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Children and adolescents are more susceptible than adults to developing posttraumatic stress disorder (PTSD). Pediatric PTSD is
characterized by functional alterations in brain fear circuitry, but little is known about the underlying microstructural changes;
previous work has mainly focused on the corpus callosum. This study is aimed at investigating brain-wide microstructural
abnormalities in pediatric PTSD, their relationship to age and sex, and their potential diagnostic value. The microstructure of
major white matter tracts was assessed from diffusion tensor images acquired from 24 treatment-naive non-comorbid PTSD
patients <18 years and 24 trauma-exposed non-PTSD controls (TENP) matched for age, sex, and years of education. Statistical
analyses included pointwise comparisons, correlations with symptom severity, and diagnosis-by-age/sex interactions; support
vector machine analyses were conducted to determine whether microstructure distinguishes PTSD from TENP. Compared
with TENP, pediatric PTSD patients showed higher fractional anisotropy and lower radial diffusivity in right superior
longitudinal fasciculus and lower axial diffusivity in right uncinate fasciculus. These white matter microstructural abnormalities
were highly correlated with PTSD symptom severity. No significant diagnosis by age or sex interaction was observed. The
pointwise axial diffusivity measurements presented the best PTSD vs. TENP classification performance. In summary, pediatric
PTSD patients showed clinically relevant microstructural abnormalities in uncinate and superior longitudinal fasciculus, which
extend understanding of pediatric PTSD neurobiology beyond the corpus callosum and have diagnostic potential in
distinguishing stressed individuals with and without PTSD.

1. Introduction

Pediatric posttraumatic stress disorder (PTSD) is a debilitat-
ing condition affecting 5% of under-18s [1], leading to func-
tional impairment [2], sleep disturbances [3], and mood and
anxiety disorders [4]. From the perspective of the emerging
field of psychoradiology [5–7], better knowledge of the
underlying neural substrate allows development of objective

biomarkers that could assist in early identification of the
condition or in forecasting its onset or course.

Most neuroimaging studies of PTSD have been of adults
[8], and extrapolation is not straightforward to the distinctive
pediatric variation [9], in this population undergoing extraor-
dinary neurodevelopment, particularly in white matter [10].
Most studies of white matter in pediatric PTSD have focused
on the largest fiber bundle, the corpus callosum, reporting
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some microstructural abnormalities [11–13]. However, few
studies have examined the broader system of white matter
tracts. Moreover, conventional analyses of whole tract mean
diffusion measures may miss important information, as tissue
properties can vary along a tract [14]. A recent study of pedi-
atric PTSD found that the uncinate fasciculus, inferior longitu-
dinal fasciculus, and cingulum bundle showed remarkable
age- and sex-linked microstructural changes [15]; however,
the comparison to nontraumatized healthy controls obscured
whether these were related to PTSD per se or a general conse-
quence of traumatic stress exposure [15], and there were
potential confounding effects of psychiatric comorbidity and
medication.

To overcome these limitations, we aimed to evaluate
white matter organization in pediatric patients with PTSD
and trauma-exposed non-PTSD controls (TENP) using a
fiber-tract segmentation approach, which investigates
microstructure across 20 major white matter tracts [16].
No participants had received psychiatric medication, and
none had psychiatric comorbidity. Given the previous evi-
dence of microstructural disruption [11–13], we hypothe-
sized (i) that PTSD would show disrupted microstructural
organization in comparison to TENP and (ii) that these
would be related to symptom severity. Furthermore, given
possible differential effects of age and sex on white matter
microstructure [15], we (iii) searched for sex/age-by-PTSD
diagnosis interactions. Finally, as white matter microstruc-
ture has been shown to have diagnostic value in brain disor-
ders [17, 18], we hypothesized (iv) that microstructural
measures could serve as markers to differentiate individuals
with PTSD from those with TENP.

2. Materials and Methods

2.1. Participants. A severe earthquake occurred in Sichuan
Province of China in 2008, and survivors were recruited
between January 2009 and August 2009 and selected
through a large-scale survey of 4200 individuals using the
PTSD checklist (PCL), a self-report measure with 17 items
[19]. At follow-up visits 8-15 months after the earthquake,
the Clinician-Administered PTSD Scale (CAPS) [20] and
the Structured Clinical Interview for DSM-IV Diagnosis
(SCID) [21] were used to confirm the presence/absence of
a diagnosis of PTSD. Detailed inclusion and exclusion cri-
teria are in the Supplementary Materials (available here).
In brief, all participants were <18 years; the PTSD group
were individuals with PCL score ≥ 35 and CAPS score ≥ 50
when the diagnosis of PTSD was confirmed by SCID inter-
view; TENP controls were those individuals who scored
<35 on PCL but did not have a diagnosis of PTSD following
SCID. The final study groups were 24 treatment-naive pedi-
atric PTSD patients without psychiatric comorbidities and
24 demographically matched stressed controls who did not
develop PTSD. In this way, survivors with PTSD and those
without PTSD had similar demographic characteristics and
earthquake experiences.

This study was approved by the Research Ethics of West
China Hospital of Sichuan University. Written informed

consent was obtained from each child’s guardian after the
study procedures were fully explained.

2.2. Data Acquisition. The MRI data were acquired using a
3T MRI system with an eight-channel phase array head coil
(EXCITE; General Electric) and included diffusion tensor
image (DTI) and high-resolution T1 scans. MRI scanning
of survivors took place 10-15 months after the earthquake,
on the same day as clinical assessment. Foam padding and
earplugs were used to minimize head motion and scanner
noise. The diffusion sensitizing gradients were applied along
15 noncollinear directions (b value = 1000 s/mm2) together
with an acquisition without diffusion weighting (b = 0).
Imaging parameters were repetition time (TR)/echo time
(TE) 12000/71.6ms, matrix 128 × 128, field of view (FOV)
24 × 24 cm2, 50 slices, slice thickness 3mm no gap, and
number of excitations 2. A high-resolution T1-weighted
3D spoiled gradient recall sequence was acquired with these
scanning parameters: TR/TE 8.5/3.4ms, inversion time
400ms, flip angle 12°, matrix size 256 × 256, FOV 24 × 24 c
m2, 156 axial slices, and slice thickness 1mm with no gap.
The acquired MRI images were evaluated by an experienced
neuroradiologist to verify image quality.

For each raw DTI dataset, after excluding those with
conspicuous head motion and signal dropout, head motion
was calculated using online code (https://thewinnower
.com/papers/3525-a-guide-to-quantifying-head-motion-in-
dti-tudies) to exclude participants with head movements of
>2° rotation around the x, y, z directions or >2mm displace-
ment/translation in the x, y, z directions. All participants’
head motion was within these criteria, and there were no sig-
nificant between-group differences in head motion (details
in Table S1).

2.3. Imaging Processing and Automatic Tracts Identification.
We used FSL (FMRIB Software Library, http://www.fmrib
.ox.ac.uk/fsl) for routine DTI processing, including head
motion and eddy current correction, brain extraction, and
tensor model fitting. Then, we used automated fiber quanti-
fication (AFQ) software [14] (https://github.com/jyeatman/
AFQ) to identify 20 white matter tracts in each participant
in the following steps [22]: whole-brain deterministic fiber
tractography, waypoint region of interest-based tract seg-
mentation, and probability map-based fiber refinement
using the Johns Hopkins University white matter template
(http://neuro.debian.net/pkgs/fsl-jhu-dti-whitematter-atlas
.html). Tracts included the left and right anterior thalamic
radiation, corticospinal tract, cingulum cingulate, cingulum
hippocampus, inferior frontooccipital fasciculus, superior
and inferior longitudinal fasciculus, uncinate, arcuate fascic-
ulus, the forceps minor of the genu, and the forceps major of
the splenium of the corpus callosum. After tract identifica-
tion, the diffusion measures including fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), and
radial diffusivity (RD) along the tract core, defined as the
tract profile, were extracted from each fiber tract. Tracts
were smoothed using a 10-point moving average filter to
reduce local variation caused by imaging noise.
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2.4. Statistical Analysis. Tract profiles were compared
between PTSD and TENP in a pointwise manner. Each par-
ticipant’s tract profile was arranged into a single matrix,
which was then fed into FSL Randomize program for
permutation-based statistical analysis with 10000 permuta-
tions. The statistical results were subject to familywise error
correction for multiple comparisons following threshold-
free cluster enhancement and thresholded at P < 0:05. A
flowchart of pointwise comparison can be found in our ear-
lier report [23].

Two-way analysis of variance (ANOVA) was used to
analyze PTSD diagnosis-by-sex and diagnosis-by-age (divid-
ing the distribution into younger and older groups, 10–12
and 13–16 years) interaction; post hoc contrasts evaluated
the simple main effects if there were statistically significant
interactions; the main effect of sex was tested in the whole
sample and in the PTSD and TENP groups separately. We
examined the relationship between CAPS scores and the
mean tract profiles derived from the portion of the tracts
with significant between-group differences by partial corre-
lations, controlling for age and sex to eliminate their poten-
tial confounding effect.

To examine whether tract profiles could differentiate
between PTSD patients and TENP controls, exploratory
support vector machine (SVM) analyses were conducted,
details of which can be found in the Supplementary
Materials.

3. Results

3.1. Group Comparison of Demographics and Clinical
Symptoms. Table 1 summarizes the demographic and clini-
cal characteristics of the 24 treatment-naive PTSD patients
(14 females and 10 males) and 24 TENP controls (14 females
and 10 males). No significant differences in sex, age, years of
education, or time since trauma were observed between the
two groups (P > 0:05).

3.2. Pointwise Comparison of Tract Profile Alterations in
PTSD and TENP. Figures S1–S4 show the tract profiles for
each group. Figure 1 and Table 2 show the tract segments
that showed significant between-group differences in tract
profiles (FWE correction, P < 0:05). For the right superior
longitudinal fasciculus, PTSD patients relative to TENP
controls showed significantly higher FA in points 45-84
(Figure 1(a)) and lower RD in points 42-71 (Figure 1(b));
for the right uncinate fasciculus, PTSD patients relative to
TENP showed lower AD in points 49-63 (Figure 1(c)). No
significant between-group differences were observed in
MD. Figure 2 shows mean values of individual data points
for the tract segments that showed significant group
differences.

3.3. Interaction between Groups and Age/Sex in terms of
Tract Profiles. Two-way ANOVA revealed no significant
diagnosis-by-age or diagnosis-by-sex interaction in FA
(P = 0:07 and 0.07) or RD (P = 0:99 and 0.65) in the right
superior longitudinal fasciculus or AD (P = 0:61 and 0.61)
in the right uncinate fasciculus. Tables S2–S5 show the

main effect of sex on brain white matter in the whole sample
and within each group. Briefly, in the combined group only,
male relative to female participants showed significantly
higher MD in right inferior longitudinal fasciculus, with no
significant between-group sex differences in other fiber tracts
or within either group.

3.4. Correlations between Alterations in White Matter
Measures and Clinical Symptoms. Figure 3 shows the nega-
tive correlation between CAPS score and mean RD over
the nodes 42-71 of right superior longitudinal fasciculus
(P = 0:008, r = −0:617) and the positive correlation between
CAPS scores and mean FA over nodes 45-84 of right supe-
rior longitudinal fasciculus (P = 0:003, r = 0:675). There
was no significant correlation between CAPS score and
mean AD over 49-63 nodes of right uncinate fasciculus.

3.5. Classification Performance. Table S6 shows the results of
SVM for diagnosis (PTSD vs. TENP) based on tract profiles.
The mean balanced accuracies of classifications were all
above chance, the best performer being the pointwise AD
profile (accuracy 70.8%; sensitivity 62.7%; specificity 79.0%).

4. Discussion

We applied fiber-tract segmentation to identify localized
white matter tract microstructural abnormalities in
treatment-naive pediatric PTSD patients compared to TENP
controls and to investigate their potential utility in diagnosis.
We found significantly higher FA and lower RD in right
superior longitudinal fasciculus and lower AD in right unci-
nate fasciculus; altered white matter profiles in those tracts
were correlated with clinical symptom severity, but showed
no significant group-age or group-sex interactions, and the
pointwise AD profile performed best in classifying TENP
controls and PTSD patients. This study adds to our under-
standing of the white matter microstructure in pediatric
PTSD and might help in developing imaging-based diagnos-
tic tools.

Consistent with previous studies [24, 25], we found
lower AD in the right uncinate fasciculus in PTSD patients.

Table 1: Demographics and clinical characteristics of the
participantsa.

Variables
TENP
(n = 24)

PTSD
(n = 24) P value

Age (years)b 12:9 ± 1:2 13:2 ± 1:8 0.57c

Sex (male/female) 10/14 10/14 1.00d

Years of educationb 7:8 ± 2:0 7:8 ± 1:7 0.95c

Time since trauma (months)b 12:3 ± 1:8 11:4 ± 1:3 0.07c

PTSD checklist 24:1 ± 2:8 55:0 ± 5:3 <0.001c

CAPS 65:5 ± 6:3
aData are presented as the mean ± SD (minimum-maximum) unless noted.
bAge, years of education, and time since trauma were defined relative to the
time of MRI scanning. cP value by two-sample two-tailed t-test. dP value by
two-tailed chi-squared test. PTSD: posttraumatic stress disorder; TENP:
trauma-exposed non-PTSD; CAPS: Clinician-Administered PTSD Scale.
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Figure 1: Pointwise comparison of white matter tract profiles between PTSD patients and TENP controls. For each of three tracts as labelled
(namely, (a) and (b) right SLF and (c) right UF), the left-hand panel shows a 3D rendering derived from automated fiber tract quantification
software for a single representative participant (color-coded for t value as in the key); the right-hand panel shows the corresponding group
tract profiles (blue for TENP, red for PTSD; solid lines show means, shaded areas represent 1 SD). In the right-hand panels, each tract was
divided into 100 equal segments (x-axis) and tract profiles (y-axis) and scaled in the same way across tracts; the asterisk bars indicate tract
regions with pairwise white matter profiles significantly different between TENP controls and PTSD patients; the y-axis label identifies the
parameter; the x-axis represents the location between the beginning and termination waypoint regions of interest, following the Johns
Hopkins University white matter template convention. PTSD: posttraumatic stress disorder; TENP: trauma-exposed non-PTSD control;
FA: fractional anisotropy; RD: radial diffusivity; AD: axial diffusivity; SLF: superior longitudinal fasciculus; UF: uncinate fasciculus.
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As current neurobiological models of PTSD emphasize fron-
totemporal connectivity, it is not surprising that effects on
microstructural organization include the uncinate fasciculus,
which connects the orbitofrontal and the anterior temporal
cortices related to memory formation and emotion regula-
tion [26]. A recent case study used deep brain stimulation
in the uncinate fasciculus to successfully treat a PTSD

patient, supporting a causal role and suggesting a novel tar-
geting strategy [27]. We also found higher FA and lower RD
in the right superior longitudinal fasciculus. This large tract
connects the prefrontal cortex with the parietal, occipital,
and temporal lobes and is associated with a range of func-
tions including perception of visual and auditory space and
aspects of motor behavior [28]. The simple frontotemporal

Table 2: Regions across the 20 fiber tracts where white matter measures differ significantly between PTSD patients and TENP controls.

Diffusion measures/fiber tracts Location TENP PTSD

Fractional anisotropy (FA)

Right superior longitudinal fasciculus Nodes 45-84 0:385 ± 0:046 0:435 ± 0:054
Mean diffusivity (MD) No regions of difference

Radial diffusivity (RD)

Right superior longitudinal fasciculus Nodes 42-71 0:552 ± 0:031 0:519 ± 0:037
Axial diffusivity (AD)

Right uncinate fasciculus Nodes 49-63 1:154 ± 0:072 1:089 ± 0:035
Measurements are presented as the mean ± SD. Regions were considered abnormal if they exhibited significant between-group differences (P < 0:05) using
permutation-based analysis (10000 permutations) in FSL Randomize. Nodes are defined by dividing each tract into 100 equal segments between the
beginning and termination waypoint regions of interest along the given tract. PTSD: posttraumatic stress disorder; TENP: trauma-exposed non-PTSD
controls.
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values plus 1-SD error bars for the three tract segments (see labels on each graph) showing significant group differences between PTSD
patients and TENP controls. PTSD: posttraumatic stress disorder; TENP: trauma-exposed non-PTSD control; FA: fractional anisotropy;
RD: radial diffusivity; AD: axial diffusivity; SLF: superior longitudinal fasciculus; UF: uncinate fasciculus.
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Figure 3: Relationships between white matter tract profile alterations and CAPS scores in PTSD. The graphs show the relationship between
the white matter tract profile alterations (i.e., mean values from the nodes significantly different between groups: parameter and location
given in y-axis label) and CAPS scores. The graphs show lines of regression (solid) and 95% error lines (dotted). PTSD: posttraumatic
stress disorder; CAPS: Clinician-Administered PTSD Scale; FA: fractional anisotropy; RD: radial diffusivity; SLF: superior longitudinal
fasciculus.
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model of PTSD would not predict effects on the superior
longitudinal fasciculus, but it has emerged among areas
affected in meta-analysis [11, 13] and may be predictive of
PTSD treatment efficacy in victims of interpersonal violence
[29]. In PTSD, it perhaps functions in broader aspects of
visual-spatial attention in information processing and auto-
biographical memory.

That uncinate fasciculus and superior longitudinal fas-
ciculus findings were predominantly lateralized to the right
hemisphere is consistent with reported abnormalities of
right-sided cerebral perfusion, electroencephalographic,
magnetoencephalography synchrony, and cortical excitabil-
ity in PTSD associated with intrusive emotional autobio-
graphical memory, arousal, avoidance, and reexperience
[30–33]. However, reports of lateralized hemispheric deficits
in PTSD conflict [34, 35] and the relation may be more indi-
rect [36]. More research is needed on this. No significant
group-age or group-sex interactions in terms of tract profiles
were observed in the current study. However, diagnosis-by-
sex/age interaction has been recently found in the white
matter study of pediatric PTSD [15]. This discrepancy may
be explained by differences in study design, such as the type
of control group (TENP vs. nontraumatized healthy con-
trols), type and duration of trauma, medication status, and
comorbidities [12]. Technical factors of DTI acquisition
and analysis may also contribute.

In our study, the main contribution to higher FA was
lower RD. RD has been proposed as an in vivo marker of
myelin, lower RD being associated with increased myelina-
tion [37]. There is neuroimaging evidence of increased mye-
lination in adult PTSD [38, 39], but this has not been
previously shown in pediatric PTSD. Rat models of stress
show increased oligodendrogenesis, a precursor to myelin
synthesis [40]. It may be that the lower RD we observed
reflects adaptive oligodendrogenesis and myelination, and
that this provides a structural basis for observations of
altered neural dynamics in functional MRI studies in PTSD
[41, 42]. However, these RD changes should be interpreted
with caution.

Although machine learning is not yet routinely available,
given the urgent need for early-stage disease biomarkers, the
evidence reported here is promising for the development of
diagnostic markers based on imaging. Our multivariate clas-
sification and cross-validation suggests that white matter
profiles may be useful for individual diagnosis of PTSD.
We believe this is the first use of machine learning to exam-
ine this potential of white matter tract profiles: our explor-
atory SVM analyses identified the AD profiles as
discriminating PTSD from non-PTSD with 70% accuracy
and 79% specificity, giving mean balanced accuracy convinc-
ingly above chance. Several other PTSD studies have applied
machine learning to other kinds of neuroimaging data: pre-
treatment resting-state functional connectivity achieved 76%
accuracy predicting trauma-focused psychotherapy response
for individual young PTSD patients [43]; hippocampal sub-
field volumes with random forest classifiers achieved 69%
accuracy in distinguishing traumatized children with and
without PTSD [44]; a deep learning model based on graph-
theoretic features achieved 89% accuracy discriminating

adult PTSD patients from TENP controls [45]. Despite this
potential, in none of these examples is accuracy particularly
high. Better classification performance may be achieved
using other advanced models [46], although computation
involving large numbers of parameters will require a larger
sample size. Whether our findings are specific to PTSD,
rather than transdiagnostic characteristics of many psychiat-
ric disorders, needs to be explored in future studies.

Our study has limitations. First, the cross-sectional
design limits inferences about individual microstructural
changes over time and prediction of PTSD conversion after
major life stress and precluded exploration of the relation-
ship between PTSD and neurodevelopment. Longitudinal
follow-up design in future studies would help clarify these
issues. Second, our focus was on white matter microstruc-
tures that differentiate between similarly stressed individuals
with and without PTSD. Without a comparison group of
nontraumatized healthy controls, we cannot examine the
effects of general stress [47, 48]. This limits the potential
for clinical application, and further comprehensive studies
in clinical settings are needed. Third, all participants in our
study were exposed to a single type of trauma; one should
be cautious about generalizing to PTSD due to other types
of trauma. Fourth, the performance of the SVM classifica-
tion model was not very high; other advanced machine
learning techniques such as deep learning may improve clas-
sification performance, although these usually involve higher
levels of complexity and computation of more parameters,
requiring a much larger sample size. Fifth, while it provides
information about white matter microstructure, the detec-
tion of group differences may have been limited by the rela-
tively small sample size resulting from our strict recruitment
criteria. Developing a comprehensive model of white matter
microstructure will require larger PTSD pediatric samples,
but adhering to stringent criteria to maintain a sufficiently
homogenous subject group.

Notwithstanding these limitations, this work makes a
novel contribution to knowledge of pediatric PTSD’s neural
basis. We have confirmed white matter microstructure
abnormalities, widespread beyond the corpus callosum
[15]. By comparing survivors with and without PTSD, we
have identified these as related to PTSD specifically, rather
than simply to traumatic stress. Finally, by controlling for
confounding variables such as psychiatric medication and
comorbidity, we have identified changes related, as far as
possible, to the underlying disease process. Previous studies
have found that PTSD after different kinds of trauma may
have different cerebral deficits [49, 50]. The present study
may therefore be particularly useful in improving the reli-
ability and specificity of biomarkers to identify the single-
stressor PTSD caused by natural disasters.

5. Conclusion

Combining a tractography approach with SVM analyses, our
study found abnormal diffusion measures of fiber tracts in
pediatric PTSD patients with potential diagnostic utility.
We found abnormal microstructural organization in right
uncinate fasciculus and right superior longitudinal fasciculus
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tracts, which were related to symptom severity. Our findings
support white matter abnormalities as a promising diagnos-
tic marker in pediatric PTSD and throw light on white mat-
ter changes beyond the corpus callosum.
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provided by the authors to give readers additional informa-
tion about their work. (Supplementary Materials)

References

[1] K. A. McLaughlin, K. C. Koenen, E. D. Hill et al., “Trauma
exposure and posttraumatic stress disorder in a national sam-
ple of adolescents,” Journal of the American Academy of Child
and Adolescent Psychiatry, vol. 52, no. 8, pp. 815–830.e14,
2013.

[2] V. G. Carrion, C. F. Weems, R. Ray, and A. L. Reiss, “Toward
an empirical definition of pediatric PTSD: the phenomenology
of PTSD symptoms in youth,” Journal of the American Acad-
emy of Child and Adolescent Psychiatry, vol. 41, no. 2,
pp. 166–173, 2002.

[3] B. Kovachy, R. O'Hara, N. Hawkins et al., “Sleep disturbance in
pediatric PTSD: current findings and future directions,” Jour-
nal of Clinical Sleep Medicine, vol. 9, no. 5, pp. 501–510, 2013.

[4] R. Famularo, T. Fenton, R. Kinscherff, and M. Augustyn, “Psy-
chiatric comorbidity in childhood post traumatic stress disor-
der,” Child Abuse & Neglect, vol. 20, no. 10, pp. 953–961, 1996.

[5] F. Li, H. Sun, B. B. Biswal, J. A. Sweeney, and Q. Gong, “Arti-
ficial intelligence applications in psychoradiology,” Psychora-
diology, vol. 1, pp. 94–107, 2021.

[6] S. Lui, X. H. J. Zhou, J. A. Sweeney, and Q. Y. Gong, “Psychor-
adiology: the frontier of neuroimaging in psychiatry,” Radiol-
ogy, vol. 281, no. 2, pp. 357–372, 2016.

[7] J. P. Lin, L. Li, N. F. Pan et al., “Neural correlates of neuroti-
cism: A coordinate-based meta-analysis of resting-state func-
tional brain imaging studies,” Neuroscience & Biobehavioral
Reviews, vol. 146, p. 105055, 2023.

[8] X. L. Suo, C. Zuo, H. Lan et al., “Multilayer network analysis of
dynamic network reconfiguration in adults with posttraumatic
stress disorder,” Biological Psychiatry: Cognitive Neuroscience
and Neuroimaging, vol. 8, no. 4, pp. 452–461, 2023.

[9] M. S. Scheeringa, “Developmental considerations for diagnos-
ing PTSD and acute stress disorder in preschool and school-
age children,” The American Journal of Psychiatry, vol. 165,
no. 10, pp. 1237–1239, 2008.

[10] D. J. Simmonds, M. N. Hallquist, M. Asato, and B. Luna,
“Developmental stages and sex differences of white matter
and behavioral development through adolescence: a longitudi-
nal diffusion tensor imaging (DTI) study,” NeuroImage,
vol. 92, pp. 356–368, 2014.

[11] J. K. Daniels, J. P. Lamke, M. Gaebler, H. Walter, and
M. Scheel, “White matter integrity and its relationship to
PTSD and childhood trauma–a systematic review and meta-
analysis,” Depression and Anxiety, vol. 30, no. 3, pp. 207–
216, 2013.

[12] Y. Ju, W. Ou, J. Su et al., “White matter microstructural alter-
ations in posttraumatic stress disorder: an ROI and whole-
brain based meta-analysis,” Journal of Affective Disorders,
vol. 266, pp. 655–670, 2020.

[13] S. Siehl, J. A. King, N. Burgess, H. Flor, and F. Nees, “Structural
white matter changes in adults and children with posttrau-
matic stress disorder: a systematic review and meta-analysis,”
Neuroimage Clin, vol. 19, pp. 581–598, 2018.

[14] J. D. Yeatman, R. F. Dougherty, N. J. Myall, B. A. Wandell, and
H. M. Feldman, “Tract profiles of white matter properties:
automating fiber-tract quantification,” PLoS One, vol. 7,
no. 11, article e49790, 2012.

[15] J. D. Russell, S. A. Heyn, D. C. Dean, and R. J. Herringa, “Pedi-
atric PTSD is characterized by age- and sex-related abnormal-
ities in structural connectivity,” Neuropsychopharmacology,
vol. 46, no. 12, pp. 2217–2223, 2021.

[16] S. Wakana, A. Caprihan, M. M. Panzenboeck et al., “Repro-
ducibility of quantitative tractography methods applied to
cerebral white matter,” NeuroImage, vol. 36, no. 3, pp. 630–
644, 2007.

[17] H. Chen, X. Sheng, R. Qin et al., “Aberrant white matter
microstructure as a potential diagnostic marker in Alzheimer’s

7Depression and Anxiety

https://livrepository.liverpool.ac.uk/3146202/1/Suo%202021%20main%20%20text.pdf
https://livrepository.liverpool.ac.uk/3146202/1/Suo%202021%20main%20%20text.pdf
https://downloads.hindawi.com/journals/da/2023/9020854.f1.docx


disease by automated fiber quantification,” Frontiers in Neuro-
science, vol. 14, article 570123, 2020.

[18] X. Dou, H. Yao, F. Feng et al., “Characterizing white matter
connectivity in Alzheimer’s disease and mild cognitive
impairment: an automated fiber quantification analysis with
two independent datasets,” Cortex, vol. 129, pp. 390–405,
2020.

[19] F. W. Weathers, B. T. Litz, D. Herman, J. Huska, and T. Keane,
The PTSD Checklist-Civilian Version (PCL-C), National Cen-
ter for PTSD, Boston, MA, 1994.

[20] D. D. Blake, F. W. Weathers, L. M. Nagy et al., “The develop-
ment of a Clinician-Administered PTSD Scale,” Journal of
Traumatic Stress, vol. 8, no. 1, pp. 75–90, 1995.

[21] M. B. First, R. L. Spitzer, M. Gibbon, and J. B. Williams, Struc-
tured Clinical Interview for Axis I DSM-IV Disorders, Biomet-
rics Research, New York, 1994.

[22] Y. Xiao, H. Sun, S. Shi et al., “White matter abnormalities in
never-treated patients with long-term schizophrenia,” The
American Journal of Psychiatry, vol. 175, no. 11, pp. 1129–
1136, 2018.

[23] H. Sun, S. Lui, L. Yao et al., “Two patterns of white matter
abnormalities in medication-naive patients with first-episode
schizophrenia revealed by diffusion tensor imaging and cluster
analysis,” JAMA Psychiatry, vol. 72, no. 7, pp. 678–686, 2015.

[24] H. Hu, Y. Zhou, Q. Wang et al., “Association of abnormal
white matter integrity in the acute phase of motor vehicle acci-
dents with post-traumatic stress disorder,” Journal of Affective
Disorders, vol. 190, pp. 714–722, 2016.

[25] S. B. J. Koch, M. van Zuiden, L. Nawijn, J. L. Frijling, D. J. Velt-
man, and M. Olff, “Decreased uncinate fasciculus tract integ-
rity in male and female patients with PTSD: a diffusion
tensor imaging study,” Journal of Psychiatry & Neuroscience,
vol. 42, no. 5, pp. 331–342, 2017.

[26] R. J. Von Der Heide, L. M. Skipper, E. Klobusicky, and I. R.
Olson, “Dissecting the uncinate fasciculus: disorders, contro-
versies and a hypothesis,” Brain, vol. 136, no. 6, pp. 1692–
1707, 2013.

[27] C. Hamani, B. Davidson, A. Levitt et al., “Patient with post-
traumatic stress disorder successfully treated with deep brain
stimulation of the medial prefrontal cortex and uncinate fas-
ciculus,” Biological Psychiatry, vol. 88, no. 11, pp. e57–e59,
2020.

[28] J. D. Schmahmann, D. N. Pandya, R. Wang et al., “Association
fibre pathways of the brain: parallel observations from diffu-
sion spectrum imaging and autoradiography,” Brain,
vol. 130, no. 3, pp. 630–653, 2007.

[29] R. C. Graziano, T. C. Vuper, M. A. Yetter, and S. E. Bruce,
“Treatment outcome of posttraumatic stress disorder: a white
matter tract analysis,” Journal of Affective Disorders, vol. 81,
article 102412, 2021.

[30] O. Bonne, A. Gilboa, Y. Louzoun et al., “Resting regional cere-
bral perfusion in recent posttraumatic stress disorder,” Biolog-
ical Psychiatry, vol. 54, no. 10, pp. 1077–1086, 2003.

[31] B. Engdahl, A. C. Leuthold, H. R. M. Tan et al., “Post-trau-
matic stress disorder: a right temporal lobe syndrome?,”
Journal of Neural Engineering, vol. 7, no. 6, article 066005,
2010.

[32] L. J. Metzger, S. R. Paige, M. A. Carson et al., “PTSD arousal
and depression symptoms associated with increased right-
sided parietal EEG asymmetry,” Journal of Abnormal Psychol-
ogy, vol. 113, no. 2, pp. 324–329, 2004.

[33] S. Rossi, A. De Capua, M. Tavanti et al., “Dysfunctions of cor-
tical excitability in drug-naive posttraumatic stress disorder
patients,” Biological Psychiatry, vol. 66, no. 1, pp. 54–61, 2009.

[34] W. J. Curtis and D. Cicchetti, “Emotion and resilience: a mul-
tilevel investigation of hemispheric electroencephalogram
asymmetry and emotion regulation in maltreated and nonmal-
treated children,” Development and Psychopathology, vol. 19,
no. 3, pp. 811–840, 2007.

[35] S. A. Shankman, S. M. Silverstein, L. M. Williams et al., “Rest-
ing electroencephalogram asymmetry and posttraumatic stress
disorder,” Journal of Traumatic Stress, vol. 21, no. 2, pp. 190–
198, 2008.

[36] M. D. De Bellis, M. S. Keshavan, D. B. Clark et al., “Develop-
mental traumatology part II: brain development∗,” Biological
Psychiatry, vol. 45, no. 10, pp. 1271–1284, 1999.

[37] P. J. Winklewski, A. Sabisz, P. Naumczyk, K. Jodzio,
E. Szurowska, and A. Szarmach, “Understanding the physio-
pathology behind axial and radial diffusivity changes-what
do we know?,” Frontiers in Neurology, vol. 9, p. 92, 2018.

[38] L. L. Chao, D. Tosun, S. H. Woodward, D. Kaufer, and T. C.
Neylan, “Preliminary evidence of increased hippocampal mye-
lin content in veterans with posttraumatic stress disorder,”
Frontiers in Behavioral Neuroscience, vol. 9, p. 333, 2015.

[39] A. J. Jak, S. Jurick, S. Hoffman et al., “PTSD, but not history of
mTBI, is associated with altered myelin in combat-exposed
Iraq and Afghanistan veterans,” The Clinical Neuropsycholo-
gist, vol. 34, no. 6, pp. 1070–1087, 2020.

[40] S. Chetty, A. R. Friedman, K. Taravosh-Lahn et al., “Stress and
glucocorticoids promote oligodendrogenesis in the adult hip-
pocampus,” Molecular Psychiatry, vol. 19, no. 12, pp. 1275–
1283, 2014.

[41] P. Wang, Z.-L. Peng, L. Liu et al., “Neural response to trauma-
related and trauma-unrelated negative stimuli in remitted and
persistent pediatric post-traumatic stress disorder,” Brain and
Behavior: A Cognitive Neuroscience Perspective, vol. 11, no. 7,
article e02173, 2021.

[42] P. C. Yang, M. T. Wu, C. C. Hsu, and J. H. Ker, “Evidence of
early neurobiological alternations in adolescents with post-
traumatic stress disorder: a functional MRI study,” Neurosci-
ence Letters, vol. 370, no. 1, pp. 13–18, 2004.

[43] P. Zhutovsky, J. B. Zantvoord, J. B. Ensink, R. op den Kelder,
R. J. L. Lindauer, and G. A. vanWingen, “Individual prediction
of trauma-focused psychotherapy response in youth with post-
traumatic stress disorder using resting-state functional con-
nectivity,” NeuroImage: Clinical, vol. 32, article 102898, 2021.

[44] L. Li, N. Pan, L. Zhang et al., “Hippocampal subfield alterations
in pediatric patients with post-traumatic stress disorder,”
Social Cognitive and Affective Neuroscience, vol. 16, no. 3,
pp. 334–344, 2021.

[45] Z. Zhu, D. Lei, K. Qin et al., “Combining deep learning and
graph-theoretic brain features to detect posttraumatic stress
disorder at the individual level,” Diagnostics, vol. 11, no. 8,
p. 1416, 2021.

[46] S. Vieira, W. H. L. Pinaya, and A. Mechelli, “Using deep learn-
ing to investigate the neuroimaging correlates of psychiatric
and neurological disorders: methods and applications,”Neuro-
science and Biobehavioral Reviews, vol. 74, no. Part A, pp. 58–
75, 2017.

[47] B. Suarez-Jimenez, A. Albajes-Eizagirre, A. Lazarov et al.,
“Neural signatures of conditioning, extinction learning, and
extinction recall in posttraumatic stress disorder: a meta-

8 Depression and Anxiety



analysis of functional magnetic resonance imaging studies,”
Psychological Medicine, vol. 50, no. 9, pp. 1442–1451, 2020.

[48] Z. Wang, T. C. Neylan, S. G. Mueller et al., “Magnetic reso-
nance imaging of hippocampal subfields in posttraumatic
stress disorder,” Archives of General Psychiatry, vol. 67, no. 3,
pp. 296–303, 2010.

[49] M. Boccia, S. D’Amico, F. Bianchini, A. Marano, A. M. Gian-
nini, and L. Piccardi, “Different neural modifications underpin
PTSD after different traumatic events: an fMRI meta-analytic
study,” Brain Imaging and Behavior, vol. 10, no. 1, pp. 226–
237, 2016.

[50] Y. Meng, C. Qiu, H. Zhu et al., “Anatomical deficits in adult
posttraumatic stress disorder: a meta-analysis of voxel-based
morphometry studies,” Behavioural Brain Research, vol. 270,
pp. 307–315, 2014.

[51] X. L. Suo, D. Lei, W. B. Li et al., “Psychoradiological abnormal-
ities in treatment-naive noncomorbid patients with posttrau-
matic stress disorder,” Depression and Anxiety, vol. 39, no. 1,
pp. 83–91, 2022.

9Depression and Anxiety


	Characterizing White Matter Changes along Fibers in Treatment-Naive Pediatric Posttraumatic Stress Disorder
	1. Introduction
	2. Materials and Methods
	2.1. Participants
	2.2. Data Acquisition
	2.3. Imaging Processing and Automatic Tracts Identification
	2.4. Statistical Analysis

	3. Results
	3.1. Group Comparison of Demographics and Clinical Symptoms
	3.2. Pointwise Comparison of Tract Profile Alterations in PTSD and TENP
	3.3. Interaction between Groups and Age/Sex in terms of Tract Profiles
	3.4. Correlations between Alterations in White Matter Measures and Clinical Symptoms
	3.5. Classification Performance

	4. Discussion
	5. Conclusion
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials



