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Abstract
Background: Understanding distinct neurobiological mechanisms underlying bipolar disorder (BD) and major depressive dis-

order (MDD) is crucial for accurate diagnosis and the discovery of novel and more effective targeted treatments. Previous

diffusion-weighted MRI studies have suggested some common frontotemporal corticolimbic system white matter (WM)

abnormalities across the disorders. However, critical to the development of more precise diagnosis and treatment is identi-

fying distinguishing abnormalities. Promising candidates include more prominent frontotemporal WM abnormalities observed

in BD in the uncinate fasciculus (UF) that have been associated with frontal-amygdala functional dysconnectivity, and with sui-

cide that is especially high in BD. Prior work also showed differentiation in metabotropic glutamate receptor 5 (mGlu5) abnor-

malities in BD versus MDD, which could be a mechanism affected in the frontotemporal system. However, associations

between WM and mGlu5 have not been examined previously as a differentiator of BD. Using a multimodal neuroimaging

approach, we examined WM integrity alterations in the disorders and their associations with mGluR5 levels.

Methods: Individuals with BD (N= 21), MDD (N= 10), and HC (N= 25) participated in structural and diffusion-weighted

MRI scanning, and imaging with [18F]FPEB PET for quantification of mGlu5 availability. Whole-brain analyses were used to

assess corticolimbic WM matter fractional anisotropy (FA) across BD and MDD relative to HC; abnormalities were tested

for associations with mGlu5 availability.

Results: FA corticolimbic reductions were observed in both disorders and altered UF WM integrity was observed only in

BD. In BD, lower UF FA was associated with lower amygdala mGlu5 availability (p< .05).

Conclusions: These novel preliminary findings suggest important associations between lower UF FA and lower amygdala

mGlu5 levels that could represent a disorder-specific neural mechanism in which mGluR5 is associated with the frontotem-

poral dysconnectivity of the disorder.
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Introduction
Bipolar disorder (BD) and major depressive disorder (MDD)
are debilitating and unfortunately common mood disorders
with a lifetime prevalence of 2.4% and 13.2%, respec-
tively.1,2 It is often challenging to differentiate between BD
and MDD during depressive episodes.3,4 In fact, about
60% of BD individuals are initially misdiagnosed with
MDD possibly due to the earlier onset of depression than
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hypomania and the higher prevalence of depressive over
hypomanic symptoms.4,5 This can significantly delay appro-
priate treatment and worsen their symptoms.6 Therefore, it is
important to understand the overlaps and differences in neu-
ropathology between BD and MDD. One potential differen-
tiator is white matter structural alterations, which have been
consistently reported across BD and MDD7,8; however, the
biological mechanisms underlying such deficits in these dis-
orders remain poorly understood. Identification of common
and distinct white matter abnormalities between BD and
MDD may not only yield critical information for understand-
ing neuropathology but also help provide precise neural
targets for accurate diagnosis and effective treatment for
both disorders.

Neural models of BD and MDD have proposed that
abnormalities in frontal-limbic connectivity interfere with
emotional regulation processes and thus may contribute to
the development and expression of mood symptoms.9,10

While these models rely on evidence that has stemmed pri-
marily from functional magnetic resonance imaging (fMRI)
studies, results from studies examining white matter integrity
have shown far more extensive alterations in BD and
MDD.7,8 The most recent meta and mega-analytic findings
revealed that both BD and MDD (separately compared to
health controls (HC)), showed lower values of fractional
anisotropy (FA)—a metric derived from diffusion tensor
imaging (DTI) that can be used as a measure of structural
integrity within wide-spread white matter tracts.11 The
largest effect sizes were observed from both BD and MDD
studies in the corpus callosum (CC).7,8 From the BD
meta-analysis findings, the additional biggest effect size
was reported in the cingulum, whereas in the MDD study,
the corona radiata was found to show the largest differences
in addition to the CC.7,8 Importantly, observed white matter
deficits in both BD and MDD are frequently associated with
the presence and severity of clinical symptoms, cognition and
suicidality.12-16 Nonetheless, direct comparisons focused on
studying the nature of white matter FA and its underlying
biological mechanism between BD and MDD relative to
HC are scarce,5,17,18 thus limiting our understanding of
how white matter deficits distinctively affect these disorders.

Of note, evidence has linked abnormal cortical neuron
activity with reduced white matter integrity in various patho-
logical states, providing one possible explanation for
observed white matter reduction in MDD and BD.19-21 For
example, an association between the availability of metabo-
tropic glutamate receptor 5 (mGlu5)—a g-protein coupled
receptor which plays a key role in neuromodulation—and
white matter integrity has been observed in healthy sub-
jects.22 More specifically, mGlu5 modulates synaptic trans-
mission and plasticity of glutamatergic synapses with
glutamate being the primary excitatory neurotransmitter gov-
erning the frontal-limbic circuitry that subserves emotion
regulation.23-25 A dysfunctional glutamatergic system is
thought to play a critical role in mood disturbances in both

BD and MDD.26 MGlu5 is thought to be a main contributor
to synaptic plasticity and has important implications for both
cognitive function and mood regulation.3,23,27 Postmortem
work shows lower mGlu5 receptor levels in individuals
with BD,28-30 a finding recently confirmed by the first in
vivo work from our group.3 Specifically, we observed signif-
icantly lower prefrontal cortex (PFC) mGlu5 availability in
BD versus MDD and HC. Notably, a larger body of work
regarding mGlu5 in MDD shows mixed findings,3,31-34

with some studies showing lower receptor availability
while others not showing alterations in vivo or postmortem.
In our recent study, no difference was found between
MDD and HC, but lower dorsolateral PFC (dlPFC) mGlu5
was associated with worse depressive symptoms in MDD.3

MGlu5-mediated glutamate signaling in the gray matter
has been suggested to play a potential role in maintaining
or promoting white matter properties in healthy human
brains.22,35 Despite the growing evidence showing white
matter deficits and altered mGlu5 availability in BD and
MDD, no published studies have trans-diagnostically exam-
ined the potential relationship between white matter deficits
and mGlu5 abnormalities. This knowledge could lead to
more efficacious and precise treatments for individuals with
these disorders. Here, by conducting a preliminary study,
we aimed to explore (1) identify white matter alterations
common and distinct in BD and MDD groups and (2)
examine potential relationships between the identified
white matter alterations and the neighboring gray matter
mGlu5 availability. We tested the hypothesis that BD and
MDD would show common decreases in white matter FA
in the CC and frontotemporal regions of the frontal-limbic
circuitry and explored other potential differences within
each diagnosis. Secondarily, we explored whether the identi-
fied lower white matter FA in BD and MDD would be asso-
ciated with neighboring gray matter mGlu5 availability and
differ in patterns from HC. Exploratory correlational analyses
were also conducted to examine the associations between
symptom measures, white matter FA and mGlu5 availability.

Methods

Participants
A total of 65 participants were included in the current investiga-
tion. Twenty-one subjects with BD (Mage±SD=31.2±10.6;
13 males and 8 females), 10 individuals with MDD (Mage±
SD=27.9±5.4; 3 males and 7 females) and 25 HC (Mage±
SD=36± 15.1; 13 males and 12 females) completed the
study. All participants were recruited from New Haven and
the greater New Haven area by flyers, community outreach,
referrals from local clinics/hospitals and word of mouth.
Written informed consent was obtained from all participants
in accordance with Yale University’s institutional review
board. Screening procedures included electrocardiography,
complete blood counts, serum chemistries, thyroid function
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test, liver function test, urinalysis and urine toxicology screen-
ing, and plasma pregnancy tests (for female participants). The
Structured Clinical Interview for DSM-V was used to confirm
subjects’ diagnoses.36 Depressive symptoms were assessed
using the Montgomery–Åsberg Depression Rating Scale
(MADRS)37 and anxiety symptoms were assessed by the
Hamilton Anxiety Rating Scale (HAM-A).38 No subjects had
major medical or neurological disorders including a history of
loss of consciousness for more than 5 min. Demographic, clin-
ical, and radiotracer characteristics are shown in Table 1.

MRI Acquisition
T1-weighted MR and diffusion MR scans were acquired for
all participants on a single 3-Tesla Siemens Trio MR system
(Siemens, Erlangen, Germany). The T1-weighted MR scans
with magnetization-prepared rapid gradient-echo
(MPRAGE) sequence (TR= 1500 ms, TE= 2.83 ms,
matrix= 256× 256, field of view= 256× 256 mm2, 160
1-mm slices without gap and two averages) were obtained
to exclude structural abnormality and for coregistration
with positron emission tomography (PET) scans. DTI
data were obtained with 32 noncolinear directions
(b= 1000 s/mm2) and acquisition without diffusion weight-
ing b= 0 was acquired with the alignment of the anterior
commissure-posterior commissure plane (TR= 7400 ms,
TE= 115 ms, matrix= 128× 128, field of view= 256× 256
mm2, 40 3-mm slices without gap).

MR Data Processing
The diffusion MRI data were preprocessed for motion and
eddy-current correction by using the FMRIB Software

Library (FSL5; http://fsl.fmrib.ox.ac.uk/fsl). By fitting a
tensor model to the raw diffusion data, voxel-wise values
of FA were obtained. All subjects’ FA data were aligned to
MNI standard space by using the nonlinear image registration
tool (FNIRT). Next, the mean FA image was created and
thinned to create a mean FA skeleton, which represents the
centers of all tracts common to the group. Each subject’s
aligned FA data were then projected onto this skeleton and
the resulting data were fed into voxel-wise cross-subject
statistics.

Brain [18F]FPEB PET Imaging Acquisition
The radiotracer [18F]FPEB was synthesized onsite at the Yale
PET Center (as previously).39 [18F]FPEB was injected i.v.
using a bolus plus infusion (B/I) paradigm over
120 min.39,40 Equilibrium was reached at 60 min, and emis-
sion data were acquired 90-120 min after the start of injection
on the high-resolution research tomograph (HRRT; Siemens/
CTI). The HRRT has an intrinsic spatial resolution of approx-
imately 2.5 mm full width at half the maximum. Blood
samples were drawn at 15, 20, 25, 30, 40, 50, 60, 75, 90,
100, and 120 min postinjection to permit calculation of a
metabolite-corrected venous input function. This procedure
has been validated by our research team in previous
studies.32,39 A 6-min transmission scan was obtained for
attenuation correction. Head motion was tracked using the
Polaris Vicra optical tracking system (Vicra, NDI System
Waterloo). There were no significant differences in the
injected dose or mass between BD, MDD, or HC groups
(overall injected M= 168 MBq, SD= 0.85). Dynamic scan
data were reconstructed with corrections for attenuation, nor-
malization, randoms, scatter, dead time, and motion using the

Table 1. Demographic and clinical characteristics for BD, MDD, and HC.

Characteristics BD MDD HC

(N= 21) (N= 10) (N= 25)

M [SD] M [SD] M [SD]
Age (years) 31.2 [10.57] 27.9 [5.37] 36 [15.12] p= .17

MADRS 14.1 [13.3] 23.9 [5.06] 0.4 [0.68] p< .001
HAM-A 7.6 [6.74] 16.1 [5.67] 1.2 [1.96] p< .001

N [%] N [%] N [%]

Sex (male) 13 [61.9] 3 [30] 13 [52] p= .58

Comorbidity of anxiety disorders 2 [9.5] 0 0

Comorbidity of obsessive-compulsive disorder 2 [9.5] 0 0

Comorbidity of posttraumatic stress disorder 2 [9.5] 0 0

History of suicide attempt 5 [23.8] 1 [10] 0

Psychiatric medications 15 [71.4] 4 [40] 0

Data are presented as M± SD or percentage.

Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; HC, health controls; MADRS, Montgomery–Åsberg Depression Rating Scale; HAM-A,

Hamilton Anxiety Rating Scale.
ap< .01 HC versus MDD.
bp< .01 HC versus BD.
cMain effect of three groups.
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ordered-subset expectation maximization-based MOLAR
algorithm.41

PET Data Analysis
All PET images were first coregistered to the participant’s
T1-weighted MRI images using a six-parameter mutual
information algorithm (FLIRT, FSL 3.2, Analysis Group,
FMRIB). Images were then coregistered to the MR template
via nonlinear transformation using the Bioimagesuite soft-
ware (Version 2.5; www.bioimagesuite.com). Regions of
interest were identified using the Anatomical Automatic
Labeling for Statistical Parametric Mapping (SPM) 2 tem-
plate (http://www.fil.ion.ucl.ac.uk/spm). PET time-activity
curves were generated for our regions of interest (ROIs)
covering the frontal-limbic circuitry: the orbital frontal
cortex (OFC), anterior cingulate cortex (ACC), ventral
medial prefrontal cortex (vmPFC), dorsal lateral PFC
(dlPFC), insula cortex, amygdala, hippocampus as well as
CC. Gray matter segmentation was conducted using the
computational anatomy toolbox for SPM2 (CAT). No
appropriate reference region completely devoid of mGlu5
is available in the human brain.41 As such, our outcome
measure was calculated as volume of distribution (VT:
ratio of radioligand concentration in region of interest to
the metabolite-corrected radioligand concentration in
plasma, calculated at equilibrium). VT was estimated using
the equilibrium analysis method with venous input func-
tion.32,39,42 No differences were observed in free fraction
in plasma. Therefore, as previously, [18F]FPEB VT repre-
sents mGlu5 availability.

Diffusion MR Data Statistical Analysis
We compared the skeletonized diffusion parameters
between BD, MDD and HC subjects. Permutation-based
testing (5000 permutations) was carried out with
Randomise, using Threshold-Free Cluster Enhancement
(TFCE),43 and p-values were controlled for family wise
error rate (FWE) taking into account multiple spatial com-
parisons. Randomise was used to compare FA values
between BD, MDD and HC. TFCE controlled uncorrected
p < .05 was considered significant. Age and sex were
added as covariates. Of voxels that showed main effect of
three groups, the mean FA values were extracted for each
subject. By using SPSS Statistics v22 (IBM), one-way
ANOVA and post-hoc 2-sample-T tests were subsequently
performed to investigate the overall three-group effect and
differences between each diagnostic group relative to HC
of FA (p < .05).

To explore potential FA differences in BD and MDD
relative to HC, respectively, permutation-based testing
(5000 permutations) was carried out with Randomise,
using TFCE43 on two-group comparisons (BD vs HC
and MDD vs HC). TFCE controlled uncorrected p < .05

was considered significant. Age and sex were added as
covariates.

Diffusion and PET Data Statistical Analysis
Potential associations between white matter FA deficits and
regional mGlu5 levels within each diagnostic group were
assessed using an ROI approach, including white matter
regions showing between-group differences of FA in the
frontal-limbic circuitry. The Johns Hopkins University
(JHU) ICBM-DTI-81 white-matter labels atlas provided by
FSL was chosen to define the ROIs. Regression analyses
within each diagnostic group were conducted by applying
permutation-based testing (5000 permutations) with
Randomise, using TFCE.43 TFCE, family-wise error con-
trolled uncorrected p< .05 was considered significant. Age
and sex were added as covariates.

Associations Between Altered White Matter and
Clinical Characteristics
To investigate the relationship between FA and subjects’
clinical measures, mean FA values were first extracted per
individual on voxels showing significant group differences
(three-group as well as two-group comparisons). Pearson’s
correlation analysis was then performed to study the associ-
ation between these measures by using SPSS v22 (IBM).

Results

Demographic and Clinical Characteristics
Age and sex did not differ significantly between BD, MDD
and HC. For mood states in BD subjects, one individual
was in manic state, 8 individuals were in depressed state
and 12 individuals were in a euthymic state at the time of
scans. Moreover, 15 out of 21 BD subjects and 4 out of 10
MDD subjects had taken antipsychotic/SSRI medications.
Between subject groups, there was a significant main effect
of the group on the MADRS and HAM-A ratings with
both BD and MDD showing significantly higher scores
than HC (p < .001) (see Table 1).

Differences in Whole Brain White Matter Integrity
Across BD, MDD, and HC
We observed a significant main effect of three groups in the
CC and the thalamic radiation (TR) but not in other frontal-
limbic regions (see Figure 1). Mean FA values per individual
were extracted from the bilateral thalamic radiation and the
corpus callosum at TFCE controlled p < .05. The post hoc
t-tests revealed that the mean FA values in the MDD subjects
were significantly lower than the HCs in the TR, while the
CC mean FA values were significantly lower in both MDD
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and BD individuals relative to HCs (see Figure 1). Since dis-
tinct functional neural deficits have been reported between
manic and depressive mood sates in BD,44 subanalysis was
conducted excluding one BD individual with a manic
mood state and we found these findings remained significant
after the exclusion (data not shown). Additional subanslysis
was performed by adding medication as a covariate and find-
ings also remained significant (data not shown).

Differences in Whole Brain White Matter Integrity
Between BD Versus HC and MDD Versus HC
When BD individuals were compared to HCs, significantly
lower FA was observed in the CC and the bilateral TR, the
bilateral uncinate fasciculus (UF), the bilateral superior lon-
gitudinal fasciculus (SLF), the bilateral inferior
frontal-occipital fasciculus (IFOF) and the cerebellum (see

Figure 1. (A) Whole-brain tract-based spatial statistics analysis shows main effect of groups between bipolar disorder (BD), major

depressive disorder (MDD), and healthy control (HC). Panel 1A shows the main effect of groups between BD, MDD, and HC in the corpus

callosum (circled in blue) and the bilateral thalamic radiation (circled in yellow). The whole brain skeleton of mean fractional anisotropy is

displayed in green and the significant main effect of the group is displayed in red. (1B–1D). The extracted mean fractional anisotropy per

subject of the (1B) corpus callosum and (1C) left and (1D) right thalamic radiation from the main effect of groups. Data are graphed as the

M ± SD with significant post hoc independent samples t-tests revealed that lower fractional anisotropy (FA) in the BD group (p= .003) and

MDD group (p= .01) relative to HC. (C) showed a significant main effect of groups in the left thalamic radiation. (D) The significant main

effect of groups in the right thalamic radiation with post hoc independent samples t-tests revealed lower FA in the BD relative HC (p< .001).
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Figure 2). These findings remained significant when subana-
lysis was conducted excluding one BD individual with a
manic mood state. Sensitive analysis was also performed
by only including BD subjects with euthymic mood states
(N= 5), no significant findings were observed. Additional
subanslysis was performed by adding medication as a covar-
iate and findings also remained significant (data not shown).

When compared MDD relative to HC groups, lower FA
was observed in the CC, bilateral TR, the fornix, the acoustic
radiation (AR), and the bilateral IFOF (see Figure 3). In BD,
the lower FA in the bilateral SLF was identified near the
middle frontal gyrus and motor brain regions, while in
MDD the FA alterations were concentrated in the temporal
part of the brain. Additional subanslysis was performed by
adding medication as a covariate and findings remained sig-
nificant (data not shown).

Associations Between White Matter Integrity and
mGlu5
In the BD group, the UF FA was positively associated with
mGlu5 availability in the amygdala. These findings remained

significant when subanalysis was conducted excluding one
BD individual with a manic mood state. Sensitive analysis
was also performed by only including BD subjects with
euthymic mood states (N= 5), no association between FA
and mGlu5 were observed (data not shown). We did not
observe any significant associations between white matter
FA and mGlu5 availability in MDD or HC groups (see
Figure 4).

Relationship Between White Matter Deficits and
Clinical Measures
Within BD, the UF FA was found negatively correlated with
anxiety levels (left: r=−.55, p= .034; right: r=−.61,
p= .015) (see Figure 5). No significant correlation was
found between white matter alterations and clinical measures
in MDD. Additional explorative analysis was conducted to
examine whether/how UF FA and amygdala mGlu5 might
be together driving the anxiety symptoms in BD.
Nevertheless, no significant interaction effect between
altered FA in the UF and amygdala mGlu5 levels were
observed on BD subjects’ anxiety levels.

Figure 2. Whole-brain tract-based spatial statistics analysis shows lower fractional anisotropy in bipolar disorder subjects relative to health

control. Lower fractional anisotropy (FA) was seen in BD as compared to HC in the corpus callosum (circled in blue) (A); bilateral uncinate

fasciculus (circled in blue) and the bilateral inferior frontal-occipital fasciculus (B); left SLF (C); right SLF (D); bilateral cerebellum white

matter (E). The whole brain skeleton of mean fractional anisotropy is displayed in green and significantly lower fractional anisotropy in BD

relative to HC is displayed in red.
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Discussion
To our knowledge, this is the first study providing prelimi-
nary evidence of associations between white matter alter-
ations and mGlu5 receptor availability across BD and
MDD. Partially consistent with the study hypotheses, lower
white matter FA was observed in the CC and the TR
across BD and MDD. In BD, additional widespread altered
FA was seen in the UF, SLF, IFOF, and cerebellum. In
MDD, abnormal FA was also found in the fornix, AR,
SLF, and IFOF. Within BD subjects, amygdalar mGlu5
availability was associated with UF FA, and lower FA in
the UF was associated with greater anxiety symptoms.

Lower FA observed in the CC across BD and MDD pro-
vided robust and promising findings in line with the most
recent published meta and mega studies7,8 suggesting its
important role in mood disorders. The CC is the largest inter-
hemispheric commissure in the brain8,45 and provides vital
connections for the ACC and the OFC in both hemispheres.
The ACC and the OFC are key brain regions in the frontal-
limbic circuitry for emotion regulation, and abnormalities

in these two regions have been often reported in both BD
and MDD.46-48 It has been suggested by other preliminary
data that abnormal interhemispheric connectivity could be a
disease marker rather than a vulnerability marker for affec-
tive disorders.49 Perhaps with a moderate effect size relative
to the CC, FA alterations in the TR were also reported by
several studies in both BD and MDD.50,51 Our post hoc
t-test revealed significantly lower FA was only present in
MDD relative to HC. The TR are bilateral fibers connecting
the thalamus and cerebral cortex.51 The thalamus is a key
structure in the limbic system with vast connections to
many important brain areas.52,53 It supports emotional, cog-
nitive and motor processes, and deficits in the thalamus
have been often implicated in the neuropathology of
MDD.51,52 The current findings suggest BD and MDD
might be both vulnerable to white matter deficits in the TR;
however, in comparison to MDD, reduced TR FA seemed
to be more pathologically prone to BD.

Comparing BD to HC, additional reduced FA was
observed in the bilateral UF, bilateral SLF, bilateral IFOF
and the bilateral cerebellum. The UF carries a major

Figure 3. Whole-brain tract-based spatial statistics analysis shows lower fractional anisotropy in major depressive disorder subjects

relative to health control. (A) shows lower fractional anisotropy (FA) in the corpus callosum (circled in blue) in individuals with major

depressive disorder (MDD) relative to healthy control (HC). (B) Shows lower FA in the fornix (circled in blue) in the MDD relative to HC.

(C) Shows lower FA in the bilateral thalamic radiation (circled in yellow) and the bilateral acoustic radiation (circled in blue) in the MDD

relative to HC. (D) Shows lower FA in the left superior longitudinal fasciculus in the MDD relative to HC. (E) Shows lower FA in the right

superior longitudinal fasciculus in the MDD relative to HC. (F) Shows lower FA in the bilateral inferior frontal-occipital fasciculus (circled in

blue) in the MDD relative to HC. Whole brain skeleton of mean fractional anisotropy is displayed in green and significantly lower fractional

anisotropy in MDD relative to HC is displayed in red.
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connection from the ventral PFC to the amygdala and
decreased FA in the UF has been associated with anxiety,
impulsivity and suicidality in BD.13,54-56 The observed
reduced FA in the UF in BD subjects are consistent with pre-
vious DTI studies.57,58

Consistent with previous studies, decreases in FA in the
SLF and IFOF were reported in BD and MDD, emphasizing
their important involvement in the neuropathology of mood
disorders.5,59,60 The SLF is an association tract passing
through the frontal, parietal, temporal, and occipital
lobes.61 In this BD sample, SLF deficits were mainly seen
in the PFC and motor brain regions. The main component
of SLF terminates in the PFC and may provide support to
working memory function62; whereas the dorsal part of the
SLF passes through the motor areas and is involved in the
regulation of motor behavior.61 Therefore, it is reasonable
to speculate that such SLF abnormalities might intensify cog-
nitive and motor impairments that have been reported in
BD.3,63 In the MDD individuals, decreases in FA were
more prominent in the temporal brain regions. The temporal
lobe is involved in a variety of important cognitive functions,
such as sensory and language processing, and impairments in
these functions have been reported in MDD.64,65 The IFOF
also bridges between the frontal, parietal, temporal and
occipital lobes.66 Evidence has shown that IFOF is associated
with attention and affective behavior.66,67 Here, BD subjects
showed widespread FA reductions in the IFOF, while in the
MDD individuals altered FA was more localized to the occip-
ital area. Since no main effects of group were observed in the
IFOF, we could only tentatively speculate that this region
might be more affected in BD pathology relative to MDD
and could be contributing to the altered affective processing.

More specific to MDD, decreased FA was found in the
fornix and the AR. The fornix is part of the limbic system
and the major output tract of the hippocampus.68 It is
thought to be involved in memory functioning.68 This
finding is again consistent with previous studies69,70 high-
lighting the vital role underlying the neuropathology of
MDD. The AR is part of the auditory system, and the tract
terminates in the primary auditory cortex.71 The functions
of AR are less understood, and its deficits seem to be under-
reported in psychiatric disorders relative to other white matter
tracts. Nonetheless, a study showed altered mean diffusivity
(a measure of white matter integrity) in MDD subjects and its
association with worse depressive symptoms.72

When examining associations between FA and mGlu5
availability, we observed significant associations in the
BD group only. Specifically, we showed for the first time
that lower FA in the UF was significantly associated
with lower amygdala mGlu5 availability. As mentioned,
the UF is known for its important connection to the amyg-
dala involving emotional processing, impulsive control,
and suicidality, and its abnormalities have been consis-
tently reported in BD.13,54-58 A recent study showed evi-
dence of lower mGlu5 levels in the PFC regions in BD
relative to HC.3 Although the study did not examine the
amygdala region, the current finding provides a suggestion
that suboptimal levels of mGlu5 in the amygdala seem to
relate to the reductions in UF FA. At this stage, it
remains challenging to unfold the underlying neural mech-
anism of the association between lower FA in the UF and
lower amygdala mGlu5 levels, however, their relation-
ships with clinical measures may add more insight. We
found that worse anxiety in BD was associated with

Figure 4. In subjects with bipolar disorder (BD), region of interest tract-based statistics analysis shows lower fractional anisotropy in the

bilateral uncinate fasciculus is associated with lower metabotropic glutamate receptor 5 (mGlu5) in the amygdala. (A) Shows lower fractional

anisotropy in the bilateral uncinate fasciculus is associated with lower mGlu5 levels in the bilateral amygdala. The whole brain skeleton of

mean fractional anisotropy is displayed in green and a significant positive association between fractional anisotropy and amygdala mGlu5

levels in BD is displayed in red. (B) shows lower fractional anisotropy in the bilateral uncinate fasciculus (in Figure 4A) was associated with

higher levels of mGlu5 in the amygdala (r= .39, p= .039).
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lower FA in the UF but not with amygdala mGlu5 levels.
This evidence suggests that white matter deficits between
the PFC and amygdala seem to contribute to BD subjects’
anxiety levels while such symptoms were not affected by
suboptimal levels of mGlu5 in the amygdala. Hence, we

may speculate that abnormalities in the amygdala mGlu5
availability might disrupt the normal glutamatergic signal-
ing in the frontal-limbic circuitry and in some way amplify
the decreases in the UF FA and subsequently encourage
the anxiety symptoms in BD individuals.

Figure 5. In subjects with bipolar disorder, lower fractional anisotropy in the bilateral uncinate fasciculus was associated with worse

anxiety symptoms. (A) Shows lower fractional anisotropy (FA) in the left uncinate fasciculus was associated with higher scores from the

Hamilton Anxiety Rating Scale (HAM-A) (r=−.55, p= .034). (B) Shows lower FA in the right uncinate fasciculus was associated with higher

HAM-A scores (r=−.61, p= .015).
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In MDD, we did not observe significant associations
between altered FA and mGlu5 availability in the frontal-
limbic circuitry. This may not be surprising as there has
not been clear evidence indicating abnormalities in mGlu5
levels in MDD.3 Thus, it might be that other neurotransmitter
systems are associated with (or subserve) this particular
alteration in MDD. For example, GABAergic deficits have
been strongly implicated in MDD neuropathology.
Neurotransmitter γ-aminobutyric acid (GABA) is the main
inhibitory neurotransmitter in the brain and there has been
abundant evidence suggesting GABA contributes promi-
nently as a biological risk factor to MDD.73,74

Study limitations include a relatively small sample size for
MRI-PET investigation that might limit the observations of
significant findings especially in the MDD group as well as
enhancing the likelihood of type 2 error for all the analyses
we have conducted to study the relationships between
white matter FA, mGlu5 and clinical characteristics.
However, given the novelty of the work and the need to
better differentiate and treat BD and MDD, we believe
these data are critical. Second, even though the study used
prior-selected ROIs based on the previous literature, a
rather lenient thresholding was used in this suboptimal
sample size to avoid false negatives. Third, our study only
included one BD subject in a manic mood state which
restricts our ability to generalize these findings across the
BD mood states. Four, although subanalysis was conducted
by adding medication as a covariate, we cannot completely
rule out medication use as a potential confound in our find-
ings. Five, the BD group had more males relative to the
MDD group while the MDD group had more females relative
to the BD group. Although we controlled for sex in all the
main analyses, potential sex differences might be underde-
tected due to the small sample size. Six, in order to rule out
mood state-related changes in mGlu5 relationship with FA,
subanalyses were conducted including only the 5 euthymic
BD subjects and no significant associations were observed.
Nonetheless, it is possible that the low sample size restricted
the statistical power for detecting the potential effects of
euthymia. Therefore, future studies need to replicate these
findings using larger transdiagnostic sample size and with

individuals across BD mood states to examine associations
between white matter deficits and mGlu5 levels (Table 2).

In conclusion, the results of the current study are consis-
tent with some of the previous findings of white matter alter-
ations in BD and MDD and importantly provided the first
preliminary evidence showing an association between
white matter FA alterations in the UF and amygdala mGlu5
levels in BD individuals. Moreover, lower FA in the UF
was significantly correlated with greater anxiety symptoms
in the BD. These findings suggest white matter deficits in
the CC and the TR might be a common disease marker for
these affective disorders. However, the association with
mGlu5 levels in the BD group only suggests the molecular
underpinnings of white matter alterations may differ
between these disorders and may point to precision medicine
to treat symptoms of BD specifically.

Declaration of Conflicting Interests
The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The authors disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the common fund (grant number R01MH116657).

ORCID iDs
Siyan Fan https://orcid.org/0000-0002-8331-0738
Ruth H. Asch https://orcid.org/0000-0002-9575-0183
Margaret T. Davis https://orcid.org/0000-0001-7297-710X
Ryan Cool https://orcid.org/0000-0003-0655-0006
Irina Esterlis https://orcid.org/0000-0001-6293-1458

References
1. Hasin DS, Goodwin RD, Stinson FS, et al. Epidemiology of

major depressive disorder: results from the national epidemio-
logic survey on alcoholism and related conditions. Arch Gen
Psychiatry. 2005;62:1097-1106. DOI: 10.1001/archpsyc.62.
10.1097

2. Merikangas KR, Jin R, He JP, et al. Prevalence and correlates of
bipolar spectrum disorder in the world mental health survey

Table 2. Means and standard deviations of FA values for BD, MDD, and HC in the corpus callosum and bilateral thalamic radiation.

BD MDD HC

(N= 21) (N= 10) (N= 25)

Fractional anisotropy M [SD] M [SD] M [SD]
Corpus callosum 0.84 [0.29]b 0.83 [0.04]a 0.86 [0.02] p< .001d

The left thalamic radiation 0.47 [0.07] 0.54 [0.07] 0.52 [0.06] p= .025d

The right thalamic radiation 0.44 [0.04]c 0.47 [0.04] 0.49 [0.04] p< .001d

Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; HC, health controls.
ap= .01 HC versus MDD.
bp= .003 HC versus BD.
cp< .001 HC versus BD.
dMain effect of three groups.

10 Chronic Stress

https://orcid.org/0000-0002-8331-0738
https://orcid.org/0000-0002-8331-0738
https://orcid.org/0000-0002-9575-0183
https://orcid.org/0000-0002-9575-0183
https://orcid.org/0000-0001-7297-710X
https://orcid.org/0000-0001-7297-710X
https://orcid.org/0000-0003-0655-0006
https://orcid.org/0000-0003-0655-0006
https://orcid.org/0000-0001-6293-1458
https://orcid.org/0000-0001-6293-1458
http://dx.doi.org/10.1001/archpsyc.62.10.1097
http://dx.doi.org/10.1001/archpsyc.62.10.1097


initiative. Arch Gen Psychiatry. 2011;68:241-251. DOI: 10.
1001/archgenpsychiatry.2011.12

3. Holmes SE, Asch RH, Davis MT, et al. Differences in
quantification of the metabotropic glutamate receptor 5 across
bipolar disorder and major depressive disorder. Biol
Psychiatry. 2023;93:1099-1107. DOI: 10.1016/j.biopsych.
2022.10.018

4. Hirschfeld RM, Lewis L, Vornik LA. Perceptions and impact of
bipolar disorder: how far have we really come? Results of the
national depressive and manic-depressive association 2000
survey of individuals with bipolar disorder. J Clin Psychiatry.
2003;64:161-174.

5. Manelis A, Soehner A, Halchenko YO, et al. White matter
abnormalities in adults with bipolar disorder type-II and unipo-
lar depression. Sci Rep. 2021;11:7541. DOI: 10.1038/
s41598-021-87069-2

6. Yatham LN. Diagnosis and management of patients with
bipolar II disorder. J Clin Psychiatry. 2005;66(Suppl 1):13-17.

7. Favre P, Pauling M, Stout J, et al. Correction: widespread white
matter microstructural abnormalities in bipolar disorder: evi-
dence from mega- and meta-analyses across 3033 individuals.
Neuropsychopharmacology. 2019;44:2298. DOI: 10.1038/
s41386-019-0521-6

8. van Velzen LS, Kelly S, Isaev D, et al. White matter distur-
bances in major depressive disorder: a coordinated analysis
across 20 international cohorts in the ENIGMA MDD
working group. Mol Psychiatry. 2020;25:1511-1525. DOI:
10.1038/s41380-019-0477-2

9. Strakowski SM, Adler CM, Almeida J, et al. The functional
neuroanatomy of bipolar disorder: a consensus model.
Bipolar Disord. 2012;14:313-325. DOI: 10.1111/j.1399-5618.
2012.01022.x

10. Soares JC, Mann JJ. The functional neuroanatomy of mood dis-
orders. J Psychiatr Res. 1997;31:393-432. DOI: 10.1016/
s0022-3956(97)00016-2

11. Pfefferbaum A, Adalsteinsson E, Sullivan EV. Replicability of
diffusion tensor imaging measurements of fractional anisotropy
and trace in brain. J Magn Reson Imaging. 2003;18:427-433.
DOI: 10.1002/jmri.10377

12. Cole J, Chaddock CA, Farmer AE, et al. White matter abnor-
malities and illness severity in major depressive disorder. Br J
Psychiatry. 2012;201:33-39. DOI: 10.1192/bjp.bp.111.100594

13. Fan S, Lippard ETC, Sankar A, et al. Gray and white matter
differences in adolescents and young adults with prior suicide
attempts across bipolar and major depressive disorders.
J Affect Disord. 2019;245:1089-1097. DOI: 10.1016/j.jad.
2018.11.095

14. Kafantaris V, Spritzer L, Doshi V, et al. Changes in white
matter microstructure predict lithium response in adolescents
with bipolar disorder. Bipolar Disord. 2017;19:587-594. DOI:
10.1111/bdi.12544

15. Sachs-Ericsson N, Hames JL, Joiner TE, et al. Differences
between suicide attempters and nonattempters in depressed
older patients: depression severity, white-matter lesions, and
cognitive functioning. Am J Geriatr Psychiatry. 2014;22:
75–85. DOI: 10.1016/j.jagp.2013.01.063

16. Johnston JAY, Wang F, Liu J, et al. Multimodal neuroimaging
of frontolimbic structure and function associated with suicide
attempts in adolescents and young adults with bipolar disorder.

Am J Psychiatry. 2017;174:667-675. DOI: 10.1176/appi.ajp.
2016.15050652

17. Masuda Y, Okada G, Takamura M, et al. White matter abnor-
malities and cognitive function in euthymic patients with
bipolar disorder and major depressive disorder. Brain Behav.
2020;10:e01868. DOI: 10.1002/brb3.1868

18. Lan MJ, Rubin-Falcone H, Sublette ME, et al. Deficits of white
matter axial diffusivity in bipolar disorder relative to major
depressive disorder: no relationship to cerebral perfusion or
body mass index. Bipolar Disord. 2020;22:296-302. DOI: 10.
1111/bdi.12845

19. Kim SH, Kwak K, Hyun JW, et al. Diffusion tensor imaging of
normal-appearing white matter in patients with neuromyelitis
optica spectrum disorder and multiple sclerosis. Eur J Neurol.
2017;24:966-973. DOI: 10.1111/ene.13321

20. Park S, Hong SB, Kim JW, et al. White-matter connectivity and
methylphenidate-induced changes in attentional performance
according to alpha2A-adrenergic receptor gene polymorphisms
in Korean children with attention-deficit hyperactivity disorder.
J Neuropsychiatry Clin Neurosci. 2013;25:222-228. DOI: 10.
1176/appi.neuropsych.12050121

21. Schilling LP, Pascoal TA, Zimmer ER, et al. Regional amyloid-
beta load and white matter abnormalities contribute to hypome-
tabolism in Alzheimer’s dementia. Mol Neurobiol.
2019;56:4916-4924. DOI: 10.1007/s12035-018-1405-1

22. Kim SE, Joo YH, Son YD, et al. Association between human
gray matter metabotropic glutamate receptor-5 availability in
vivo and white matter properties: A [(11)C]ABP688 PET and
diffusion tensor imaging study. Brain Struct Funct.
2020;225:1805-1816. DOI: 10.1007/s00429-020-02094-7

23. Esterlis I, Holmes SE, Sharma P, et al. Metabotropic glutama-
tergic receptor 5 and stress disorders: knowledge gained from
receptor imaging studies. Biol Psychiatry. 2018;84:95-105.
DOI: 10.1016/j.biopsych.2017.08.025

24. Gasparini F, Bilbe G, Gomez-Mancilla B, et al. Mglur5 antag-
onists: discovery, characterization and drug development. Curr
Opin Drug Discov Devel. 2008;11:655-665.

25. Bordi F, Ugolini A. Group I metabotropic glutamate receptors:
implications for brain diseases. Prog Neurobiol. 1999;59:
55–79.

26. Asch RH, Hillmer AT, Baldassarri SR, et al. Chapter six - the
metabotropic glutamate receptor 5 as a biomarker for psychiat-
ric disorders. In: Knackstedt LA, Schwendt M, eds.
International review of neurobiology. Academic Press;
2023:265-310.

27. Krystal JH, Mathew SJ, Souza D, et al. Potential psychiatric
applications of metabotropic glutamate receptor agonists and
antagonists. CNS Drugs. 2010;24:669-693. DOI: 10.2165/
11533230-000000000-00000

28. Fatemi SH, Folsom TD. Existence of monomer and dimer
forms of mGluR5, under reducing conditions in studies of
postmortem brain in various psychiatric disorders.
Schizophr Res. 2014;158:270-271. DOI: 10.1016/j.schres.
2014.06.029

29. Fatemi SH, Folsom TD, Rooney RJ, et al. mRNA and protein
expression for novel GABAA receptors theta and rho2 are
altered in schizophrenia and mood disorders; relevance to
FMRP-mGluR5 signaling pathway. Transl Psychiatry.
2013;3:e271. DOI: 10.1038/tp.2013.46

Fan et al 11

http://dx.doi.org/10.1001/archgenpsychiatry.2011.12
http://dx.doi.org/10.1001/archgenpsychiatry.2011.12
http://dx.doi.org/10.1016/j.biopsych.2022.10.018
http://dx.doi.org/10.1016/j.biopsych.2022.10.018
http://dx.doi.org/10.1038/s41598-021-87069-2
http://dx.doi.org/10.1038/s41598-021-87069-2
http://dx.doi.org/10.1038/s41598-021-87069-2
http://dx.doi.org/10.1038/s41598-021-87069-2
http://dx.doi.org/10.1038/s41598-021-87069-2
http://dx.doi.org/10.1038/s41386-019-0521-6
http://dx.doi.org/10.1038/s41386-019-0521-6
http://dx.doi.org/10.1038/s41386-019-0521-6
http://dx.doi.org/10.1038/s41386-019-0521-6
http://dx.doi.org/10.1038/s41386-019-0521-6
http://dx.doi.org/10.1038/s41380-019-0477-2
http://dx.doi.org/10.1038/s41380-019-0477-2
http://dx.doi.org/10.1038/s41380-019-0477-2
http://dx.doi.org/10.1038/s41380-019-0477-2
http://dx.doi.org/10.1111/j.1399-5618.2012.01022.x
http://dx.doi.org/10.1111/j.1399-5618.2012.01022.x
http://dx.doi.org/10.1111/j.1399-5618.2012.01022.x
http://dx.doi.org/10.1016/s0022-3956(97)00016-2
http://dx.doi.org/10.1016/s0022-3956(97)00016-2
http://dx.doi.org/10.1016/s0022-3956(97)00016-2
http://dx.doi.org/10.1016/s0022-3956(97)00016-2
http://dx.doi.org/10.1002/jmri.10377
http://dx.doi.org/10.1192/bjp.bp.111.100594
http://dx.doi.org/10.1016/j.jad.2018.11.095
http://dx.doi.org/10.1016/j.jad.2018.11.095
http://dx.doi.org/10.1111/bdi.12544
http://dx.doi.org/10.1016/j.jagp.2013.01.063
http://dx.doi.org/10.1176/appi.ajp.2016.15050652
http://dx.doi.org/10.1176/appi.ajp.2016.15050652
http://dx.doi.org/10.1002/brb3.1868
http://dx.doi.org/10.1111/bdi.12845
http://dx.doi.org/10.1111/bdi.12845
http://dx.doi.org/10.1111/ene.13321
http://dx.doi.org/10.1176/appi.neuropsych.12050121
http://dx.doi.org/10.1176/appi.neuropsych.12050121
http://dx.doi.org/10.1007/s12035-018-1405-1
http://dx.doi.org/10.1007/s12035-018-1405-1
http://dx.doi.org/10.1007/s12035-018-1405-1
http://dx.doi.org/10.1007/s12035-018-1405-1
http://dx.doi.org/10.1007/s00429-020-02094-7
http://dx.doi.org/10.1007/s00429-020-02094-7
http://dx.doi.org/10.1007/s00429-020-02094-7
http://dx.doi.org/10.1007/s00429-020-02094-7
http://dx.doi.org/10.1016/j.biopsych.2017.08.025
http://dx.doi.org/10.2165/11533230-000000000-00000
http://dx.doi.org/10.2165/11533230-000000000-00000
http://dx.doi.org/10.2165/11533230-000000000-00000
http://dx.doi.org/10.2165/11533230-000000000-00000
http://dx.doi.org/10.1016/j.schres.2014.06.029
http://dx.doi.org/10.1016/j.schres.2014.06.029
http://dx.doi.org/10.1038/tp.2013.46


30. Folsom TD, Thuras PD, Fatemi SH. Protein expression of
targets of the FMRP regulon is altered in brains of subjects
with schizophrenia and mood disorders. Schizophr Res.
2015;165:201-211. DOI: 10.1016/j.schres.2015.04.012

31. Deschwanden A, Karolewicz B, Feyissa AM, et al. Reduced
metabotropic glutamate receptor 5 density in major depression
determined by [(11)C]ABP688 PET and postmortem study. Am
J Psychiatry. 2011;168:727-734. DOI: 10.1176/appi.ajp.2011.
09111607

32. Abdallah CG, Hannestad J, Mason GF, et al. Metabotropic glu-
tamate receptor 5 and glutamate involvement in Major depres-
sive disorder: a multimodal imaging study. Biol Psychiatry
Cogn Neurosci Neuroimaging. 2017;2:449-456. DOI: 10.
1016/j.bpsc.2017.03.019

33. Davis MT, Hillmer A, Holmes SE, et al. In vivo evidence for
dysregulation of mGluR5 as a biomarker of suicidal ideation.
Proc Natl Acad Sci U S A. 2019;116:11490-11495. DOI: 10.
1073/pnas.1818871116

34. Matosin N, Fernandez-Enright F, Frank E, et al. Metabotropic
glutamate receptor mGluR2/3 and mGluR5 binding in the ante-
rior cingulate cortex in psychotic and nonpsychotic depression,
bipolar disorder and schizophrenia: implications for novel
mGluR-based therapeutics. J Psychiatry Neurosci.
2014;39:407-416. DOI: 10.1503/jpn.130242

35. Vanzulli I, Butt AM. Mglur5 protect astrocytes from ischemic
damage in postnatal CNS white matter. Cell Calcium.
2015;58:423-430. DOI: 10.1016/j.ceca.2015.06.010

36. First MBSR, Gibbon M, Williams JB. Structured clinical inter-
view for DSM-IV axis I disorders. New York State Psychiatric
Institute; 1995.

37. Montgomery SA, Asberg M. A new depression scale designed
to be sensitive to change. Br J Psychiatry 1979; 134:382-389.

38. Hamilton M. The assessment of anxiety states by rating. Br J
Psychol. 1959;32:50-55.

39. Park E, Sullivan JM, Planeta B, et al. Test-retest reproducibility
of the metabotropic glutamate receptor 5 ligand [(1)(8)F]FPEB
with bolus plus constant infusion in humans. Eur J Nucl Med
Mol Imaging. 2015;42:1530-1541. DOI: 10.1007/
s00259-015-3094-6

40. Sullivan JM, Lim K, Labaree D, et al. Kinetic analysis of the
metabotropic glutamate subtype 5 tracer [(18)F]FPEB in
bolus and bolus-plus-constant-infusion studies in humans.
J Cereb Blood Flow Metab. 2013;33:532-541. DOI: 10.1038/
jcbfm.2012.195

41. Patel S, Hamill TG, Connolly B, et al. Species differences in
mGluR5 binding sites in mammalian central nervous system
determined using in vitro binding with [18F]F-PEB. Nucl
Med Biol. 2007;34:1009-1017. DOI: 10.1016/j.nucmedbio.
2007.07.009

42. Holmes SE, Girgenti MJ, Davis MT, et al. Altered metabotropic
glutamate receptor 5 markers in PTSD: in vivo and postmortem
evidence. Proc Natl Acad Sci U S A. 2017;114:8390-8395.
DOI: 10.1073/pnas.1701749114

43. Smith SM, Nichols TE. Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and
localisation in cluster inference. Neuroimage. 2009;44:83-98.
DOI: 10.1016/j.neuroimage.2008.03.061

44. Claeys EHI, Mantingh T, Morrens M, et al. Resting-state fMRI
in depressive and (hypo)manic mood states in bipolar disorders:

a systematic review. Prog Neuropsychopharmacol Biol
Psychiatry. 2022;113:110465. DOI: 10.1016/j.pnpbp.2021.
110465

45. Tomasch J. Size, distribution, and number of fibres in the
human corpus callosum. Anat Rec. 1954;119:119-135. DOI:
10.1002/ar.1091190109

46. Pico-Perez M, Radua J, Steward T, et al. Emotion regulation in
mood and anxiety disorders: a meta-analysis of fMRI cognitive
reappraisal studies. Prog Neuropsychopharmacol Biol
Psychiatry. 2017;79:96-104. DOI: 10.1016/j.pnpbp.2017.06.
001

47. Nery FG, Chen HH, Hatch JP, et al. Orbitofrontal cortex gray
matter volumes in bipolar disorder patients: a region-of-interest
MRI study. Bipolar Disord. 2009;11:145-153. DOI: 10.1111/j.
1399-5618.2009.00662.x

48. Davey CG, Harrison BJ, Yucel M, et al. Regionally specific
alterations in functional connectivity of the anterior cingulate
cortex in major depressive disorder. Psychol Med.
2012;42:2071-2081. DOI: 10.1017/S0033291712000323

49. Linke J, King AV, Poupon C, et al. Impaired anatomical con-
nectivity and related executive functions: differentiating vulner-
ability and disease marker in bipolar disorder. Biol Psychiatry.
2013;74:908-916. DOI: 10.1016/j.biopsych.2013.04.010

50. Bellani M, Brambilla P. Diffusion imaging studies of white
matter integrity in bipolar disorder. Epidemiol Psychiatr Sci.
2011;20:137-140. DOI: 10.1017/s2045796011000229

51. Liao Y, Huang X, Wu Q, et al. Is depression a disconnection
syndrome? Meta-analysis of diffusion tensor imaging studies
in patients with MDD. J Psychiatry Neurosci. 2013;38:49-56.
DOI: 10.1503/jpn.110180

52. Bora E, Harrison BJ, Davey CG, et al. Meta-analysis of volu-
metric abnormalities in cortico-striatal-pallidal-thalamic cir-
cuits in major depressive disorder. Psychol Med.
2012;42:671-681. DOI: 10.1017/S0033291711001668

53. Alexander GE, DeLong MR, Strick PL. Parallel organization of
functionally segregated circuits linking basal ganglia and
cortex. Annu Rev Neurosci. 1986;9:357-381. DOI: 10.1146/
annurev.ne.09.030186.002041

54. Carballedo A, Amico F, Ugwu I, et al. Reduced fractional
anisotropy in the uncinate fasciculus in patients with major
depression carrying the met-allele of the Val66Met brain-
derived neurotrophic factor genotype. Am J Med Genet B
Neuropsychiatr Genet. 2012;159B:537-548. DOI: 10.1002/
ajmg.b.32060

55. Mahon K, Burdick KE, Wu J, et al. Relationship between sui-
cidality and impulsivity in bipolar I disorder: a diffusion tensor
imaging study. Bipolar Disord. 2012;14:80-89. DOI: 10.1111/
j.1399-5618.2012.00984.x

56. Von Der Heide RJ, Skipper LM, Klobusicky E, et al.
Dissecting the uncinate fasciculus: disorders, controversies
and a hypothesis. Brain. 2013;136:1692-1707. DOI: 10.
1093/brain/awt094

57. Foley SF, Bracher-Smith M, Tansey KE, et al. Fractional
anisotropy of the uncinate fasciculus and cingulum in bipolar
disorder type I, type II, unaffected siblings and healthy controls.
Br J Psychiatry. 2018;213:548-554. DOI: 10.1192/bjp.2018.
101

58. Xu E, Nguyen L, Hu R, et al. The uncinate fasciculus in indi-
viduals with and at risk for bipolar disorder: a meta-analysis.

12 Chronic Stress

http://dx.doi.org/10.1016/j.schres.2015.04.012
http://dx.doi.org/10.1176/appi.ajp.2011.09111607
http://dx.doi.org/10.1176/appi.ajp.2011.09111607
http://dx.doi.org/10.1016/j.bpsc.2017.03.019
http://dx.doi.org/10.1016/j.bpsc.2017.03.019
http://dx.doi.org/10.1073/pnas.1818871116
http://dx.doi.org/10.1073/pnas.1818871116
http://dx.doi.org/10.1503/jpn.130242
http://dx.doi.org/10.1016/j.ceca.2015.06.010
http://dx.doi.org/10.1007/s00259-015-3094-6
http://dx.doi.org/10.1007/s00259-015-3094-6
http://dx.doi.org/10.1007/s00259-015-3094-6
http://dx.doi.org/10.1007/s00259-015-3094-6
http://dx.doi.org/10.1007/s00259-015-3094-6
http://dx.doi.org/10.1038/jcbfm.2012.195
http://dx.doi.org/10.1038/jcbfm.2012.195
http://dx.doi.org/10.1016/j.nucmedbio.2007.07.009
http://dx.doi.org/10.1016/j.nucmedbio.2007.07.009
http://dx.doi.org/10.1073/pnas.1701749114
http://dx.doi.org/10.1016/j.neuroimage.2008.03.061
http://dx.doi.org/10.1016/j.pnpbp.2021.110465
http://dx.doi.org/10.1016/j.pnpbp.2021.110465
http://dx.doi.org/10.1002/ar.1091190109
http://dx.doi.org/10.1016/j.pnpbp.2017.06.001
http://dx.doi.org/10.1016/j.pnpbp.2017.06.001
http://dx.doi.org/10.1111/j.1399-5618.2009.00662.x
http://dx.doi.org/10.1111/j.1399-5618.2009.00662.x
http://dx.doi.org/10.1111/j.1399-5618.2009.00662.x
http://dx.doi.org/10.1017/S0033291712000323
http://dx.doi.org/10.1016/j.biopsych.2013.04.010
http://dx.doi.org/10.1017/s2045796011000229
http://dx.doi.org/10.1503/jpn.110180
http://dx.doi.org/10.1017/S0033291711001668
http://dx.doi.org/10.1146/annurev.ne.09.030186.002041
http://dx.doi.org/10.1146/annurev.ne.09.030186.002041
http://dx.doi.org/10.1002/ajmg.b.32060
http://dx.doi.org/10.1002/ajmg.b.32060
http://dx.doi.org/10.1111/j.1399-5618.2012.00984.x
http://dx.doi.org/10.1111/j.1399-5618.2012.00984.x
http://dx.doi.org/10.1111/j.1399-5618.2012.00984.x
http://dx.doi.org/10.1093/brain/awt094
http://dx.doi.org/10.1093/brain/awt094
http://dx.doi.org/10.1192/bjp.2018.101
http://dx.doi.org/10.1192/bjp.2018.101


J Affect Disord. 2022;297:208-216. DOI: 10.1016/j.jad.2021.
10.045

59. Benedetti F, Yeh PH, Bellani M, et al. Disruption of white
matter integrity in bipolar depression as a possible structural
marker of illness. Biol Psychiatry. 2011;69:309-317. DOI: 10.
1016/j.biopsych.2010.07.028

60. Sprooten E, Barrett J, McKay DR, et al. A comprehensive trac-
tography study of patients with bipolar disorder and their unaf-
fected siblings. Hum Brain Mapp. 2016;37:3474-3485. DOI:
10.1002/hbm.23253

61. Wang X, Pathak S, Stefaneanu L, et al. Subcomponents and
connectivity of the superior longitudinal fasciculus in the
human brain. Brain Struct Funct. 2016;221:2075-2092. DOI:
10.1007/s00429-015-1028-5

62. Rizio AA, Diaz MT. Language, aging, and cognition: frontal
aslant tract and superior longitudinal fasciculus contribute
toward working memory performance in older adults.
Neuroreport. 2016;27:689-693. DOI: 10.1097/WNR.
0000000000000597

63. Latalova K, Prasko J, Diveky T, et al. Cognitive impairment in
bipolar disorder. Biomed Pap Med Fac Univ Palacky Olomouc
Czech Repub. 2011;155:19-26. DOI: 10.5507/bp.155.2011.003

64. Papakostas GI. Cognitive symptoms in patients with major
depressive disorder and their implications for clinical practice.
J Clin Psychiatry. 2014;75:8-14. DOI: 10.4088/JCP.13r08710

65. Engel-Yeger B, Muzio C, Rinosi G, et al. Extreme sensory pro-
cessing patterns and their relation with clinical conditions
among individuals with major affective disorders. Psychiatry
Res. 2016;236:112-118. DOI: 10.1016/j.psychres.2015.12.022.

66. Altieri R, Melcarne A, Junemann C, et al. Inferior
fronto-occipital fascicle anatomy in brain tumor surgeries:
from anatomy lab to surgical theater. J Clin Neurosci.
2019;68:290-294. DOI: 10.1016/j.jocn.2019.07.039

67. Zhang J, Wei X, Xie S, et al. Multifunctional roles of the ventral
stream in language models: advanced segmental quantification
in post-stroke aphasic patients. Front Neurol. 2018;9:89. DOI:
10.3389/fneur.2018.00089

68. Lovblad KO, Schaller K, Vargas MI. The fornix and limbic
system. Semin Ultrasound CT MR. 2014;35:459-473. DOI:
10.1053/j.sult.2014.06.005

69. Korgaonkar MS, Williams LM, Song YJ, et al. Diffusion tensor
imaging predictors of treatment outcomes in major depressive
disorder. Br J Psychiatry. 2014;205:321-328. DOI: 10.1192/
bjp.bp.113.140376

70. Korgaonkar MS, Grieve SM, Koslow SH, et al. Loss of white
matter integrity in major depressive disorder: evidence using
tract-based spatial statistical analysis of diffusion tensor
imaging. Hum Brain Mapp. 2011;32:2161-2171. DOI: 10.
1002/hbm.21178

71. Maffei C, Sarubbo S, Jovicich J. A missing connection: a
review of the macrostructural anatomy and tractography of
the acoustic radiation. Front Neuroanat. 2019;13:27. DOI:
10.3389/fnana.2019.00027

72. Shen X, Adams MJ, Ritakari TE, et al. White matter
microstructure and its relation to longitudinal measures of
depressive symptoms in mid- and late life. Biol
Psychiatry. 2019;86:759-768. DOI: 10.1016/j.biopsych.
2019.06.011

73. Luscher B, Shen Q, Sahir N. The GABAergic deficit hypothesis
of major depressive disorder. Mol Psychiatry. 2011;
16:383–406. DOI: 10.1038/mp.2010.120

74. Pehrson AL, Sanchez C. Altered gamma-aminobutyric acid
neurotransmission in major depressive disorder: a critical
review of the supporting evidence and the influence of seroto-
nergic antidepressants. Drug Des Devel Ther. 2015;9:
603–624. DOI: 10.2147/DDDT.S62912

Fan et al 13

http://dx.doi.org/10.1016/j.jad.2021.10.045
http://dx.doi.org/10.1016/j.jad.2021.10.045
http://dx.doi.org/10.1016/j.biopsych.2010.07.028
http://dx.doi.org/10.1016/j.biopsych.2010.07.028
http://dx.doi.org/10.1002/hbm.23253
http://dx.doi.org/10.1007/s00429-015-1028-5
http://dx.doi.org/10.1007/s00429-015-1028-5
http://dx.doi.org/10.1007/s00429-015-1028-5
http://dx.doi.org/10.1007/s00429-015-1028-5
http://dx.doi.org/10.1097/WNR.0000000000000597
http://dx.doi.org/10.1097/WNR.0000000000000597
http://dx.doi.org/10.5507/bp.155.2011.003
http://dx.doi.org/10.4088/JCP.13r08710
http://dx.doi.org/10.1016/j.psychres.2015.12.022
http://dx.doi.org/10.1016/j.jocn.2019.07.039
http://dx.doi.org/10.3389/fneur.2018.00089
http://dx.doi.org/10.1053/j.sult.2014.06.005
http://dx.doi.org/10.1192/bjp.bp.113.140376
http://dx.doi.org/10.1192/bjp.bp.113.140376
http://dx.doi.org/10.1002/hbm.21178
http://dx.doi.org/10.1002/hbm.21178
http://dx.doi.org/10.3389/fnana.2019.00027
http://dx.doi.org/10.1016/j.biopsych.2019.06.011
http://dx.doi.org/10.1016/j.biopsych.2019.06.011
http://dx.doi.org/10.1038/mp.2010.120
http://dx.doi.org/10.2147/DDDT.S62912

	 Introduction
	 Methods
	 Participants
	 MRI Acquisition
	 MR Data Processing
	 Brain [18F]FPEB PET Imaging Acquisition
	 PET Data Analysis
	 Diffusion MR Data Statistical Analysis
	 Diffusion and PET Data Statistical Analysis
	 Associations Between Altered White Matter and Clinical Characteristics

	 Results
	 Demographic and Clinical Characteristics
	 Differences in Whole Brain White Matter Integrity Across BD, MDD, and HC
	 Differences in Whole Brain White Matter Integrity Between BD Versus HC and MDD Versus HC
	 Associations Between White Matter Integrity and mGlu5
	 Relationship Between White Matter Deficits and Clinical Measures

	 Discussion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /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 /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /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 /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /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


