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Abstract
The uncinate fasciculus is a major white matter tract that provides a crucial link between areas of
the human brain that underlie emotion processing and regulation. Specifically, the uncinate
fasciculus is the major direct fiber tract that connects the prefrontal cortex and the amygdala. The
aim of the present study was to use a multi-modal imaging approach in order to simultaneously
examine the relation between structural connectivity of the uncinate fasciculus and functional
activation of the amygdala in a youth sample (children and adolescents). Participants were 9 to 19
years old and underwent diffusion tensor imaging (DTI) and functional magnetic resonance
imaging (fMRI). Results indicate that greater structural connectivity of the uncinate fasciculus
predicts reduced amygdala activation to sad and happy faces. This effect is moderated by age, with
younger participants exhibiting a stronger relation. Further, decreased amygdala activation to sad
faces predicts lower internalizing symptoms. These results provide important insights into brain
structure-function relationships during adolescence, and suggest that greater structural
connectivity of the uncinate fasciculus may facilitate regulation of the amygdala, particularly
during early adolescence. These findings also have implications for understanding the relation
between brain structure, function, and the development of emotion regulation difficulties, such as
internalizing symptoms.
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1. Introduction
Successful social functioning requires the development of processes related to perceiving,
interpreting, and appropriately responding to the emotional signals expressed on others'
faces. Indeed, abnormal emotion processing is associated with a range of psychiatric
disorders (Monk, 2008; Phillips et al., 2003; Pine, 2007). Because the neural circuitry
associated with emotion processing undergoes substantial change during childhood and
adolescence (Nelson et al., 2005), youth may be a time when sensitivity of this circuitry to
genetic and environmental influences is increased. Understanding the structure and function
of neural networks involved in emotion processing in childhood and adolescence will be an
important step in understanding the development of emotion processing and how
abnormalities arise (Cicchetti & Dawson, 2002; Hyde et al., 2011; Swartz & Monk, in
press).

Theoretical frameworks have identified several key neural networks that play a role in
emotional face processing (Burnett et al., 2011; Haxby et al., 2002; Nelson, et al., 2005;
Scherf et al., 2012). The “core” face processing network, composed of the fusiform gyrus,
inferior occipital cortex, and posterior superior temporal sulcus (STS), is involved in the
perceptual processing of faces (e.g., recognizing a stimulus as a face). In addition, emotional
face processing consistently activates regions in limbic and prefrontal areas associated with
evaluating and regulating responses to emotional stimuli (sometimes referred to as
“extended” face processing regions), including the amygdala, orbitofrontal cortex,
ventrolateral prefrontal cortex, and anterior cingulate cortex (Fusar-Poli et al., 2009;
Tahmasebi et al., 2012).

The extended face processing circuitry comprising the amygdala and prefrontal cortex is of
particular interest for the development of socio-emotional function, given its role in
interpreting and regulating responses to emotional faces. Ventral regions of the prefrontal
cortex receive signals from the amygdala and send signals to regulate the amygdala through
direct white matter pathways, including the uncinate fasciculus, one of the major white
matter tracts connecting the frontal lobe with the temporal lobe and limbic system (Petrides
& Pandya, 2002). Diffusion tensor imaging (DTI) measures the microstructural properties of
white matter tracts (Thomason & Thompson, 2011), which we refer to as structural
connectivity. One of the most frequently examined measures of structural connectivity is
fractional anisotropy (FA) or the degree to which water molecules diffuse along one
direction, which may relate to myelination, fiber organization, or axonal packing (Beaulieu,
2002). Higher FA is interpreted as indicating greater structural connectivity between
regions.

Studies conducted in adults that have combined DTI and functional MRI (fMRI) suggest
that structural connectivity of the uncinate fasciculus is related to activation as well as
connectivity within prefrontal cortex-amygdala circuitry. In particular, FA within this white
matter region has been shown to relate to amygdala activation to fearful faces (Kim &
Whalen, 2009), and functional connectivity between the anterior cingulate cortex and
amygdala during emotion processing (Tromp et al., 2012). These results suggest that, for
adults, greater structural connectivity within the uncinate fasciculus may facilitate
communication between the prefrontal cortex and amygdala, supporting prefrontal
regulation of amygdala activity (Tromp et al., 2012). However, because brain structure and
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function undergo substantial changes during the periods of childhood and adolescence, it is
still not known how structural connectivity relates to prefrontal cortex-amygdala function in
early life.

Longitudinal and cross-sectional studies of the uncinate fasciculus generally demonstrate a
pattern of increased FA with advancing age across childhood and adolescence (Lebel &
Beaulieu, 2011; Lebel et al., 2008). Longitudinal studies have also demonstrated variability
in individual trajectories, with some individuals demonstrating increases, decreases, or
maintained levels of FA in this tract over time (Lebel & Beaulieu, 2011). Given prior
observed variance in white matter integrity in youth, it is possible that developmental
variation in white matter could be associated with differences in brain function or
psychosocial outcomes.

Several fMRI studies have demonstrated age-related changes in neural activation associated
with emotional face processing across childhood, adolescence, and adulthood. For instance,
in a large cross-sectional study with participants ranging in age from 4 to 22 years old, Gee
and colleagues (2013) demonstrated a linear decrease with age in amygdala activation to
fearful faces. Other studies have demonstrated greater amygdala activation to emotional
faces in adolescents relative to adults (Guyer et al., 2008; Hare et al., 2008; Monk et al.,
2003; Passarotti et al., 2009). Research focusing strictly on child and adolescent samples has
also shown changes in emotion processing associated with development. These changes
include increased amygdala response to sad faces with age during early adolescence (Pfeifer
et al., 2011), as well as decreased amygdala activation to neutral faces and decreased
ventrolateral prefrontal cortex activity to fearful faces with pubertal development (Forbes et
al., 2011). Overall, these results suggest a complex, non-linear pattern of development
dependent on the nature of the emotion processing task and emotional stimuli used, with the
most consistent trend indicating that amygdala activation to emotional faces decreases from
adolescence to adulthood.

There is also emerging evidence for changes in prefrontal cortex-amygdala functional
connectivity from childhood to adulthood. Using a psychophysiological interaction analysis,
Gee et al. (2013) demonstrated a shift in the direction of functional connectivity from
childhood to adulthood with the youngest age group (4 to 9 years old) exhibiting positive
amygdala-rostral anterior cingulate connectivity while viewing fearful faces whereas older
participants evidenced negative functional connectivity that grew stronger with age. This
shift from positive to negative connectivity was suggested to reflect increased prefrontal
regulation of amygdala activation with age. Another study implementing a correlational
functional connectivity analysis found that across children, adolescents, and adults, the
amygdala was negatively connected with the ventral prefrontal cortex during an emotional
face go/no go task and the strength of connectivity related to greater amygdala habituation
(Hare, et al., 2008). However, although the amygdala and ventral prefrontal cortex showed
differences in activity across the three age groups, changes in connectivity with age were not
directly tested. A different study by Guyer and colleagues (2008) directly compared
functional connectivity across adolescents and adults, and reported no difference in
connectivity between prefrontal and amygdala regions between groups during emotion
processing, indicating that these effects may be dependent on the task performed or the
functional connectivity analytical approach.

All together, research that examines amygdala function and connectivity in early life has
shown that structural and functional connectivity between the prefrontal cortex and
amygdala increases with age and amygdala activation to emotional faces decreases with age
across childhood and adolescence. Though generally examined separately, it is important to
consider brain structure and function simultaneously when examining development, as it is
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possible that changes in brain structure constrain changes in function, or vice versa
(Cicchetti & Dawson, 2002). Moreover, it is important to include behavioral measures in
order to examine how changes in brain structure and function relate to emotion regulation.
The only study yet to examine these relations in an adolescent sample used event-related
potentials (ERPs; Taddei et al., 2012). Taddei et al. (2012) found that N400 ERP amplitudes
(a response evoked by viewing emotional faces) to angry faces measured at ages 8–9
negatively predicted FA in the left uncinate fasciculus at ages 14–15. Moreover, scores on a
measure of harm avoidance collected during childhood negatively predicted right uncinate
fasciculus FA values in adolescence. These results demonstrate that neural activity in
response to processing faces is related to structural connectivity of the uncinate fasciculus;
however, because of the use of ERPs in this study, the relation between uncinate fasciculus
structural connectivity and amygdala activation or functional connectivity during
adolescence remains untested.

The objective of the present study was to examine the relation between structural
connectivity of the uncinate fasciculus, functional activation and connectivity of prefrontal
cortex-amygdala circuitry, and a measure associated with emotion regulation difficulties
(internalizing symptoms) during the periods of late childhood and adolescence. Our first
hypothesis was that greater structural connectivity of the uncinate fasciculus would predict
reduced amygdala activation to emotional faces. Second, we hypothesized that increased
structural connectivity of the uncinate fasciculus would predict greater functional
connectivity between the amygdala and prefrontal cortex. Third, we hypothesized that
increased functional connectivity would predict decreased amygdala activation to emotional
faces. Fourth, we hypothesized that greater structural and functional connectivity, as well as
decreased amygdala activation, would predict lower internalizing symptoms. Fifth, we
examined whether the brain structure-function relationship was moderated by age. Because
this circuitry is undergoing development during childhood and adolescence, the strength of
the relationship between brain structure and function may differ across this age range.

2. Methods
2.1 Participants

Participants were recruited from the community through fliers. Parents reported that
participants had no history of psychiatric diagnoses. Moreover, all participants were below
the clinical cutoff score for internalizing symptoms on the Child Behavior Checklist (CBCL;
Achenbach & Rescorla, 2001). Participants 18 years and older provided informed consent;
minor participants gave assent and their parents signed informed consent forms. A total of
79 participants between 8 and 19 years of age underwent fMRI scanning. Nineteen
participants were removed from analyses due to: movement >3mm in any direction (4
participants), technical problems during scanning (2 participants), accuracy <70% on the
behavioral tasks (2 participants), poor normalization or signal dropout within the amygdala
or prefrontal cortex (10 participants), and showing elevated scores on a measure of autism
symptoms (1 participant), leaving a total of 60 participants with valid fMRI data. Of these
participants, 49 also completed DTI during the same scanning session. One participant was
removed for exhibiting >3mm movement during DTI scanning and 9 participants were
removed due to white pixel artifact in the DTI images. Removal of these participants
resulted in a total of 39 participants (72% male) with fMRI and DTI data (Table 1). FMRI
data from these participants have been reported previously (Swartz et al., 2013; Weng et al.,
2011; Wiggins et al., 2012).
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2.2 Procedure
2.2.1 Gender identification task completed during fMRI scanning—Participants
underwent an implicit emotion processing task during fMRI scanning. A trial of this task
consists of a fixation cross (500 ms), followed by a face (250 ms), and then a black screen
(1500 ms), during which participants identify the gender of the face by pressing the thumb
button for male or the index finger for female on a button box. Faces were from the
NimStim set (Tottenham et al., 2009). Response times and accuracy were recorded. There
were two runs of this task with 60 trials each for a total of 120 trials. There were 30 trials
each of the following face expressions: fearful, happy, sad, and neutral.

2.2.2 Emotion recognition task completed after scanning—Participants completed
a similar version of this task post-scanning in which they were asked to identify the emotion
(rather than the gender) of the faces presented. The stimuli used and presentation times were
the same as for the fMRI task. As stated above, participants that performed gender
identification or emotion recognition with lower than 70% accuracy were removed from the
sample.

2.2.3 fMRI data acquisition—MRI images were acquired with a 3 Tesla GE Signa
Scanner. A high resolution SPGR image was collected for anatomical reference. Functional
data were collected with the following parameters: T2*-weighted BOLD images collected
with a reverse spiral sequence, TR=2,000 ms, TE=30 ms, 40 adjacent 3 mm axial slices, flip
angle=90 degrees, FOV=22 cm, matrix = 64 × 64.

2.2.4 DTI data acquisition—DTI was conducted following fMRI scanning with the
following parameters: spin-echo EPI diffusion sequence, TR=9000 ms, TE=82.3 ms,
FOV=22 cm, 39 slices, thickness=3mm, skip=1mm, 15 diffusion-weighted acquisitions with
b = 800 s/mm2, two averages. One non-diffusion weighted image (b=0 s/mm2) was also
collected in order to transform the diffusion-weighted images to a template in MNI space.

2.2.5 Symptom measure—Internalizing symptoms were measured using T scores from
the Child Behavior Checklist (CBCL) Internalizing scale (Achenbach & Rescorla, 2001).
This scale was chosen as it provides a general measure of internalizing problems with a
relatively broad range in a typically developing sample, whereas measures used to assess
specific clinical symptoms related to disorders may not have produced a sufficient range
within a non-clinical sample.

2.3 Analyses
2.3.1 fMRI data analysis—FMRI data underwent standard pre-processing including slice
timing correction, realignment, co-registration of the anatomical to the functional images,
normalization of the images to the SPM template in MNI space, and smoothing with an 8
mm FWHM Gaussian kernel (see Weng, et al., 2011 for further details).

Condition effects were modeled at the individual subject level with the SPM canonical
hemodynamic response function and a temporal derivative. Incorrect trials were modeled as
a separate condition and excluded from analyses. Group-level analyses were conducted in
SPM8.

2.3.2 Functional connectivity analysis—Psychophysiological interaction (PPI)
analysis was used to examine functional connectivity during emotional face processing. PPI
allows for the examination of how psychological conditions modulate the connectivity
between two regions (Friston et al., 1997). Time courses for amygdala activation were
extracted from the left or right amygdala, defined structurally using amygdala regions of
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interest generated from the Wake Forest University Pickatlas (WFU Pickatlas; Maldjian et
al., 2003). Regressors for the PPI included amygdala response extracted from the
anatomically-defined left or right amygdala, condition effects, and the interaction between
these (amygdala response x condition effects). For our primary analyses, we used the
contrast of all faces > baseline as the psychological condition. Therefore, the PPI (amygdala
response x all faces vs. baseline) indicates regions where connectivity with the amygdala
was modulated by viewing faces. Based on the results of the first hypothesis, we also
conducted secondary analyses using the emotion specific contrasts of sad > neutral and
happy > neutral in order to determine modulation of connectivity based on the emotional
content of faces.

Several steps were taken in order to control for movement in the PPI analyses. First, the six
parameters from the realignment procedure were entered as regressors when estimating the
individual models of the PPI. Second, in line with the procedure used by Van Dijk, Sabuncu,
and Buckner (2012), mean framewise (volume-to-volume) displacement was calculated for
each participant and entered as a regressor into second-level group analyses.

2.3.3 DTI data analysis—Diffusion-weighted images were analyzed using the FMRIB's
Diffusion Toolbox (FDT) in FSL (Smith et al., 2004). First, DTI images underwent eddy
current correction and linear registration to the non-diffusion weighted image in order to
correct for head motion. Next, brain extraction was conducted using BET. Subsequently, the
dtifit procedure in FSL was used to fit diffusion tensor models at each voxel and create an
FA image for each participant. FA images were then processed using tract-based spatial
statistics (TBSS) in FSL (Smith et al., 2006). FA images were realigned to the FMRIB
standard-space image and transformed into MNI standard space. A mean FA skeleton was
created and thresholded at .2 and each participant's FA data were projected onto the
skeleton.

Regions of interest were created using the Johns Hopkins University White Matter
Tractography Atlas (Mori et al., 2005). The left and right uncinate fasciculus regions were
binarized and skeletonized in order to extract mean FA values from the left and right
uncinate fasciculus for each participant.

2.3.4 Age-related change in uncinate fasciculus structural connectivity,
amygdala activation to faces, and prefrontal cortex-amygdala connectivity—
Before testing our primary hypotheses, we examined cross-sectional change for our main
measures of interest. The correlation between FA and age was tested using Pearson's
correlation, conducted in SPSS Software version 20. Regression analysis performed in SPM
was used to measure age-related changes in amygdala activation and prefrontal cortex-
amygdala functional connectivity.

For this and all subsequent analyses performed in SPM, significance was assessed at p<0.05
family-wise error (FWE) corrected using anatomically-defined ROIs created with the WFU
Pickatlas. Significance for amygdala activation was tested with the bilateral amygdala ROI
and prefrontal cortex-amygdala connectivity was tested with the bilateral anterior cingulate
cortex (defined using the Automated Anatomical Labeling atlas), and ventromedial
prefrontal cortex (defined using Brodmann's Areas 10 and 11) ROIs based on previous
research (Gee, et al., 2013; Hare, et al., 2008; Tromp, et al., 2012).

For these analyses, the effects of the contrast of all faces > baseline were tested first. This
approach is warranted because age-related changes in amygdala activation have been
observed in response to all faces (Hare, et al., 2008), fearful faces (Gee, et al., 2013), sad
faces (Pfeifer, et al., 2011), and neutral faces (Forbes, et al., 2011). Thus, hypotheses about
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specific a priori emotions were not selected in advance. When significant effects were
observed, emotion-specific effects were examined as post-hoc analyses.

2.3.5 Hypothesis 1: Relation between uncinate fasciculus structural
connectivity and amygdala activation to emotional faces—The relation between
uncinate fasciculus FA and amygdala activation was examined by conducting multiple
regression analyses in SPM8. First, we examined the relation of FA to amygdala activation
to all faces by regressing mean FA values extracted from the left or right uncinate fasciculus
onto the contrast of all faces vs. baseline. Significance was tested for the regression of left
FA values with the left amygdala ROI and right FA values with the right amgydala ROI.
Because this analysis involved two comparisons (left and right amygdala), Bonferroni
correction was set to p<0.025. This was followed up with tests of emotion-specific effects
by regressing FA onto the contrast of each emotion (fearful, happy, sad, neutral) vs.
baseline.

To examine whether the relationship between amygdala activation and FA values was
specific to the uncinate fasciculus, or related to white matter connectivity across the brain
more broadly, we conducted control analyses in white matter regions where we did not
expect to observe similar effects. That is, we selected three major white matter tracts as
control regions: superior longitudinal fasciculus (SLF; linking the prefrontal cortex with the
posterior parietal cortex), inferior longitudinal fasciculus (ILF; running from the occipital
cortex to the temporal cortex), and corticospinal tract (CST; linking the motor cortex with
the brain stem and spinal cord; Petrides & Pandya, 2002; Thomason & Thompson, 2011).
We examined correlations between amygdala activation and mean FA extracted from (a) the
uncinate fasciculus, (b) the SLF, (c) the ILF, and (d) the CST. Control analyses were
conducted in SPSS using mean contrast values extracted from the amygdala ROI.

Finally, we conducted additional analyses in SPM using neutral faces as baseline rather than
fixation to further examine the relation between amygdala activation to emotional faces and
uncinate fasciculus FA. Based on the results obtained for the analyses described above, we
tested the following contrasts: left amygdala activation to sad > neutral faces and left
amygdala activation to happy > neutral faces. The purpose of these analyses was to
investigate whether the relationship between FA and amygdala activation was specific to
processing associated with the emotional content of faces, rather than face processing more
generally.

2.3.6 Hypothesis 2: Relation between structural connectivity and amygdala-
prefrontal cortex functional connectivity—We used a similar approach as outlined
for the hypothesis above, except that, here, we tested the relation between FA and functional
connectivity. Specifically, we regressed FA values onto the PPI images in SPM in order to
examine regions of the prefrontal cortex where connectivity with the amygdala during face
processing related to uncinate fasciculus FA.

2.3.7 Hypothesis 3: Relation between functional connectivity and amygdala
activation to emotional faces—We examined the relation between amygdala activation
to all faces vs. baseline and prefrontal cortex-amygdala connectivity for the PPI of all faces
vs. baseline. Similar to the approach used for the first and second hypotheses, we did this by
extracting mean contrast values for left or right amygdala activation to all faces vs. baseline
and regressing amygdala activation onto the PPI images in SPM.

2.3.8 Additional analyses—We examined the relation between age and task
performance in order to assess potential confounds (Table 2). Because gender identification
RT, emotion recognition accuracy, and emotion recognition RT were related to age, any
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significant results for the first three hypotheses were re-examined with RT or accuracy as a
covariate. Significant results were also re-examined controlling for handedness and gender,
as gender differences have been shown in neural development during adolescence
(Schmithorst & Yuan, 2010; Tahmasebi, et al., 2012).

2.3.9 Hypothesis 4: Relation between structural connectivity, function, and
internalizing symptoms—We used a similar approach as described above for testing the
relation between our measures and age in order to examine the relation with internalizing
symptoms. Specifically, we tested the Pearson's correlation between FA values and CBCL
scores in SPSS and we used regression analyses in SPM in order to assess the relation
between CBCL scores and amygdala activation and prefrontal cortex-amygdala
connectivity.

2.3.10 Hypothesis 5: Moderation by age—The hypothesis that the relation between
brain structure and function would be moderated by age was examined by conducting a
moderation analysis using the PROCESS macro in SPSS (Preacher & Hayes, 2004). In order
to examine amygdala activation in SPSS, mean contrast values were extracted from the
anatomically-defined amygdala ROI. Based on the results for the first hypothesis, we used
the contrasts of sad vs. neutral and happy vs. neutral for this analysis. We tested whether age
moderated the relation between FA values and amygdala activation. Moderation is examined
by testing whether the interaction between the predictor variable (structural connectivity)
and the moderator variable (age) significantly predicts the outcome variable (amygdala
activation). If the interaction is significant, then the effect of the predictor variable on the
outcome differs depending on the level of the moderator. We followed up significant
interactions with the Johnson-Neyman approach, which identifies the level of the moderator
at which point an effect changes from significant to non-significant (Hayes & Matthes,
2009).

3. Results
3.1 Cross-Sectional Changes with Age

In line with previous research, we observed significant age-related increases in FA in the left
(r =.46, p=.003) and right uncinate fasciculus (r=.42, p=.007; Figure 1). Moreover, we
observed a negative relation between age and left amygdala activation to all faces vs.
baseline (p=.01; Table 3; Figure 2). Post-hoc analyses demonstrated that this effect held for
each emotion (Table 3). There was no significant relation with age for left or right
amygdala-prefrontal cortex connectivity.

3.2 Hypothesis 1: Relation between Uncinate Fasciculus FA and Amygdala Activation
In support of our first hypothesis, there was a negative relation between left uncinate
fasciculus FA values and left amygdala activation to all faces vs. baseline (p=.01; Table 4).
Post-hoc analyses indicated this relationship was driven by left amygdala activation to sad
(p=.004) and happy faces (p=.005; Table 4; Figures 3–4; Supplementary Figure 1). These
effects remained significant when controlling for gender, handedness, reaction time on the
task performed during scanning, emotion recognition accuracy, and emotion recognition
reaction time. Our first hypothesis was not supported for the right amygdala, although the
negative relationship between right uncinate fasciculus FA values and right amygdala
activation to all faces approached significance, t(37)=2.62, p=.065. Notably, when
examining emotions separately, we observed a similar pattern of negative relations between
right uncinate fasciculus FA values and right amygdala activation for happy, sad, and neutral
faces (p's < .05), although these did not survive Bonferroni correction for multiple
comparisons.
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In order to determine the specificity of the results, we examined the relation between
amygdala activation and the control ROIs. We performed this control analysis with left
amygdala activation and FA extracted from the left hemisphere of the control ROIs. As
expected, the only significant predictor of left amygdala activation to sad or happy faces was
FA within the left uncinate fasciculus; mean FA of other white matter tracts did not relate to
amygdala activation (Table 5).

We conducted additional analyses using neutral faces rather than fixation as baseline to
determine whether the same pattern of results held when the contrast was restricted to
emotional content of faces, as opposed to face processing more generally. Although
significance levels were somewhat reduced, we found that the relation between left uncinate
fasciculus FA and left amygdala activation held when comparing activations for sad >
neutral faces, t(37)=2.76, p=.05, xyz= 26, 2, 18, and happy > neutral faces, t(37)=3.48, p=.
01, xyz= 22, 8, 14. We chose to use these contrasts for testing the fourth and fifth
hypotheses so that we could draw conclusions regarding amygdala activation related to the
emotional content of the faces specifically.

3.3 Hypothesis 2: Relation between Structural Connectivity of the Uncinate Fasciculus and
Functional Connectivity

There was no relation between uncinate fasciculus FA and left or right amygdala
connectivity with the ventral prefrontal cortex for the condition of all faces vs. baseline.
Based on the results of the first hypothesis, we also examined left amygdala connectivity for
the conditions of sad vs. neutral and happy vs. neutral faces, but there were also no
significant relations for the emotion-specific comparisons.

3.4 Hypothesis 3: Relation between functional connectivity and amygdala activation to
emotional faces

We did not observe a significant relation between left or right amygdala activation to all
faces vs. baseline and functional connectivity for all faces vs. baseline.

3.5 Hypothesis 4: Relation between Structural Connectivity, Function, and Internalizing
Symptoms

We observed the predicted positive relationship between amygdala activation to sad vs.
neutral faces and CBCL scores, left amygdala: t(36)=3.64, p=.015, xyz= 22, 10, 12 and
right amygdala: t(36)=3.13, p=.049, xyz=22, 6, 14, indicating that greater amygdala
activation to sad faces predicts more internalizing symptoms. There was no significant
relationship between CBCL scores and amygdala activation to happy vs. neutral faces, or
structural or functional connectivity.

3.6 Hypothesis 5: Moderation by Age
We tested whether age moderated the association between left uncinate fasciculus FA values
and left amygdala activation to sad or happy faces vs. neutral faces. The regression
including the moderation effect for amygdala activation to sad vs. neutral faces was
significant, R2=.20, F(3, 35)=2.90, p=.049., indicating that the interaction of age x FA
values predicted amygdala activation, B=.14, SE=.07, t(35)=2.07, p=.046. As shown in
Figure 5, the relation between uncinate fasciculus FA values and amygdala activation to sad
vs. neutral faces was only significant within younger participants; within older participants
this effect was no longer present. Using the Johnson-Neyman approach, the cutoff value of
15.7 years represented the point at which this relation was no longer significant. There was
no moderation effect for left uncinate fasciculus FA values and left amygdala activation to
happy vs. neutral faces.
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4. Discussion
This study contributes to our understanding of brain structure-function relationships in
childhood and adolescence by revealing three primary findings. First, this is the first study to
demonstrate that increased FA within the uncinate fasciculus predicts reduced amygdala
activation to emotional faces in children and adolescents. Second, we demonstrated that
increased amygdala activation to sad faces predicts greater internalizing symptoms. Finally,
we observed that the relation between uncinate fasciculus FA and amygdala activation to sad
faces is moderated by age, with younger participants demonstrating a stronger negative
relation.

Previous research with pediatric samples had demonstrated age-related increases in uncinate
fasciculus FA (Lebel & Beaulieu, 2011) and decreases in amygdala activation to emotional
faces from childhood to adulthood (Gee, et al., 2013). However, until the present study, no
work had demonstrated a direct relation between structural connectivity and amygdala
function during these developmental periods. The finding of a negative relationship between
uncinate fasciculus FA and amygdala activation suggests that increased structural
connectivity of the uncinate fasciculus may improve communication between the prefrontal
cortex and amygdala, allowing for more efficient regulation of amygdala activity. Therefore,
it may be that increased structural connectivity with age facilitates regulation of the
amygdala, leading to the declines in amygdala activation from childhood through
adolescence observed in the present study and in previous research. Future research with
longitudinal data will be necessary in order to test the direction of this effect, and whether
structural connectivity predicts changes in amygdala activation or vice versa.

Additionally, the relation between amygdala activation to sad faces and internalizing
symptoms suggests that structural connectivity may indirectly affect risk for developing
internalizing problems. Specifically, reduced structural connectivity predicts greater
amygdala activation to sad faces, and this in turn predicts more internalizing symptoms.
Individuals with decreased structural connectivity may therefore be more likely to exhibit
amygdala hyper-activation, which could then place them at risk for the development of
internalizing problems.

A significant moderation effect demonstrated that uncinate fasciculus FA values were more
predictive of amygdala activation to sad vs. neutral faces in younger relative to older
participants. This may be due to greater variability in amygdala activation in late childhood
and early adolescence, leading to a stronger relationship between structural connectivity and
amygdala activation in younger participants. If confirmed in future research, this moderation
effect suggests that the periods of late childhood and early adolescence may be sensitive
periods during which structural connectivity of the uncinate fasciculus plays a particularly
important role in emotion processing and regulation, given that amygdala activation may be
more variable during these developmental stages.

We observed that the relation between uncinate fasciculus FA and amygdala activation was
only significant for the left hemisphere and was specific to sad and happy faces. This
relation approached significance in the right hemisphere and we observed negative relations
between right uncinate fasciculus FA and right amygdala activation to sad, happy, and
neutral faces; therefore, we suggest that future research with larger samples would likely
produce results that survive correction for multiple comparisons in both hemispheres.
Interestingly, although amygdala activation to fearful and neutral faces decreased with age,
it did not relate to uncinate fasciculus FA. One potential explanation for this observation is
that additional or alternative factors predict amygdala activation to fearful and neutral faces
in children and adolescents, such as greater emotion recognition with age. Notably, the
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relation between amygdala activation and internalizing symptoms was specific to sad faces.
This concurs with previous research on abnormal processing of sad faces in depression
(Fritzsche et al., 2010) and suggests that amygdala activation to sad faces specifically may
be predictive of internalizing problems.

Of note, we did not observe significant relations between functional connectivity and age,
structural connectivity, or amygdala activation. Importantly, structural and functional
connectivity measure two distinct phenomena, and it has been noted that functional
connectivity is often observed between two regions known to have no direct structural
connections (Buckner, Krienen, & Yeo, 2013). Therefore, it may not be the case that
structural connectivity between two regions will relate to functional connectivity in a
uniform fashion, particularly in younger participants, for whom modulation of connectivity
by psychological context (what is measured by PPI) may still be undergoing development.
Thus, although previous research in adults has shown that structural connectivity relates to
prefrontal cortex-amygdala functional connectivity (Tromp et al., 2012), this effect may not
be as strong in younger participants and may only be robustly observed later in
development. Indeed, theoretical frameworks of adolescent development have noted that
prefrontal cortex activation and connectivity may have greater individual variability during
this stage because functional measures may be highly dependent on the motivational context
of the task and participants' strategy use (Crone & Dahl, 2012). Further research directly
comparing the relation between structural and functional connectivity in adolescents and
adults would help to shed light on these issues.

These findings have several implications for future research. First, if confirmed through
longitudinal research, these results suggest that development across childhood and
adolescence involves increased uncinate fasciculus structural connectivity accompanied by
decreased amygdala activation to emotional faces, which may serve as neural correlates
associated with the development of emotion regulation. An important question for future
research is whether individuals who deviate from these trajectories, such as showing slower
or premature increases in structural connectivity and decreases in amygdala activation
relative to same-age peers, are at heightened risk for the development of psychopathology.
Indeed, decreased uncinate fasciculus FA has been associated with a range of disorders
including social anxiety disorder, generalized anxiety disorder, and major depressive
disorder (Cullen et al., 2010; Phan et al., 2009; Tromp et al., 2012) whereas increased
uncinate fasciculus FA has been associated with conduct disorder and obsessive compulsive
disorder (Passamonti et al., 2012; Sarkar et al., 2013; Zarei et al., 2011). Altered trajectories
of uncinate fasciculus development could be associated with the abnormal patterns of
amygdala activation observed in these disorders (Etkin & Wager, 2007; Passamonti et al.,
2010; Yang et al., 2010). Given that many studies conducted in pediatric samples find higher
FA values in patients relative to controls (Passamonti et al., 2012; Sarkar et al., 2013; Zarei
et al., 2011), it will be important to determine whether this is specific to the disorders
studied in these papers or a function of the age of the samples.

Moreover, these findings suggest that individual differences in uncinate fasciculus structural
connectivity are predictive of amygdala activation to emotional faces. Structural
connectivity of the uncinate fasciculus has been associated with both genetic influences
(Pacheco et al., 2009) and environmental risk factors (Eluvathingal et al., 2006). Therefore,
uncinate fasciculus structural connectivity and age-related changes in amygdala activation
(Wiggins, et al., 2012) may serve as neural mediators for identifying the influence of genetic
and environmental factors on psychological development (Hariri & Weinberger, 2003;
Hyde, et al., 2011).
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Finally, the effect of age on moderating the relation between structural connectivity and
amygdala activation suggests that uncinate fasciculus development may play a particularly
important role in influencing amygdala activation during late childhood and early
adolescence. If future research confirms this moderation effect, then these developmental
stages may represent sensitive periods and could be informative regarding the periods when
intervention may be most effective.

The limitations of this study warrant mention. First, because of the multi-modal imaging
approach used, a greater number of participants had to be removed from the sample due to
unusable fMRI or DTI data than if only one imaging modality had been selected.
Nevertheless, our sample size for this study was larger than previous research combining
fMRI and DTI data in adults (20 participants in Kim & Whalen, 2009) and is comparable to
cross-sectional studies conducted in children and adolescents using only fMRI (45
participants in Gee et al., 2013; 38 participants in Pfeifer et al., 2011). Second, our sample
contained a higher proportion of male than female participants. Given that internalizing
symptoms tend to increase for girls more than boys during adolescence, the sample
composition could have decreased our ability to observe relations between the neuroimaging
measures and internalizing symptoms. Future research using samples with a higher
proportion of girls may find effects even stronger than the ones found in the present sample.
Third, because of the cross-sectional design, we are unable to draw conclusions regarding
within-person trajectories in brain structure-function relations over this period. Future
research will be necessary in order to test whether the cross-sectional trajectories observed
in this study are also observed longitudinally and to better examine the direction of effects
between these variables.

4.1 Conclusions
In conclusion, structural connectivity of a major white matter pathway predicts amygdala
activation to emotional faces during the periods of childhood and adolescence. By using
brain structure and function as neural mediators, future research may help shed light on the
trajectories of typical and atypical development of emotion processing and how genetic and
environmental factors interact to shape individual differences in these trajectories.
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Highlights

• We examined relation between frontolimbic white matter tract and amygdala
activity.

• Greater white matter connectivity predicts less amygdala activation in
adolescents.

• Moderation analysis shows that relation is strongest in youngest participants.

• White matter connectivity may facilitate regulation of the amygdala.
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Figure 1.
Cross-sectional change with age in left and right uncinate fasciculus fractional anisotropy
(FA) values. Age is positively correlated with mean FA values extracted from the left
uncinate fasciculus (r=.46, p=.003) and right uncinate fasciculus (r=.42, p=.007).
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Figure 2.
Cross-sectional change with age in left amygdala activation to all faces vs. baseline. Age is
negatively related to left amygdala activation to all faces, t(37)=3.75, FWE-corrected p=.
011, xyz= 26, 2, 26. Figure demonstrates the negative effect of age on activation and is
thresholded at p<.01 uncorrected in order to demonstrate extent of activation. Scatterplot
demonstrates mean amygdala activation extracted from structurally-defined left amygdala
region of interest.
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Figure 3.
Relation between fractional anisotropy (FA) and amygdala activation to sad faces. There is a
negative relation between FA within the left uncinate fasciculus and left amygdala activation
to sad faces vs. baseline, t(37)=3.87, FWE-corrected p=.004, xyz= 26, 2, 18. Amygdala
values for scatterplot are extracted using structural left amygdala ROI.
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Figure 4.
Relation between fractional anisotropy (FA) and amygdala activation to happy faces. There
is a negative relation between FA within the left uncinate fasciculus and left amygdala
activation to happy faces vs. baseline, t(37)=3.76, FWE-corrected p=.005, xyz= 24, 6 14.
Amygdala values for scatterplot are extracted using structural left amygdala ROI.
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Figure 5.
The association between structural connectivity and amygdala activation to sad faces is
moderated by age. Predicted outcomes for amygdala activation were estimated using the
regression equation for the moderation effect at three different levels of the moderator
variable: mean age of sample (mid-adolescence), 1 standard deviation below (youngest), and
1 standard deviation above (oldest) in order to visualize the interaction.
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Table 1

Participant Characteristics

Measure Mean (SD) Min-Max

Age (years) 15.3 (2.5) 9.6–19.2

CBCL Internalizing T scores 44.8 (7.9) 33–64

Gender ID Task Accuracy 96.6% (3.9) 80–100%

Gender ID Task RT (ms) 729.6 (133) 536–1042.3

ER Task Accuracy 89% (6.4) 71–98%

ER Task RT (ms) 1180.1 (252) 810.2–2104.0

Handedness (percentage left-handed) 21%

Note. CBCL = Child Behavior Checklist; Gender ID task = gender identification task performed during scanning; RT=reaction time; ER task =
emotion recognition task performed after scanning. One participant was missing data for the CBCL.
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Table 2

Bivariate Correlations between Age, Task Performance, and Symptom Scores

Age

Gender ID Accuracy r =.04, p = .79

Gender ID RT r = .49, p = .002

ER Accuracy r =.35, p = .03

ER RT r = .44, p = .005

CBCL Internalizing T score r = .29, p = .08

Note. Bold signifies a significant correlation.

Gender ID=gender identification task performed during scanning; RT=reaction time; ER=emotion recognition task performed after scanning;
CBCL= Child Behavior Checklist.
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Table 3

Left Amygdala Activation to Faces Decreases with Age

Contrast Negative effect of age on activation, t(37)= P-value (FWE-corrected) MNI coordinates (xyz)

All Faces vs. Baseline 3.75 .011 26, 2, 26

Fearful vs. Baseline 3.91 .004 20, 8, 10

Sad vs. Baseline 3.14 .023 20, 2, 14

Happy vs. Baseline 2.81 .045 20, 8, 10

Neutral vs. Baseline 2.87 .045 22, 2, 14

Note. FWE-correction is based on structurally-defined bilateral amygdala region of interest for contrast of all faces vs. baseline and left amygdala
region of interest for emotion-specific contrasts.

FWE=family-wise error; MNI=Montreal Neurological Institute.
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Table 4

Relation between Left Uncinate Fasciculus Fractional Anisotropy and Left Amygdala Activation to Faces

Contrast Regression for negative effect of FA on activation, t(37)= P-value (FWE-corrected) MNI Coordinates (xyz)

All Faces vs. Baseline 3.49 .01 22, 4, 14

Fearful vs. Baseline 2.15 .15 22, 2, 14

Sad vs. Baseline 3.87 .004 26, 2, 18

Happy vs. Baseline 3.76 .005 24, 6, 14

Neutral vs. Baseline 1.64 .33 22, 2, 14

Note. Effects of left uncinate fasciculus fractional anisotropy values were examined with FWE-correction for the structurally defined left amygdala
region of interest.

FA=fractional anisotropy; FWE=family-wise error; MNI=Montreal Neurological Institute.
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Table 5

Correlations between left amygdala activation (sad, happy, fearful or neutral faces vs. baseline) and average
fractional anisotropy in the left uncinate fasciculus, as well as in the left superior longitudinal fasciculus,
inferior longitudinal fasciculus, and corticospinal tract, the latter 3 of which served as control white matter
tracts.

White matter tract Correlation with left
amygdala activation to
sad faces vs. baseline

Correlation with left
amygdala activation to
happy faces vs. baseline

Correlation with left
amygdala activation to
fearful faces vs.
baseline

Correlation with left
amygdala activation to
neutral vs. baseline

Left uncinate fasciculus r = .36, p = .024 r = .41, p = .009 r = .17, p = .30 r = .08, p = .61

Left superior longitudinal
fasciculus

r = .21, p = .19 r = .21, p = .19 r = .18, p = .28 r = .13, p = .43

Left inferior longitudinal
fasciculus

r = .18, p = .28 r = .11, p = .50 r = .10, p = .54 r = .05, p = .78

Left corticospinal tract r = .23, p = .17 r = .09, p = .59 r = .05, p = .78 r = .07, p = .71

Note. Bold indicates a significant correlation.

Neuroimage. Author manuscript; available in PMC 2015 February 01.


