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Introduction
The neural architecture supporting cognition is increasingly
being conceptualized as a complex distributed system (e.g.,
McIntosh 2004; Catani 2007). In other words, functional
specialization is not simply an intrinsic property of individual
regions that compute speciﬁc representations and/or computations in isolation, but rather is an emergent property of the
interactions between a set of spatially distributed nodes and
their functional and structural connections to one another
(e.g., Haxby et al. 2000; Gobbini and Haxby 2007; Vuilleumier
and Pourtois 2007). Consequently, there is an emerging emphasis on characterizing the properties of broad, spatially distributed networks, including the functional and structural
properties of both the nodes and the connections between
these nodes. The goal of the current investigation was to begin
to understand the developmental emergence of these network
characteristics and we do so using the integrated circuit mediating face perception as the model domain. Given that the
face/object processing network has been identiﬁed as a core
functional brain network (Mesulam 1990), studying its development provides a unique opportunity to uncover its emerging
dynamics and to elucidate the development of complex distributed circuits, more generally.
© The Author 2013. Published by Oxford University Press. All rights reserved.
For Permissions, please e-mail: journals.permissions@oup.com

There is growing consensus that mature face recognition is
mediated by a distributed neural circuit (Haxby et al. 2000;
Fairhall and Ishai 2007; Gobbini and Haxby 2007; Vuilleumier
and Pourtois 2007; Ishai 2008), which includes a set of “core”
and “extended” nodes or regions (Haxby et al. 2000, 2002;
Gobbini and Haxby 2007). The core regions include the “occipital face area” (OFA; Gauthier et al. 2000), the “fusiform face
area” (FFA; Kanwisher et al. 1997), and the posterior superior
temporal sulcus (Hoffman and Haxby 2000). These core
regions send and receive inputs to/from the extended regions,
including the amygdala, insula, and medial prefrontal cortex,
regions in the anterior paracingulate cortex, and the anterior
temporal pole (Gobbini and Haxby 2007). An emerging perspective argues that functional specialization within this distributed network emerges from modulations in the “interactions
among the nodes” to produce the seemingly localized computations of face processing that have been previously ascribed to
individual regions (Nestor et al. 2011). Building from this perspective, the central question addressed here concerns how this
complex distributed network emerges and becomes functionally
integrated over the course of development.
Developmental studies investigating the neural basis of face
processing have primarily focused on age-related differences
in the functional properties of the posterior core regions (Passarotti et al. 2003, 2007; Gathers et al. 2004; Aylward et al.
2005; Golarai et al. 2007, 2010; Peelen et al. 2009; Joseph et al.
2011). For example, we have shown that, unlike adults, young
children (aged 5–8 years) do not exhibit consistent group-level
face-related activation in either hemisphere (Scherf et al.
2007). When these regions are identiﬁed within individual participants, there is a linear relation between the size/volume of
the face-processing regions and age (Golarai et al. 2007, 2010;
Scherf et al. 2007, 2011). Interestingly, in contrast to the
volume, the magnitude of selectivity within these regions
appears to be more adult-like earlier in development (Pelphrey
et al. 2009; Cantlon et al. 2011), particularly when the regions
are identiﬁed in each participant individually (Scherf et al.
2007, 2011). Importantly, the representational capacity of
these regions to encode individual faces continues to change
into young adulthood, even when their topographic organization has become adult-like in adolescence (Scherf et al. 2011).
There is also evidence to suggest that the functional interactions between these nodes change with age as well (Cohen
Kadosh et al. 2011), which could result from continued developmental specialization within each of these regions.
However, the protracted emergence of the interaction between
the individual nodes of the circuitry supporting face perception might also be contingent on the development of the
“structural connections” between the nodes.
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To evaluate emerging structure–function relations in a neural circuit
that mediates complex behavior, we investigated age-related differences among cortical regions that support face recognition behavior
and the ﬁber tracts through which they transmit and receive signals
using functional neuroimaging and diffusion tensor imaging. In a
large sample of human participants (aged 6–23 years), we derived
the microstructural and volumetric properties of the inferior longitudinal fasciculus (ILF), the inferior fronto-occipital fasciculus, and
control tracts, using independently deﬁned anatomical markers. We
also determined the functional characteristics of core face- and
place-selective regions that are distributed along the trajectory of
the pathways of interest. We observed disproportionately large agerelated differences in the volume, fractional anisotropy, and mean
and radial, but not axial, diffusivities of the ILF. Critically, these differences in the structural properties of the ILF were tightly and
speciﬁcally linked with an age-related increase in the size of a key
face-selective functional region, the fusiform face area. This
dynamic association between emerging structural and functional architecture in the developing brain may provide important clues about
the mechanisms by which neural circuits become organized and optimized in the human cortex.

2 Emerging Structural–Functional Brain Development

•

Scherf et al.

that exhibited prolonged age-related changes such that 40–
53% of the oldest participants showed volume increases across
the 2 scanning sessions. In a cross-sectional sample of these
same participants, the ILF did not plateau with respect to the
development of its microstructural properties (i.e., mean diffusivity, MD) until the age of 18, whereas the IFOF plateaued
earlier at the age of 14 (Lebel et al. 2008).
As evident, several studies have explored age-related
changes either in functional or in structural architectural
changes across development. A very few developmental neuroimaging studies have examined both structural and functional changes and their interactions, and none has done so
speciﬁcally in the context of face perception. Here, we
examine whether developmental differences in the structural
integrity of the ILF and IFOF, deﬁned independently using anatomical regions of interest (ROIs), are related to developmental
differences in the characteristics of the functional regions connected by these tracts. We evaluated differences across participants whose ages covered a substantial range (ages 6–23
years) in (1) the macro- and microstructural properties of the
fasciculi that connect core and extended regions of the faceprocessing network using DTI, and in (2) the functional proﬁle
(size, location, and magnitude of selectivity) of the individual
regions using functional magnetic resonance imaging (fMRI).
We predicted a positive association between the structural and
functional properties of the emerging face-processing circuit
that would increase with age. Speciﬁcally, we expected that
age-related differences in both the macro- (e.g., volume) and
micro- [e.g., fractional anisotropy (FA), MD, radial diffusivity
(RD)] structural properties of the ILF and IFOF, particularly in
the right hemisphere, would be associated with the functional
characteristics of the FFA and OFA. To determine the speciﬁcity of the differences, we also characterized 2 control tracts
(forceps major, F-Ma and forceps minor, F-Mi), and a control
functional region (the parahippocampal place area, PPA) in
which developmental differences might also be evident, but
whose proﬁle should be unrelated to the changes in faceselective blood oxygen level-dependent (BOLD) activation.
Materials and Methods
Participants
Participants included 50 healthy individuals (age: 6–23 years; M = 15.6,
SD = 5.8; 38 males). A subset of 35 of these individuals (age: 6–23 years;
M = 14.6, SD = 5.9; 26 males) also participated in a functional neuroimaging study in the same scanning session to localize face and place processing ROIs. The distribution of participants across the age range was
similar in the full sample as well as in the smaller sample of participants
who also participated in the fMRI study, including approximately 14%
(DTI = 7 and fMRI = 5) in the 6–8 year range, 23% (DTI = 9 and fMRI = 8)
in the 9–11 year range, 26% (DTI = 10 and fMRI = 9) in the 12–14 year
range, 6% (DTI = 5 and fMRI = 1) in the 15–20 year range, and 34%
(DTI = 19 and fMRI = 12) in the 21–23 year age range.
Neither the participants nor their ﬁrst-degree relatives had any history
of neurological or psychiatric disorders, as determined in an interview
with participants or participants’ parents. All were right-handed and had
normal or corrected vision. Participants and/or their guardian provided
informed consent prior to participating in the study. All the experimental
procedures were approved by the University of Pittsburgh and Carnegie
Mellon University Internal Review Boards.
Stimuli and Procedure
Immediately prior to the scanning session, all participants were trained
extensively in a mock scanner for 15–30 min. Each participant (including all adults) practiced lying still while watching a movie inside the
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Here, we examine age-related differences in the structural
properties of the ﬁber tracts connecting the multifocal nodes
of the neural circuitry supporting face perception. In addition,
we evaluate whether the emergence of efﬁcient functional
organization within this network is related to such structural
differences. The process of myelination alters the architecture
of white matter tracts and, in so doing, facilitates faster transmission of neural signals. Myelination of both short- and longrange ﬁber tracts continues into early adulthood (Benes et al.
1994; Lebel and Beaulieu 2011), leading to the hypothesis
that the slow process of myelination may be particularly rate
limiting with respect to the development of efﬁcient longrange functional circuits. In addition, given the evidence of
activity dependent inﬂuences on the processes of myelination
in adults (for review, see Thomas and Baker 2012), developmentally emerging structure–function relations in the
face-processing network might be mediated by increases in regionally speciﬁc neural activation. This activation may, in turn,
induce changes in diffusion parameters of the connecting
ﬁber tracts, thus enabling more speciﬁc and efﬁcient network
functioning.
The inferior longitudinal fasciculus (ILF) and the inferior
fronto-occipital fasciculus (IFOF) are 2 major white matter
ﬁber tracts that propagate signals to the ventral visual cortex,
the anterior temporal lobe, and the frontal cortex, respectively.
The ILF is the primary occipito-temporal associative tract
(Crosby et al. 1962; Gloor 1997). Recent methodological advances in diffusion tensor imaging (DTI) and ﬁber tractography have demonstrated that (1) the course and termination of
a major associative connection between the occipital and
anterior temporal lobes are consistent with classical anatomical
descriptions of the ILF in humans and with the monkey visual
anatomy (Schmahmann et al. 2007); and (2) the tractographydeﬁned ILF is structurally distinct from ﬁbers of the optic radiation and from U-shaped ﬁbers connecting adjacent gyri
(Catani et al. 2003). The IFOF begins in the occipital cortex,
continues medially through the temporal cortex dorsal to the
uncinate fasciculus, and terminates in the inferior frontal and
dorsolateral frontal cortex (Catani et al. 2002). Recently, functional neuroimaging and magnetoencephalography studies
have provided supporting, albeit indirect, evidence of rapid
interactions between posterior ventral visual areas and more
anterior regions (e.g., anterior temporal lobe and amygdala)
that implicate the involvement of long-range association ﬁber
tracts that connect these regions, including the ILF and the
IFOF (Bar et al. 2006; Rudrauf et al. 2008; Gschwind et al.
2012). Finally, damage to either pathway disrupts face processing (Catani et al. 2003; Catani and Thiebaut de Schotten 2008;
Fox et al. 2008; Philippi et al. 2009; Thomas et al. 2009),
suggesting that these white matter tracts are a critical component of the neural system necessary for face processing.
Prevailing evidence also suggests that both the ILF and the
IFOF undergo age-related increases in their structural properties from early childhood to adulthood (Lebel et al. 2008;
Loenneker et al. 2011), suggesting that intrahemispheric connectivity increases within these tracts. Importantly, impressive
age-related increases in the volume (a macrostructural index of
the tract architecture) of the ILF and IFOF were reported in a
longitudinal sample of healthy individuals ages 5–32 years
who were scanned at least twice with a mean gap between
scans of 4 years (Lebel and Beaulieu 2011). Of particular relevance for the current investigation, the ILF was 1 of 3 tracts

mock scanner with the simulated noise. During this mock session, participants were instructed on how to engage in relaxation breathing,
given mental imagery upon which to focus (e.g., lying in own bed
watching a movie), and provided with feedback about when they
moved during the simulation. This extensive simulation procedure
reduces anxiety and motion during the full scan, particularly in young
children, but also in adults.
Participants were scanned at the Brain Imaging Research Center in
Pittsburgh on a Siemens 3-T Allegra Scanner (Erlangen, Germany).
During the scanning session, the stimuli were displayed on a rearprojection screen located inside the MR scanner. A movie localizer task
(Hasson et al. 2004) was used to map face- and place-sensitive regions in
individual participants. The movie localizer included a silent, ﬂuid concatenation of short (15-s) movie vignettes (32 in total), containing either
scenes of people and faces, buildings, navigation through open ﬁelds, or
miscellaneous common objects (i.e., 4 experimental conditions) that
lasted approximately 9 min. This passive viewing task, employing rich
visual inputs, has been used successfully to map face- and place-selective
activation in individual children as young as 5 years of age (face- and
place selectivity can be identiﬁed in approximately 85% of individual
children: Scherf et al. 2007). Functional data from a subset of the participants have been reported previously (Scherf et al. 2007, 2010).

Image Processing and Data Analyses
Diffusion-Weighted Data
The diffusion-weighted data processing and ﬁber tracking
were performed in the native space of each subject using DTIstudio (Jiang et al. 2006), which calculates diffusion tensors by
using least square ﬁtting. By diagonalizing the diffusion tensor
for each voxel, the program generates as output the 6 components of a diffusion tensor (Dxx, Dyy, Dzz, Dxy, Dxz,
and Dyz), 3 eigenvectors that characterize the direction of
diffusion, and 3 eigenvalues that characterize the magnitude of
the diffusion in the corresponding eigenvector. A tensorsmoothing algorithm (Westin et al. 2002) was employed to
reduce residual errors (Jones et al. 2005), particularly in the
long-range ﬁber tracts that can prematurely terminate due to
increasing noise as ﬁber length increases (Lori et al. 2002).
From the diffusion tensor, FA, and diffusivity values were generated for each pixel, including MD, axial diffusivity (AD), and
radial diffusivity (RD) in 10−3 mm2/s. MD is computed as the

Determination of the White Matter Tracts of Interest
For ﬁber tracking, DTIStudio uses 3 parameters to generate 3D
ﬁber tracts based on the Fiber Assignment of Continuous
Tracking (FACT) algorithm and a brute-force ﬁber reconstruction approach (Mori et al. 1999; Xue et al. 1999). These parameters were speciﬁed as follows: The minimum FA threshold
to initiate and terminate tracking was set to 0.20, which is typically appropriate for segmenting gray from white matter (Cercignania et al. 2001), and the critical angle threshold to
terminate tracking in the event of a sharp turn in ﬁber direction
was set to 40°. Within each tract, the volume (the number of
voxels through which the ﬁbers pass multiplied by the volume
of the voxel) as well as the mean FA, MD, AD, and RD values
across these voxels were extracted. If the streamlines of a particular fasciculus were not extracted in a particular participant,
a score of 0 was entered for the volume of the fasciculus and
the mean FA, MD, RD, and AD values (as determined by the
entire sample) for the particular fasciculus were used so that
each participant could contribute to each regression analysis of
tract measures and age. We also ran secondary analyses excluding these participants from the analyses to evaluate whether
the pattern of results differed in any way.
To extract the tracts of interest, we used a multiple ROI approach developed in a previously deﬁned protocol (Thomas
et al. 2008, 2009) that was very similar in procedure to that
used by Wakana et al. (2007) for identifying the ILF, IFOF,
F-Ma, and F-Mi. This approach is less susceptible to noise and
partial volume effects, particularly when used in conjunction
with brute-force ﬁber reconstruction. To delineate these ROIs
accurately, we coregistered and resliced the high-resolution T1-weighted images with the b = 0 images of the diffusionweighted images using SPM2 (Wellcome Department of Cognitive Neurology, London, UK) and an in-house Matlab program.
The coregistered dicom images were imported to the DTI
studio image viewer so that the user-deﬁned ROIs could be
demarcated. We deﬁned ROIs using anatomical markers along
the mid-sagittal plane in the native space for each individual
(Fig. 1). Brieﬂy, a source ROI (ROI-1) and a target ROI (ROI-2)
were identiﬁed for each tract in each participant separately. To
ensure maximum recovery of ﬁbers within each fasciculus,
ﬁbers were only extracted if they passed through both ROIs in
both directions (ROI-1 to ROI-2 as well as ROI-2 to ROI-1) and
were not included in another tract. This DTI and tractography
protocol has been used successfully to evaluate developmental
declines in ILF and IFOF properties in aging individuals
(Thomas et al. 2008), as well as group differences in properties
of these tracts in individuals with developmental disorders
(Thomas et al. 2009, 2011).
Inferior fronto-occipital fasciculus. For each hemisphere,
ROI-1 was deﬁned as the ventral aspect of the occipito-temporal
cortex (VOTC) inferior to the ﬂoor of the posterior horn of the
lateral ventricles on the ﬁrst coronal slice posterior to the
splenium of the corpus callosum (see Fig. 1a–b). Because the
IFOF shares a similar ﬁber trajectory with the ILF until the ﬂoor
Cerebral Cortex 3
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MRI Scanning
MRI images were acquired on the scanner equipped with a standard
quadrature birdcage head coil. Diffusion-weighted data were acquired
based on a single-shot echo, echo-planar imaging (EPI) sequence with
diffusion sensitizing gradients applied on either side of the 180° refocusing pulse. Diffusion-weighted images of the whole brain were acquired along the horizontal plane along 6 noncollinear directions. A
reference image with no diffusion weighting (b = 0) was also obtained.
The DTI scan lasted a total of 7 min and included the following parameters: time repetition (TR) = 4900 ms, time echo (TE) = 82 ms, ﬂip
angle = 90°, 210 × 210 mm2 ﬁeld of view, 80 × 128 acquisition matrix,
34 axial slices, 3 mm slice thickness, 1.64 × 1.64 mm2 pixels, diffusion
weighting b = 850 s/mm2. Twelve repetitions of the complete set were
collected and averaged to increase the signal-to-noise ratio without introducing motion artifacts. High-resolution anatomical images were
also acquired during the same scanning session for each participant
using a 3-dimensional (3D) magnetization-prepared rapid gradient
echo pulse sequence with 192 1-mm T1-weighted, straight sagittal
slices. For the functional localizer paradigm, EPI BOLD images were
acquired in 35 anterior commisure - posterior commisure aligned slices
and covered most of the brain and all of the occipital and temporal
lobes (TR = 3000 ms; TE = 35 ms; 64 × 64, 3 mm slice thickness,
3.203 × 3.203 mm in-plane resolution).

average of the 3 eigenvalues, AD (i.e., parallel diffusivity) reﬂects the diffusivity along the principal axis (λ1), and RD (i.e.,
perpendicular diffusivity) is deﬁned as the average of the
second and third eigenvalues [λ⊥ = (λ2 + λ3)/2] and has been
shown by several researchers to be a marker of myelination
(Beaulieu 2002; Song et al. 2005).

of the external capsule, to avoid inclusion of the ILF ﬁbers,
ROI-2 was deﬁned as the region of the frontal cortex on the ﬁrst
coronal slice posterior to the tip of the rostrum of the corpus
callosum in each hemisphere (see Fig. 1d). Thus, the IFOF was
deﬁned as the set of long-range ﬁbers between the posterior
VOTC region and the entire frontal cortex of each hemisphere.
After the IFOF ﬁbers were extracted, they were removed from
the analysis using the NOT operation to prevent inclusion of the
ﬁbers during extraction of the ILF ﬁbers.
Inferior longitudinal fasciculus. ROI-1 was the same for
extraction of ILF and IFOF ﬁbers (see Fig. 1a–b). To avoid
including the optic radiation from the lateral geniculate nucleus
of the thalamus, and considering the fact that the ILF extends to
the anterior temporal cortex with lateral and medial branches,
ROI-2 was deﬁned as the anterior region of the temporal cortex
on the coronal slice coinciding with the point where the fornix
descends toward the mammillary bodies (see Fig. 1c). Thus, for
each hemisphere, the ILF was deﬁned as the set of long-range
ﬁbers between the VOTC anterior temporal cortex.
Forceps major. ROI-1 was deﬁned as the entire coronal slice
posterior to the caudal tip of the splenium of the corpus
callosum, observable on the mid-sagittal plane (see Fig. 1f ).
4 Emerging Structural–Functional Brain Development
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ROI-2 was deﬁned as the splenium of the callosum (see Fig.
1g). Because there is substantial individual variability in the
morphology of the corpus callosum, the splenium was
delineated on the mid-sagittal plane as the bulbous portion of
the callosum that was inferior to the posterior aspect of the
callosum. The splenium is also known to be the path for a
group of ﬁbers known as the tapetum, which project bilaterally
through the walls of the lateral ventricles. Because these ﬁbers
were not the focus of this investigation, the ﬁbers belonging to
the tapetum were removed using the NOT operation before
quantifying the integrity of the ﬁbers. Thus, the F-Ma
encompassed the ﬁbers from the parietal, dorsal-occipital, and
ventral- occipital regions that projected only through the
splenium of the callosum.
Forceps minor. On the mid-sagittal plane, the ﬁrst coronal
slice anterior to the genu of the callosum, which encompassed
the entire frontal cortex anterior to the corpus callosum in both
hemispheres, was deﬁned as ROI-1 (see Fig. 1f ). The rostrum
and genu of the corpus callosum were deﬁned on the
mid-sagittal plane as ROI-2 (see Fig. 1h). As before, to control
for individual variability in the morphology of the callosum,
ROI-2 was deﬁned on the mid-sagittal plane by placing the
coronal slice marker along the most posterior tip of the
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Figure 1. ROIs for DTI tractography. Illustration of the protocol used for extracting the tracts of interest. (a) Mid-sagittal slice shows the relative locations of the coronal slices on
which the ILF and IFOF ROIs were deﬁned in native space. Clockwise from (b) to (d), the coronal slices are color coordinated to indicate their corresponding position on the
mid-sagittal plane. To extract the ILF, the VOTC inferior to the lateral ventricles was deﬁned as ROI-1 (b) and the entire temporal cortex anterior to the point where the fornix
descends to the mammillary bodies was deﬁned as ROI-2 (c). To extract the IFOF, ROI-1 was the same as the one used for the ILF (b), but the entire frontal cortex anterior to the
rostrum of the callosum was deﬁned as ROI-2 (d). Note that each tract was extracted by including streamlines that project through the 2 ROIs and by excluding tracts that belong to
other ﬁber systems. (e) The ILF (blue) and IFOF (red) are extracted and displayed on the mid-sagittal plane on a single diffusion-weighted slice coregistered onto the corresponding
T1 high-resolution slice. To extract the F-Ma and F-Mi, the splenium and genu of the corpus callosum were delineated on the mid-sagittal slice (f ). For the F-Ma: the splenium (f )
was deﬁned as ROI-1 and the ﬁrst coronal slice posterior to the splenium of the corpus callosum (g) was deﬁned as ROI-2. For the F-Mi: the genu and rostrum (f ) of the callosum
were deﬁned as ROI-1 and the ﬁrst coronal slice anterior to the genu (h) was deﬁned as ROI-2. (i) The approximate trajectory of the callosal tracts. All images displayed are in
neurological convention.

rostrum and by delineating the region of the callosum anterior
to the rostrum and body of the callosum. Thus, the F-Mi ﬁbers
included the ﬁbers from the superior and inferior fronto-polar
gyrus and fronto-marginal gyrus passing through the genu and
the rostrum of the callosum.

Selection of Functional ROIs
As in previous studies using this movie localizer task, we
deﬁned face-selective ROIs by the weighted contrast [3 ×
(faces) − (objects + buildings + navigation)], and place-selective
ROIs were deﬁned as [(buildings + navigation) − 2 × (faces)]
because scenes of buildings and navigation both drive PPA activation (Hasson et al. 2004; Avidan et al. 2005; Scherf et al. 2007,
2010; Humphreys et al. 2008). In each participant, each contrast
was computed on the z-transformed raw signal and was corrected for multiple comparisons using the false discovery rate
procedure (Genovese et al. 2002) with q < 0.10. Each ROI was
deﬁned independently in each hemisphere in each individual.
We deﬁned the measures of category selectivity with respect
to all other categories. Note that these deﬁnitions are extremely
conservative in that they identify many fewer voxels when
compared with a contrast that would deﬁne each visual category against a ﬁxation baseline. Critically, these contrasts
identify nonoverlapping sets of voxels in all participants, indicating that they identify the most selective of voxels for each
visual category.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
2
ð72 þ 52 þ 52 Þ ¼ 9:9

This procedure is roughly equivalent to computing the geometric mean of the differences between the 2 centroids of activation; however, it preserves the pooled distance in the
original units (mm). This allowed us to simultaneously account
for variation in all 3 directions of the centroid of activation for
an individually deﬁned ROI from a well-established adult
group-deﬁned ROI. These measures were then submitted to
Cerebral Cortex 5
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fMRI Data
The data were analyzed using Brain Voyager QX (Brain Innovation, Maastricht, Netherlands). Preprocessing of functional
images included 3D-motion correction, ﬁltering out of low frequencies, and resampling the voxels to 1 mm3. The functional
data were not spatial smoothed. Only participants who exhibited maximum motion of <1 voxel (3 mm) in all 6 directions (i.
e., no spikes in motion >2.9 mm in any direction on any
image) were included in the fMRI analyses and fMRI-DTI correlation analyses. This is standard practice in both developmental and adult neuroimaging studies (Wilke et al. 2005;
Nemani et al. 2009). In addition, we also evaluated whether
mean motion in each of the 6 directions was correlated with
age. Mean motion did not exceed half a voxel (1.5 mm) in any
individual in any direction. However, separate linear
regressions of age on motion estimates in each direction revealed that age was weakly correlated with motion in 2 directions, that is, translation along the y-axis, F1, 35 = 4.9, P < 0.05,
and translation along the z-axis, F1, 35 = 4.3, P = 0.05. To ensure
that any ﬁndings of age-related differences in the fMRI analyses and fMRI-DTI correlations were not simply due to
motion, we included the mean motion for each of these directions as covariates in regression analyses.
To analyze the BOLD data generated from the fMRI scan,
the time-series images for each brain volume in each participant were analyzed for stimulus category and/or experimental
condition differences in a ﬁxed-factor general linear model
(GLM). The GLM was computed on the z-normalized raw
signal in each voxel. Each of the categories/conditions was
deﬁned as a separate predictor and was modeled with a
box-car function, which was shifted 6 s to accommodate the
delay in the BOLD response. The time-series images were then
spatially normalized into Talairach space, an approach that has
been validated in previous developmental studies (Burgund
et al. 2002).

The face-related ROIs included the set of contiguous faceselective voxels anywhere in the fusiform gyrus (FG; as determined by the maximal x, y, and z coordinates of BA 37 in the
Talairach atlas), and separately in the region traditionally called
the OFA. We did not consistently observe multiple FFA ROIs in
this sample in response to this movie localizer task. In individual
subjects for whom we did observe multiple ROIs in the fusiform, we took the one who was closest to the group level adult
coordinates we have reported in the past (40, −41, −21).
The place-related ROI included the contiguous placeselective voxels in the parahippocampal gyrus (as determined
by the maximal x, y, and z coordinates of BAs 34, 35, and 36 in
the Talairach atlas). The ROIs were quantiﬁed in terms of the
total number of active voxels (size), magnitude of category selectivity, and a measure of the variation in the coordinates of
the centroid of activation from the centroid of activation of
adult group-deﬁned ROIs in another sample using the same
movie localizer task (Scherf et al. 2007). These are the ROI
measures that have been previously shown to exhibit developmental change across the age range of the participants in the
current sample (Scherf et al. 2007, 2011; Golarai et al. 2010). If
a participant did not have a deﬁnable ROI, a score of 0 was
submitted for the size of the ROI and the subject was excluded
from analyses that involved information about the magnitude
of selectivity and the location of the ROI. Importantly, the
number and age-related distribution of 0 volume scores was
fairly consistent across the functional ROIs (rFG 7, lFG 8, rOFA
9, lOFA 12, rPPA 7, and lPPA 11).
To compute the magnitude of category selectivity within each
ROI in each hemisphere, separate ROI-based GLMs were conducted for each participant who exhibited identiﬁable categoryselective activation in each ROI. This generated beta weights for
each condition (i.e., faces, places, buildings, navigation) for
each participant. Face selectivity in the OFA and FFA was computed by submitting these beta weights to the following
contrast: [3 × (faces) − (objects + buildings + navigation)]. Place
selectivity in the PPA was computed by submitting these beta
weights to the following contrast: [(buildings + navigation) − 2 ×
(faces)]. These difference scores were submitted as a predictor
variable of tract property (i.e., volume, FA, MD, RD, and AD) in
separate step-wise regressions with age as the ﬁrst predictor
variable.
To compute the variation in the coordinates of each ROI, we
calculated the distance in stereotactic space between the midpoint of each individually deﬁned ROI and the midpoint of the
adult group-deﬁned ROI in each individual as in our previous
work (Scherf et al. 2010). For example, the midpoint of the
adult group-deﬁned face-selective right FG occurred at the coordinates (40, −41, −21). For a particular 7-year-old participant, the midpoint of his individually deﬁned face-selective
right FG ROI occurred at the coordinates (33, −36, −16), resulting in a distance of 9.9 mm, calculated as follows:

Table 1
Summary of regressions of macro- and microstructural tract measures with age (N = 50)
RILF

Volume
Non-normalized
Normalized
Micro
FA
MD
RD
AD

LILF

RIFOF

F

r2

P

F

r2

P

16.0
10.3

0.25
0.18

<0.0002
<0.005

16.6
7.7

0.26
0.14

<0.0002
<0.008

9.7
35.4
35.5
5.2

0.17
0.42
0.42
0.10

<0.005
<0.0001
<0.0001
ns

3.2
31.0
26.4
5.3

0.06
0.39
0.36
0.10

ns
<0.0001
<0.0001
ns

LIFOF

F-Ma

r2

P

F

r2

P

0.9
0.0

0.02
0.0

ns
ns

0.5
0.0

0.01
0.0

ns
ns

7.6
15.6
19.9
0.5

0.14
0.25
0.29
0.01

ns
<0.001
<0.0001
ns

0.7
1.6
3.0
0.3

0.01
0.03
0.06
0.00

ns
ns
ns
ns

F

F-Mi
r2

P

2.6
0.0

0.05
0.0

ns
ns

8.1
11.6
12.1
0.8

0.14
0.19
0.20
0.02

<0.008
<0.005
<0.005
ns

F

r2

P

0.6
3.1

0.01
0.06

ns
ns

6.3
13.7
12.0
6.6

0.12
0.22
0.20
0.12

ns
<0.001
<0.005
ns

F

Bold P-values represent those that survived the Bonferroni correction of P < 0.008.
ILF: inferior longitudinal fasciculus; IFOF: inferior fronto-occipital fasciculus; F-Ma: forceps major; F-Mi: forceps minor; FA: fractional anisotropy; MD: mean diffusivity; RD: radial diffusivity; AD: axial diffusivity.

Table 2
Summary of results from multiple regressions investigating relation between age, ROI size, and tract measures controlling for motion in the entire sample (N = 35)
RILF

LILF
P

Non-normalized volume
FFA
8.6 <0.001
OFA
5.0 <0.001
PPA
4.9 <0.005
Normalized volume
FFA
6.6 <0.001
OFA
4.2 <0.01
PPA
3.7 <0.025
Microstructural indices
FFA
FA
1.8 ns
MD
6.2 <0.001
RD
7.4 <0.001
OFA
FA
1.6 ns
MD
4.6 <0.005
RD
6.1 <0.001
PPA
FA
2.1 ns
MD
4.6 <0.005
RD
6.4 <0.001

RIFOF

PAge

0.42
0.28
0.28

<0.008 <0.008 6.4 <0.001 0.41
<0.005 ns
6.3 <0.001 0.41
<0.005 ns
8.3 <0.001 0.48

<0.001 ns
<0.001 ns
<0.001 <0.05

1.3 ns
1.3 ns
1.1 ns

0.5 ns
0.5 ns
0.4 ns

0.39
0.28
0.25

<0.025 <0.01
<0.01 ns
<0.005 ns

4.7 <0.005 0.34
4.3 <0.008 0.32
5.5 <0.005 0.38

<0.005 ns
<0.005 ns
<0.005 ns

1.2 ns
1.2 ns
1.0 ns

0.4 ns
0.4 ns
0.2 ns

0.28
0.26

<0.025
<0.025

0.9 ns
3.1 <0.05 0.26
3.9 <0.025 0.25

<0.01
<0.01

ns
ns

2.3 ns
3.4 <0.025 0.12
3.7 <0.025 0.16

<0.05 ns
<0.05 ns

1.3 ns
3.1 <0.05 .26
3.9 <0.025 .25

0.21
0.21

<0.008 ns
<0.008 ns

0.8 ns
3.1 <0.05
4.1 <0.01

0.26
0.25

<0.005 ns
<0.005 ns

2.2 ns
3.4 <0.025 0.11
3.8 <0.025 0.17

ns
ns
<0.05 ns

1.4 ns
1.1 ns
2.0 ns

0.21
0.23

<0.008 ns
<0.01 ns

1.0 ns
3.0 <0.05 0.25
3.8 <0.025 0.24

<0.005 ns
<0.008 ns

2.3 ns
3.4 <0.025 0.11
3.8 <0.025 0.17

ns
ns
<0.05 ns

0.8 ns
1.2 ns
1.2 ns

PROI size

ns
ns

F

P

r2
change

LIFOF

r2
change

PAge

PROI

F

P

size

r2
change

PAge

PROI

F

P

size

r2
change

PAge

0.5

ns

PROI
size

0.5

<0.01 ns
<0.01 ns

Note: Full model for each regression included 2 motion factors, age, and ROI size with the following degrees of freedom (4, 29). r 2 change represents the additional variance accounted for in the model by
the factors of interest (age, ROI size) after accounting for motion in both the y- and z-directions. In addition, regressions were all run within the hemisphere (e.g., the size of right FG ROI predicting the
volume of right ILF). Bold P-values represent those that survived the Bonferroni correction of P < 0.008.
ILF: inferior longitudinal fasciculus; IFOF: inferior fronto-occipital fasciculus; FA: fractional anisotropy; FFA: fusiform face areas; OFA: occipital face area; PPA: parahippocampal place area; MD: mean
diffusivity; RD: radial diffusivity.

correlational analyses with the measures of macro- and microstructural properties of the ﬁber tracts of interest.
Statistical Analyses
To evaluate age-related differences in the structural properties
of the tracts of interest, both the volume (in cubic millimeters)
and microstructural indices were submitted to separate linear
regressions with age as the independent factor, separate for
each tract in each hemisphere. The volume measure included
the total number of voxels through which the ﬁber tract
passed, multiplied by the voxel volume (1.6 × 1.6 × 3.0 mm).
We also computed the normalized volume for each tract as a
proportion of the whole-brain volume to accommodate for
individual differences and age-related differences in wholebrain volume. The microstructural measures included the
mean FA, MD, RD, and AD across all the voxels through which
the tracts passed.
6 Emerging Structural–Functional Brain Development
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To evaluate relations between the emerging functional
proﬁle of category-selective ROIs and the structural properties
of the tracts of interest, we used the functional measures of the
ROIs as predictors in a step-wise regression with age as the
primary predictor on the volume and microstructural indices
of each tract separately within each hemisphere. For example,
the size, magnitude of face selectivity, and variability in locus
of the right FFA were each used to predict the tract volume, as
well as the mean FA and diffusivity values, in the right ILF and
IFOF as well as the F-Ma and F-Mi. We included motion along
the y- and z-axis as covariates in these analyses since motion
changed signiﬁcantly (P < 0.05) with age along these 2 dimensions in this sample.
Results
Using the data from both structural and functional imaging, we
explored 2 main issues: The presence of age-related
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Table 3
Summary of results from multiple regressions investigating relation between age, ROI size, and tract measures controlling for motion in individuals between the ages of 6–15 years (N = 24)
RILF
F

LILF
P

PAge

0.30
0.28
0.28

<0.05
<0.01
<0.01

ns
ns
ns

2.7
2.9
4.3

ns
<0.05
<0.025

0.26

ns

ns

2.2
2.2
3.5

ns
ns
P < 0.05

0.12

PROI

F

P

size

r2
change

PAge

0.05
0.15

ns
ns

PROI

F

LIFOF
P

size

r2
change

PAge

PROI

F

P

size

ns
<0.05

1.0
0.9
0.9

ns
ns
ns

1.1
1.1
1.1

ns
ns
ns

ns

ns

0.8
0.7
0.8

ns
ns
ns

0.8
0.9
0.8

ns
ns
ns

0.46
0.30

<0.005
<0.025

ns
ns

0.6
6.6
4.6

ns
<0.005
<0.01

0.43
0.31

<0.001
<0.01

ns
ns

1.2
4.9
2.3

ns
<0.008
ns

0.14

<0.05

ns

0.4
1.4
1.3

ns
ns
ns

0.43
0.31

<0.001
<0.01

ns
ns

1.4
4.6
4.7

ns
<0.01
<0.01

0.46
0.43

<0.005
<0.005

ns
ns

1.2
4.9
2.3

ns
<0.008
ns

0.14

<0.05

ns

0.4
1.2
1.0

ns
ns
ns

0.42
0.30

<0.001
<0.008

ns
ns

1.7
4.7
5.1

ns
<0.01
<0.008

0.46
0.45

<0.005
<0.005

ns
ns

1.3
4.9
2.5

ns
<0.008
ns

0.14

<0.05

ns

0.4
2.1
1.2

ns
ns
ns

r2
change

PAge

PROI
size

Note: Full model for each regression included 2 motion factors, age, and ROI size with the following degrees of freedom (4, 18). r 2 change represents the additional variance accounted for in the model by
the factors of interest (age and ROI size) after accounting for motion in both the y- and z-directions. In addition, regressions were all run within the hemisphere (e.g., the size of right FG ROI predicting the
volume of right ILF). Bold P-values represent those that survived the Bonferroni correction of P < 0.008.
ILF: inferior longitudinal fasciculus; IFOF: inferior fronto-occipital fasciculus; FA: fractional anisotropy; FFA: fusiform face areas; OFA: occipital face area; PPA: parahippocampal place area; MD: mean
diffusivity; RD: radial diffusivity.

differences in the white matter tracts that connect regions
within the face network, and the existence of associations
between the emerging structural properties of these tracts and
proﬁle of functional activation within face-selective regions.
Tables 1–3 contain the entire set of results from the regression
analyses of age and ROI size with the volume and microstructural indices of the tracts of interest, separately in each hemisphere, for the entire sample (Tables 1 and 2) and for the
children and adolescents (individuals ages 6–15 years;
Table 3).
Age-Related Differences in White Matter Tracts
To maintain the family-wise error rate in this large number of
analyses, we employed a Bonferroni correction, with a corrected value of P < 0.008 (0.05/6), taking into consideration
the 6 age-related regressions computed separately for each
tract.
Inferior Fronto-Occipital Fasciculus
Neither the right nor the left IFOF exhibited an age-related increase in volume, even when the tract volume was normalized
by the total white matter volume in each participant (Table 1
and Fig. 2). However, there were signiﬁcant age-related
improvements in the microstructural properties of the tracts,
particularly within the right IFOF. The MD, F1, 48 = 15.6,
P < 0.0003, and RD, F1, 48 = 19.9, P < 0.0001, but not the AD or
FA (P = ns), showed dramatic decreases with age in the right
IFOF. There were 4 participants (1 adult, 2 adolescents, and 1
child) who had no identiﬁable streamlines in the right IFOF,
and the ﬁndings remained the same even when these 4 participants were removed from the analyses. These ﬁndings are consistent with studies reporting age-related changes in the
microstructural properties of the right IFOF (Lebel et al. 2008;

Lebel and Beaulieu 2011). The left IFOF did not exhibit this
age-related improvement in microstructural properties
(Table 1). There were 8 participants who did not have identiﬁable streamlines in the left IFOF (1 adult, 4 adolescents, and 3
children), and the pattern of results also remained unchanged
when these participants were removed from the analyses.
Importantly, the inability to identify streamlines in a subset
of participants does not imply that the ﬁber tracts do not exist
in these individuals. Our multiple ROI approach for deﬁning
the streamlines is quite rigorous (i.e., streamlines were only extracted if they passed through both ROIs in both directions and
were not included in another tract) and was designed to maximize the recovery of streamlines within tracts while safeguarding against identifying spurious streamlines; this conservative
approach may have prevented us from identifying streamlines
in some individuals, particularly in the longer tracts, like the
IFOF. Speciﬁcally, 8 of the total 50 participants did not have
identiﬁable streamlines in the left IFOF, which is 16% of the
sample. However, all of these participants exhibited measurable macro- and microstructural indices in all other tracts that
were within 2 SD of the mean of the sample (computed
without these participants), suggesting that the inability to
deﬁne IFOF streamlines within these individuals was not likely
due to a global signal quality problem in these individuals. The
left IFOF is also difﬁcult to track even with a 64-direction DTI
protocol in typically developing adults. Thiebaut de Schotten
et al. (2011) reported higher individual variability in the
number of identiﬁable streamlines in the left than the right
IFOF even in healthy young adults.
Inferior Longitudinal Fasciculus
There were marked age-related differences bilaterally in the
volume and microstructural properties of the ILF. In both
Cerebral Cortex 7
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Non-normalized volume
R FFA
4.2 <0.025
R OFA
3.7 <0.05
R PPA
3.8 <0.025
Normalized volume
R FFA
3.0 <0.05
R OFA
2.6 ns
R PPA
2.8 ns
Microstructural indices
FFA
FA
0.9 ns
MD
7.2 <0.001
RD
4.8 <0.01
OFA
FA
0.6 ns
MD
6.6 <0.005
RD
4.6 <0.01
PPA
FA
0.8 ns
MD
6.5 <0.005
RD
4.5 <0.01

RIFOF

r2
change
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Figure 2. Analyses of age-related differences in the macro- and microstructural properties of the IFOF. The volume of both the right (3a) and left (3e) IFOF, as indexed by the mean
cubic volume within the fasciculus, did not vary as a function of age. However, there were signiﬁcant age-related differences in the microstructural properties of the right IFOF.
Speciﬁcally, the MD (3b) and RD (3c) decreased with age. In contrast, the AD (3d) was stable across the age range.

hemispheres, the number of voxels in the ILF increased signiﬁcantly with age (Fig. 3a,e) (right: F1, 48 = 16.0, P < 0.0002;
left: F1, 48 = 16.6, P < 0.0002). These age-related increases in
volume were also observed when the ILF volume was normalized by the whole-brain volume for each subject (Table 1). At
the microstructural level, the mean FA increased in the right
ILF, F1, 48 = 9.7, P < 0.005, but did not reach signiﬁcance at the
corrected P-value in the left ILF, F1, 48 = 3.2, P = ns. Importantly, both the MD and RD signiﬁcantly decreased with age in
the right and left ILF, while the AD was stable across the age
range in both hemispheres (Fig. 3 and Table 1). One participant did not have any identiﬁable streamlines in the right ILF;
removal of this participant did not affect the ﬁndings. All
participants had identiﬁable streamlines in the left ILF. Together, these ﬁndings uncover strong age-related increases
8 Emerging Structural–Functional Brain Development
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in volume and microstructural properties in the ILF in both
hemispheres.
Forceps Major
All participants had identiﬁable streamlines in the F-Ma. The
volume of the F-Ma did not change with age in this sample,
F1, 48 = 2.6, P = ns, even when the tract volume was normalized
for whole-brain volume for each participant, F1, 48 = 0.0, P = ns.
However, the F-Ma did exhibit signiﬁcant age-related improvement in some of its microstructural properties, including mean
FA: F1, 48 = 8.1, P < 0.008, MD: F1, 48 = 11.6, P < 0.002, and
RD: F1, 48 = 12.1, P < 0.002, but not AD: F1, 48 = 0.8, P = ns.
These ﬁndings are consistent with the idea that the streamlines
in the F-Ma are becoming increasingly myelinated during this
age range.
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Figure 3. Age-related differences in the macro- and microstructural properties of the ILF. The volume of both the right (a) and left (e) ILF, as indexed by the mean cubic volume
within the fasciculus, increased signiﬁcantly with age. Similarly, the microstructural properties of the ILF exhibited age-related differences, such that the MD and RD decreased
signiﬁcantly with age in both the right (b and c) and left (f and g) hemispheres. In contrast, the AD was stable across the age range (d and h). This pattern of results suggests that
the right and left ILF are becoming increasingly more myelinated with age.

Forceps Minor
All participants also had identiﬁable streamlines in the F-Mi. As
in the F-Ma, the volume of the F-Mi did not change with age in
this sample, F1, 48 = 0.6, P = ns. However, both the MD, F1,
48 = 13.7, P < 0.001, and RD, F1, 48 = 12.0, P < 0.005, signiﬁcantly decreased with age, while the AD was stable across this
age range (Table 1), suggesting that the F-Mi is becoming increasingly myelinated across adolescence as well.
Comparing Age-Related Differences Across Tracts
To contrast the patterns of age-related differences across tracts,
the slopes and intercepts of the regression lines were

compared for each pair of tracts within hemisphere (e.g., right
ILF vs. right IFOF volume) in separate analyses of covariances.
The slopes of the regressions of age on tract volume only
tended to differ between the ILF and IFOF in the right hemisphere, F1, 96 = 2.9, P = 0.09. No other tracts exhibited signiﬁcantly different slopes in the regressions of tract volume on age
(i.e., pattern of age-related change). However, the right and
left ILF, as well as the right and left IFOF, all exhibited signiﬁcantly lower intercepts than both the F-Ma and F-Mi, indicating
that the 2 control tracts had larger volumes than the ILF and
IFOF in the youngest children (all P < 0.001). With respect to
the microstructural indices, the left hemisphere ILF and IFOF
Cerebral Cortex 9

differed in the pattern of age-related differences (e.g., slopes
of regression lines) across participants in MD, F1, 96 = 4.1,
P < 0.05, but only tended to differ in RD, F1, 96 = 2.9, P = 0.09,
indicating a steeper decline in these measures in the left ILF
than in the left IFOF. Finally, the intercepts of the regression
lines were also different in the left ILF and IFOF for RD,
F1, 97 = 10.0, P < 0.005, indicating higher RD in the youngest
children in the IFL compared with the IFOF. In summary,
adult-like volume in the right IFOF is evident sooner (i.e., in
younger individuals) than in the right ILF, and the diffusivity
parameters associated with myelination are higher and decrease faster in the left ILF than in the left IFOF.

Fusiform Gyrus Face-Related ROIs
Consistent with our previous ﬁndings (Scherf et al. 2007), both
the right, F1, 33 = 5.4, P < 0.05, and the left, F1, 33 = 6.2, P < 0.025,
face-selective ROIs in the FG increased in size with age. When
the motion covariates for the y- and z-directions were included
in the models, the full model including age and motion covariates was no longer signiﬁcant in either the right, F3, 30 = 1.6,
P = ns, or the left FG ROIs, F3, 30 = 1.9, P = ns; in spite of this,
age remained a weak, but signiﬁcant predictor of the size of
both the right (r 2 = 0.14, P = 0.05) and left (r 2 = 0.17, P < 0.05)
FG ROIs.
The magnitude of selectivity did not change across the age
range in either the right, F1, 27 = 2.3, P = ns, or left, F1, 26 = 1.3,
P = ns, FG ROIs. This was also the case when the motion covariates were included in the model. Age did not predict differences in the magnitude of selectivity within the right FG ROI.
Finally, the right FG ROI only showed a trend toward a signiﬁcant effect of age in the analysis of the locus of activation, F1,
26 = 3.4, P = 0.08, suggesting that the variability in the centroid
of the right face-related FG ROI tends to be reduced with age.
However, when the motion covariates were included in the
model, age was no longer predictive of the locus of activation
in the right FG.
Occipital Face Area
As in the fusiform gyrus, the right, F1, 33 = 6.5, P < 0.025, and
left, F1, 33 = 14.4, P < 0.001, OFA ROIs increased in size with
age. Similarly, when the motion covariates were included in
the models, the full model was no longer signiﬁcant for the
right OFA, F3, 30 = 1.9, P = ns, but did remain signiﬁcant for the
left OFA, F3, 30 = 4.6, P < 0.01. Importantly, age remained a signiﬁcant predictor of both right (r 2 = 0.17, P < 0.05) and left
(r 2 = 0.26, P < 0.005) OFA size.
In addition, the magnitude of selectivity for faces did not
change across the age range in either the right, F1, 24 = 2.4,
P = ns, or the left, F1, 21 = 3.6, P = ns, OFA ROIs, even when the
motion covariates were included in the model. Finally, the
variability in the locus of activation of the OFA did not change
with age in either hemisphere (P > 0.25).

10 Emerging Structural–Functional Brain Development

•

Scherf et al.

Structure–Function Relations Between Tract Properties
and Functional ROIs
Given that there were age-related increases in the size of many
functionally deﬁned ROIs as well as in the structural properties
of the ﬁber tracts that connect these ROIs to each other, we
were interested in evaluating emerging structure–function
relations between the ROIs and ﬁber tracts. To do so, we computed step-wise regression analyses of the size, magnitude of
selectivity, and locus of each of the functional ROIs (FFA, OFA,
and PPA) on the volume, mean FA, MD, RD, and AD of each of
the tracts (within each hemisphere) with age as the primary
predictor. Recall that face selectivity in the OFA and FFA was
computed by submitting these beta weights to the following
contrast: [3 × (faces) − (objects + buildings + navigation)]; and
place selectivity in the PPA was computed by submitting these
beta weights to the following contrast: [(buildings +
navigation) − 2 × (faces)].
We included the motion in both the y- and z-axis as covariates in all the analyses, so that any structure–function relations
could only be signiﬁcant after controlling for motion. To maintain the family-wise error rate in these analyses, we used a
Bonferroni correction on signiﬁcant P-value within each ﬁber
tract of (0.05/6 = 0.008). We computed these regressions with
age as the ﬁrst predictor in a step-wise fashion to determine
the relative and potentially separate contributions of age and
ROI measures as factors in emerging function–structure
relations. For each of the signiﬁcant correlations resulting
from the regression analyses, we evaluated the robustness of
the correlation in separate bootstrap analyses using 1000
iterations.
Despite the age-related changes in the structural properties
of the right and left IFOF as well as the F-Ma and F-Mi, these
changes were not signiﬁcantly related to the functional characteristics of any of the ROIs. The only signiﬁcant structure–function relations were observed in the ILF, which are described
below. Furthermore, these relations were only observed
between the functional characteristics of the FFA (and not any
other ROI) and the ILF. Table 2 illustrates the results of these
analyses in the full sample of participants. We also performed
the same analyses on the children and adolescents, without the
inclusion of adults, to evaluate the strength of age-related
differences that are not anchored to adult levels of functional
activation or structural properties of the ﬁber tracts. These
additional analyses are represented in Table 3.
ROI Size
The right ILF was the only tract in which a signiﬁcant relation
emerged between the size of the face-related ROIs and
the indices of tract architecture. The Pearson correlation
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Age-Related Differences in Functional ROIs
As in previous studies (Scherf et al. 2007, 2011), we evaluated
age-related differences in the proﬁle of functional activation in
several face- and place-related ROIs in the subset of 35 individuals for whom we acquired functional data. We ran separate
regressions of age on ROI size, magnitude of selectivity, and
location for each ROI in each hemisphere separately.

Parahippocampal Place Area
Finally, only the right, F1, 33 = 8.3, P < 0.01, but not the left, F1,
33 = 2.8, P = ns, PPA ROI increased in size with age. The effect
of age (r 2 = 0.14, P < 0.05) on the size of the right PPA remained signiﬁcant after the motion covariates were included in
the regression, F3, 30 = 3.6, P < 0.025. The PPA did not exhibit
an increase in the magnitude of selectivity for places in either
the right, F1, 26 = 0.0, P = ns, or the left, F1, 27 = 0.1, P = ns,
hemispheres with age. Also, the variability in the locus of activation of the PPA did not change with age in either hemisphere
(P > 0.25).

ROI Magnitude of Selectivity
The magnitude of selectivity in each ROI failed to predict both
macro- and microstructural indices of any tract.
ROI Location
Given that the right FFA was the only ROI that exhibited weak
age-related differences in its locus with age, we evaluated
whether this emerging stabilization in the locus of the right
FFA was related to the architecture of the ﬁber tracts that
receive input from the FFA, or whether age predicted all the
variance in both the locus of the right FFA and the properties
of the ﬁber tracts. The step-wise regression with age as the ﬁrst
predictor and right FFA distance (from a group ROI deﬁned by
a separate set of adults) as the second predictor was not signiﬁcant, F4, 22 = 1.9, P = ns, after controlling for motion. Variation
in the locus of the right FFA did not predict the volume (or any
microstructural measure) of the ILF independently from age
(P = ns).
In summary, from the multitude of analyses investigating
age-related differences in structure–function relations, only a
single, selective relation emerged between the volume of the
right ILF and the volume of the right FG face-selective ROI.
This was true even after controlling for the minimal differences
in motion. In all other signiﬁcant results, age was the only
factor that predicted speciﬁc tract properties, including both
macro- and microstructural properties and functional properties of the ROIs. Importantly, these age-related effects were
present in the analyses of the entire sample, as well as in the
subset of participants for whom we had functional data and
could control for motion differences across the age range. Together, these ﬁndings lend strong support to the notion that
the observed age-related effects were not spurious or fundamentally related to age-related differences in motion.

Discussion
The central question guiding this work concerns how a
complex distributed neural network emerges and becomes
functionally integrated over the course of development.
Speciﬁcally, we measured age-related differences in the “structural properties of the ﬁber tracts” connecting the multifocal
nodes of the neural circuitry supporting face perception (ILF
and IFOF) and evaluated whether the emergence of efﬁcient
functional organization within this network is related to such
structural differences.
Importantly, we replicated and extended existing ﬁndings
about age-related differences in the structural properties of the
tracts of interest. All tracts, with the exception of the left IFOF,
exhibited age-related improvements in their microstructural
properties, evincing a signiﬁcant decrease in mean and radial,
but not axial, diffusivity from childhood to early adulthood.
This result is consistent with the idea that the increasingly
restricted diffusion perpendicular to the axons in these tracts
reﬂects continued myelination from childhood through early
adulthood. The left IFOF exhibited stable levels of microstructural properties across the age range, indicating that it may be
a very early developing ﬁber tract, which has not been previously reported. However, this pattern of early stabilization of
the left IFOF should be interpreted with caution, given that
this tract was particularly hard to identify in some participants
(including children, adolescents, and adults).
Cerebral Cortex 11
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coefﬁcient between the size of the right FFA and the volume of
the right ILF was r = 0.58, with 99% conﬁdence intervals (CIs)
based on 1000 bootstraps of 0.38/0.81, which is different from
0 at P < 0.01. When we eliminated the participants with no deﬁnable right FG in the analysis, the correlation was still signiﬁcant (r = 0.32, 99% CIs of 0.07/0.57, which is different from 0
at P < 0.01).
The step-wise regression with both age and size of the
ROI was also signiﬁcant in the right hemisphere, F4, 29 = 8.6,
P < 0.001 (r 2 change = 0.415). In other words, after controlling
for motion, an additional 41.5% of the variance in the volume
of the right ILF was accounted for by the age of participants
and the volume of the right FFA. Age (P < 0.008) and right FFA
volume (P < 0.008) were independent signiﬁcant predictors of
the volume of the right ILF even after accounting for the slight
differences in motion in the y- and z-directions (Fig. 4), such
that older individuals as well as those with larger functionally
deﬁned FFA ROIs exhibited larger volume in the right ILF. This
relation between right FG size and normalized volume for the
right ILF volume was nearly signiﬁcant as well (Table 2).
Importantly, even in the children and adolescents alone, the
correlation between right FG size and right ILF volume is signiﬁcant (r = 0.47, 95% CIs 0.22/0.73, P < 0.001). However, the
change in age dominates this relation. The step-wise regression
with both age and the size of the right FG was signiﬁcant, F4,
2
18 = 4.2, P < 0.025, with an r change = 0.303 (after controlling
for motion); however, while age remained a signiﬁcant predictor
of the volume of the right ILF (P < 0.05), the size of the right FFA
(P = ns) did not (Table 3). In contrast, there were no signiﬁcant
relations between tract measures and functional ROI measures in
the adults alone. We also ran the structure–function correlations
separately on the children (6–11 years) and adolescents (12–15
years). There were no signiﬁcant structure–function relations in
either group. However, we may not have enough power to
detect such structure–function relations in these subgroups of
participants. This pattern of ﬁndings indicates that the
age-related changes in this function–structure relation continue
to progress from adolescence to early adulthood.
There were no other signiﬁcant relations between the size of
any of the remaining ROIs (i.e., left FFA, right/left OFA, right/
left PPA) and tract measures (volume or diffusivity) in any of
the other tracts (i.e., left ILF, right/left IFOF, F-Mi, F-Ma). All
other relations between ROI size and tract integrity were
mediated by age (Fig. 4 and Tables 2–3).
Finally, it is important to note that, with the exception of the
left FFA size, the size measures of the functionally deﬁned
ROIs were all normally distributed with a slight positive skew,
due in large part to the small volume ROIs in many of the
young individuals. The tract volumes were all normally distributed as well, indicating that there was not disproportionately
more variance in the right FFA size and the right ILF volume
across participants compared with the other measures. We
transformed the left FFA size measure using the natural log
transformation, which normalized the distribution, and the
pattern of results did not change. There was no relation
between the size of the left FFA and the volume of the left ILF
after controlling for motion and taking age into account. These
ﬁndings provide support for the notion that there was comparable variability across all measures, and so it is not the case
that increased variability in some tract might have permitted
the identiﬁcation of age trends and function–structure relations
independent of age.
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Figure 4. Relation between structural properties of the right ILF and larger functionally deﬁned face-selective regions in the fusiform gyrus. The volume of the right ILF was related
to the size of the right functionally deﬁned face-selective ROI in the fusiform gyrus (a). Similarly, as the mean and RD of the right ILF decreased, indicating increasing myelination of
the tract, the size of the right hemisphere functionally deﬁned face-selective ROI in the fusiform gyrus increased (b and c). In contrast, the AD in the right ILF was not related to the
size of the functionally deﬁned face-selective ROI in the fusiform gyrus (d). These same structure–function relations did not exist in the left hemisphere (e, f, and g).

Although the right IFOF exhibited an increase in microstructural integrity, it did not increase in volume. This pattern of
results may reﬂect an increase in myelination of the ﬁbers in
the IFOF, but not to the extent that it results in an increase in
volume. At the macrostructural level, only the ILF exhibited an
age-related change in volume, which was evident in both
hemispheres, and this held even when the volume of the ILF
was normalized for each participant based on the total white
matter volume in the whole brain and in the subset of participants for whom we could control for motion during the functional scan. These ﬁndings of increases in both the
microsturcutral integrity as well as the volume of the right ILF
12 Emerging Structural–Functional Brain Development
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are consistent with recent longitudinal work (Lebel and Beaulieu 2011) and suggest that the ILF is becoming increasingly
myelinated and/or more densely packed with axons with age
(Beaulieu 2002; Song et al. 2005; Lebel and Beaulieu 2011).
However, it is important to note that we report this ﬁnding in
the context of having employed a novel approach for considering potential motion differences across the age range (i.e.,
using motion measures from a separate functional scan as a
proxy for motion in the DTI scan). Including motion estimates
from the functional scan as covariates in the regressions of
age-related differences in tract measures actually improved the
amount of variance that was accounted for by age in these

analyses. We suggest that this may be a useful strategy for considering potential motion differences in developmental DTI
studies in the future, and particularly for those studies including very young participants.
This differential pattern of results raises the question about
why some tracts, like the ILF, take longer to reach adult-like architecture in comparison with other tracts, like the IFOF. The
ILF–IFOF contrast is particularly interesting because the IFOF
is longer than the ILF and innervates the prefrontal cortex,
which demonstrates prolonged structural development
(Gogtay et al. 2004), yet the ILF follows a more protracted
developmental course. These results challenge the idea that
the process of myelination necessarily follows a posteriorto-anterior gradient during development (Yakovlev and
Lecours 1967) and provokes further consideration about the
developmental determinants of white matter integrity.

Cerebral Cortex 13
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Emerging Function–Structure Relations
Given the pattern of developmental differences in the tracts
documented here, 2 immediate questions arise. The ﬁrst concerns the mechanism by which the white matter tracts change
with age and the second concerns the relationship between
these changes and alterations in functional characteristics of
regions comprising the face circuit.
Having identiﬁed the structural changes that potentially contribute to circuit organization, we explored, in parallel, concomitant differences in the functional proﬁle of face-related
cortical regions, and then examined the joint structure–function correspondences. Using BOLD fMRI signals, we evaluated
relations between the size, magnitude of selectivity, and
location of regions of functional activation (i.e., OFA and FFA)
that transmit signals via the tracts of interest (i.e., ILF and
IFOF). We found a highly selective result. Across the full age
range, individuals with larger right FFA volumes also exhibited
larger right ILF volumes. Neither the right OFA nor the right
PPA exhibited this structure–function relation with the right
ILF. This is important given that the OFA was functionally
deﬁned using the same contrast as was the FFA, suggesting
that the functional deﬁnition of the contrast was not selectively
biased to uncover a structure–function relation with the ILF.
Secondly, given that the functional contrast for identifying the
PPA was essentially the inverse of the deﬁnition of the FFA and
OFA, it is important that we did not observe a signiﬁcant structure–function relation between the PPA and the ILF in the
reverse direction of the FFA–ILF relation. In addition, this
pattern of results reﬂects the high degree of selectivity in the
structure–function relations that we uncovered in this network.
Interestingly, this structure–function relation between the
right FFA and right ILF was also present in just the children
and adolescents (aged 6–15). However, once age was accounted for in the same model as size of the right FFA in the
children and adolescents, the age effects on the volume of the
ILF swamped all the signiﬁcant variation, even though the size
of the right FFA increased signiﬁcantly across this age range.
Additionally, we did not observe a signiﬁcant relation between
size of the right FFA and any of the diffusivity parameters of
the right ILF, above and beyond the effects of age on these
microstructural indices of this tract. Together, these ﬁndings
indicate that age is the predominant factor inﬂuencing the
volume of the right ILF during early development, during
which time the right FFA grows signiﬁcantly as well. One

interpretation of these ﬁndings is that the neural activity generated by larger functional regions may require and/or inﬂuence
the development of larger ﬁber tracts (via increasing myelination of existing axons and/or more densely packed axons) to
support the transmission of neural signals emanating from
such regions. Interestingly, this pattern of results is not consistent with arguments, suggesting that functional brain development primarily proceeds by reducing highly distributed
networks to become increasingly more focalized (smaller,
fewer, and more dedicated regions supporting the behavior)
with age (e.g., Durston et al. 2006). While this account may
accurately characterize age-related changes in some neural
systems, it does not apparently account for the age-related
increases we see in the neural circuitry supporting face
processing.
Importantly, we did not observe a similar structure–function
relationship between the size of the left FFA, right or left OFA,
or right or left PPA and any tract measures in the left ILF, right
or left IFOF, F-MA, or F-Mi. Similarly, neither the magnitude of
activation nor the locus of coordinates in any functional ROI
was related to tract measures. This is not surprising given that
in the existing studies evaluating age-related differences in the
magnitude of activation within the ventral visual pathway that
deﬁne functional ROIs at the individual level, there are no
age-related differences in face-selectivity (e.g., Golarai et al.
2007, 2010; Scherf et al. 2007, 2011). This speaks to the highly
selective nature of the dynamic changes that we observed in
the relation between structural and functional development of
a complex distributed neural system. Part of the reason that we
observed this relation between the right FFA and the right ILF
may be the tremendous developmental growth that exists in
the size of the right FFA and the volume of the right ILF that is
not observed in other regions or tracts and that may, therefore,
provide a unique opportunity to test these emerging function–
structure relations, particularly during the course of
development.
To our knowledge, this is the ﬁrst report of developmentally
emerging relations between the properties of functional nodes
of a circumscribed network and the structural connections
between those nodes. There are a small number of developmental studies that have reported signiﬁcant correlations
between FA values and fMRI BOLD measures in whole-brain
analyses of children engaging in working memory tasks
(Olesen et al. 2003) as well as age-related differences in both
structural and functional connectivities within targeted connections of the default mode network during rest (Supekar
et al. 2010; Uddin et al. 2011). Surprisingly, these studies
report that resting-state functional connectivity, that is temporal synchrony in functional activation between neural ROI
during rest, can reach adult-like levels despite weak or nonexistent structural connectivity between these same regions
(Supekar et al. 2010; Uddin et al. 2011). These ﬁndings reﬂect
the notion that, during development, there is a very complicated relationship between the functional and structural components of emerging neural circuits. Our ﬁndings elucidate the
dynamic macro- and microstructural and functional age-related
differences that characterize a circumscribed functional
network, but they also have implications for how development
and optimization of cortical organization might occur more
generally. One possibility is that as functional cortical areas
grow in size developmentally and vary in size across individuals even in adulthood, they may inﬂuence the structural

Mechanistic Explanations for the Emerging
Structure–Function Relations
Our ﬁndings of a dynamic association between emerging structural and functional architecture in the developing brain may
provide important clues about the mechanisms by which
neural circuits become organized and optimized in the human
cortex. Previous work has provided evidence of activitydependent mechanisms that promote myelination, suggesting
that experience may inﬂuence myelination and thus, induce
changes in diffusion parameters. For example, neural activity
induces myelination both in vivo and in vitro in mice (Demerens et al. 1996). Rearing mice in darkness also reduces the
rate of myelination of the optic nerve (Gyllensten and Malmfors 1963). Recent human DTI studies consistently implicate
experience-dependent plasticity in white matter tracts. For
example, Bengtsson et al. (2005) found signiﬁcant correlations
between the number of hours children, adolescents, and adults
practice playing piano and FA values in speciﬁc regions of the
corpus callosum and internal capsule. These authors argued
that long-term training can induce regionally speciﬁc plasticity
in the myelination of tracts that are still developing, particularly
during childhood. Several training studies with adults provide
more direct evidence of experience-related changes in white
matter properties, although the robustness of this evidence has
been questioned (Thomas and Baker 2012). Young adults
learning a second language exhibit progressive organizational
changes in the white matter tracts associated with traditional
left hemisphere language areas and their right homologs
(Schlegel et al. 2012). Similarly, both younger and older adults
exhibited an increase in the macro- and microstructural properties of the genu of the corpus callosum, compared with
age-matched control participants after undergoing 100 h of training in working memory, episodic memory, and perceptual speed
tasks (Lövdén et al. 2010). The implication of these ﬁndings for
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the current study is that extensive experience with faces over the
course of development might lead to increasing activation within
face-related neural regions that serves as a trigger for the speciﬁc
reﬁnement of the white matter tracts in this circuit.
We have emphasized the directionality of functional to structural changes in shaping the development of the faceprocessing network; however, it may also be that increasing
the integrity of the structural architecture of ﬁber tracts increases the propagation of neural signal throughout the circuit,
thereby enhancing the functional characteristics of the nodes
within the circuit (and vice versa). In other words, structural
reﬁnements of white matter tracts may precede, and even be
necessary for, functional specialization of the circuit to
emerge. There is also an additional possibility that developmental reﬁnements in a downstream functional region (e.g.,
anterior temporal pole in the case of face processing) inﬂuence
both the structural architecture of ﬁber tracts and the functional characteristics of neural regions that provide input/
output signals into the broader circuit.
Considerations Relating to DTI Methods
One immediate question that deserves consideration is
whether the pattern of ﬁndings we observed might have arisen
spuriously from speciﬁc aspects of the methods we employed.
For example, in using DTI, we relied on a tensor model, which
cannot resolve intravoxel orientation heterogeneity (i.e., crossing ﬁbers problem, Alexander et al. 2001; Tuch 2004). Using
other diffusion imaging methods that are capable of resolving
this problem (Greenberg et al. 2012) require very long scanning times (e.g., 45 min), which are especially difﬁcult for developmental populations to withstand while being still and are
unprecedented in the literature. We also used a 6-direction
acquisition procedure, even though 30-direction protocols are
advantageous for robust estimates of diffusivity (Jones 2004)
and tractography. It is important to note that the dependence
of diffusivity estimates on the sampling orientations fundamentally depends on the anisotropy in the voxels, such that
the asymptotic value of the number of unique encoding directions is approximately 30 when FA values are ≥0.70 (Jones
2004). Critically, at lower FA values, like at the levels we detected in the ILF (range = 0.36–0.43), 6-direction protocols
produce the same diffusivity estimates as do 60-direction protocols (see Jones 2004, Fig. 5).
Given these ﬁndings, it is understandable why the vast
majority of developmental DTI studies, particularly those that
have large samples or that are longitudinal in design, have
opted to use 6-direction protocols (e.g., Klingberg et al. 2000;
Schmithorst et. al. 2002; Olesen et al. 2003; Baird et al. 2005;
Barnea-Goraly et al. 2005; Ben Bashat et al. 2005, 2007; Snook
et al. 2005, 2007; Lebel et al. 2008, 2010; Qui et al. 2008;
Thomas et al. 2008; Berman et al. 2009; Kumar et al. 2009;
Lebel and Christian 2009; Lebel and Beaulieu 2011; Asato et al.
2010; Barb et al. 2011), which are much shorter in duration,
and therefore more tolerable for special populations, than are
higher-deﬁnition DTI scans. Developmental DTI studies that
use more encoding directions (e.g., Schmithorst et al. 2005;
Hermoye et al. 2006; Giorgio et al. 2010; Bava et al. 2011;
Clayden et al. 2012) have also not produced contrary results to
the 6-direction DTI studies. This precedence to use 6-direction
protocols in the majority of developmental DTI studies
suggests a consensus in the ﬁeld for sufﬁcient (and possibly
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properties of the ﬁber tracts transmitting neural signals to and
from these regions. Recent evidence in adults supports this
notion of a very close, and even direct, relationship between
functional patterns of activation in an individual’s right fusiform gyrus and their own patterns of structural connectivity
that deﬁne the input–output relations of the fusiform gyrus
(Saygin et al. 2011).
This study represents a ﬁrst step in uncovering the dynamics
of emergent structure–function relations in the developing
brain. Our cross-sectional design provided novel evidence of
age-related differences (and hint at age-related changes) in
these relations, but it is imperative that longitudinal designs be
employed to understand, at closer range, the dynamics of these
emergent structure–function relations within individuals. This
latter approach will provide a clearer understanding of the
causal mechanisms that shape these critical structure–function
dynamics and the directionality of the developmental inﬂuence
between brain structure and function, in particular. A complete
understanding of the functional consequences of emerging
structure–function relations in brain development will also need
to include an assessment of how behavior is affected. Given that
there is some empirical support for an existing relation between
face identity recognition and the size of the FFA developmentally (Yovel et al. 2008; Golarai et al. 2010), we hypothesize that
this component of face processing might be correlated with the
observed structure–function relation we report.

optimal) developmental methods, with reduced acquisition
time and sufﬁcient sensitivity for deriving FA and diffusivity estimates. Finally, we were particularly rigorous about minimizing the concern that age-related differences in the macro- and
microstructural properties of the tracts of interest are related to
motion differences across the age range. To our knowledge,
this is the ﬁrst developmental DTI study to report age-related
differences in tract properties after controlling for motion in a
functional scan that occurred in the same scanning session
with the DTI scan. As a result, we are conﬁdent that our ﬁndings of age-related differences in both the macro- and microstructural properties of our tracts of interest are not spuriously
related to our methodological approach, even in the context of
understanding these important limitations of the approach.
Conclusion
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