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Background: Alterations of white matter integrity during adolescence/young adulthood
may contribute to the neurodevelopmental pathophysiology of bipolar disorder (BD), but it
remains unknown how white matter integrity changes in BD patients during this critical
period of brain development. In the present study, we aimed to identify possible age-
associated alterations of white matter integrity in adolescents and young adults with BD
across the age range of 13–30 years.

Methods: We divided the participants into two groups by age as follows: adolescent
group involving individuals of 13–21 years old (39 patients with BD and 39 healthy
controls) and young adult group involving individuals of 22–30 years old (47 patients with
BD and 47 healthy controls). Diffusion tensor imaging (DTI) was performed in all
participants to assess white matter integrity.

Results: In the adolescent group, compared to those of healthy controls, fractional
anisotropy (FA) values were significantly lower in BD patients in the left inferior longitudinal
fasciculus, splenium of the corpus callosum and posterior thalamic radiation. In the young
adult group, BD patients showed significantly decreased FA values in the bilateral uncinate
fasciculus, genu of the corpus callosum, right anterior limb of internal capsule and fornix
compared to healthy controls. White matter impairments changed from the posterior brain
to the anterior brain representing a back-to-front spatiotemporal directionality in an age-
related pattern.

Conclusions: Our findings provide neuroimaging evidence supporting a back-to-front
spatiotemporal directionality of the altered development of white matter integrity
associated with age in BD patients during adolescence/young adulthood.

Keywords: bipolar disorder, diffusion tensor imaging, fractional anisotropy, white matter, neurodevelopment
g January 2020 | Volume 10 | Article 10101

https://www.frontiersin.org/article/10.3389/fpsyt.2019.01010/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.01010/full
https://www.frontiersin.org/article/10.3389/fpsyt.2019.01010/full
https://loop.frontiersin.org/people/764336
https://loop.frontiersin.org/people/638042
https://loop.frontiersin.org/people/838079
https://loop.frontiersin.org/people/769917
https://loop.frontiersin.org/people/675626
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles
http://creativecommons.org/licenses/by/4.0/
mailto:yanqingtang@163.com
mailto:fei.wang@cmu.edu.cn
mailto:songbaili001@163.com
https://doi.org/10.3389/fpsyt.2019.01010
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2019.01010
https://www.frontiersin.org/journals/psychiatry
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2019.01010&domain=pdf&date_stamp=2020-01-28


Ren et al. Age-Related Alterations of Bipolar Disorder
INTRODUCTION

An increasing number of studies using magnetic resonance
imaging (MRI) have strongly suggested that changes in white
matter (WM) may underline the disruption of the normal
interactions between brain regions seen in bipolar disorder (BD)
patients, thus making it possible to use neuroimaging evidence to
delineate pathophysiological mechanism of BD (1–4). To measure
the alterations of WM in BD patients, diffusion tensor imaging
(DTI) has been widely used to assess WM integrity as fractional
anisotropy (FA) obtained by DTI is generally considered a reliable
index of axonal integrity and low FA values are generally related to
structural damage of WM or demyelination (5, 6). Although WM
impairments have been demonstrated in BD patients using DTI,
the findings appeared to be inconsistent (7–12). Adolescence/
young adulthood is an important period for the development of
WMduring which FA values tend to increase and such an increase
in FA value may represent the continued myelination and
thickening of the diameters of fiber tracts (13–16). During brain
maturation, myelination follows a back-to-front spatiotemporal
directionality and lower-order brain areas, such as sensorimotor
regions, mature earlier than higher-order brain areas that are
associated with emotional and cognitive functions, such as the
frontal lobes (17). Deviations in the typical pattern of normal WM
development may lead to the disruption of normal neural
connectivity, resulting in the onset and clinical symptoms
frequently manifested in BD patients (18–21).

A number of DTI studies have already found alterations ofWM
integrity in BD patients during adolescence/young adulthood,
however, it remains unknown how WM integrity changes in BD
patients during this period. A previous study showed that age-
associated changes in WM integrity followed a nonlinear trajectory
in the corpus callosum (CC) in BD patients across the age range of
9–62 years (21). While greater age-related alterations of WM
integrity were demonstrated in BD patients beginning in the
second decade of life in the splenium of corpus callosum (SCC),
this effect was more evident among BD patients beginning in the
third decade of life in the genu of corpus callosum (GCC). The
abnormal development ofWM in the CCmay lead to alterations of
inter-hemispheric communication. Another longitudinal study
suggested that there was an absence in the expected increase of
FA values in the uncinate fasciculus (UF) in adolescents and adults
with BD (4), suggesting that the changes in structural development
of WM in the UF could link to the abnormal neurodevelopment of
BD, causing the emotional instability. Taken together, these
findings suggested that the abnormal development of WM may
contribute to the pathophysiology of BD.
Abbreviations: ALIC, anterior limb of internal capsule; ANOVA, analysis of
variance; BD, bipolar disorder; CC, corpus callosum; DSM-IV, diagnostic and
statistical manual of mental disorders, fourth edition; DTI, diffusion tensor
imaging; FA, fractional anisotropy; fMRI, functional magnetic resonance
imaging; GCC, genu of the corpus callosum; GRF, gaussian random field;
HAMA, hamilton anxiety scale; HAMD-17, 17-item hamilton depression rating
scale; HC, healthy controls; ILF, inferior longitudinal fasciculus; MNI, montreal
neurological institute; MRI, magnetic resonance imaging; SCC, splenium of the
corpus callosum; UF, uncinate fasciculus; WM, white matter; YMRS, young mania
rating scale.
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In this study, we used a voxel-based analysis of DTI to examine
the WM integrity of all participants across the age range of 13–30
years by measuring FA values. fMRI findings suggested that the
mean brain age achieving a maximum level of maturity is 22.3
years old and it may represent a vital period of time with a great
venerability in the development of brain prior to the maturity (22,
23). Additionally, Nurnberger et al. found that clinical assessments
performing on offspring aged 12–21 years from families with a
proband with BD may identify those prone to the onset of major
affective disorders during adolescence (24). The findings indicated
that BD patients of 12–21 years old present some clinical
symptoms that differ from those of BD patients older than
21 years. Furthermore, a previous study examining the
contributions of age at onset and childhood psychopathology in
psychotic BD patients demonstrated that onset of BD at an early
age prior to twenty was generally associated with poorer functional
and clinical outcomes, suggesting that differences in brain
development underline the mechanisms in BD during
adolescence and adulthood (25). Therefore, we divided the
participants into two groups by age 21 as follows: adolescent
group involving individuals of 13–21 years old and young adult
group involving individuals of 22-30 years old. By comparing
differences in the WM between BD patients and health controls
(HC), we aimed to investigate the age-associated alterations of the
brain during adolescent/young adulthood in BD patients and to
delineate the neurodevelopmental pathophysiology of BD.
MATERIALS AND METHODS

Participants
There were 86 individuals with BD and 86 HC involved in the
present study. All participants were divided into two groups by
age as follows: adolescent group with the age range of 13–21
years and young adult group with the age range of 22–30 years.
The numbers of both BD patients and HC in each group were 39
and 47, respectively. The age distribution showed as following:
there were 10 individuals of 13–15 years old (5 BD patients, 5
HC), 38 individuals of 16–18 years old (17 BD patients, 21 HC),
30 individuals of 19–21 years old (17 BD patients, 13 HC), 30
individuals of 22–24 years old (15 BD patients, 15 HC),
36 individuals of 25–27 years old (18 BD patients, 18 HC), and
28 individuals of 28–30 years old (14 BD patients, 14 HC),
respectively. BD patients were recruited from the outpatient
services at the Department of Psychiatry, First Affiliated
Hospital of China Medical University and Mental Health
Center of Shenyang, while HC were recruited from the local
community by advertisements matched for gender and age. After
receiving a detailed description of the study, all participants (or
parents or guardian for those under 18 years old) provided
written informed consent. The study was approved by the
Medical Research Ethics Committee of the China Medical
University in accordance with the Declaration of Helsinki.
Consensus was made between two trained psychiatrists to
confirm the presence or absence of Axis I diagnoses using the
following criteria: the Structured Clinical Interview for
January 2020 | Volume 10 | Article 1010
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Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) Axis I Disorders for participants of 18 years
old or older and the Schedule for Affective Disorders and
Schizophrenia for School-Age Children-present and Lifetime
Version for participants younger than 18 years old. BD
participants met DSM-IV diagnostic criteria for BD without
any other Axis I disorders. No presence of any other DSM-IV
Axis I disorders was confirmed in BD patients or their first-
degree family members. Individuals were excluded from
participation based on the following criteria: 1) general
contraindications for MRI, 2) history of substance/alcohol
abuse or dependence, 3) history of head trauma with loss of
consciousness for ≥ 5 min or any neurological disorder, and 4)
concomitant major medical disorder. For all participants, mania
scores were assessed using the Young Mania Rating Scale
(YMRS), depression scores were assessed using the 17-item
Hamilton Depression Rating Scale (HAMD-17), and anxiety
scores were assessed using the Hamilton Anxiety Scale
(HAMA). Details of age of onset, first episode, and duration of
illness in BD patients were obtained. Considering mood states, in
the adolescent group, there were 11 BD patients in a stable state,
16 BD patients in a depressed state and 9 BD patients in a manic
state. In the young adult group, there were 13 BD patients
in a stable state, 19 BD patients in a depressed state and
10 BD patients in a manic state. Considering medication
status, in the adolescent group, there were 14 BD patients on
mood stabilizers, 14 BD patients on antipsychotics, 9 BD patients
on antidepressants, and 16 BD patients without medication. In
the young adult group, there were 25 BD patients on mood
stabilizers, 21 BD patients on antipsychotics, 21 BD patients on
antidepressants, and 16 BD patients without medication.

DTI Acquisition and Processing
To obtain MRI data, a GE Signa HDX 3.0T MRI scanner was
used with a standard head coil at this hospital. Head motion was
minimized with restraining foam pads. To acquire DTI, spin-
echo planar imaging sequences were used with the following
parameters: TR = 17000 ms, TE = 85.4 ms, FOV = 24 cm ×
24 cm, imaging matrix = 120 × 120, 65 contiguous axial slices of
2 mm without gap, 25 non-collinear directions (b = 1000
s/mm2), axial acquisition without diffusion weighting (b = 0),
and voxel size = 2.0 mm3.

The acquired images were processed with PANDA software
(http://www.nitrc.org/projects/panda). To transform individual
FA images of native space to a standard Montreal Neurological
Institute (MNI) space, spatial normalization (voxel size = 1 mm ×
1 mm × 1 mm) was used after motion and eddy-current
correction were applied. Finally, to reduce misalignment and
noise, the FA images were smoothed by a 6-mm Gaussian kernel.

Statistical Analysis
We used student t test and c2 test to compare demographic data
and the YMRS, HAMD-17, HAMA scores between BD patients
and HC in the adolescent and young adult groups.We also used c2

test to compare the composition of different mood states between
adolescents with BD and young adults with BD. The t test was also
employed to determine if there was a significant difference in FA
Frontiers in Psychiatry | www.frontiersin.org 3
values between BD patients and controls separately in the
adolescent and young adult groups. The voxel-level inference of
p < 0.005 with Gaussian random field (GRF) correction for cluster-
level inference of p < 0.05 was used for statistical inference in DTI
images. Moreover, FA values that were extracted from the regions
showing significant differences between BD patients and HC were
used for partial correlation analyses to explore the clinical factors
including the YMRS, HAMD-17, and HAMA scores. To rule out
the possible interference on the dynamics of FA performance in
the medicated patients, the difference in FA values was further
determined by t test in the specified brain regions between
medication-free BD patients and HC. For multiple comparisons,
statistical significance was set at p < 0.05 corrected by Bonferroni.
We also performed analysis of variance (ANOVA) by using group
(BD patients vs HC) and age (adolescents versus young adults) as
between subject factors to investigate the group × age interaction
in the brain regions where the significant differences in FA values
between BD patients and HC in the adolescent and young adult
groups were observed in the above t tests. Post hoc analyses were
used to determine the extent of alterations in FA values among
adolescents with BD, healthy adolescents, young adults with BD
and healthy young adults.
RESULTS

Overall, there were no significant differences in age, gender and
handedness between BD patients and HC in adolescent and
young adult groups. Additionally, there was no significant
difference in the composition of different mood states between
adolescents with BD and young adults with BD. However, BD
patients had significantly greater levels of manic depression and
anxiety as measured by the YMRS, HAMD-17, and HAMA
compared to those of controls (Table 1).

In our present study, adolescents with BD showed significantly
decreased FA values compared to those of healthy adolescents in
the distinct brain regions as follows:1) left inferior longitudinal
fasciculus (ILF), and 2) SCC and posterior thalamic radiation
(MNI coordinates, respectively: x = -28 mm, y = -22 mm, z =
-10 mm, 124 voxels, T = 4.11; x = -26 mm, y = -62 mm, z = 18 mm,
122 voxels, T = 4.25; p < 0.005 corrected by GRF) (Figure 1).
Compared to those of HC, FA values were significant lower in BD
patients in the young adult group in the following brain areas:
1) left UF, 2) right anterior limb of internal capsule (ALIC) and
fornix, and 3) right UF and GCC (MNI coordinates, respectively:
x = -24 mm, y = 28 mm, z = -8 mm, 138 voxels, T = 4.54; x =
16 mm, y = 6 mm, z = 0 mm, 84 voxels, T = 4.31; x = 20 mm, y =
34 mm, z = 10 mm, 181 voxels, T = 4.11; p < 0.005 corrected by
GRF (Figure 2). There were no significant correlations between
mean FA values and the YMRS, HAMD-17, and HAMA scores
(p > 0.05, Bonferroni corrected for six times) in the adolescent
group. In the young adult group, there were no significant
correlations between mean FA values and the YMRS, HAMD-
17, and HAMA scores (p > 0.05, Bonferroni corrected for nine
times). Regardless of age, the medication-free patients showed
significant differences in FA values compared to HC (adolescents
January 2020 | Volume 10 | Article 1010
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with BD vs healthy adolescents: p < 0.05, Bonferroni corrected for
two times; young adults with BD versus healthy young adults: p <
0.05, Bonferroni corrected for three times, respectively).
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We further determined if there was a group × age interaction
in the brain regions where the significant differences in FA values
between BD patients and HC in the adolescent and young adult
groups were observed in the above t tests. There was a significant
group × age interaction in the left ILF, SCC, posterior thalamic
radiation, left UF, right ALIC, and fornix (all p < 0.05). The post
hoc analyses demonstrated that the larger contribution to the
group × age interaction was derived mainly from the decreased
FA values in the left ILF, SCC and posterior thalamic radiation in
adolescents with BD compared to healthy adolescents (all p <
0.001). Compared to those of HC, FA values in the left ILF
showed no significant differences in young adults with BD (p >
0.05) and greater extent of changes in the mean FA values was
found in the SCC and posterior thalamic radiation in adolescents
with BD (p < 0.001) compared to young adults with BD (p <
0.05). Additionally, there were significant lower FA values in the
left UF, right ALIC, and fornix indicating the larger contribution
to the interaction between group and age in young adults with
BD compared to HC (all p < 0.001), and FA values in the above
brain regions showed no significant differences between
adolescents with BD and healthy adolescents, although the
group × age interaction in the right UF and GCC was not
significant (Figure 3).
DISCUSSION

To our knowledge, this is the first report to demonstrate the age-
associated alterations of WM integrity following a back-to-front
spatiotemporal directionality in BD patients during adolescence/
young adulthood. Our findings yielded from DTI analysis
indicated that the adolescent BD patients showed significantly
lower FA values in the left ILF, SCC, and posterior thalamic
radiation compared to those of HC. While in the young adult
group, FA values were significantly decreased in the bilateral
uncinate fasciculus, genu of the corpus callosum, right anterior
limb of internal capsule, and fornix compared to those of HC.
TABLE 1 | Demographic and clinical characteristics of study participants.

Characteristics Age of 13–21 years old t/c2 P Age of 22–30 years old t/c2 P

BD (n = 39) HC(n = 39) BD (n = 47) HC (n = 47)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Age at scan (years) 17.90 (2.19) 17.85 (2.22) 0.103 0.918 25.87 (2.75) 25.72 (2.56) 0.272 0.786
Gender (male/female) 14/25 16/23 0.217 0.642 24/23 21/26 0.384 0.536
Handedness (R/L/MIX) 36/1/2 37/0/0 2.963 0.227 46/0/0 44/0/2 2.044 0.153
First episode (yes/no) 25/14 — — 24/21 — —

Age of onset (years) 15.6 (2.08) — — 22.3 (4.88) — —

State (stable/depressed/manic) 11/16/9 — — 13/19/10 — —

Medication (yes/no) 23/16 — — 31/16 — —

Duration (months) 22.42 (20.17) — — 33.52 (36.27) — —

YMRS n = 39 n = 31 n = 45 n = 42
7.87 (10.29) 0.07 (0.25) 4.737< 0.001 8.73 (10.92) 0.12 (0.33) 5.289< 0.001

HAMD-17 n = 38 n = 31 n = 47 n = 43
11.7 (9.21) 1.65 (1.78) 6.584< 0.001 12.85 (11.03) 0.81 (1.20) 7.433< 0.001

HAMA n = 36 n = 30 n = 45 n = 30
8.42 (7.30) 0.57 (1.07) 6.371< 0.001 9.78 (10.75) 0.47 (1.10) 5.779 < 0.001
January 2020 | Volume 10
SD, standard deviation; BD, bipolar disorder; HC, healthy controls; YMRS, Young Mania Rating Scale; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Scale.
FIGURE 1 | (A) Sagittal views showing significant differences in fractional
anisotropy (FA) values in the left inferior longitudinal fasciculus (ILF), splenium
of corpus callosum (SCC) and posterior thalamic radiation (Ptr) between
bipolar disorder (BD) patients and healthy controls (HC) in the adolescent
group from left to right as follows: (1) left ILF, and (2) SCC and Ptr [Montreal
Neurological Institute (MNI) coordinates, respectively: x = -28 mm, y = -22
mm, z = -10 mm, 124 voxels, T = 4.11; x = -26 mm, y = -62 mm, z = 18
mm, 122 voxels, T = 4.25, p < 0.005 with Gaussian random field (GRF)
correction]. (B) FA values in white matter fibers extracted from the left ILF,
SCC and Ptr in BD patients and HC in the adolescent group. ***p < 0.001.
ILF-L, left inferior longitudinal fasciculus; L, left brain; R, right brain. Color bars
represent T values.
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The disruptions of neural connectivity within WM apparently
changed from the posterior brain to the anterior brain in an age-
dependent manner. Our DTI findings further revealed that there
were alternations in anatomical connectivity in neural
microstructures of WM in BD patients in all age groups and
highlighted the importance of considering WM integrity in the
neurodevelopmental pathophysiology of BD.

One of critical findings of our study was that development of
abnormal WM integrity in BD patients follows an apparent
back-to-front spatiotemporal directionality of WM and it was
also the age-dependent. Interestingly a similar directionality
of the normal development of the brain has been reported
in the previous findings (14, 17, 26). Studies using structural
MRI to investigate gray matter density showed that the decline in
gray matter density and increased myelination have been
companied with continued normal brain growth until the age
of 30 years old. The trajectory of maturational and aging changed
Frontiers in Psychiatry | www.frontiersin.org 5
heterogeneously over the cortex as follows: cortices such as
the visual and auditory cortex myelinated earlier and showed a
more linear pattern of aging compared to the frontal cortex.
Another study investigating cortical development using
MRI demonstrated that lower-order brain areas such as
sensorimotor regions matured earlier than higher-order brain
areas such as the frontal cortex. Furthermore, a previous study
using DTI to investigate WM integrity also suggested a back-to-
front spatiotemporal development of the normal brain (27). The
findings indicated that the more rostral portions of the CC and
internal capsule began the maturation process latter than the
caudal regions. Interestingly, the back-to-front changes of brain
were also found in BD patients demonstrated in previous studies
in which either fMRI or DTI was used as a research tool (28, 29).
fMRI studies investigating connectivity and network of brain
showed that the abnormal input from lower-order brain regions
may affect higher-order brain regions and cause dysfunction
within neural circuits, which may act on sensory processing
circuits later and finally lead to the clinical symptoms of BD.
While a DTI study demonstrated that greater age-associated
changes in WM integrity in BD patients began in the second
decade of life within the SCC and began in the third decade of life
within the GCC (21), which were consistent with our findings.
However, a recent study showed that there was a strong
correlational relationship between the extent of quadratic
measurement difference and peak maturational timing (30). The
findings of the study supported the last-in-first-out petrogenesis
hypothesis of aging (31). To this regard, more longitudinal studies
are needed to explore the neurodevelopmental pathophysiology
of BD.

As suggested in our findings, WM disruptions changed from
the posterior brain involving primary cortex to the anterior brain
involving high-order cortex in BD patients during adolescence/
young adulthood. Alterations of WM in the back of the brain
have been demonstrated to be related to the impairments of
FIGURE 2 | (A) Axial views showing significant differences in fractional
anisotropy (FA) values in the bilateral uncinate fasciculus (UF), genu of corpus
callosum (GCC), right anterior limb of internal capsule (ALIC) and fornix (Fx)
between bipolar disorder (BD) patients and healthy controls (HC) in the young
adult group from left to right as follows: (1) left UF, (2) right ALIC and Fx, and
(3) right UF and GCC [Montreal Neurological Institute (MNI) coordinates,
respectively: x = -24 mm, y = 28 mm, z = -8 mm, 138 voxels, T = 4.54; x =
16 mm, y = 6 mm, z = 0 mm, 84 voxels, T = 4.31; x = 20 mm, y = 34 mm, z
= 10 mm, 181 voxels, T = 4.11, p < 0.005 with Gaussian random field (GRF)
correction]. (B) FA values in white matter fibers extracted from the bilateral
UF, GCC, right ALIC and Fx in BD patients and HC in the young adult group.
***p < 0.001. UF-L, left uncinate fasciculus; ALIC-R, right anterior limb of the
internal capsule; UF-R, right uncinate fasciculus; L, left brain; R, right brain.
Color bars represent T values.
FIGURE 3 | FA values in white matter fibers focusing on the group × age
interaction extracted from the left inferior longitudinal fasciculus (ILF), splenium
of corpus callosum (SCC), posterior thalamic radiation (Ptr), bilateral uncinate
fasciculus (UF), genu of corpus callosum (GCC), right anterior limb of internal
capsule (ALIC) and fornix (Fx) in adolescents with bipolar disorder (BD),
healthy adolescents, young adults with BD and healthy young adults. *p <
0.05, ***p < 0.001. ILF-L, left inferior longitudinal fasciculus; UF-L, left
uncinate fasciculus; ALIC-R, right anterior limb of the internal capsule;
UF-R, right uncinate fasciculus; L, left brain; R, right brain. Color bars
represent T values.
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primary sensory processing by previous studies. For example, the
ILF connects occipital and temporal lobes and relays information
to the orbitofrontal region of the brain (32). Decrease in FA
values in ILF and the changes of WM integrity were associated
with the impairments of object recognition in children (33).
Additionally, the decreased FA values in the posterior thalamic
radiation in BD patients in the present study were almost
identical to a previous study in which, using a visual backward
masking task, the impairments of visual processing were
associated with deficits in neural pathways involving posterior
brain areas in BD patients (6, 34). As the alterations of WM were
mainly confined in the front of the brain in young adults with BD
as suggested by our findings, the disruptions of WM may lead to
abnormal higher-order functions such as cognitive and
emotional regulation. For example, the UF is crucial for
communication between the amygdala and ventral prefrontal
cortex and plays an important role in maintain emotional
stability (4, 35–37). Decreased FA values found in the UF
in BD patients could suggest there could be an abnormality
in the perigenual anterior cingulate cortex-amygdala functional
connection and the impairments of WM microneural
connectivity may lead to the abnormality of emotional
processing in BD (38). Additionally, the GCC, an area
connecting the frontal cortices, participates in higher-order
cognitive and emotional regulation (8, 39–44) and any deficits
of prefrontal connectivity may cause clinical symptoms of BD
such as altered responses to emotional stimuli (45, 46).
Moreover, the ALIC may interconnects with higher-order
brain regions such as prefrontal cortex and amygdala through
thalamic nuclei and structural abnormalities in the ALIC and UF
could cause psychotic symptoms and mood dysregulation
including increased risk taking behaviors (47). Furthermore,
the damage of the fornix was related to impaired amnesic
function involved in the clinical manifestations of BD as the
fornix serve as a major efferent fiber bundle from the
hippocampus (48–50).

Moreover, there were several limitations in the present study.
First, the study was cross-sectional and the potential alterations
of WM integrity which may occur in the development of
BD remain unknown. Further longitudinal studies may
produce the validity of our findings supporting developmental
changes are associated with the spectrum of BD. Second,
the relative smaller sample size of this study prevents us to
provide additional data critical for further delineating the
neurodevelopmental pathophysiology of BD. Third, the results
obtained from BD patients who received medications could
complicate interpretations of the findings. However, regardless
of their age, BD patients without medications showed significant
differences in FA values when compared to HC and this finding
was consistent with our previous findings. Further studies
comprising of unmedicated patients could unambiguously
exclude the effect of medication on FA values in the BD
patients. Fourth, as the youngest patient in our study is only
13 years old and an age-appropriate standard template should be
used in future study. Fifth, there was a partially overlapped age of
onset in adolescents with BD and young adults with BD in our
Frontiers in Psychiatry | www.frontiersin.org 6
study. Patients in distinctive ages should be included in the
further analysis in order to reduce the effect of the overlapped
age. Finally, a paucity of evidence provided by DTI studies
indicates that age around 21 could arguably be a pivotal timing
for the development of BD, clearly, more longitudinal DTI
studies are needed to confirm the hypothesis.

In summary, our study suggests that there are age-related
alterations of WM integrity in adolescents and young adults with
BD. A back-to-front spatiotemporal directionality of WM
impairments share a similar directionality of the normal brain
development. The findings highlight the importance of
considering the neurodevelopmental pathophysiology of BD.
DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding authors.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the First Affiliated Hospital
of China Medical University. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin or the participants themselves.
AUTHOR CONTRIBUTIONS

SR, YT, FW, and SL designed the study. MC, ZY, RF, YW, JD, XJ,
and SW participated in data collection, preprocessing and
analysis. All the authors were involved in data interpretation,
writing, and manuscript preparation and approved the
final manuscript.
FUNDING

The study was funded by National Natural Science Foundation of
China (81571311 to YT, 81571331 to FW), National Science Fund
for Distinguished Young Scholars (81725005 to FW), National
Key Research and Development Program (2018YFC1311604 to
YT, 2016YFC1306900 to YT, 2016YFC0904300 to FW), National
High Tech Development Plan (863) (2015AA020513 to FW),
Liaoning Science and Technology Project (2015225018 to YT),
Innovation Team Support Plan of Higher Education of Liaoning
Province (LT2017007 to FW), Major Special Construction Plan of
China Medical University (3110117059 to FW).
ACKNOWLEDGMENTS

We would like to acknowledge all participants involved in
this study.
January 2020 | Volume 10 | Article 1010

https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Ren et al. Age-Related Alterations of Bipolar Disorder
REFERENCES

1. Torgerson CM, Irimia A, Leow AD, Bartzokis G, Moody TD, Jennings RG,
et al. DTI tractography and white matter fiber tract characteristics in
euthymic bipolar I patients and healthy control subjects. Brain Imaging
Behav. (2013) 7:129–39. doi: 10.1007/s11682-012-9202-3

2. Sarrazin S, Poupon C, Linke J, Wessa M, Phillips M, Delavest M, et al. A
multicenter tractography study of deep white matter tracts in bipolar I
disorder: psychotic features and interhemispheric disconnectivity. JAMA
Psychiatry (2014) 71:388–96. doi: 10.1001/jamapsychiatry.2013.4513

3. Bellani M, Boschello F, Delvecchio G, Dusi N, Altamura CA, Ruggeri M, et al.
DTI and myelin plasticity in bipolar disorder: integrating neuroimaging and
neuropathological findings. Front. Psychiatry (2016) 7:21. doi: 10.3389/
fpsyt.2016.00021

4. Weathers J, Lippard ETC, Spencer L, Pittman B, Wang F, Blumberg HP.
Longitudinal diffusion tensor imaging study of adolescents and young adults
with bipolar disorder. J. Am. Acad. Child. Adolesc. Psychiatry (2018) 57:111–7.
doi: 10.1016/j.jaac.2017.11.014

5. Kubicki M, Westin CF, Maier SE, Mamata H, Frumin M, Ersner-Hershfield
H, et al. Diffusion tensor imaging and its application to neuropsychiatric
disorders. Harv. Rev. Psychiatry (2002) 10:324–36. doi: 10.1093/hrp/10.6.324

6. Sarıçiçek A, Zorlu N, Yalin N, Hıdıroğlu C, Çavuşoğlu B, Ceylan D, et al.
Abnormal white matter integrity as a structural endophenotype for bipolar
disorder. Psychol. Med. (2016) 46:1547–58. doi: 10.1017/s0033291716000180

7. Bauer IE, Ouyang A, Mwangi B, Sanches M, Zunta-Soares GB, Keefe RSE,
et al. Reduced white matter integrity and verbal fluency impairment in young
adults with bipolar disorder: a diffusion tensor imaging study. J. Psychiatr.
Res. (2015) 62:115–22. doi: 10.1016/j.jpsychires.2015.01.008

8. Roberts G, Wen W, Frankland A, Perich T, Holmes-Preston E, Levy F, et al.
Interhemispheric white matter integrity in young people with bipolar disorder
and at high genetic risk. Psychol. Med. (2016) 46:2385–96. doi: 10.1017/
s0033291716001161

9. Ganzola R, Nickson T, Bastin ME, Giles S, Macdonald A, Sussmann J, et al.
Longitudinal differences in white matter integrity in youth at high familial risk
for bipolar disorder. Bipolar Disord. (2017) 19:158–67. doi: 10.1111/bdi.12489

10. Repple J, Meinert S, Grotegerd D, Kugel H, Redlich R, Dohm K, et al. A voxel-
based diffusion tensor imaging study in unipolar and bipolar depression.
Bipolar Disord. (2017) 19:23–31. doi: 10.1111/bdi.12465

11. Abramovic L, Boks MPM, Vreeker A, Verkooijen S, van Bergen AH, Ophoff
RA, et al. White matter disruptions in patients with bipolar disorder. Eur.
Neuropsychopharmacol (2018) 28:743–51. doi: 10.1016/j.euroneuro.2018.
01.001

12. Tønnesen S, Kaufmann T, Doan NT, Alnæs D, Córdova-Palomera A, Meer
DV, et al. White matter aberrations and age-related trajectories in patients
with schizophrenia and bipolar disorder revealed by diffusion tensor imaging.
Sci. Rep. (2018) 8:14129. doi: 10.1038/s41598-018-32355-9

13. Benes FM. Myelination of cortical-hippocampal relays during late
adolescence. Schizophr. Bull (1989) 15:585–93. doi: 10.1093/schbul/15.4.585

14. Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henkenius AL, Toga
AW. Mapping cortical change across the human life span. Nat. Neurosci.
(2003) 6:309–15. doi: 10.1038/nn1008

15. Giorgio A, Watkins KE, Chadwick M, James S, Winmill L, Douaud G, et al.
Longitudinal changes in grey and white matter during adolescence.
Neuroimage (2010) 49:94–103. doi: 10.1016/j.neuroimage.2009.08.003

16. Uda S, Matsui M, Tanaka C, Uematsu A, Miura K, Kawana I, et al. Normal
development of human brain white matter from infancy to early adulthood: a
diffusion tensor imaging study. Dev Neurosci. (2015) 37:182–94. doi: 10.1159/
000373885

17. Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC, et al.
Dynamic mapping of human cortical development during childhood through
early adulthood. Proc. Natl. Acad. Sci. U. S. A. (2004) 101:8174–79. doi:
10.1073/pnas.0402680101

18. Blumberg HP, Kaufman J, Martin A, Charney DS, Krystal JH, Peterson BS.
Significance of adolescent neurodevelopment for the neural circuitry of
bipolar disorder. Ann. N. Y. Acad. Sci. (2004) 1021:376–83. doi: 10.1196/
annals.1308.048

19. Roybal DJ, Singh MK, Cosgrove VE, Howe M, Kelley R, Barnea-Goraly N,
et al. Biological evidence for a neurodevelopmental model of pediatric bipolar
Frontiers in Psychiatry | www.frontiersin.org 7
disorder. Isr. J. Psychiatry Relat. Sci. (2012) 49:28–43. doi: 10.1016/B978-0-12-
398314-5.00005-2

20. Schneider MR, DelBello MP, McNamara RK, Strakowski SM, Adler CM.
Neuroprogression in bipolar disorder. Bipolar Disord. (2012) 14:356–74. doi:
10.1111/j.1399-5618.2012.01024.x

21. Toteja N, Guvenek-Cokol P, Ikuta T, Kafantaris V, Peters BD, Burdick KE,
et al. Age-associated alterations in corpus callosum white matter integrity in
bipolar disorder assessed using probabilistic tractography. Bipolar Disord.
(2015) 17:381–91. doi: 10.1111/bdi.12278

22. Craik FIM, Bialystok E. Cognition through the lifespan: mechanisms of
change. Trends Cogn. Sci. (2006) 10:131–8. doi: 10.1016/j.tics.2006.01.007

23. Dosenbach NUF, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, et al.
Prediction of individual brain maturity using fMRI. Science (2010) 329:1358–
61. doi: 10.1126/science.1194144

24. Nurnberger JI, McInnis M, Reich W, Kastelic E, Wilcox HC, Glowinski A,
et al. A high-risk study of bipolar disorder: childhood clinical phenotypes as
precursors of major mood disorders. Arch. Gen. Psychiatry (2011) 68:1012–20.
doi: 10.1001/archgenpsychiatry.2011.126

25. Carlson GA, Bromet EJ, Driessens C, Mojtabai R, Schwartz JE. Age at onset,
childhood psychopathology, and 2-year outcome in psychotic bipolar
disorder. Am. J. Psychiatry (2002) 159:307–9. doi: 10.1176/appi.ajp.159.2.307

26. Sowell ER, Thompson PM, Tessner KD, Toga AW. Mapping continued brain
growth and gray matter density reduction in dorsal frontal cortex: Inverse
relationships during postadolescent brain maturation. J. Neurosci. (2001)
21:8819–29. doi: 10.1523/jneurosci.21-22-08819.2001

27. Cancelliere A, Mangano FT, Air EL, Jones BV, Altaye M, Rajagopal A, et al.
DTI values in key white matter tracts from infancy through adolescence. Am.
J. Neuroradiol. (2013) 34:1443–9. doi: 10.3174/ajnr.a3350

28. Stephan KE, Friston KJ, Frith CD. Dysconnection in schizophrenia: from
abnormal synaptic plasticity to failures of self-monitoring. Schizophr. Bull.
(2009) 35:509–27. doi: 10.1093/schbul/sbn176

29. Xia M, Womer FY, Chang M, Zhu Y, Zhou Q, Edmiston EK, et al. Shared and
distinct functional architectures of brain networks across psychiatric
disorders. Schizophr. Bull. (2019) 45:450–63. doi: 10.1093/schbul/sby046

30. Slater DA, Melie-Garcia L, Preisig M, Kherif F, Lutti A, Draganski B.
Evolution of white matter tract microstructure across the life span. Hum.
Brain Mapp. (2019) 40:2252–68. doi: 10.1002/hbm.24522

31. Raz N. Aging of the brain and its impact on cognitive performance:
Integration of structural and functional findings. In: Craik FIM, TA
Salthouse, editors. The Handbook of Aging and Cognition. Lawrence
Erlbaum Associates: Mahwah, NJ (2000). p. 1–90.

32. Ashtari M. Anatomy and functional role of the inferior longitudinal
fasciculus: a search that has just begun. Dev. Med. Child. Neurol. (2012)
54:6–7. doi: 10.1111/j.1469-8749.2011.04122.x

33. Ortibus E, Verhoeven J, Sunaert S, Casteels I, de Cock P, Lagae L. Integrity of
the inferior longitudinal fasciculus and impaired object recognition in
children: a diffusion tensor imaging study. Dev. Med. Child. Neurol. (2012)
54:38–43. doi: 10.1111/j.1469-8749.2011.04147.x

34. Macqueen GM, Grof P, Alda M, Marriott M, Young LT, Duffy A. A pilot study
of visual backward masking performance among affected versus unaffected
offspring of parents with bipolar disorder. Bipolar Disord. (2004) 6:374–78.
doi: 10.1111/j.1399-5618.2004.00133.x

35. Papagno C, Miracapillo C, Casarotti A, Romero Lauro LJ, Castellano A, Falini
A, et al. What is the role of the uncinate fasciculus? Surgical removal and
proper name retrieval. Brain (2011) 134:405–14. doi: 10.1093/brain/awq283

36. Von Der Heide RJ, Skipper LM, Klobusicky E, Olson IR. Dissecting the
uncinate fasciculus: disorders, controversies and a hypothesis. Brain (2013)
136:1692–707. doi: 10.1093/brain/awt094

37. Oishi K, Faria AV, Hsu J, Tippett D, Mori S, Hillis AE. Critical role of the right
uncinate fasciculus in emotional empathy. Ann. Neurol. (2015) 77:68–74. doi:
10.1002/ana.24300

38. Wang F, Kalmar JH, He Y, Jackowski M, Chepenik LG, Edmiston EE, et al.
Functional and structural connectivity between the perigenual anterior
cingulate and amygdala in bipolar disorder. Biol. Psychiatry (2009) 66:516–
21. doi: 10.1016/j.biopsych.2009.03.023

39. Aboitiz F, Scheibel AB, Fisher RS, Zaidel E. Fiber composition of the human
corpus callosum. Brain Res. (1992) 598:143–53. doi: 10.1016/0006-8993(92)
90178-c
January 2020 | Volume 10 | Article 1010

https://doi.org/10.1007/s11682-012-9202-3
https://doi.org/10.1001/jamapsychiatry.2013.4513
https://doi.org/10.3389/fpsyt.2016.00021
https://doi.org/10.3389/fpsyt.2016.00021
https://doi.org/10.1016/j.jaac.2017.11.014
https://doi.org/10.1093/hrp/10.6.324
https://doi.org/10.1017/s0033291716000180
https://doi.org/10.1016/j.jpsychires.2015.01.008
https://doi.org/10.1017/s0033291716001161
https://doi.org/10.1017/s0033291716001161
https://doi.org/10.1111/bdi.12489
https://doi.org/10.1111/bdi.12465
https://doi.org/10.1016/j.euroneuro.2018.01.001
https://doi.org/10.1016/j.euroneuro.2018.01.001
https://doi.org/10.1038/s41598-018-32355-9
https://doi.org/10.1093/schbul/15.4.585
https://doi.org/10.1038/nn1008
https://doi.org/10.1016/j.neuroimage.2009.08.003
https://doi.org/10.1159/000373885
https://doi.org/10.1159/000373885
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1196/annals.1308.048
https://doi.org/10.1196/annals.1308.048
https://doi.org/10.1016/B978-0-12-398314-5.00005-2
https://doi.org/10.1016/B978-0-12-398314-5.00005-2
https://doi.org/10.1111/j.1399-5618.2012.01024.x
https://doi.org/10.1111/bdi.12278
https://doi.org/10.1016/j.tics.2006.01.007
https://doi.org/10.1126/science.1194144
https://doi.org/10.1001/archgenpsychiatry.2011.126
https://doi.org/10.1176/appi.ajp.159.2.307
https://doi.org/10.1523/jneurosci.21-22-08819.2001
https://doi.org/10.3174/ajnr.a3350
https://doi.org/10.1093/schbul/sbn176
https://doi.org/10.1093/schbul/sby046
https://doi.org/10.1002/hbm.24522
https://doi.org/10.1111/j.1469-8749.2011.04122.x
https://doi.org/10.1111/j.1469-8749.2011.04147.x
https://doi.org/10.1111/j.1399-5618.2004.00133.x
https://doi.org/10.1093/brain/awq283
https://doi.org/10.1093/brain/awt094
https://doi.org/10.1002/ana.24300
https://doi.org/10.1016/j.biopsych.2009.03.023
https://doi.org/10.1016/0006-8993(92)90178-c
https://doi.org/10.1016/0006-8993(92)90178-c
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Ren et al. Age-Related Alterations of Bipolar Disorder
40. Davidson RJ, Irwin W. The functional neuroanatomy of emotion and affective
style. Trends Cogn. Sci (1999) 3:11–21. doi: 10.1016/s1364-6613(98)01265-0

41. Brambilla P, Nicoletti MA, Sassi RB, Mallinger AG, Frank E, Kupfer DJ, et al.
Magnetic resonance imaging study of corpus callosum abnormalities in
patients with bipolar disorder. Biol. Psychiatry (2003) 54:1294–97. doi:
10.1016/s0006-3223(03)00070-2

42. Wang F, Kalmar JH, Edmiston E, Chepenik LG, Bhagwagar Z, Spencer L, et al.
Abnormal corpus callosum integrity in bipolar disorder: a diffusion tensor imaging
study. Biol. Psychiatry (2008) 64:730–33. doi: 10.1016/j.biopsych.2008.06.001

43. Chaddock CA, Barker GJ, Marshall N, Schulze K, Hall MH, Fern A, et al. White
matter microstructural impairments and genetic liability to familial bipolar I
disorder. Br. J. Psychiatry (2009) 194:527–34. doi: 10.1192/bjp.bp.107.047498

44. Galinowski A, Miranda R, Lemaitre H, Paillere Martinot ML, Artiges E,
Vulser H, et al. Resilience and corpus callosum microstructure in adolescence.
Psychol. Med. (2015) 45:2285–94. doi: 10.1017/S0033291715000239

45. Blond BN, Fredericks CA, Blumberg HP. Functional neuroanatomy of bipolar
disorder: structure, function, and connectivity in an amygdala-anterior
paralimbic neural system. Bipolar Disord. (2012) 14:340–55. doi: 10.1111/
j.1399-5618.2012.01015.x

46. Emsell L, Leemans A, Langan C, Van Hecke W, Barker GJ, McCarthy P, et al.
Limbic and callosal white matter changes in euthymic bipolar I disorder: an
advanced diffusion magnetic resonance imaging tractography study. Biol.
Psychiatry (2013) 73:194–201. doi: 10.1016/j.biopsych.2012.09.023

47. Linke J, King AV, Poupon C, Hennerici MG, Gass A, Wessa M. Impaired
anatomical connectivity and related executive functions: differentiating
Frontiers in Psychiatry | www.frontiersin.org 8
vulnerability and disease marker in bipolar disorder. Biol. Psychiatry (2013)
74:908–16. doi: 10.1016/j.biopsych.2013.04.010

48. Frey BN, Andreazza AC, Nery FG, Martins MR, Quevedo J, Soares JC, et al.
The role of hippocampus in the pathophysiology of bipolar disorder. Behav.
Pharmacol. (2007) 18:419–30. doi: 10.1097/fbp.0b013e3282df3cde

49. Malhi GS, Ivanovski B, Hadzi-Pavlovic D, Mitchell PB, Vieta E, Sachdev P.
Neuropsychological deficits and functional impairment in bipolar depression,
hypomania and euthymia. Bipolar Disord. (2007) 9:114–25. doi: 10.1111/
j.1399-5618.2007.00324.x

50. Monks PJ, Thompson JM, Bullmore ET, Suckling J, Brammer MJ, Williams
SCR, et al. A functional MRI study of working memory task in euthymic
bipolar disorder: evidence for task-specific dysfunction. Bipolar Disord. (2004)
6:550–64. doi: 10.1111/j.1399-5618.2004.00147.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ren, Chang, Yin, Feng, Wei, Duan, Jiang,Wei, Tang,Wang and Li.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
January 2020 | Volume 10 | Article 1010

https://doi.org/10.1016/s1364-6613(98)01265-0
https://doi.org/10.1016/s0006-3223(03)00070-2
https://doi.org/10.1016/j.biopsych.2008.06.001
https://doi.org/10.1192/bjp.bp.107.047498
https://doi.org/10.1017/S0033291715000239
https://doi.org/10.1111/j.1399-5618.2012.01015.x
https://doi.org/10.1111/j.1399-5618.2012.01015.x
https://doi.org/10.1016/j.biopsych.2012.09.023
https://doi.org/10.1016/j.biopsych.2013.04.010
https://doi.org/10.1097/fbp.0b013e3282df3cde
https://doi.org/10.1111/j.1399-5618.2007.00324.x
https://doi.org/10.1111/j.1399-5618.2007.00324.x
https://doi.org/10.1111/j.1399-5618.2004.00147.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	Age-Related Alterations of White Matter Integrity in Adolescents and Young Adults With Bipolar Disorder
	Introduction
	Materials and Methods
	Participants
	DTI Acquisition and Processing
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


