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Background: Even with continuous antidepressant treatment, residual symptoms and
the risk of relapse can persist in remitted major depressive disorder (MDD) patients.
Hence, having a clear recognition of the persistent abnormalities of the underlying neural
substrate in MDD through a longitudinal investigation is of great importance.

Methods: A total of 127 adult medication-free MDD patients with an acute depressive
episode and 118 matched healthy controls (HCs) underwent diffusion tensor imaging. Over a
6-month treatment course, 62 remitted patients underwent a second scan. Remission was
defined as a 24-item Hamilton Depression Rating Scale (HAMD24) score ≤7 for at least two
weeks. Diffusion tensor imaging was performed with a 3.0 T scanner. Differences in whole-
brain fractional anisotropy (FA) between MDD patients and HCs were assessed by an
independent t-test using gender, age, and education as covariates.

Results: Significant FA reductions in the left insula, left middle occipital gyrus, right
thalamus, left pallidum and left precuneus were observed in current MDD (cMDD) patients
compared with HCs. Moreover, significant FA reductions in the left insula were observed in
remitted (rMDD) patients compared to HCs. However, no significant differences in FA
values were found when comparing cMDD and rMDD patients.

Conclusions: The abnormalities in the insula showed state-independent characteristics,
while the abnormalities in the middle occipital gyrus, thalamus, pallidum and precuneus
seemed to be state-dependent impairments in MDD patients.

Keywords: major depressive disorder, diffusion tensor imaging, white matter microstructure, fractional anisotropy,
state-independent
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INTRODUCTION

Major depressive disorder (MDD) is a prevailing chronic mental
disorder with 6.6% annual and 16.2% lifetime prevalence (1, 2).
Over 30% of MDD cases develop as an unremitted depression
with higher recurrence and function impairments compared to
remitted depression despite trials of various antidepressant
treatments (3–6). Notably, even in remitted individuals,
obvious cognitive complaints, function impairments and the
risk of relapse persist. These are a result of the persistence of
the underpinning neural abnormalities that are unresolved with
continuous antidepressant treatments (6).

Over the last several decades, numerous magnetic resonance
imaging (MRI) studies have described the neural circuits that
underpin MDD. Pooled functional MRI studies have found that
frontal-limbic circuit dysfunctions are a key neural substrate in
the pathophysiology of MDD (7–12). Diffusion of white matter,
the infrastructure connecting cortical and subcortical regions,
has been proposed as the basis of the structural connection
alterations involved in MDD. Several structural MRI studies have
identified widespread white matter abnormalities in MDD
patients, mainly localized at the right frontal lobe, the left
lateral occipital lobe, the genu of the corpus callosum (CC), the
left anterior limb of the internal capsule (ALIC) and the left
superior longitudinal fasciculus (SLF) (13–16).

Although cross-sectional studies have repeatedly reported
white matter abnormalities in MDD patients, few studies have
addressed white matter alterations over time with longitudinal
studies. Carceller-Sindreu et al. found that white matter volume
reduction in the prefrontal cortex in a small sample of patients
with first-episode depression, which was normalized over a 2-
year treatment course (17). Repple et al. examined the alterations
of fractional anisotropy (FA), mean diffusivity, radial diffusivity
and axial diffusivity in MDD patients throughout a 2-year
treatment course. Patients with current depression showed
higher mean diffusivity in the prefrontal lobe, which was
dissipated at the remission phase (18). Based on these findings,
white matter microstructural abnormalities seemed to be state-
dependent alterations fluctuating with depression symptoms in
the pathogenesis of MDD. Nonetheless, some other cross-
sectional studies reported that patients with remitted MDD
(rMDD) also show FA reductions in the amygdala and medial
prefrontal cortex. Moreover, patients with rMDD show higher
FA in multiple frontal-limbic brain areas, multiple posterior
cingulate cortex regions and the insula than those subjects who
fail to achieve remission (9, 19, 20). In this way, white matter
microstructural abnormalities seem to be state-independent
characteristics of MDD. Thus, the alterations of white matter
microstructure in MDD may be a complex question, with mixed
state-dependent and state-independent alterations co-occurring.
However, evidence is scarce and incongruous.

To reveal possible state-dependent and state-independent
white matter alterations, we conducted a large sample
prospective study to investigate impairments and potential
alterations over a 6-month treatment course using whole-brain
FA analysis. Whole-brain FA analysis is a widely used diffusion
tensor imaging (DTI) white matter data-analysis method that
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can measure the structural integrity of white matter areas and
can be used to quantify the fiber orientation (21). It has been
widely used for evaluating the disruption of white matter and the
trajectory of white matter changes in MDD. Specifically,
decreased FA has consistently been reported to be related to
depression severity and illness duration in MDD, and a proposed
DTI will be used to measure the trajectory of white matter
microstructural alterations (13, 22). We hypothesized that
prominent impairments would be observed in current MDD
(cMDD) patients, and there would be state-independent
alterations in rMDD with early-stage interventions.
METHODS

Participants
One hundred and twenty-seven patients with MDD who were
experiencing a major depressive episode at the time of
enrollment as assessed by the Structured Clinical Interview for
DSM-IV (SCID-IV) were recruited from Zhumadian psychiatric
hospital via consultant psychiatrists from 2013 to 2017. All
patients had a 24-item Hamilton Depression Rating Scale
(HAMD24) score ≥20 and received no psychotropic medication
within 2 weeks (6 weeks for fluoxetine) before recruitment. The
exclusion criteria were: any other DSM-IV psychiatric disorder
except for generalized anxiety disorder and social anxiety
disorder; perinatal depression; history of head injury or
neurological disorders; DSM-IV Substance Abuse Disorder or
significant drug and/or alcohol use; color blindness.
Demographic information was collected by a self-designed
demographic information table. Illness history was collected by
a structured clinical interview.

The control group consisted of one hundred and eighteen
healthy volunteers recruited from communities in Zhumadian
from 2013 to 2017. The exclusion criteria for the healthy controls
were: a history of any psychiatric disorder or major physical
disease, color blindness, pregnancy or breastfeeding, first-degree
relatives with a history of psychiatric disorder, alcohol or drug
abuse or dependence. Both the healthy volunteers and the
patients had to be right-handed.

This study was approved by the ethics committee of the second
Xiangya Hospital of Central South University on December 30th,
2012 and by the ethics committee of Zhumadian Psychiatric
Hospital on January 9th, 2013, respectively. The number of IRB
approval in the Second Xiangya Hospital was 238 and that in
Zhumadian Psychiatric Hospital was 002. Written informed
consent was obtained from all participants.
Treatment and Efficacy Assessment
All patients received a 6-month course of antidepressant
treatment (either an SSRI or an SNRI) according to the advice
of the patient's attending psychiatrist. Patients were assessed with
HAMD24 and HAMA at baseline, the end of the 0.5, 1st, 2nd,
3rd, 4th, 5th and 6th month during the follow-up process. Five
experienced manic symptom onset during the 6-month
treatment period. In the sixth month, 75 patients completed
May 2020 | Volume 11 | Article 431

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


Dong et al. State-Independent WM Abnormalities in MDD
the 6-month clinical assessment, while 52 patients failed. Clinical
remission was defined as HAMD24 scores ≤7 for at least two
months and maintaining the low score (HAMD24 ≤7) to the end
of the sixth month. Among the 75 patients, 62 achieved clinical
remission. Of the 62 remitted patients during the 6-month
follow-up, 56 patients received an SSRI treatment and six
patients received an SNRI treatment. DTI was acquired for all
patients at baseline and for those who finished the follow-up at
the end of the sixth month. Since the number of unremitted
patients at the end of the sixth month is too small (n = 13), for
follow-up data analysis, only the data of those who achieved
remission were analyzed in this study. Eventually, 127 cMDD
patients and 62 rMDD patients with intact DTI data were
analyzed. In addition, 118 matched healthy controls (HCs)
were also enrolled in this study.

Imaging Protocol
All participants were scanned using a 3.0T MR scanner (Signa
HDxt MR, GE Healthcare, Milwaukee, WI). During scanning,
foam pads and earbuds were used to reduce head motion and
scanner noise respectively. Participants were required to keep
still with their eyes closed. Diffusion-weighted images were
obtained using a single-shot echo-planar imaging sequence
according to the following parameters: repetition time (TR) =
13,000 ms; echo time (TE) = 85.9 ms; number of excitations
(NEX) = 1, field of view (FOV) = 256 × 256 mm2; matrix size =
128 × 128; slice thickness = 3 mm; 32 non-collinear diffusion
directions with a b-value of 1,000 s/mm2 and one additional
volume without diffusion weighting (b = 0 s/mm2) were
acquired; and 50 transverse slices without gaps, covering the
entire brain. We also acquired high-resolution 3D brain
anatomical images using a T1-weighted BRAVO sequence
according to the following parameters: TR = 6.8 ms, TE =2.5
ms, flip angle = 9°, slice gap = 0 mm, turnover time (TI) = 1,100
ms, NEX = 1, FOV = 256 × 256 mm2, matrix size = 256 × 256,
and 192 contiguous sagittal slices with slice thickness = 1 mm.

DTI Data Processing
Pipeline for analyzing Brain Diffusion images (PANDA) in
FMRIB'S Software Library (FSL) 2 was used for image pre-
Frontiers in Psychiatry | www.frontiersin.org 3
processing [FMRIB's Software Library, pre-processing
(FMRIB's Software Library, http://www.fmrib.ox.ac.uk/fsl)] (23).
Images obtained in DICOM format were initially converted to
ANALYZE format. The diffusion tensor images were corrected for
distortions caused by head motion and eddy currents using affine
registration in Eddy Current Correction. After completing these
pre-processing steps, a diffusion tensor model was fit to each voxel
using DTIFit to generate images of FA. Then, all participants' FA
images were first nonlinearly aligned to the FA template in the
MNI space3. Finally, the aligned FA images were averaged to
create a mean FA image, and we used the mean FA image as the
white matter mask for further statistical analysis.

Statistical Analysis
Demographic and clinical data are presented as the means ±
standard deviations (SDs). Continuous variables were analyzed
by two-sample t-tests, while categorical variables were analyzed
using chi-square (c²) tests.

Using SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/
software/spm12), two-sample t-tests were implemented to
establish abnormal FA values between the cMDD and HC
groups on whole-brain FA. Regarding the abnormal clusters in
cMDD as masks, two-sample t-tests were also implemented to
establish abnormal FA values between the rMDD and HC
groups. In addition, paired-samples t-tests were also
implemented in rMDD group between at baseline and the end
of the six-month follow-up. Gender, age and education were
controlled as covariables in the above statistical analyses.
RESULTS

Demographic and Clinical Characteristics
Demographic and clinical characteristics are presented in Table
1. There were no statistically significant differences between these
three groups regarding age, gender and education. Additionally,
there were no statistically significant differences between cMDD
and rMDD regarding onset age, total illness duration, current
illness duration, the number of episodes and HAMD24 at
baseline. There were no significant differences at baseline
TABLE 1 | The demographic and clinical characteristics of cMDD (n = 127), rMDD (n = 62), and HC group (n = 118).

Current Depression (BS)
Group Mean (SD)

n = 127

Remitted Group (FL)
Mean (SD)

n = 62

Healthy Control Group
Mean (SD)
n = 118

Statistical tests
BS v. HC

Statistical tests
FL v. HC

Age (years) 35.39 ± 9.18 36.26 ± 9.16 35.01 ± 8.86 t = 0.334
p = 0.739

t = 0.889
p = 0.375

Gender (Male/Female) 58/69 25/37 53/65 c2 = 0.014
p = 0.906

c2 = 0.349
p = 0.555

Education (years) 10.35 ± 3.35 10.35 ± 3.53 10.65 ± 3.25 t = −0.707
p = 0.480

t = −0.567
p = 0.572

Onset age 32.09 ± 9.11 32.60 ± 8.66 – – –

Current length (months) 3.32 ± 2.92 3.18 ± 2.36 – – –

Total length (months) 42.46 ± 52.51 46.66 ± 59.23 – – –

Frequency 2.06 ± 1.37 2.16 ± 1.53 – – –

HAMD24 31.48 ± 7.58 2.42 ± 2.41 – – –
May 2020 | Volum
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between follow-ups and dropouts in gender, age, education,
onset age, total illness duration, current illness duration and
the number of episodes (not presented).

White Matter Abnormalities in cMDD
Patients
The left insula, left middle occipital gyrus, right thalamus, left
pallidum and left precuneus showed significant FA value
reductions in the cMDD group compared with HCs (p < 0.001,
uncorrected, cluster extend voxels = 10). There's no region of FA
value increase in the cMDD group as compared with the HC
group. Detailed anatomical regions are shown in Table 2 and
Figure 1. In addition, there was no significant difference in FA
values between dropouts and included individuals at baseline.

White Matter Abnormalities in rMDD
Patients
Regarding the decreased clusters in cMDD as masks, we found
the rMDD group also showed significant FA value reductions in
the left insula as compared with HCs (p < 0.001, uncorrected,
Frontiers in Psychiatry | www.frontiersin.org 4
cluster extend voxels = 10). Detailed anatomical regions are
shown in Table 3 and Figure 2.
White Matter Alterations Between cMDD
and rMDD Patients
No significant difference in FA value was observed between the
baseline and follow-up scans in rMDD group (p < 0.05, uncorrected).
DISCUSSION

The present longitudinal study investigated white matter
alterations in a relatively large sample of MDD patients over a
6-month antidepressant treatment course. Our results revealed
significant FA value reductions in the left insula, left middle
occipital gyrus, right thalamus, left pallidum and left precuneus
in cMDD relative to HCs. After 6 months of antidepressant
treatment, significant FA value reductions were still observed in
the left insula in rMDD patients when compared to HCs.
TABLE 2 | Significantly decreased FA clusters between cMDD and HC group.

MNI coordinates
(x y z)

Cluster size
(voxels)

BA AAL Z-scores

cMDD < HC −30 32 10 11 45 (L) Insula 3.72
−40 −62 8 10 19 (L) Middle Occipital gyrus 3.86
4 0 −2 25 Thalamus 50 (R) Thalamus 3.90

−16 6 0 14 GlobPal 51 (L) Pallidum 3.75
−22 −50 46 16 7 (L) Precuneus 3.73
May 2020 | Volume 11 |
BA, Brodmann area; MNI, Montreal Neurological Institute. The MNI coordinate is for the peak voxel of the respective clusters.
FIGURE 1 | Differences between the cMDD and HC groups in whole-brain FA analysis. The cMDD group showed reduced FA value in the left insula, left middle
occipital gyrus, right thalamus, left pallidum and left precuneus as compared with the HC group (p < 0.001, uncorrected, cluster extend voxels = 10).
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The primary finding of the present study was that the white
matter abnormalities in the left insula persisted throughout illness,
from acute episode to remission, showing a state-independent
character. The existence of state independence and trait
impairment is associated with worse clinical outcomes, poorer
working ability and more severe social function decline and higher
rates of recurrence (24). Among clinical symptoms, several
possible state-independent impairments of depression have been
reported, especially the well-acknowledged sustained attention
and executive function (25, 26). The FA reductions in the left
insula showed as a state-independent impairment in the present
study, revealing the possibility that the dysfunction of the insula
potentially underlies this special state-independent or set of trait
impairments (e.g., recurrent or persistent cognitive impairments).

The insula contains extensive anatomical connections to
cortical and limbic regions, mainly including the prefrontal,
anterior temporal, visual, and auditory cortices and the
thalamus. These regions play a key role in emotional and
cognitive processing (27, 28). Numerous studies have
demonstrated that the functional activity and connectivity of
the insula are perturbed in MDD patients, especially the
dysfunction in integrating bottom-up and top-down
information in emotional and cognitive processing (29–32). In
addition, greater levels of maladaptive rumination, anxiety and
hopelessness have also been reported because of the dysfunction
of the insula and the fronto-insular network (33). After
antidepressant treatment, functional reductions have also been
reported in the insula (34). Consistent with the results of
functional connective studies, we found FA reductions in the
left insula in the episode phase and even in the sustained
Frontiers in Psychiatry | www.frontiersin.org 5
remission phase. Previous studies have also reported decreased
FA in the left insula in young MDD patients and elderly
unremitted patients when compared to remitted individuals
(19). Our findings provide more direct evidence that white
matter abnormalities in the insula not only in the episode
phase but also persisting to the remission phase in adult MDD
patients, despite a 6-month antidepressant treatment regimen
further verified the crucial role of the insula in the neural
circuitry of depression both in function and structure.

Another important finding of the present study was that
significant FA reductions were found in the left middle occipital
gyrus, right thalamus, left pallidum and left precuneus in current
MDD patients but not in the remission state. Consistent with
clinical symptoms, the alterations of FA in these regions were
reversed by the antidepressant treatment. We tend to believe that
these changes possess obvious state-dependent characteristics. All
these regions are important components of frontal-subcortical
circuits, which have been proposed as crucial circuits that
modulate both affective and cognitive performance. The thalamus
has always been regarded as an intermediate node between different
subcortical areas and the cerebral cortex, connecting with key
regions in the frontal-subcortical circuits, including the insula,
orbitofrontal, cingulate, amygdala and dorsolateral prefrontal.
Converging evidence suggested that volumetric abnormalities and
dysfunction of the thalamus are present in both depressed young
and elderly adults with obvious affective symptoms (35–37). White
matter abnormalities of the thalamus have also been reported in
depressed patients when compared to control groups (38). Our
study provides a compelling supplement for the evidence of white
matter abnormalities in currently depressed patients that would be
TABLE 3 | Significantly decreased FA clusters between the rMDD and HC group.

MNI coordinates
(x,y,z)

Cluster size
(voxels)

BA AAL Z-scores

rMDD < HC −30 32 10 28 45 (L) Insula 3.75
May 2020 | Volume 11 |
BA, Brodmann area; MNI, Montreal Neurological Institute. The MNI coordinate is for the peak voxel of the respective clusters.
FIGURE 2 | Difference between the rMDD and HC groups in whole-brain FA analysis. The rMDD group showed reduced FA value in the left insula as compared
with the HC group (p < 0.001, uncorrected, cluster extend voxels = 10).
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reversed by a longitudinal effective treatment. Another important
functional region of the frontal-subcortical circuits, the pallidum,
has been reported to have white matter abnormalities in depressed
patients, corresponding to executive function impairment. This
region also showed state-dependent features of white matter
abnormalities in the present study (39). The precuneus, a key
node of the default-mode network, plays a central role in
visuospatial imagery, episodic memory retrieval and self-
processing operations (40). Accumulating evidence suggests that
the precuneus has an important role in the neuropathology of
depression (41–43). Consistent with previous studies, FA reduction
in the precuneus was also observed in current MDD patients when
compared to healthy controls. Furthermore, our previous study
showed significant grey matter volume changes in the middle
occipital gyrus, thalamus, precuneus and frontal gyrus in
nonrefractory depressive disorder patients (34), also providing
favorable evidence that these regions in the frontal-subcortical
circuits of MDD patients would have synergetic functional and
structural impairments.

The strength of this study is that all MDD patients enrolled
were antidepressant-free. Antidepressant exposure alleviated the
emotional disturbance and exerted a neurotrophic effect,
including increased expression of neurotrophic factors and
neuron remodeling (44, 45). All antidepressant-free MDD
patients in acute episodes with no interference from
antidepressants are of great importance in identifying the
primary white matter abnormalities. The main limitations of
this study should also be acknowledged. First, some patients
dropped out during the 6-month treatment course due to
unavoidable reasons (such as moving to seek employment,
severe gastrointestinal reactions, etc.). However, there were no
differences in the demographic and clinical characteristics
between remitted follow-ups and dropouts. The relatively high
drop-out rate also resulted in a small number of unremitted
patients at the end of the 6-month follow-up, limiting our ability
to analyze the differences between patients with different
prognosis. Second, we conducted a paired t-test to compare the
current MDD group and the remitted group, but no significant
difference between these two groups was found. We may suppose
that even when MDD patients achieved remission, the degree of
FA reduction reversal was not sufficient to reach a significant
difference compared to the current depressed sample. Third, we
did not obtain 6-month follow-up scans in the controls to
compare the magnitude of change during the follow-up period.
This potential confounding factor should be considered in future
studies. Finally, what we have done reveals possible state-
dependent and state-independent white matter abnormalities;
to further identify additional potential state-dependent and state-
independent impairments, more clinical assessments,
neuropsychological tests and social function rating scales are
needed in future studies.

The present study investigated the trajectory of white matter
abnormality changes in unmedicated MDD patients over a 6-
month antidepressant exposure. The insula, a crucial region that
modulates both affective and cognitive performance, showed the
characteristics of state-independent impairment, while the
Frontiers in Psychiatry | www.frontiersin.org 6
middle occipital gyrus, thalamus, pallidum and precuneus,
important nodes of the frontal-subcortical circuits, all showed
white matter abnormalities in MDD patients and seemed to
show state-dependent impairments that fluctuate with the
depressive symptoms. Further studies should place more
emphasis on the association between neurophysiological
mechanisms and clinical symptoms to confirm the reliability of
these state-dependent and independent impairments in
depression, eventually leading to better treatment selections
and clinical outcomes.
DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
supplementary material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the medical ethics committees of the Second
Xiangya Hospital of Central South University and the
Zhumadian Psychiatric Hospital. Written informed consent
was obtained from all participants. The patients/participants
provided their written informed consent to participate in
this study.
AUTHOR CONTRIBUTIONS

QD: collected data, conducted the statistical analysis, drafted the
manuscript, edited and submitted the manuscript. JL, XL, JS,
LZh, MW, HG, FZ, DY, HL, WG: collected data, reviewed and
revised the manuscript. YZ: conceptualized and designed the
study. BL, LZe, YF: statistical analysis, critically reviewed, edited
and revised the manuscript; DH: critically reviewed and revised
the manuscript. LL: conceptualized and designed the study,
collected data, critically reviewed and revised the manuscript.
All authors have approved the final version of this manuscript.
FUNDING

This study was supported by the National Science and
Technologic Program of China (2015BAI13B02), the Defense
Innovative Special Region Program (17-163-17-XZ-004-005-01),
the National Natural Science Foundation of China (81171286,
91232714 and 81601180).
ACKNOWLEDGMENTS

We thank all participants for participating in this study.
May 2020 | Volume 11 | Article 431

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


Dong et al. State-Independent WM Abnormalities in MDD
REFERENCES

1. Moussavi S, Chatterji S, Verdes E, Tandon A, Patel V, Ustun B. Depression,
chronic diseases, and decrements in health: results from the World Health
Surveys. Lancet (London England) (2007) 370:851–8. doi: 10.1016/S0140-
6736(07)61415-9

2. Vos T, Flaxman AD, Naghavi M, Lozano R, Michaud C, Ezzati M, et al. Years
lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries
1990-2010: a systematic analysis for the Global Burden of Disease Study 2010.
Lancet (London England) (2012) 380:2163–96. doi: 10.1016/S0140-6736(12)
61729-2

3. Mueller TI, Leon AC, Keller MB, Solomon DA, Endicott J, Coryell W, et al.
Recurrence after recovery from major depressive disorder during 15 years of
observational follow-up. Am J Psychiatry (1999) 156:1000–6. doi: 10.1176/
ajp.156.7.1000

4. Steinert C, Hofmann M, Kruse J, Leichsenring F. The prospective long-term
course of adult depression in general practice and the community. A Syst.
Literature Rev. J Affect Disord (2014) 152-154:65–75. doi: 10.1016/
j.jad.2013.10.017

5. Rock PL, Roiser JP, Riedel WJ, Blackwell AD. Cognitive impairment in
depression: a systematic review and meta-analysis. psychol Med (2014)
44:2029–40. doi: 10.1017/S0033291713002535

6. Jaeger J, Berns S, Uzelac S, Davis-Conway S. Neurocognitive deficits and
disability in major depressive disorder. Psychiatry Res (2006) 145:39–48. doi:
10.1016/j.psychres.2005.11.011

7. Chen G, Guo Y, Zhu H, Kuang W, Bi F, Ai H, et al. Intrinsic disruption of
white matter microarchitecture in first-episode, drug-naive major depressive
disorder: A voxel-based meta-analysis of diffusion tensor imaging. Prog
Neuropsychopharmacol Biol Psychiatry (2017) 76:179–87. doi: 10.1016/
j.pnpbp.2017.03.011

8. Chen G, Hu X, Li L, Huang X, Lui S, Kuang W, et al. Disorganization of white
matter architecture in major depressive disorder: a meta-analysis of diffusion
tensor imaging with tract-based spatial statistics. Sci Rep (2016) 6:21825. doi:
10.1038/srep21825

9. Salvadore G, Nugent AC, Lemaitre H, Luckenbaugh DA, Tinsley R, Cannon
DM, et al. Prefrontal cortical abnormalities in currently depressed versus
currently remitted patients with major depressive disorder. NeuroImage
(2011) 54:2643–51. doi: 10.1016/j.neuroimage.2010.11.011

10. Bertocci MA, Bebko GM, Mullin BC, Langenecker SA, Ladouceur CD,
Almeida JR, et al. Abnormal anterior cingulate cortical activity during
emotional n-back task performance distinguishes bipolar from unipolar
depressed females. psychol Med (2012) 42:1417–28. doi: 10.1017/
S003329171100242X

11. Arnone D, McKie S, Elliott R, Juhasz G, Thomas EJ, Downey D, et al. State-
dependent changes in hippocampal grey matter in depression.Mol Psychiatry
(2013) 18:1265–72. doi: 10.1038/mp.2012.150

12. Soriano-Mas C, Hernandez-Ribas R, Pujol J, Urretavizcaya M, Deus J,
Harrison BJ, et al. Cross-sectional and longitudinal assessment of structural
brain alterations in melancholic depression. Biol Psychiatry (2011) 69:318–25.
doi: 10.1016/j.biopsych.2010.07.029

13. Zuo N, Fang J, Lv X, Zhou Y, Hong Y, Li T, et al. White matter abnormalities
in major depression: a tract-based spatial statistics and rumination study. PloS
One (2012) 7:e37561. doi: 10.1371/journal.pone.0037561

14. Lai CH, Wu YT. Alterations in white matter micro-integrity of the superior
longitudinal fasciculus and anterior thalamic radiation of young adult patients
with depression. psychol Med (2014) 44:2825–32. doi: 10.1017/
S0033291714000440

15. Zhu X, Wang X, Xiao J, Zhong M, Liao J, Yao S. Altered white matter integrity
in first-episode, treatment-naive young adults with major depressive disorder:
a tract-based spatial statistics study. Brain Res (2011) 1369:223–9. doi:
10.1016/j.brainres.2010.10.104

16. Versace A, Almeida JR, Quevedo K, ThompsonWK, Terwilliger RA, Hassel S,
et al. Right orbitofrontal corticolimbic and left corticocortical white matter
connectivity differentiate bipolar and unipolar depression. Biol Psychiatry
(2010) 68:560–7. doi: 10.1016/j.biopsych.2010.04.036

17. Carceller-Sindreu M, Serra-Blasco M, de Diego-Adelino J, Vives-Gilabert Y,
Vicent-Gil M, Via E, et al. Altered white matter volumes in first-episode
Frontiers in Psychiatry | www.frontiersin.org 7
depression: Evidence from cross-sectional and longitudinal voxel-based
analyses. J Affect Disord (2019) 245:971–7. doi: 10.1016/j.jad.2018.11.085

18. Repple J, Zaremba D, Meinert S, Grotegerd D, Redlich R, Forster K, et al. Time
heals all wounds? A 2-year longitudinal diffusion tensor imaging study in
major depressive disorder. J Psychiatry Neurosci : JPN (2019) 44:1–7. doi:
10.1503/jpn.180243

19. Alexopoulos GS, Murphy CF, Gunning-Dixon FM, Latoussakis V,
Kanellopoulos D, Klimstra S, et al. Microstructural white matter
abnormalities and remission of geriatric depression. Am J Psychiatry (2008)
165:238–44. doi: 10.1176/appi.ajp.2007.07050744

20. HoogenboomWS, Perlis RH, Smoller JW, Zeng-Treitler Q, Gainer VS,Murphy SN,
et al. Limbic system white matter microstructure and long-term treatment outcome
in major depressive disorder: a diffusion tensor imaging study using legacy data.
World J Biol Psychiatry : Off J World Fed Societies Biol Psychiatry (2014) 15:122–34.
doi: 10.3109/15622975.2012.669499

21. Assaf Y, Pasternak O. Diffusion tensor imaging (DTI)-based white matter
mapping in brain research: a review. J Mol Neurosci : MN (2008) 34:51–61.
doi: 10.1007/s12031-007-0029-0

22. Zou K, Huang X, Li T, Gong Q, Li Z, Ou-yang L, et al. Alterations of white
matter integrity in adults with major depressive disorder: a magnetic
resonance imaging study. J Psychiatry Neurosci : JPN (2008) 33:525–30.

23. Cui ZX, Zhong SY, Xu PF, He Y, Gong GL. PANDA: a pipeline toolbox for
analyzing brain diffusion images. Front Hum Neurosci (2013) 7:1–16. doi:
10.3389/fnhum.2013.00042

24. Bortolato B, Carvalho AF, McIntyre RS. Cognitive dysfunction in major
depressive disorder: a state-of-the-art clinical review. CNS Neurol Disord Drug
Targets (2014) 13:1804–18. doi: 10.2174/1871527313666141130203823

25. Xu G, Lin K, Rao D, Dang Y, Ouyang H, Guo Y, et al. Neuropsychological
performance in bipolar I, bipolar II and unipolar depression patients: a
longitudinal, naturalistic study. J Affect Disord (2012) 136:328–39. doi:
10.1016/j.jad.2011.11.029

26. Rosenblat JD, Kakar R, McIntyre RS. The Cognitive Effects of Antidepressants
in Major Depressive Disorder: A Systematic Review and Meta-Analysis of
Randomized Clinical Trials. Int J Neuropsychopharmacol (2015) 19:1–13. doi:
10.1093/ijnp/pyv082

27. Simmons WK, Avery JA, Barcalow JC, Bodurka J, Drevets WC, Bellgowan P.
Keeping the body in mind: insula functional organization and functional
connectivity integrate interoceptive, exteroceptive, and emotional awareness.
Hum Brain Mapp (2013) 34:2944–58. doi: 10.1002/hbm.22113

28. Kurth F, Zilles K, Fox PT, Laird AR, Eickhoff SB. A link between the systems:
functional differentiation and integration within the human insula revealed by
meta-analysis. Brain Structure Funct (2010) 214:519–34. doi: 10.1007/s00429-
010-0255-z

29. Sprengelmeyer R, Steele JD, Mwangi B, Kumar P, Christmas D, Milders M,
et al. The insular cortex and the neuroanatomy of major depression. J Affect
Disord (2011) 133:120–7. doi: 10.1016/j.jad.2011.04.004

30. McGrath CL, Kelley ME, Holtzheimer PE, Dunlop BW, Craighead WE,
Franco AR, et al. Toward a neuroimaging treatment selection biomarker for
major depressive disorder. JAMA Psychiatry (2013) 70:821–9. doi: 10.1001/
jamapsychiatry.2013.143

31. Avery JA, Drevets WC, Moseman SE, Bodurka J, Barcalow JC, Simmons WK.
Major depressive disorder is associated with abnormal interoceptive activity
and functional connectivity in the insula. Biol Psychiatry (2014) 76:258–66.
doi: 10.1016/j.biopsych.2013.11.027

32. Iwabuchi SJ, Peng D, Fang Y, Jiang K, Liddle EB, Liddle PF, et al. Alterations
in effective connectivity anchored on the insula in major depressive disorder.
Eur Neuropsychopharmacol : J Eur Coll Neuropsychopharmacol (2014)
24:1784–92. doi: 10.1016/j.euroneuro.2014.08.005

33. Lai CH, Wu YT. Frontal-insula gray matter deficits in first-episode
medication-naive patients with major depressive disorder. J Affect Disord
(2014) 160:74–9. doi: 10.1016/j.jad.2013.12.036

34. Zeng LL, Shen H, Liu L, Fang P, Liu Y, Hu D. State-dependent and trait-
related gray matter changes in nonrefractory depression. Neuroreport (2015)
26:57–65. doi: 10.1097/WNR.0000000000000301

35. Bora E, Harrison BJ, Davey CG, Yucel M, Pantelis C. Meta-analysis of
volumetric abnormalities in cortico-striatal-pallidal-thalamic circuits in
major depressive disorder. psychol Med (2012) 42:671–81. doi: 10.1017/
S0033291711001668
May 2020 | Volume 11 | Article 431

https://doi.org/10.1016/S0140-6736(07)61415-9
https://doi.org/10.1016/S0140-6736(07)61415-9
https://doi.org/10.1016/S0140-6736(12)61729-2
https://doi.org/10.1016/S0140-6736(12)61729-2
https://doi.org/10.1176/ajp.156.7.1000
https://doi.org/10.1176/ajp.156.7.1000
https://doi.org/10.1016/j.jad.2013.10.017
https://doi.org/10.1016/j.jad.2013.10.017
https://doi.org/10.1017/S0033291713002535
https://doi.org/10.1016/j.psychres.2005.11.011
https://doi.org/10.1016/j.pnpbp.2017.03.011
https://doi.org/10.1016/j.pnpbp.2017.03.011
https://doi.org/10.1038/srep21825
https://doi.org/10.1016/j.neuroimage.2010.11.011
https://doi.org/10.1017/S003329171100242X
https://doi.org/10.1017/S003329171100242X
https://doi.org/10.1038/mp.2012.150
https://doi.org/10.1016/j.biopsych.2010.07.029
https://doi.org/10.1371/journal.pone.0037561
https://doi.org/10.1017/S0033291714000440
https://doi.org/10.1017/S0033291714000440
https://doi.org/10.1016/j.brainres.2010.10.104
https://doi.org/10.1016/j.biopsych.2010.04.036
https://doi.org/10.1016/j.jad.2018.11.085
https://doi.org/10.1503/jpn.180243
https://doi.org/10.1176/appi.ajp.2007.07050744
https://doi.org/10.3109/15622975.2012.669499
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.3389/fnhum.2013.00042
https://doi.org/10.2174/1871527313666141130203823
https://doi.org/10.1016/j.jad.2011.11.029
https://doi.org/10.1093/ijnp/pyv082
https://doi.org/10.1002/hbm.22113
https://doi.org/10.1007/s00429-010-0255-z
https://doi.org/10.1007/s00429-010-0255-z
https://doi.org/10.1016/j.jad.2011.04.004
https://doi.org/10.1001/jamapsychiatry.2013.143
https://doi.org/10.1001/jamapsychiatry.2013.143
https://doi.org/10.1016/j.biopsych.2013.11.027
https://doi.org/10.1016/j.euroneuro.2014.08.005
https://doi.org/10.1016/j.jad.2013.12.036
https://doi.org/10.1097/WNR.0000000000000301
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1017/S0033291711001668
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Dong et al. State-Independent WM Abnormalities in MDD
36. Miller CH, Hamilton JP, Sacchet MD, Gotlib IH. Meta-analysis of Functional
Neuroimaging of Major Depressive Disorder in Youth. JAMA Psychiatry
(2015) 72:1045–53. doi: 10.1001/jamapsychiatry.2015.1376

37. Zhao YJ, Du MY, Huang XQ, Lui S, Chen ZQ, Liu J, et al. Brain grey matter
abnormalities in medication-free patients with major depressive disorder: a meta-
analysis. psychol Med (2014) 44:2927–37. doi: 10.1017/S0033291714000518

38. Bessette KL, Nave AM, Caprihan A, Stevens MC. White matter abnormalities
in adolescents with major depressive disorder. Brain Imaging Behav (2014)
8:531–41. doi: 10.1007/s11682-013-9274-8

39. Myung W, Han CE, Fava M, Mischoulon D, Papakostas GI, Heo JY, et al.
Reduced frontal-subcortical white matter connectivity in association with
suicidal ideation in major depressive disorder. Trans Psychiatry (2016) 6:e835.
doi: 10.1038/tp.2016.110

40. Cavanna AE, Trimble MR. The precuneus: a review of its functional anatomy
and behavioural correlates. Brain : A J Neurol (2006) 129:564–83. doi:
10.1093/brain/awl004

41. Kaiser RH, Andrews-Hanna JR, Wager TD, Pizzagalli DA. Large-Scale
Network Dysfunction in Major Depressive Disorder: A Meta-analysis of
Resting-State Functional Connectivity. JAMA Psychiatry (2015) 72:603–11.
doi: 10.1001/jamapsychiatry.2015.0071

42. Liu Z, GuoH, Cao X, Cheng C, Yang C, Xu C, et al. A combined study of GSK3beta
polymorphisms and brain network topological metrics in major depressive disorder.
Psychiatry Res (2014) 223:210–7. doi: 10.1016/j.pscychresns.2014.05.010
Frontiers in Psychiatry | www.frontiersin.org 8
43. Wang L, Dai W, Su Y, Wang G, Tan Y, Jin Z, et al. Amplitude of low-
frequency oscillations in first-episode, treatment-naive patients with major
depressive disorder: a resting-state functional MRI study. PloS One (2012) 7:
e48658. doi: 10.1371/journal.pone.0048658

44. Duman RS, Monteggia LM. A neurotrophic model for stress-related mood
disorders . Bio l Psych iatry (2006) 59 :1116–27 . doi : 10 .1016/
j.biopsych.2006.02.013

45. Morais M, Patricio P, Mateus-Pinheiro A, Alves ND, Machado-Santos AR,
Correia JS, et al. The modulation of adult neuroplasticity is involved in the
mood-improving actions of atypical antipsychotics in an animal model of
depression. Trans Psychiatry (2017) 7:e1146. doi: 10.1038/tp.2017.120

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 Dong, Liu, Zeng, Fan, Lu, Sun, Zhang, Wang, Guo, Zhao, Yan, Li,
Guo, Zhang, Liu, Hu 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.
May 2020 | Volume 11 | Article 431

https://doi.org/10.1001/jamapsychiatry.2015.1376
https://doi.org/10.1017/S0033291714000518
https://doi.org/10.1007/s11682-013-9274-8
https://doi.org/10.1038/tp.2016.110
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1001/jamapsychiatry.2015.0071
https://doi.org/10.1016/j.pscychresns.2014.05.010
https://doi.org/10.1371/journal.pone.0048658
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1038/tp.2017.120
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	State-Independent Microstructural White Matter Abnormalities in Major Depressive Disorder
	Introduction
	Methods
	Participants
	Treatment and Efficacy Assessment
	Imaging Protocol
	DTI Data Processing
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics
	White Matter Abnormalities in cMDD Patients
	White Matter Abnormalities in rMDD Patients
	White Matter Alterations Between cMDD and rMDD Patients

	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


