zijl, 2002]. (2) The use of a semiautomatic

parcellation algorithm for the fiber structures may fail to
exactly determine every tract across subjects. Individual
anatomical variations may, thus, lead to either the exclu-
sion of fibers of a particular tract or to the inclusions of
fibers from other fiber structures. (3) The cross-sectional
design of the study limits the detection of subtle changes
due to inter-subject variation. (4) The large difference in
age between groups allows no validation of subtle differ-
ences of the time-course during maturation. (5) The rela-
tively small sample sizes of our cohorts reduce the
statistical power of the study. (6) The unbalanced gender
distribution of the paediatric group (7 male, 4 female) may
have influence on the interpretation, particularly of the
tract volumes. Schmithorst et al. [2008] recently provided
evidence for significant gender differences in DTI indices
of occipital, parietal, and temporal regions in children and
adolescents. The limited sample size of our study did not
allow for meaningful gender comparison. Hence, our
results on DTI indices might be slightly detracted by the
unequal gender populations. (7) Present data show high
between-subject (tract volumes) and within-subject (DTI
indices distribution across voxels) variability. To account
for the differences in tract architecture, we allowed liberal
inter-subject concordance levels of 60% for group visit-
mask definition. To test for individual indices distribution
across voxels, we applied Gaussian fitting and found me-
dian values to best represent the data. (8) One may argue
that main differences between visual streams can be
explained by the major trajectories and global develop-
mental differences between fiber types or between inter
and intrahemisphere connectivity. However, any global
developmental difference between fiber types will influ-
ence the development of the visual streams, but will not
limit our findings regarding the maturation of the visual
system. Furthermore, analyzing and reporting develop-
mental differences for each tract is beyond the scope of
this paper and has already been reported by Lebel et al.
[2008]. Also the earlier reports that association tracts
mature later than other tracts are probably not valid, since
ILF contains early maturing association fibers [Lebel et al.,
2008]. (9) The regions of interest were chosen on the basis
of functional imaging data [Haxby et al., 1991]. We have
no behavioral data that support the functionality of the
chosen regions. Further studies are required to resolve link
between structural and functional maturation. (10) One
might argue that general increase in FA might cause the
tractography algorithm to identify generally larger tracts
in the brain. However, this argument seems unlikely since
we found different architectural differences between adults
and children that cannot be explained by a general FA dif-
ference, and we found more extensive trajectories in adult
right dorsal stream, although adult FA did not differ
between left and right dorsal streams. (11) Finally, it is dif-
ficult to interpret differences in FA between groups in
fiber structures that contain more than one major fiber
tract. For example, Lebel et al. [2008] reported different
age related changes in FA within the PTR and PCC, where
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PTR showed a protracted development as compared with
the PCC. This suggests that FA changes may be stronger
within the PTR than in the PCC although these structures
largely overlap. This is also in line with Hasan et al. [2009]
who found age-related changes in RD but not in FA in
PCC. In line with these studies, we suggest that age
related FA differences in the dorsal visual stream relates
to maturation of the PTR, whereas the finding that more
fibers passed the PCC in adults than in children may
relate to the reduced RD in the PCC.

To summarize, we found core WM fiber tract skeletons
for the ventral and dorsal visual streams to be present in
children with an average age of 6 years. The dorsal stream
tract volumes increase significantly between childhood
and adulthood and dorsal fibers extended into structures
of the commissural and contralateral projection trajectories.
In contrast, the volumes of the ventral pathways already
reach adult-like sizes at the age of 7 years. Children exclu-
sively presented ventral stream fiber bundles to lingual
visual areas that may prune until adulthood due to experi-
ence-based plasticity. Ventral stream connections to the
right fusiform and parahippocampal gyri seem to be not
yet completely established in children. These findings pro-
vide additional insight into the maturational differences in
visual development provided by DTI indices.
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