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ARTICLE INFO ABSTRACT

Keywords: The neural basis of recovery from a depressive state remains poorly understood. The main purpose of this study
Post-stroke depression was to determine the neural basis of vulnerability/resilience to depression in stroke patients in terms of changes
Resilience in regional microstructure. The study included 20 individuals with acute ischaemic stroke. Symptoms of de-
Vulnerability pression were assessed, and the intraneurite volume fraction and neurite orientation-dispersion index (ODI) were
Diffusion-weighted MRI . . Lo . . . . . . s .

GBSS evaluated by a multi-shell diffusion imaging and neurite-orientation dispersion and density imaging model.

Patients underwent follow-up examinations after 2 months and were classified into depression improvement and
depression deterioration groups. A significant interaction effect of group X time on the ODI was shown by voxel-
based analysis in the posterior cingulate cortex (PCC). The ODI change in the PCC was negatively correlated with
the change in the depression scale scores at the 2-month time point. The increase in ODI in the PCC that occurred
during the 2-month interval was thought to be associated with decreased depressive symptom scores. As the ODI
represents the pattern of sprawling dendrite progression, our findings indicate that the dendritic complexity of
the PCC is a substrate for recovery in individuals who experienced post-stroke psychosocial and biological stress.

Neurite orientation dispersion

1. Introduction

The differential vulnerability to depression has recently become a
topic of interest in psychiatric research (Canli and Lesch, 2007; Hariri
and Holmes, 2006). However, the neural basis of vulnerability to de-
pression remains poorly understood. Therefore, there is an urgent need
to characterize the neural bases of vulnerability and resilience to de-
pression in order to identify novel targets for therapeutic interventions.
Approximately 30-50% of stroke patients experience depression during
the first 2 years following stroke (Robinson, 1998), while many patients
exhibit resilience to post-stroke depression. Given their high risk of
developing depression, the examination of stroke patients might im-
prove our knowledge of the neural mechanisms of resilience and vul-
nerability to depression.

In recent years, diffusion magnetic resonance imaging (dMRI) has
become important for the investigation of the construction of the
human brain due to its unique capability to image brain macrostructure
and microstructure (Assaf et al., 2013). The diffusion characteristics of
water molecules are used in dMRI to assess the cellular microstructural
features of brain tissue within the framework of biophysical models.
Neurite-orientation dispersion and density imaging (NODDI) has

recently been introduced as a multi-component model involving the use
of MR diffusion data in which the microstructural complexity of axons
and dendrites in vivo can be evaluated (Nazeri et al., 2015b). The
density and dispersion of neurites are represented by NODDI indices in
grey and white matter (GM and WM, respectively) in the brain using the
neurite density index (NDI) and orientation dispersion index (ODI),
respectively. The organization of dendrites in vivo can be evaluated by
these indices and provide more insight into the changing cellular ar-
chitecture than standard indices obtained from diffusion tensor imaging
(DTD) (Zhang et al., 2012). The ODI in cortical regions represents the
pattern of sprawling dendrite progression and reflects the complexity of
GM, while the NDI represents the density of neurites, including axons
and dendrites (Song et al., 2008).

NODDI shows tissue alterations associated with normal aging
(Billiet et al., 2015; Merluzzi et al., 2016; Nazeri et al., 2015a) and in a
range of conditions including focal cortical dysplasia (Winston et al.,
2014), stroke (Adluru et al., 2014), Wilson's disease (Song et al., 2018),
multiple sclerosis (Grussu et al., 2017), neurofibromatosis type 1
(Billiet et al., 2014; Winston et al., 2014); and neurodegenerative dis-
eases such as Parkinson's disease (Kamagata et al., 2016), Huntington's
disease (Zhang et al., 2018), amyotrophic lateral sclerosis (Barritt et al.,
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2018), and Alzheimer's disease (Colgan et al., 2016).

The main purpose of this study was to determine the neural basis of
resilience/vulnerability to depression in stroke patients based on
changes in regional microstructure. NODDI was performed on groups of
patients with sub-acute ischaemic stroke. We administered two-month
follow-up MRI examinations on patients. All study participants were
subjected to quantitative measurements of depressive symptoms on the
day of the MRI. Using a voxel-based analysis of NODDI, we compared
the characteristics of patients with stroke who exhibited improvement
in depressive symptoms with those who exhibited deterioration of de-
pressive symptoms over 2 months.

2. Methods
2.1. Participants

Study participants were recruited and evaluated as previously de-
scribed (Yasuno et al., 2014). We obtained written informed consent
from all participants after providing them with a complete description
of the study. This study was approved by the medical ethics committee
of the National Cerebral and Cardiovascular Center in Japan and was
carried out in accordance with the Declaration of Helsinki. The patients
were of Japanese ethnicity and were recruited from the neurology unit
of the National Cerebral and Cardiovascular Center hospital. The pa-
tients had been initially hospitalized for the treatment of acute
ischaemic stroke.

Neurologists diagnosed stroke according to the World Health
Organization criteria. After the assessment, the data ware reviewed by a
group of psychiatrists and neurologists and a consensus was reached in
terms of the presence or absence of psychiatric diseases, including de-
mentia, according to the DSM-IV criteria. Patients were included in the
study if they met the following criteria: 1) presence of a focal lesion in
either the right or left hemisphere as detected by MRI; 2) absence of
other neurological, neurotoxic, or metabolic conditions; 3) modest
ischaemic insult (modified Rankin scale score < 4) with the absence of
a significant verbal comprehension deficit; and 4) occurrence of stroke
14-28 days before the examination. The exclusion criteria were: 1)
transient ischaemic attack, cerebral haemorrhage, subdural haema-
toma, or subarachnoid haemorrhage; 2) history of a central nervous
system disease, such as tumour, trauma, hydrocephalus, or Parkinson's
disease; and 3) pre-stroke history of depression. Twenty individuals
who met the criteria were enrolled in the study. We recruited eleven
healthy control participants from the local community via poster ad-
vertisements. The exclusion criteria for the healthy participants were a
history of or present diagnosis of any mental disorder defined by DSM-5
criteria or neurological illness. Table 1 summarizes the characteristics
of this cohort.

We evaluated all stroke patients and control participants using se-
quential, standardized, quantitative examinations of depressive symp-
toms and cognitive function on the day of the MRI. Depressive symp-
toms were assessed using the 15-item Geriatric Depression Scale 15
(GDS), in which a score =5 indicates depression (Dias et al., 2017;
Yesavage et al., 1982). Cognitive impairment was assessed using the
Mini-Mental State Examination (MMSE), in which a score < 23 in-
dicates cognitive impairment (Folstein et al., 1975).

We used standardized examinations to evaluate the severity of
disability/dependence after stroke (modified Rankin scale (mRS);
higher scores indicate more severe disability/dependence) (Brott et al.,
1989) and stroke severity (National Institutes of Health Stroke Scale
(NIHSS); higher scores indicate more severe stroke) (Lyden et al.,
2001). All participants underwent MRI examinations. We evaluated the
locations, laterality, and the diameter of the infarcts in patients. We
classified the seriousness of the white matter hyperintensity (WMH)
using the Fazekas scale, which provides a measurement of WMH in the
periventricular area (PVH) and deep white-matter (DWMH)
(Fazekas et al., 1987).
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We administered two-month follow-up MRI examinations on pa-
tients. All patients were evaluated by sequential quantitative ex-
aminations of depressive symptoms (assessed by the GDS)
(Yesavage et al., 1982), cognitive function (assessed by the MMSE)
(Folstein et al., 1975), and neurological examination (assessed by the
mRS (Brott et al., 1989) and NIHSS (Lyden et al., 2001)) on the day of
the follow-up MRI. During the study period, none of the patients with
stroke or healthy controls were administered with antidepressant drugs.
None of the patients hoped or agreed with the treatment of psycho-
tropic drugs when they were in a depressive mood. Most patients were
on antihypertensive, anti-cholesterol, and anticoagulant drugs during
the study period.

2.2. Data acquisition using MRI

All MRI examinations were performed using a 3T whole-body
scanner (Signa Excite HD V12M4; GE Healthcare, Milwaukee, WI, USA)
with an 8-channel phased-array brain coil.

DT images were acquired using a locally modified single-shot echo-
planar imaging sequence using parallel acquisition at a reduction
(ASSET) factor of two in the axial plane. Whole-brain diffusion-
weighted images were collected at two different diffusion-weighted
sensitivities: b = 1000 s/mm? and b = 2000 s/mm? with 29 directions.
The b = 1000 s/mm? data were used for DTI analysis, while both the
b = 1000s/mm? and b = 2000s/mm? data were used for the NODDI
analysis. The echo time (TE) and repetition time (TR) were 71.5 ms and
11,400 ms for the images acquired at b = 1000 s/mm?, and 83.6 ms and
13,800 ms for images acquired at b = 2000 s/mm?. Additional brain
volumes — for b = 1000 s/mm? and b = 2000 s/mm? data — were
acquired with no diffusion weighting (b = 0 s/mm?). The other imaging
parameters were as follows: acquisition matrix, 128 x 128; field of
view (FOV), 256 mm; section thickness, 3.0 mm; no intersection gap; 50
sections. The reconstruction matrix was the same as the acquisition
matrix, and 2 X 2 X 3 mm voxel data were obtained. Automated high-
order shimming (Kim et al., 2002) was used before conducting the DTI.

High-resolution three-dimensional T1-weighted images were ac-
quired using a fast spoiled gradient-recalled sequence (TR = 12.8 ms;
TE = 2.6 ms; inversion time = 600 ms; flip angle = 8°; FOV, 256 mm;
188 sections in the sagittal plane; acquisition matrix, 256 X 256; ac-
quired resolution, 1 X 1 X 1 mm). T2-weighted images were obtained
using a fast-spin echo sequence (TR = 4800 ms; TE = 98 ms; echo train
length (ETL) = 8; FOV = 256 mm; 50 slices in the transverse plane;
acquisition  matrix, 160 X 160, acquired  resolution,
1.6 X 1.6 X 2mm).

2.3. Structural MR imaging analysis

Image pre-processing and statistical analysis were performed as
previously described (Morimoto et al., 2018) using Statistical Para-
metric Mapping software (SPM12, Wellcome Trust Centre for Neuroi-
maging, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Voxel-based
morphometry was conducted using the Computational Anatomy
Toolbox for SPM (CAT12; Jena University Hospital Departments of
Psychiatry and Neurology, Jena, Germany; http://dbm.neuro.uni-jena.
de/cat/) in a MATLAB R2017a environment (MathWorks, Natick, MA).
The default pre-processing approach was used to analyse the long-
itudinal data in CAT12. T1-weighted images were subjected to intra-
subject realignment; bias correction; tissue segmentation into GM,
white matter (WM), and cerebrospinal fluid; and registration using
linear (affine registration) and nonlinear transformations via Diffeo-
morphic Anatomical Registration Through Exponentiated Lie Algebra
(Ashburner and Friston, 2005) within a wunified model
(Ashburner, 2007). We subsequently analysed GM and WM segments by
multiplying them by the nonlinear components derived from the nor-
malization matrix for the preservation of actual local GM and WM va-
lues (modulated GM and WM volumes).
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Table 1
Demographic characteristics of the patients and healthy control subjects.
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Characteristic Patients exhibiting depression Patients exhibiting depression t1g OF }3° P Healthy controls F,, 25 or xr S P
improvement (n = 11) deterioration (n = 9) (n=11)
Age (years) 63.7 = 5.5 61.0 = 8.8 t=0.85 041 66.9 = 1.0 F =262 0.09
Female sex (n,%) 1(9.1) 3(33.3) x> =182 018 5(45.5) x> = 3.64 0.16
Education (years) 141 = 2.8 131 = 2.3 t=0.85 0.41 13.1 * 2.3 F=0.46 0.64
MMSE score 28.8 = 1.4 28.3 = 2.6 t=0.54 0.60 283 =15 F=0.20 0.82
1st examination
2nd examination 29.0 = 1.0 28.4 = 2.7 t=0.64 0.53 F=0.35 0.71
GDS score 7.0 = 4.2 4.2 + 2.8 t=1.68 011 19 =19 F=6.88 0.004
1st examination
2nd examination 4.9 = 3.9 6.3 = 3.0 t=0.91 0.38 F =551 0.01
mRS score 0.9 = 0.7 0.8 = 0.6 t=0.07 0.95
1st examination
2nd examination 0.8 =+ 0.9 09 * 0.6 t=0.21 0.84
NIHSS score 09 + 0.7 0.8 = 1.1 t=0.33 0.75
1st examination
2nd examination 0.4 = 0.5 0.6 = 0.7 t=0.70 0.50
Acute infarcts (n,%) in:
Basal ganglia 3(27.2) 1(11.1) x2 =0.81 0.37
Subcortical white matter 5 (45.5) 4 (44.4) %% = 0.002 0.96
Thalamus 3(27.2) 4 (44.9) x> =064 042
Laterality of acute hemisphere
infarcts
Left hemisphere (n,%) 5 (45.5) 3(33.3) x> = 0.30 0.58
The diameter of infarcts (mm) 9.6 + 3.7 10.1 = 45 t=0.26 0.80
Fazekas DWMH score (n,%)
0-2 9 (81.8) 6 (66.7)
3 2(18.2) 3(33.3) x> =061 0.44
Fazekas PVH score (n,%)
0-2 10 (90.9) 8 (88.9)
3 1(9.1) 1(11.1) x> =0.02 088

Data are presented as mean =+
= p < 0.01.

sd. *p < 0.05.

@ The differences in the two patient groups were examined using t- or y>- tests.

> The differences among groups of patients and healthy controls were examined using ANOVA or y*- tests

Abbreviations: MMSE, Mini-Mental State Examination; GDS, geriatric depression scale; mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke
Scale; DWMH, deep white-matter hyperintensity; PVH paraventricular area white matter hyperintensity.

2.4. Pre-processing of diffusion MR imaging

We performed the pre-processing of diffusion MR imaging as pre-
viously described by Chang et al. (2015). We used FMRIB's Linear
Image Registration Tool (FLIRT; www.fmrib.ox.ac.uk/fsl/flirt) to reg-
ister all diffusion-weighted volumes to their corresponding b = 0s/
mm? volume, and to correct for motion and eddy currents
(Jenkinson et al., 2002). We estimated the relative displacements be-
tween consecutive diffusion volumes for each subject, and no partici-
pants exhibited >2-mm average displacement; therefore, no patients
were excluded due to excessive motion. Afterward, we used the Brain
Extraction Tool (http://www.fmrib.ox.ac.uk/analysis/research/bet) to
eliminate non-brain tissue, and FSL's DTIFIT was used to calculate maps
of fractional anisotropy (FA) and mean diffusivity (MD) (Chang et al.,
2015).

We fitted the NODDI model using the NODDI toolbox (https://
www.nitrc.org/projects/noddi_toolbox/) in the MATLAB environment
(Zhang et al., 2012). A complementary model of diffusion using NODDI
was allowed by the acquisition of diffusion data using two different
diffusion weightings (b = 1000 s/mm? and b = 2000 s/mm?). We
normalized data by b = 0 volumes to account for the differing TE/TR
times between lower and higher shells. Maps of NDI and ODI were
created using this modelling paradigm for each subject (Chang et al.,
2015).

2.5. Diffusion metric voxel-wise analysis
We wused FSL's Tract-Based Spatial Statistics (TBSS) tool

(Smith et al., 2006) for aligning individual FA maps to FSL's standard
adult FA template. After registration, we thinned the FA maps of all
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participants to create WM skeletons. Next, we created and registered
MD, ODI, and NDI maps in the WM by using the TBSS registrations of
FA to the adult FA template, and we applied the skeleton mask to the
registered images (Chang et al., 2015).

GM-based spatial statistics (GBSS) methodology (Ball et al., 2013;
Nazeri et al., 2015b) was adopted to examine ODI and NDI in GM in a
voxel-wise fashion (NODDI-GBSS; https://github.com/arash-n/GBSS/
blob/master/README.md). This method is a GM analogue of TBSS
(Smith et al., 2006) and ensures accurate anatomical alignment be-
tween participants with the use of a skeleton projection step. By
creating a skeleton map of the cerebral cortex and consolidating the
parameters of the surrounding regions into those of the skeleton, it is
possible to avoid partial volume effects of WM and cerebrospinal fluid.
Voxel-based analysis using SPM12 was performed on TBSS- and GBSS-
derived skeletonized parameter maps

2.6. Statistical analysis

The interaction effect of group (patients with depression improve-
ment versus deterioration) X time (subacute stage versus 2 months
follow-up) on the volumes, FA, MD, NDI, and ODI in the longitudinal
analysis was examined by flexible factorial design which can be done by
voxel-based analysis using SPM12. In this analysis, we smoothed the
normalized parameter maps using a Gaussian kernel of 8-mm full-width
at half-maximum. In this voxel-based analysis, we applied a height
threshold of uncorrected p < 0.001 with a cluster-extent threshold of
p < 0.05 (uncorrected).

We assessed the VOIs from clusters in which significant interactions
were found. The same VOIs were set in the control groups, and we
calculated regional values by averaging the values for all voxels within
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the VOIs in the patient and control groups. We compared the VOI value
changes over the 2 months of follow-up between the two patient groups
using a paired t-test. Pearson's correlation analysis was used to examine
how VOI value changes were related to the changes in the depression
scale scores over the 2 months of follow-up. VOI values were compared
between patients and controls groups using a t-test. Statistical analyses
were performed using SPSS for Windows 22.0 (IBM Japan Inc., Tokyo,
Japan).

3. Results
3.1. Demographic and clinical data

Table 1 showed the study participants’ demographic and clinical
characteristics. According to their change in depression scale score over
2 months, the stroke patients were classified into either the depression
improvement group (DI group; change in score <0; n = 11) or the
depression deterioration group (DD group; change in score =0; n = 9).
There was no significant difference between the two patient groups and
among patient and healthy control groups with regard to age, sex, or
education level.

There was no significant difference between the two patient groups,
and between patient and healthy controls with regard to MMSE scores.
In addition, no significant group differences were observed in patients
with regard to GDS scores. We found significantly higher GDS scores in
both patient groups when compared with healthy control participants.
Eleven of 20 patient with stroke showed depression (GDS score =5),
while none of the control participants showed depression during the
study period.

Repeated measures analysis of variance (ANOVA) indicated no
significant effect of time (subacute stage versus 2 months follow-up; F;,
18 = 0.34, p=0.57) or interaction between group and time (F;,
18 = 0.02, p = 0.89) on the MMSE score, while there was a significant
interaction between group and time (F;, 15 = 37.6, p < 0.001) on the
GDS score.

We found no significant differences in the mRS/NIHSS scores be-
tween groups. Repeated measures ANOVA indicated a significant effect
of time on the NIHSS score (F;, 15 = 14.6, p = 0.001 for the NIHSS
score, F1 15 = 0.47, p = 0.50 for the mRS score). We found no sig-
nificant interaction between group and time on the NIHSS (F;,
18 = 0.85, p = 0.37) or mRS scores (F;, 15 = 0.005, p = 0.95). The two
patient groups exhibited no significant difference in the location, la-
terality of hemisphere, or diameter of infarcts. There were no sig-
nificant group differences in the ratio of patients with Fazekas scores
>3.

3.2. Voxel-based analysis of interaction effect of group X time

Voxel-based analysis revealed a significant interaction effect of
group X time on the ODI in the posterior cingulate cortex (PCC) in GM
of the stroke patients ([x, y, z] = [-8, —32, 40], cluster voxel size = 65,
T = 5.70; height threshold of uncorrected p < 0.001 with cluster-extent
threshold of p < 0.05; Fig. 1). No patients had lesions in the PCC. We
found no other significant interaction effects of volume, ODI, NDI, FA,
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Fig. 2. Scatterplots illustrating the ODI values in the posterior cingulate
cortex in patients and controls

We found a significant increase in the ODI in patients in the depression im-
provement group and a significant decrease in the ODI in patients in the de-
pression deterioration group. There was a significant decrease in the posterior
cingulate cortex-ODI in the patients in the depression improvement group at the
1st examination and in patients in the depression deterioration group at the 2nd
examination compared with healthy controls.

ODI: orientation-dispersion index, VOI: volumes of interest

NS: not significant, *p < 0.05, **p < 0.01.

and MD in GM or WM of the stroke patients.

We found a significant interaction effect of group X time on the ODI
value in the PCC with repeated measures ANOVA (F;,5 = 20.9,
p < 0.001).

It was reported that the microstructural alterations elucidated by
NODDI are sensitive to age and sex (Kodiweera et al., 2016). Further,
laterality of infarction, diameter of infarcts, DWMH, and NIHSS score,
and the existence of depression at 1st examination could be regarded as
the potential confounding factor of the stroke patients. However, after
adjusting for the confounding effects of age, sex, laterality of infarction,
diameter of infarcts, DWMH, NIHSS score, and the existence of de-
pression at 1st examination (GDS score =5; n = 11), the interaction
remained significant (F; ;1 = 24.6, p < 0.001). We found a significant
increase in the ODI value in patients in the DI group (t, = 2.87,
p = 0.017; 0.027 = 0.007 at the first examination, 0.030 *= 0.006 at
the second examination) and a significant decrease in the ODI value in
patients in the DD group (tg = 3.44, p = 0.009; 0.031 * 0.005 at the
first examination, 0.026 + 0.005 at the second examination) as de-
termined by a paired t-test (Fig. 2).

The PCC-ODI values in the DI group patients at the first examination

Fig. 1. Voxel-based analysis revealed a significant interac-
tion effect of group x time on the orientation-dispersion
index in the posterior cingulate cortex of patients

Images are presented in radiological orientation. Detected areas
exceeded an uncorrected p < 0.001 with cluster-extent threshold
of p < 0.05. Adjustments for multiple testing were not performed
at cluster level. These statistical parametric mapping projections

T Value

were then superimposed on representative sagittal (x = -8),
coronal (y = -32), and transaxial (z = 40) magnetic resonance
images.

L: left, R: right.
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Fig. 3. Scatterplots illustrating the relationship between the changes in
ODI in the posterior cingulate cortex and the depression scale scores over
2 months in stroke patients

A significant negative correlation was observed between the ODI change and
the depression scale score (r = -0.57, p = 0.009). The correlation in patients
remained significant after partial correlation analysis with age, sex, education,
laterality of the infarction, and NIHSS score (r = -0.70, p = 0.005).

ODI, orientation-dispersion index; VOI: volumes of interest; NIHSS, National
Institutes of Health Stroke Scale.

(tz0 = 2.82, p = 0.01) and those in the DD group patients at the second
examination (t;3 = 3.76, p = 0.001) were significantly lower than
those in the healthy controls (0.034 + 0.005), as determined by an
unpaired t-test. After adjusting for the confounding effects of age and
sex with ANCOVA, the difference remained significance (F; 5 = 6.7,
p =0.02 for the DI group at the first examination, F;i6 = 9.1,
p = 0.008 for the DD group at the second examination)

In the analysis of the relationship between the change in PCC-ODI
and the depression scale scores, there was a significant negative re-
lationship between the change in the depression scale scores and the
change in the ODI in VOIs in the PCC over 2 months in the stroke pa-
tients (r = —0.57, p = 0.009) (Fig. 3). After accounting for the con-
founding effects of age, sex, laterality of infarction, diameter of infarcts,
DWMH, NIHSS score, and the existence of depression at 1st examina-
tion as covariates in a partial correlation analysis, the negative re-
lationship remained significant (r = -0.68, p = 0.02). A multiple re-
gression analysis was used to evaluate whether the change in the PCC-
ODI was related to the change in the depression scale scores using the
covariates of age, sex, laterality of infarction, diameter of infarcts,
DWMH, NIHSS score, and the existence of depression at 1st examina-
tion and found that the change in ODI values negatively correlated with
the change in the depression scale scores (beta = -0.58, p = 0.02).

4. Discussion

Our findings indicate that patients with stroke who exhibited im-
provements in the depression scale scores also exhibited significantly
greater ODI increases in the PCC than did those who exhibited de-
pression scale score deterioration over the 2 months following the
subacute stage of ischaemic stroke. Furthermore, the ODI change in the
PCC was negatively correlated with the score change in the depression
scale over a 2-month interval. The increased ODI in the PCC during the
2-month interval was associated with decreased depression scale scores.
The ODI in cortical regions is representative of the pattern of sprawling
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dendrite progression and can reflect the complexity of GM (Song et al.,
2008). Our results, which showed an association between the PCC-ODI
increase and the recovery from a depressive state, indicate that the
sprawling dendrite progression in the PCC may be a substrate for re-
covery in individuals who experience post-stroke psychosocial and
biological stress.

Lesion location has been extensively investigated as a risk factor for
PSD. Patients with acute stroke with left frontal or left basal ganglia
lesions had a significantly higher frequency of depression (Robinson
et al., 1984; Starkstein et al., 1987). However, a subsequent meta-
analysis of the data from patients with stroke reported no significant
association between depression and lesion location (Ayerbe et al., 2013;
Kutlubaev and Hackett, 2014). Robinson and Jorge (2016) indicated
that the lack of association was considered to be due to a heterogeneity
of assessment methods for depression in this studies, the diverse timing
of the assessments, different definitions of lesion location, and different
neuroimaging methods used to determine lesion location.

The importance of the role of the PCC has been indicated by a
number of studies in emotion-related cognitive processes, including the
evaluation of emotion (Wright et al., 2008), processing of happy and
sad words (Maddock et al., 2003), and social behaviour
(Adolphs, 2003). Individuals with greater PCC activity have been
shown to be able to resolve moods of depression more easily
(Mayberg et al., 2005). Functional MRI in healthy individuals and those
with mood disorders showed that negative functional coupling was
observed between the activity of the PCC and the amygdala, an im-
portant brain structure for the processing and regulation of emotion
(McClure et al., 2007). The importance of the PCC was supported by
findings showing that the amygdala modulates activity during mood
regulation (Fang et al., 2013). Our findings indicated that the sprawling
dendrite progression of the PCC might have association with the
modulation of emotion-related cognitive processes in the amygdala
during the control of mood. This modulation could then elicit im-
provement in post-stroke depressive symptoms.

Clinical studies of patients who have “recovered” from stroke have
demonstrated an increasing amount of evidence that functional re-
organization occurs within the homotopic intact cortex (Cramer et al.,
1997; Cuadrado et al., 1999; Kopp et al., 1999). Electrolytic lesioning in
the sensorimotor cortex in rats demonstrated that an increase in den-
dritic complexity was triggered within the opposite, undamaged sen-
sorimotor cortex (Jones and Schallert, 1992 1994). The ODI in cortical
regions represents the complexity of GM (Song et al., 2008), and our in
vivo results agree with previous animal studies on the dendritic change
in intact regions after brain damage. Our findings of PCC-ODI increase
in patients who recovered from a depressive state may represent an
increase of dendritic complexity due to the sprawling dendrite pro-
gression triggered within the intact PCC after stroke. The difference in
dendritic complexity changes in the PCC may relate to individual dif-
ferences predicting whether post-stroke stressors will lead to depression
or resilience.

The study has several limitations. First, the sample size of this pilot
study is modest (20 patients, each scanned twice), though the within-
subject study design partially buffered this shortcoming by improving
statistical power and sensitivity. The results should be verified by future
studies conducted on larger cohorts. Second, the stroke patients’
ischaemic insults in our study were modest. Therefore, the effect of the
severity of the insult on our findings is uncertain. Third, important
variables for the recovery from depression, such as social support and
pre-morbid personality, were not controlled. Finally, there has been
some criticism of the NODDI model in terms of its many assumptions,
which could cause either a negative or positive bias in the NODDI in-
dices (Jelescu et al., 2016; Lampinen et al., 2017). However, as in-
dicated by Dowell et al. (2018), all models that use the microstructure
from diffusion-weighted imaging data have some assumptions, and
improved characterization of the tissue microstructure was provided by
NODDI in comparison with simplistic models such as DTI.
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In summary, patients with stroke who exhibited improvement in
depressive symptoms also exhibited significantly greater ODI increases
in the PCC than patients who exhibited depressive deterioration over
the 2-month period following a subacute stage of ischaemic stroke.
Furthermore, the ODI change in the PCC was negatively correlated with
the score changes in the depression scale over the 2 months. These
results indicated that the sprawling dendrite progression shown as the
ODI change in the PCC was a substrate for recovery from post-stroke
depression. Our findings highlight the importance of a comprehensive
understanding of the role and therapeutic potential of dendritic change
in the PCC in individuals who have experienced post-stroke psychoso-
cial and biological stress.
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