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Abstract
The 2 major language-relevant cortical regions in the human brain, Broca’s area and
Wernicke’s area, are connected via the fibers of the arcuate fasciculus/superior longitudinal
fasciculus (AF/SLF). Here, we compared this pathway in adults and children and its relation
to language processing during development. Comparison of fiber properties demonstrated
lower anisotropy in children’s AF/SLF, arguing for an immature status of this particular
pathway with conceivably a lower degree of myelination. Combined diffusion tensor imaging
(DTI) data and functional magnetic resonance imaging (fMRI) data indicated that in adults
the termination of the AF/SLF fiber projection is compatible with functional activation in
Broca’s area, that is pars opercularis. In children, activation in Broca’s area extended from
the pars opercularis into the pars triangularis revealing an alternative connection to the
temporal lobe (Wernicke’s area) via the ventrally projecting extreme capsule fiber system.
fMRI and DTI data converge to indicate that adults make use of a more confined language
network than children based on ongoing maturation of the structural network. Our data
suggest relations between language development and brain maturation and, moreover,
indicate the brain’s plasticity to adjust its function to available structural prerequisites.

Introduction
Language is a unique human capacity but its development in the brain remains largely
unexplained. Functional imaging studies in adults show that sentence comprehension is
supported by a frontotemporal network (Friederici 2002; Hashimoto and Sakai 2002; Hickok
and Poeppel 2007; Tyler and Marslen-Wilson 2008). The processing of grammatical
structures involves Broca’s area, in particular Brodmann Area (BA) 44 (Friederici,
Bahlmann, et al. 2006) and the posterior portion of Wernicke’s area (Bornkessel et al. 2005)
and a dynamic interplay between these 2 areas (Snijders et al. 2009). These 2 language
relevant brain regions are connected by fiber bundles that guarantee information
transmission. There seem to be substantial phylogenetic differences in the white matter fiber
pathways that connect the cortical circuits underlying language functions in humans.
Structural brain imaging data suggest distinctions between human and nonhuman primates in
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fiber tracts connecting the frontal and temporal brain areas. By combining microelectrode
recording with anatomical tract tracing, 2 functionally different pathways have been defined
in the macaque, these being a dorsal and a ventral route that connect the auditory cortex to the
prefrontal cortex (Romanski et al. 1999). Data revealed a ventral pathway running from the
inferior frontal gyrus (IFG) and insular cortex to the superior temporal gyrus and sulcus
(STG/STS) as the dominant pathway in the macaque, whereas a dorsal pathway from BA 44,
45, and 47 in the IFG to the posterior STG/STS and the middle temporal gyrus is dominant in
humans (Rilling et al. 2008). Nevertheless, both pathway connections are existent in the
human brain (Frey et al. 2008; Saur et al. 2008; Hua et al. 2009). The dorsal pathway
(Friederici, Bahlmann, et al. 2006; Rilling et al. 2008) is argued as a critical languagerelevant connection between the 2 brain regions that have been shown to support the
processing of syntactically complex sentences (Constable et al. 2004; Bornkessel et al. 2005).
Others take the ventral pathway to be the crucial one for language comprehension (Saur et al.
2008). The distinctive contributions of this dorsal and the ventral pathways to language
functions thus are still a matter of debate (Friederici 2009a, 2009b; Weiller et al. 2009).
Phylogenetic arguments derived from cross-species comparisons are important but can only
contribute indirectly to our understanding of the human language faculty (Ghazanfar 2008;
Petkov et al. 2009). An alternative route toward achieving more profound comprehension of
the brain basis of human language can be taken by simultaneously investigating ontogenetic
development of brain structures and brain functions of language in humans. The exact
location and extent of human white matter fiber pathways can be identified noninvasively in
vivo by means of diffusion tensor imaging (DTI). Based on structural properties of the tissue,
DTI measures water diffusion in the brain as well as its directional orientation (fractional
anisotropy, FA) and thus provides useful information about the anatomy of the brain’s fiber
pathways. Furthermore, DTI allows the explicit assessment of changes in white matter
maturation during ontogeny.
Structural maturation of fiber pathways in the brain is particularly characterized by increasing
myelination of fibers, which is reflected in DTI by an increase in FA during infancy and
childhood (Mukherjee et al. 2001; Barnea-Goraly et al. 2005; Dubois et al. 2008, Lebel et al.
2008). The process of initial myelination during human development is most pronounced
before the second year of life, but further condensation and agglomeration continue (Lenroot
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and Giedd 2006). These structural changes are accompanied by concurrent major
developmental changes in motor, sensory, executive, and cognitive functions.
The development of language functions is still under investigation. Behavioral data, for
example, indicate that the processing of syntactically complex sentences in particular, that is,
sentences with a noncanonical word order, occurs late. It has been demonstrated that objectfirst sentences (Dittmar et al. 2008) or passive sentences (Hahne et al. 2004) are not fully
understood before about age 7 years. From functional magnetic resonance imaging (fMRI)
data in adults, we know that the processing of noncanonical sentences recruit Broca’s area
(Stromswold 1996; Rogalsky et al. 2008), in particular BA 44, and the posterior STG/STS
(Bornkessel et al. 2005; Friederici, Fiebach, et al. 2006): 2 brain regions that are connected
via the dorsal pathway (Catani et al. 2005; Rilling et al. 2008). Our knowledge concerning the
functional neuroanatomy of language during development is still sparse. For auditory
language comprehension, pediatric fMRI data revealed functional and causal connectivity
between frontal and temporal regions (Wilke et al. 2009). Stronger activation in the language
relevant areas and beyond these for children compared with adults has been reported for
sentence processing (e.g., Gaillard et al. 2000; Brauer and Friederici 2007). However, the
pattern of development of functional brain activation seems complex including increases and
decreases of functional activation across brain regions during development (Rivera et al.
2005; Schlaggar and Church 2009) and a fine tuning and/or focalization of activation in task
relevant areas (Casey et al. 2005; Cohen Kadosh and Johnson 2007).
Here, we hypothesized that the human ability to successfully process sentences including
their inherent grammatical and semantic information might require a strong and fully
developed dorsal connection via the arcuate fasciculus/superior longitudinal fasciculus
(AF/SLF) associating Broca’s area to the posterior portion of the temporal cortex. DTI data
were acquired from 7-year-old children and adults to identify brain regions of ongoing
maturation in language-relevant areas by directly comparing fiber tract anatomy.
Additionally, fMRI data on a well-established language comprehension paradigm were
acquired to identify the brain areas that support auditory sentence processing in children and
adults (Brauer and Friederici 2007; Brauer et al. 2008). A combined analysis of fMRI and
DTI data converged functional and structural data.
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Materials and Methods
Participants
Seven-year-old children, recruited from local kindergartens by open letter, participated in the
study. Interested parents were invited for an informative meeting about the experiment and
procedures. They gave written informed consent, and children gave verbal assent prior to
assessment and scanning. Data from 12 children were obtained, 2 of which had to be
excluded from further analysis due to movement in the scanner during data acquisition. Thus,
data of 10 children (5 girls) were available (mean age 7.0 years, standard deviation [SD] 1.1,
range 5.6-8.7). Additionally, 10 adults (5 females, mean age 27.8 years, SD 2.7, range 24.432.4) participated in the study after informed consent. No participant had any history of
linguistic, neurological, or psychiatric disorders. Adult participants were students. Children
were checked for typical development in intellectual and language abilities. They scored
within the normal range on a nonverbal IQ test (Kaufman-Assessment Battery for Children,
Kaufman and Kaufman 1994) at IQ = 104.10 (SD 11.41), a syntactic/semantic subscale of a
language ability test (Heidelberger Sprachentwicklungstest, Grimm and Schoeler 1991) at T
= 55.20 (5.14), and the Child Behavior Checklist (Achenbach 1998) at T = 50.11 (5.37) (IQ
and T scores represent normalized test values as a projection onto an (age matched) reference
population described by a mean IQ of 100 [SD 15] and a mean T of 50 [SD 10]). All
participants were right handed and German native speakers. Protocols and procedures were
approved by the Research Ethics Committee of the University of Leipzig.
Materials
Stimulus material consisted of short German sentences in the active voice from an established
paradigm (Brauer and Friederici 2007; Brauer et al. 2008). The material included correct and
incorrect basic sentences (e.g., ‘‘The frog croaks,’’ ‘‘The lion in the zoo roars,’’ ‘‘The
yoghurt in tastes good,’’ or ‘‘The stone bleeds’’). Participants evaluated each sentence by an
acceptability judgment via button press.
For the purpose of auditory presentation, items were spoken by a trained female native
speaker in a well-pronounced, child-directed manner. All sentences were recorded and
digitized at 44.1 kHz, 16-bit mono. They had an average length of approximately 2 s. For
adults, the session contained 200 trials plus 25 null events, in which the blood oxygen level--
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dependent response was allowed to return to baseline state (Burock et al. 1998). For children,
the session contained 120 trials plus 15 null events. In all other ways, the procedure was the
same as that used for adults. Trials were presented every 8 s in a single session. In order to
rule out any effect of experiment length, a shorter experiment in adults was simulated post
hoc by truncating adults’ data sets after 135 volumes. There were no relevant changes in
activation results, particularly not for activation in Broca’s area. Thus, length of experiment
could not account for group differences in functional activation.
While listening to stimuli and during the entire measurement, participants could see a
aquarium screensaver with fishes swimming calmly across the scene. In order to obtain
increased signal-to-noise ratio, no distinction between syntactic and semantic information
processing was made. Rather, language stimulation in general was contrasted against resting
baseline (null events) since our main interest was general sentence processing (Brauer et al.
2008). Only correctly answered trials entered subsequent analyses.
Magnetic Resonance Imaging
fMRI and DTI data were acquired in separate sessions on a whole-body 3-T Magnetom Trio
scanner (Siemens). Diffusion-weighted data and high-resolution T1-weighted images were
obtained with an 8-channel head array coil. Diffusion-weighted images were obtained with a
twicerefocused spin echo-planar-imaging (EPI) sequence (Reese et al. 2003), time echo (TE)
100 ms, time repetition (TR) 12 s, 128 x 128 image matrix, and field of view (FOV) 220 x
220 mm2, providing 60 diffusion-encoding gradient directions with a b value of 1000 s/mm2.
Seven images without any diffusion weighting were obtained at the beginning of the scanning
sequence and after each block of 10 diffusion-weighted images as anatomical reference for
off-line motion correction. The interleaved measurement of 72 axial slices with 1.7-mm
thickness (no gap) covered the entire brain. Random noise in the data was reduced by
averaging three acquisitions. Additionally, fat saturation was employed together with 6/8
partial Fourier imaging, Hanning window filtering, and parallel acquisition (generalized
autocalibrating partially parallel acquisitions with reduction factor 2).
For functional measurements, a gradient-echo EPI sequence was applied (TE 30ms, flip angle
90°, TR 2 s, bandwidth 100 kHz, matrix 64 x 64 voxels, FOV 192 mm, in-plane resolution 3
x 3 mm) for 20 slices (slice thickness 4 mm, 1 mm gap). T1-weighted modified driven
equilibrium Fourier transform images (Ugurbil et al. 1993), matrix 256 x 256, TR 1.3 s, TE
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7.4 ms, with a nonslice-selective inversion pulse followed by a single excitation of each slice
(Norris 2000) were used for registration. For anatomical data, a T1-weighted 3D
magnetization-prepared rapid gradient echo sequence was obtained with magnetization
preparation consisting of a nonselective inversion pulse (TI 650 ms, TR 1.3 s, snapshot
FLASH 10 ms, TE 3.97 ms, angle 10, bandwidth 67 kHz, matrix 256 3 240, slab thickness
192 mm, sagittal orientation, spatial resolution 1 x 1 x 1.5 mm). To avoid aliasing,
oversampling was performed in read direction (head-foot).
Data Analysis
Data were processed using the software packages LIPSIA (Lohmann et al. 2001) and FSL
(Smith et al. 2004). T1-weighted structural scans were used for skull stripping, and the brain
images were then coregistered into Talairach space (Talairach and Tournoux 1988). Twentyone images without diffusion weighting distributed over the entire sequence were used to
estimate motion correction parameters using rigid-body transformations (Jenkinson et al.
2002). Motion correction for the 180 diffusion-weighted images was combined with a global
registration to the T1 anatomy computed using the same method. The gradient direction for
each volume was corrected using the rotation parameters. The registered images were
interpolated to the new reference frame with an isotropic voxel resolution of 1 mm, and the
three corresponding acquisitions and gradient directions were averaged. Finally, for each
voxel, a diffusion tensor was fitted to the data.
Classical methods such as voxel-wise analysis of DTI data can be affected by limitations,
particularly in the context of investigations into brain maturation. The registration method
may be restricted in its accuracy by low-dimensional transformations and the heterogeneity of
signal intensities in FA maps. Image smoothing and statistical thresholding are further
sources of artifacts (Jones et al. 2005). Therefore, in the present study tract-based spatial
statistics (TBSS) were applied that allows for the registering of data sets onto the core white
matter of one common target image (Smith et al. 2006).
A skeletonization algorithm that defined a group template for white matter tracts was applied,
and normalized individual maps were projected onto this template. Skeletonization was
employed for cerebral white matter without the cerebellum and thalamus. The cerebellum
was omitted since it was not entirely included in the FOV region during scanning. The
thalamus was likewise omitted, as this structure is an intermingled mixture of gray matter
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nuclei and smaller white matter structures, and the focus of the study was the main fiber tract
pathways in cerebral white matter, particularly frontotemporal connections.
Voxelwise statistic on the white matter skeleton was used, and correction for multiple
comparisons across voxels was realized by permutation testing generating corrected clusterbased P values. Clusters of P < 0.05 were regarded as differing significantly between groups.
Anatomical connectivity and fiber orientation in human brain white matter was investigated
by fiber tracking to compute the connectivity between cortical brain areas from the diffusion
tensor maps (Anwander et al. 2007). Mean DTI data averaged for each group were examined
by a whole-brain deterministic fiber tracking. The measured diffusion images for each group
were aligned by nonlinear registration and combined to one data set. A diffusion tensor was
fitted to the combined data resulting in one averaged diffusion tensor of each voxel in each
group. In that way, the averaging is integrated implicitly in the tensorfitting procedure to
avoid averaging of diffusion tensors. The reconstruction algorithm used the entire diffusion
tensor to deflect the estimated fiber trajectory (Lazar et al. 2003) as implemented in
MedINRIA according to Fillard et al. (2007). Fiber trajectories were started in all voxels
(voxel size: 1 mm3) with a FA > 0.13. All fibers crossing a seed volume were selected as
white matter connections for a single seed point.
T1 images were normalized on a common source space, and motion artifacts were ruled out
to contribute to any group differences in functional or diffusion results (see Supplementary
Material). Statistical evaluation of functional activation was based on a general linear
regression with prewhitening (Worsley et al. 2002). Autocorrelation parameters were
estimated from the least squares residuals using Yule-Walker equations. These parameters
were subsequently used to whiten both data and design matrix. Finally, the linear model was
re-estimated using least squares on the whitened data to produce estimates of effects and their
standard errors. The design matrix was generated with a synthetic hemodynamic response
function (Josephs et al. 1997; Friston et al. 1998) and its first and second derivatives. Motion
correction parameters and stimulus duration were included as regressors. For each
participant, one contrast image was generated to represent the main effect of sentence
presentation versus baseline. Individual functional data sets were aligned with the stereotactic
reference space.
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Single-participant contrast images were entered into a second-level random-effects analysis
consisting of a 1-sample t-test across the contrast images of all subjects to indicate whether
observed differences between conditions differed significantly from zero. Subsequently, t
values were transformed into z scores. Group maps were thresholded at z > 3.09 (P < 0.001,
uncorrected). In order to control for cumulating alpha errors, only clusters with a volume
greater than 270 mm3 (equivalent to 10 voxels) were considered. Blobs of activation were
analyzed in more detail by extracting clusters around local maxima of activity. Local maxima
were identified by peak activation within a search diameter of 6 voxels (18 mm) in any
direction. For a separate analysis, Broca’s area was defined as a primary volume of interest
(VOI) for further investigation in order to define seed voxels for the reconstruction of fiber
bundles. Within this VOI, local maxima were identified and beta values were compared
across the 2 groups. A 2-sample t-test was conducted for identifying significant betweengroup differences.

Results
DTI: TBSS
We first explored differences in white matter FA between adults and children on the basis of
TBSS (Smith et al. 2006). Direct comparison of FA between adults and children revealed
significant differences in a number of regions including perisylvian white matter pathways.
Particularly along the dorsal connection between frontal and temporal cortical regions (AF/
SLF), a number of locations indicated differences in FA between groups (see Supplementary
Figs 1 and 2, Supplementary Table 1). Underlying language-relevant cortical areas, group
differences were observed in the white matter of the IFG and the middle and posterior part of
the STG/STS (see Fig. 1) extending down to the border to MTG. In sum, these data argue for
weaker axonal fiber connections and/or less myelination of language-relevant fibers in
children compared with adults.
In order to identify affected fiber pathways more specifically, the language-relevant regions
of significant FA differences between groups (IFG, STG/STS) were selected as seed regions
of interest for a fiber tracking analysis. Results revealed that the 2 regions are directly
interconnected via 2 independent connections, a dorsal pathway via the AF/SLF and a ventral
pathway via the extreme capsule fiber system (ECFS) (Fig. 2). An additional analysis also
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captured both connections, the AF/ SLF pathway and the ECFS pathway, when investigating
the 2 groups separately.

Figure 1: TBSS results for differences between adults and children. The figure represents a
mean FA image with the white matter skeleton superimposed (in green). Regions of significant
differences between groups are highlighted in red and filled into the local tract region of the
mean FA image. They indicate lower FA in children compared with adults (P < 0.05, corrected)
in the underlying white matter skeleton. Differences between groups are particularly found in
Broca’s (IFG) and Wernicke’s language regions (STG/STS down to the MTG). The figure is
displayed in 2 sagittal views and 1 axial view. Lines indicate location of the corresponding
sections.

Figure 2: Fiber tracking of the DTI data averaged over both groups for the language relevant
regions in IFG (frontal cluster) and STG/STS down to the MTG (temporal cluster) that showed
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significant group differences in FA between adults and children in the white matter skeleton in
TBSS. Fibers crossing both regions were regarded interconnecting bundles. The tracking
reveals that these regions are connected via 2 separate white matter pathways, a dorsal
connection via AF/SLF (in yellow) and a ventral connection via the ECFS (in blue). The
pathways connecting the 2 significant regions (red) are shown onto the transparent smoothed
white matter skeleton. The temporal cluster includes indications for the borders between STG,
STS, and MTG.

fMRI Data
In a second step, these results of structural differences in white matter between adults and
children were compared with functional activation patterns during language processing
obtained from the same participants in a separate session. Behavioral task performance on a
sentence comprehension task revealed no significant group differences but a trend in response
correctness. Both groups showed high performance rates: adults 91.2% (SD 1.5), children
86.7% (SD 7.8), t1,9 = 2.18 (P = 0.06).
Functional data revealed activation in IFG and in STG/STS and also in further brain regions
in both groups (see Fig. 3 and Supplementary Table 2A and 2B). IFG activation in adults in
Broca’s area was located in the dorsal portion of BA 44 with a maximum at –53, 13, 15
(Talairach coordinates, Talairach and Tournoux 1988, see Fig. 3C, upper row). In children,
IFG activation included BA 44 and also the more anterior portion of Broca’s area BA 45 with
a maximum located at –53, 22, 12 in BA 45 (see Fig. 3A, upper row). Direct comparison
between groups in BA 44 and in BA 45 demonstrated stronger activation in children than in
adults in BA 45 at –53, 22, 12 (t1,9 = 3.92, P < 0.001), while in BA 44 no difference was
found (t1,9 = 1.01, P = 0.17), that is, adults did not show stronger involvement than children in
neither subregions of Broca’s area (Fig. 3B).
Comparing DTI and fMRI Data
The involvement of Broca’s area was further explored by DTI-based tractography seeded on
the gray-to-white matter border that was located closest to the functional activation maxima
in BA 44 and in BA 45 in the IFG. For the BA 44 activation maximum retrieved from adults
at -53, 13, 15, the tractography seed point originated at -48, 10, 15. For the BA 45 activation
maximum retrieved from children and the direct group comparison at -53, 22, 12, the seed
point originated at -42, 22, 10. Tractography indicated a dorsal pathway from BA 44 via the
AF/SLF connecting the activated area in the IFG with the STG/STS. For the BA 45 seeding,
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tractography revealed a ventral pathway running from the IFG through the ECFS to the STG/
STS (see Fig. 3, lower row).
Fiber tracking was cross-validated for both seeds. In children as well as in adults, tracking
was seeded in both locations (BA 44 and BA 45) within Broca’s area as described above.
Results captured for both groups the dorsal pathway via the AF/SLF when tracking from the
BA 44 seed and the ventral pathway via the ECFS when tracking from the BA 45 seed (see
Supplementary Figure 3). Furthermore, tractography using a crossing fiber model (Behrens et
al. 2007) revealed again the same dominant connections from BA 44 to AF/SLF and from BA
45 to the ECFS (see Supplementary Fig. 4). Hence, the fiber tracking reflects valid
differences between adults and 7-year olds in the underlying connectivity of functionally
recruited cortical areas in Broca’s area (BA 44 and BA 45) that connect to STG/STS by
separate pathways.

Figure 3: Functional activation during auditory language processing and corresponding
tractography of fiber tract connections underlying activated regions in Broca’s area. Upper
row: activation z maps for children and adults during sentence comprehension versus resting
baseline on a T1 reference brain. Both groups activated areas in the perisylvian cortex in the
IFG (Broca’s area) and in the STG/STS (Wernicke’s area). Second-level analysis for both
groups resulted with parametric maps of z scores showing local maxima within the inferior
frontal activation in BA 45 (-53, 22, 12, blue quadrant) for children (A) and in BA 44 (-53, 13,
15, yellow quadrant) for adults (C) (see also Supplementary Table 2A and 2B). Direct
comparison (2-sample t-test) between groups in Broca’s area (B) revealed that children involved
BA 45 (-53, 22, 12) in addition to BA 44 activation, while adults did not show any stronger
activation than children. These results indicate that children make use of both BA 44 and BA 45
in Broca’s area, while adults recruit BA 44 only. Lower row: tractography in group averaged
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DTI data based on functional activation in Broca’s area with seed points (turquoise dots) in BA
45 (activation in children and direct group contrast, A,B) and BA 44 (activation in adults, C).
Tracking result of activation in children captured the ECFS (in blue), a ventral connection
between inferior frontal and superior temporal areas. Tracking result of activation in adults
captured the AF/SLF (in yellow), a dorsal connection between these areas. In children (A), also
the dorsal connection is displayed as a result of a tractography seeded in the adults’ activation
maximum. Functional data implicate that children make use of the ventral connection in
addition to the dorsal connection that was revealed for adults. The size of the seed voxels was 3 x
3 x 3 mm.

Discussion
The present findings indicate that the brain’s language network in children has not yet
reached the same confined status as in adults. Rather, when processing sentence, 7-year-old
children rely on alternative pathways connecting the cortical areas involved in language
processing. Functional activation during auditory language comprehension demonstrates that
adults employ the posterior portion of Broca’s area (BA 44), that is, pars opercularis, while
the main center of activation for children is found in the anterior portion of Broca’s area (BA
45), that is, pars triangularis. Direct comparison of functional recruitment between adults and
children reveals that BA 44 is activated in both adults and children, but that BA 45 of Broca’s
area is additionally activated in children. These results suggest that in children, pars
opercularis alone does not suffice to accomplish the task of comprehending language. Rather,
children appear to need supplementary cortical involvement within Broca’s area. This is
achieved by recruiting pars triangularis. Thus, it appears that children make use of their
dorsal pathway to the temporal cortex, but since this is not sufficient due to its immaturity,
they extent their frontotemporal connection network by making additional use of a ventral
connection via the ECFS which already is more mature.
Previous DTI studies in adults reported convincing results by tracking white matter
connections for coordinates as reported in existing functional studies on activation during
language tasks (e.g., Glasser and Rilling 2008). Our methodology is supposedly even more
accurate since we used functional and diffusion data from the identical group of participants.
Tractography data of these centers of language processing in both groups reveal that the
observed activation differences reflect the use of 2 separate pathways connecting the frontal
and the temporal language areas. Children make additional use of BA 45, which connects via
the ventral pathway along ECFS to the temporal cortex. Adults who, in contrast to children,
primarily activate BA 44 rely on the dorsal pathway connecting inferior frontal and superior
temporal language areas via the AF/SLF. In accordance with a previous study, this entire
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dorsal pathway is labeled AF/SLF (Saur et al. 2008) since it is still not yet possible to reliably
distinguish between single fibers that are contained in the fiber bundles of AF and of SLF that
both originate in Broca’s area, but which appear to terminate in different cortical regions
(Catani et al. 2005; Rilling et al. 2008). It is known from monkey and human data that in this
dorsal connection the SLF, probably with its subdivisions SLF II and SLF III, coexists with
the AF (Makris et al. 2005; Petrides and Pandya 2006; Schmahmann et al. 2007; Frey et al.
2008). This dorsal pathway, which is dominant in human adults, appears to be functionally
insufficient in children. The main reason for the supplementary use of the ventral pathway in
the language network in young children might be the immature nature of the main connection
via the AF/SLF. Direct comparison of fiber tract anisotropy of white matter fiber pathways
supports this view. Children show lower values of FA in several white matter regions. For the
perisylvian language-relevant region, these age-related differences show up particularly along
the dorsal frontotemporal connection via the AF/SLF. Tractography results suggest that the
dorsal connection to the temporal lobe includes direct connections to the STG/STS in both
groups. However, Figure 3 (lower panel) seems to suggest between-group differences with
much stronger terminations of the dorsal connection to the STG/STS in adults. Perhaps, it
could be specifically a missing branch of the fiber tract that is least developed in children (cf.
Supplementary Figure 3). A closer investigation of this finding, however, by tracking the 2
groups individually seeded from the whole FA difference clusters did not reveal a strong
support for such connectivity differences between adults and children.
The ventral and the dorsal perisylvian pathways are expressed differently in humans and
other primates. A ventral pathway along the ECFS has been described in the monkey brain
(Romanski et al. 1999) and in humans (Frey et al. 2008; Hua et al. 2009; Makris and Pandya
2009). The dorsal pathway differs between human and nonhuman primates. In the monkey,
the dorsal connection includes fibers from different subpathways of SLF and AF (Petrides
and Pandya 2006; Schmahmann et al. 2007). For the initial parts of the dorsal connection, this
appears to also be valid for the human brain (Makris et al. 2005; Frey et al. 2008). However,
humans differ from nonhuman primates in that the former display stronger terminations in the
posterior temporal cortex (Rilling et al. 2008).
It is interesting to note that the dorsal pathway in humans shows a very early asymmetry
toward the language-dominant hemisphere already in infants (Dubois et al. 2009), while on
the other hand it is among those white matter fiber connections that fully mature only very
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late in human ontogeny (Giorgio et al. 2008). The present data argue for an immature
AF/SLF in 7-year-old children compared with adults as measured by FA. It is particularly
this dorsal fiber connection that shows agerelated FA differences in several sections along its
pathway. The structural distinction of the adult brain and the developing brain converges with
functional activation differences in corresponding cortical language areas during sentence
comprehension.
It has been shown that FA in language-related brain regions can predict performance in
language-related tasks (Flo¨ el et al. 2009). Reduced FA, as observed in children, is probably
a result of an immature axonal and myelination status (Paus 2010), which is likely to hamper
the speed and accuracy of information transmission in these fasciculi (Jones 2004). Since
impulse synchrony is important for neuronal association (Hebb 1949) and information
processing (Gollisch and Meister 2008), timing and precision parameters become crucial for
optimal behavioral and mental performance and also learning. Our results appear to
correspond to results reporting correlations between FA and cognitive development
(Schmithorst et al. 2005) and also to data on cognitive decline in aging that show additional
recruitment of cortical areas and concurrent decline in white matter FA that seem to associate
to loss of cognitive capacities (Persson et al. 2006). From a distributed network perspective
on brain organization, more difficult information transfer between cortical regions based on
immature white matter would lead to either smaller and more local networks in children (Fair
et al. 2009) or, where this is not possible, to usage of additional network connections as we
observed in our study. Activation differences between adults and children might reflect
effects of task experience, attention, or strategy, even when behavioral outcomes are
comparable. As proposed in a model on development of functional brain activation,
experience might be a factor that interacts independently with both brain morphology and
functional activation in relevant brain regions (Lu et al. 2009). Likewise, it is not possible to
exclude differences in maturational or environmental individual histories between our
samples of adults and children that could potentially contribute to the group differences as
described above.
Language processing involves whole networks of brain areas (for reviews, see Vigneau et al.
2006; Hickok and Poeppel 2007; Doehrmann and Naumer 2008). The meta-analysis of
Vigneau et al. (2006) indicates that the left IFG and the temporal cortex are the regions that
support sentence processing. By focusing on activation peaks in Broca’s area in our study, we
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leave other areas also important for language comprehension undiscussed (for comprehensive
data, see Supplementary Table 2A and 2B). Insofar, the activation clusters in BA 44 and BA
45 of Broca’s area are not the only areas involved in sentence processing but certainly
necessary parts of the network supporting the processing of human language.
Our findings raise the question of causal relations between structure and function. On the one
hand, functional processing of language might be regarded as being dependent on existing
structural prerequisites, hence arguing for a structure-tofunction causal relationship. Causal
influences of white matter structure on function can be concluded from studies on white
matter effects on neurotransmitter functions (Roy et al. 2007) and from myelin-derived
effects on axonal and synaptic growth (McKerracher and Winton 2002). Such interpretations
of structure-to-function relations are, for example, entertained for the effects of structural
corpus callosum connections on the perception of speech (Westerhausen et al. 2009). Viewed
from this perspective, the present findings would argue for a deviating functional connection
between Broca’s and Wernicke’s language regions in the developing brain. As long as the
main fiber connection between these regions via the AF/ SLF is not yet fully mature,
supplementary processing centers (in Broca’s area BA 45) and communication pathways (via
the ECFS) between the cortical areas involved in language comprehension are needed.
On the other hand, changes and adjustments in brain structure are subject to influence by
functional use. This might also hold for processes of maturation and development, thus
arguing for a function-to-structure causal relationship. From this perspective, the present
findings would indicate that during development, increasing use of language-related brain
circuits and ongoing experience shape the language network with the AF/SLF finally being
the most important connection between Broca’s and Wernicke’s regions in the mature
language processing system. Such effects of practice and experience on white matter brain
structures during development were observed for nonhuman mammals (Markham and
Greenough 2004) and also for human infants (Als et al. 2004). Myelinational plasticity of
white matter structures could therefore be regarded as providing a gliagenic mechanism of
behavioral adaptation and learning that corresponds to the neuronal mechanism of synaptic
plasticity. This viewpoint rests upon empirical findings supporting the assumption of
environmental effects on white matter morphology (Fields 2008).
Final conclusions on structure--function causalities, however, are premature and need to be
drawn with caution (Aslin and Schlaggar 2006). Rather, a synthesis of both points of view,
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structure-to-function versus function-to-structure causal relations, might be the basis for
learning and adaptation throughout the entire life cycle. During development and maturation,
the brain concentrates processing capacities onto functional subsystems that are embodied in
cortical regions and their corresponding white matter connections that are hence
strengthened. These specialized regions and their connections form networks that in turn
allow faster and more efficient information exchange. Beyond these considerations
concerning the relationship of development and brain maturation, the present results also
emphasize the brain’s universal functional flexibility by defining alternative functional
networks according to the structural options at its disposal.

Notes
The authors thank Marc Tittgemeyer for helpful comments on study design and Yves von
Cramon, Roberto Cozatl, and Karsten Mu¨ ller for helpful comments on a previous version of
the manuscript.
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Supplementary Methods
For a careful approach of comparing child and adult brain imaging data, we tested the option of a
joint image normalization for children and adults on a common standard space in order to conduct
direct statistical comparison. White matter group differences between children and adults were
compared statistically for FA image deformation on a joint normalization including both groups.
Deformational vector fields were obtained for a nonlinear normalization on a common standard
space. The target image for this procedure was selected on the basis of mutual alignment of every
FA image on every other to identify the most representative FA image for the whole sample
according to Smith et al. (2006). Values of image distortions for alignment were extracted and for
each voxel in each individual FA image and compared on the basis of a repeated measures
2 (Group) × 3 (Dimension) GLM. Results revealed no main effect for Group [F(1, 17) < 1], nor
Dimension [F(2, 34) = 1.1, p = 0.33], nor a significant interaction [F(2, 34) < 1]. Thus, there were
no differences between groups in the amount of image distortion for nonlinear normalization on a
common source model. These results support the conclusion of low between-subject variance
regarding the white matter tract alignment, even between children and adults. Accordingly, both
groups were normalized on a common standard space.

Nonlinear normalization was also compared for whole brain T1 images. The same individual data as
for the FA images alignment which was closest to the entire group mean served as source image for
the normalization of T1 images. Values of image distortion were extracted for each voxel and
compared statistically on basis of a repeated measures 2 (Group) × 3 (Dimension) GLM. There was
no main effect for Group [F(1, 17) < 1] and also main effect for Dimension [F(2, 34) < 1], nor a
significant interaction [F(2, 34) < 1]. Thus, also for cortical normalization, the brains of children at
this age are comparable to adult brains and both groups could be normalized on a common brain.
This result is in accordance with previous conclusions about the possibility of a direct comparison
between adults and children at age 7 on a common stereotactic space (Burgund ED et al. 2002).
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Children are more likely to produce head motion during MR scanning (Yuan W et al. 2009). In
order to avoid artifacts in the results, we were cautious with possible effects of motion. We
controlled for motion in the functional MR data by (i) inspecting each single dataset for movement
artefacts, (ii) applying a motion correction algorithm up to 3 mm (1 voxel) or otherwise iii)
excluding children with too much movement, and (iv) including motion parameters into the GLM.
The diffusion weighted images were controlled in a similar way. The data was controlled for motion
artefacts and corrected for subject motion using interleaved non diffusion weighted images (after
each block of 10 diffusion weightings). The motion correction parameters were interpolated to all
intermediate images and the diffusion directions were corrected for subject rotation before
averaging three repetitions. In one subject, the rotation was bigger than 5°. To avoid angular
blurring of the data from the three repeated acquisition of the same diffusion direction affected by
the subject rotation, the three acquisitions were not averaged in this subject, but the tensor was
computed from all individual measurements, which is more robust in this case. The quality of the
motion correction was controlled by checking motion-sensitive anatomical landmarks in the DTI
image like the anterior commissure. Moreover, motion estimates were statistically compared
between groups in an repeated measurements ANOVA. For functional data, there was an interaction
between group and the dimension of dislocation, F(1,18) = 9.20, P < 0.01, indicating that
translations and rotations contributed differently to overall movement between groups. However,
there was no group main effect in movement F(1,18) < 1. For diffusion data, there was again no
group main effect, F(1,18) < 1, nor an interaction, F(1,18) < 1. Hence, the contribution of motion
differences between groups can be neglected to contribute to observed group differences in either
functional or diffusion data.
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Supplementary Figure 1: Tract-based spatial statistics (TBSS) comparing cerebral white matter
tracts between adults and children. Images display axial slicing through the mean fractional
anisotropy (FA) image. Each slice is indexed by the Talairach z-coordinate. The white matter
skeleton is superimposed on the images (in black). Regions in red indicate significant FA
differences between adults and children (p < .05, corrected) and are filled into the local tract region.
Skeletonization was processed for whole cerebral white matter (without thalamus and cerebellum).
See Supplementary Figure 2 for a comprehensive list of regions with significant FA differences
between groups.
Supplementary Figure 2: TBSS results for the adults vs. children contrast in FA. The figure lists
regions with significant differences in FA between adults and children (p < .05, corrected). See
Supplementary Table 2 for location and cluster size information for each region. Abbreviations:
ACR = anterior corona radiata, CC = corpus callosum, CST = corticospinal tract, IC = internal
capsule, IFG = inferior frontal gyrus, ILF = inferior longitudinal fasciculus, L = left, R = right, SLF
= superior longitudinal fasciculus, SMA = supplementary motor area, STG = superior temporal
gyrus, PCG = precentral gyrus, PCR = posterior corona radiate.
Supplementary Figure 3: Fiber tracking in both groups based on the two distinct activation
maxima as observed for adults and children. The data show that white matter connections are
similar for children and adults. Also children show the dorsal connection via the AF/SLF when
seeding for the adults’ maximum activation center. Likewise, also adults show the ventral
connection via the ECFS when seeding for the children’s maximum activation center. Thus,
functional activation differences between adults and children are indeed related to alternative
connections between IFG and STG/STS in both groups. The size of the seed voxels was 3 x 3 x 3
mm.
Supplementary Figure 4: Probabilistic tractography using a crossing fiber model for projections
from BA 45 (left panel) and BA 44 (right panel). Images display sagittal (upper row) and coronal
slices (lower row) of a T1 weighted anatomical image in several slices. Each slice is indexed by the
Talairach coordinate. The group probability fiber connection map for BA 44 and BA 45 is
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superimposed on the images. The color indicates the number of subjects with a pathway at that
voxel. These maps were generated from individual probabilistic tractograms (10.000 tracts) and
binarized with a minimum of 10 tracts per voxel. The binary tractograms were aligned by nonlinear
normalization using the corresponding FA images and combined to a group probability map. The
results agree with the single tensor model findings by revealing dominant connections from BA 44
to AF/SLF and from BA 45 to the ECFS. In addition, BA 44 connects to the rostral supplementary
motor area (pre SMA), and BA 45 connects to the Thalamus via the anterior thalamic radiation
(ATR).
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Supplementary Figure 2
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Supplementary Figure 3

Supplementary Figure 4
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Supplementary Table 1: The table lists regions of significant white matter differences (P < .05,
corrected) in FA between adults and children including location (Talairach coordinates) and cluster
size (in mm³). All regions indicated lower FA values in children than in adults (cf. Supplementary
Figure 1). There was no region with higher FA in children than in adults. Abbreviations: ACR =
anterior corona radiata, CC = corpus callosum, CST = corticospinal tract, IC = internal capsule, IFG
= inferior frontal gyrus, ILF = inferior longitudinal fasciculus, GM = gray matter, L = left, R =
right, SLF = superior longitudinal fasciculus, SMA = supplementary motor area, STG = superior
temporal gyrus, PCG = precentral gyrus, PCR = posterior corona radiate.

Region

Location (x y z)

Size in mm³

L IFG (ant AF/SLF)

-45

22

17

96

L vent PCG (AF/SLF)

-45

-1

27

194

L cent sulcus (AF/SLF)

-32

-18

35

144

L cent STG (ILF)

-43

-18

1

497

L post STG (AF/SLF, ILF)

-49

-28

12

82

L int capsule (genu of IC)

-13

-3

6

204

L int capsule (postvent IC)

-15

-28

6

165

L SMA (CC)

-14

-2

54

91

R vent postcent gyrus (AF/SLF)

47

-13

35

78

R vent PCG (AF/SLF)

44

-4

34

83

R inf pariet lobule (AF/SLF)

29

-35

32

86

R cent STG (ILF)

38

-10

-6

156

R post STG (AF/SLF, ILF)

46

-25

9

372

R dors PCG (CST)

18

-21

59

114

R dors postcent gyrus (CST)

24

-33

60

96

R post MFG (ACR)

25

13

43

85

R precuneus (PCR)

8

-56

36

136

R dors cuneus (PCR, PTR)

11

-82

29

100

R cingulum (cingulum)

8

-7

31

363

R tapetum (PCR)

22

-45

25

174

R CC (genu of CC)

11

25

2

138
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Supplementary Table 2A: Gray matter brain regions reliably activated in adults listed with
Brodmann areas (BAs), location in Talairach coordinates (x, y, z), and maximum z-value for the
main contrast of sentence comprehension against resting baseline (null events).

Left Hemisphere

Region

Right Hemisphere

BA

Location

Z-max

Inferior Frontal Gyrus

44

-53 13 15

4.25

Inferior Frontal Gyrus

47

-47 22 -3

4.29

Frontal Operculum

47

-32 25 6

5.48

-23 16 18

4.29

-56 -20 6

6.06

Frontal Operculum
Sup Temp Gyrus

41

Sup Temp Gyrus
Precentral Gyrus

6

-50 -2 48

3.76

Precentral Gyrus
Postcentral Gyrus

2

-53 -23 33

3.98

Sup Front Gyrus

6

-2 13 51

5.01

Med Front Gyrus
Insula

13

-32 -35 24

5.00

Inf Pariet Cortex

40

-53 -35 54

3.64

Cuneus

19

-2 -95 24

4.30

Cuneus

17

-11 -77 9

4.18

Precuneus

7

-5 -74 54

4.14

Cingulate Cortex

30

-23 -62 9

4.31

Cingulate Cortex

32

-8 19 36

4.99

-20 -8 6

4.25

Basal Ganglia
Basal Ganglia
Fusiform Gyrus

37

BA

Location

Z-max

31 16 3

5.14

41

49 -26 9

6.02

38

52

4 -6

4.75

6

25 -14 57

4.04

6

43 -2 42

3.62

10

28 46 24

3.92

6

10 -5 54

3.75

7

7 -83 48

4.43

32

10 19 33

4.41

25 -11 -6

4.59

7 10 0

4.19

-38 -53 -9

4.12

Claustrum

-35 -8 -9

4.62

28 1 21

4.84

Cerebellum

-11 -44 -21

4.52

13 -65 -15

4.77

Cerebellum

-38 -62 -18

5.13

Cerebellum

-11 -68 -24

4.08
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Supplementary Table 2B: Gray matter brain regions reliably activated in children listed with
Brodmann areas (BAs), location in Talairach coordinates (x, y, z), and maximum z-value for the
main contrast of sentence comprehension against resting baseline (null events).

Left Hemisphere

Region

Right Hemisphere

BA

Location

Z-max

BA

Location

Z-max

Inferior frontal gyrus

45

-53 22 12

3.99

44

58 13 15

4.56

Inferior frontal gyrus

47

-50 22 -9

4.17

47

22 10 -21

4.20

-23 19 -6

4.02

31 16 0

4.55

38

46 19 -12

4.39

22

46 -23 0

5.13

20

49 -2 -33

4.39

46

55 34 15

4.18

Frontal Operculum
Sup Front Gyrus

10

-14 61 24

3.49

Sup Front Gyrus

6

-11 13 48

4.59

Sup Temp Gyrus

38

-32 13 -21

3.69

Sup Temp Gyrus
Mid Temp Gyrus

22

-62 -41 6

4.97

Inf Temp Gyrus
Mid Front Gyrus

9

-38 10 24

3.83

Precentral Gyrus

6

-59 4 21

4.79

Precentral Gyrus

6

-44 -5 48

4.12

6

34 -8 51

3.94

Postcentral Gyrus

3

-38 -20 45

3.84

3

34 -23 45

4.41

Paracentral Cortex

31

-5 -17 48

3.85

Sup Pariet Cortex

7

-29 -59 42

3.73

Inf Pariet Cortex

40

-38 -44 45

3.67

40

43 -35 39

4.22

-8 -2 15

3.68

Cingulate Cortex

31

19 -29 39

4.23

Cingulate Cortex

32

4 28 24

3.61

Cingulate Cortex

24

7 13 27

3.94

Precuneus

7

13 -68 39

4.27

19

16 -62 0

4.38

20

52 -23 -24

3.80

28

25 -11 -30

4.07

Basal Ganglia

Lingual Gyrus

17

-11 -92 -3

4.19

Fusiform Gyrus

20

-35 -38 -18

3.49

Fusiform Gyrus

20

-38 -26 -27

4.82

Uncus
Cerebellum

-8 -29 -18

3.77

43 -56 -39

3.65

Cerebellum

-44 -62 -45

4.15

16 -77 -45

4.30
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