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In major depressive disorder, depressive episodes reoccur in �60% of cases; however, neural mechanisms of depressive relapse

are poorly understood. Depressive episodes are characterized by aberrant topology of the brain’s intrinsic functional connectivity

network, and the number of episodes is one of the most important predictors for depressive relapse. In this study we hypothe-

sized that specific changes of the topology of intrinsic connectivity interact with the course of episodes in recurrent depressive

disorder. To address this hypothesis, we investigated which changes of connectivity topology are associated with the number of

episodes in patients, independently of current symptoms and disease duration. Fifty subjects were recruited including 25

depressive patients (two to 10 episodes) and 25 gender- and age-matched control subjects. Resting-state functional magnetic

resonance imaging, Harvard-Oxford brain atlas, wavelet-transformation of atlas-shaped regional time-series, and their pairwise

Pearson’s correlation were used to define individual connectivity matrices. Matrices were analysed by graph-based methods,

resulting in outcome measures that were used as surrogates of intrinsic network topology. Topological scores were subsequently

compared across groups, and, for patients only, related with the number of depressive episodes and current symptoms by partial

correlation analysis. Concerning the whole brain connectivity network of patients, small-world topology was preserved but

global efficiency was reduced and global betweenness-centrality increased. Aberrant nodal efficiency and centrality of regional

connectivity was found in the dorsal striatum, inferior frontal and orbitofrontal cortex as well as in the occipital and somato-

sensory cortex. Inferior frontal changes were associated with current symptoms, whereas aberrant right putamen network

topology was associated with the number of episodes. Results were controlled for effects of total grey matter volume, medi-
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cation, and total disease duration. This finding provides first evidence that in major depressive disorder aberrant topology of the

right putamen’s intrinsic connectivity pattern is associated with the course of depressive episodes, independently of current

symptoms, medication status and disease duration. Data suggest that the reorganization of striatal connectivity may interact

with the course of episodes in depression thereby contributing to depressive relapse risk.

Keywords: major depressive disorder; recurrent episodes; striatum; intrinsic functional connectivity; graph analysis

Abbreviation: HAM-D = Hamilton Rating Scale for Depression

Introduction
Major depressive disorder is one of the most frequent psychiatric

disorders with a lifetime prevalence of �16% (Kessler et al.,

2003). Major depression is characterized by single or recurrent

major depressive episodes, which include depressed mood,

reduced energy, impaired cognition, vegetative symptoms, and

suicidal tendency with suicide rates of 4% (American Psychiatric

Association, 2000). In 35–85% of cases the course of major de-

pression includes the recurrence of depressive episodes (Hardeveld

et al., 2010; Lewis et al., 2010; Farb et al., 2011). However, our

knowledge about factors and mechanisms contributing to episode

relapse is only fragmentary.

Depressive episodes are associated with widespread structural

and functional brain changes (Greicius et al., 2007; Erk et al.,

2010; Sheline et al., 2010; Aizenstein et al., 2011; Lui et al.,

2011; Li et al., 2012; Mwangi et al., 2012; Zeng et al., 2012;

for review Savitz and Drevets, 2009; Hamilton et al., 2012;

Whitfield-Gabrieli and Ford, 2012). For example, aberrant rest-

ing-state functional connectivity, which has been proved to sep-

arate patients from healthy control subjects by pattern

classification, was found in the default mode network, salience

network, occipital areas, subcortical areas and the cerebellum

(Zeng et al., 2012). Particularly, connectivity changes in the

default mode and salience networks, which are both intrinsic

networks of synchronous ongoing activity (Greicius et al., 2007;

Seeley et al., 2007), have been linked with patients’ impaired

self-focused processing and aberrant emotional reactivity

(Sheline et al., 2010; Hamilton et al., 2011, 2012; Whitfield-

Gabrieli and Ford, 2012). These widespread functional brain

changes, which are detectable even during rest, indicate altered

large-scale organization of intrinsic brain activity in depressive

episodes. Graph-based network analysis allows us to map such

brain organization changes by quantifying topological properties

of functional networks consisting of nodes (i.e. brain regions) and

edges (i.e. functional connectivity between regions) (Bullmore

and Sporns, 2009). Using resting-state functional MRI and

graph-based methods, Zhang et al. (2011) found aberrant

global efficiency of the whole brain intrinsic functional connect-

ivity network as well as changed nodal centrality of specific brain

regions’ connectivity in patients with first depressive episode.

Such aberrant topology of connectivity during episodes is modu-

lated by early life experience such as childhood neglect (Wang

et al., 2013), and its modularity (i.e. the organization in ensem-

bles of regions with strong within-module functional connectivity)

is distinctively changed depending on whether patients suffer

from their first or long-term therapy resistant episode (Tao

et al., 2013). Because of these findings we hypothesized that

specific changes of the topology of intrinsic connectivity, particu-

larly those reflecting functional integration (i.e. efficiency, central-

ity or modularity), may interact with the course of major

depression.

Besides sub-depressive residuals, the number of previous de-

pressive episodes has strongest influence on the course of major

depression (Kendler et al., 2001; Hardeveld et al., 2010; Moylan

et al., 2013). A recent meta-analysis demonstrated the number of

episodes to be one of the best predictors for the episode relapse

risk in major depression (Hardeveld et al., 2010). However, it re-

mains poorly understood which neural mechanisms might contrib-

ute to such relationship (Robinson and Sahakian, 2008). Because

of the course-sensitive aberrant topology of brain connectivity

during episodes, we hypothesized that selective changes of intrin-

sic connectivity, which reflect altered functional integration, inter-

act with the course of episodes in major depression. In more

detail, we aimed to address the question whether and how the

topology of intrinsic functional connectivity is related to the

number of episodes in patients with recurrent major depression,

independently of current symptoms and the total duration of the

disease.

Therefore, patients with recurrent major depression and healthy

control subjects were assessed by resting-state functional MRI and

graph-based analysis. Resting-state blood oxygenation level-

dependent signal fluctuations were used as a surrogate for intrinsic

brain activity (Fox and Raichle, 2007; Raichle, 2010). Graph-based

topological scores were restricted to measures of functional inte-

gration (i.e. estimates reflecting the efficiency of the interaction

between distributed brain areas) and centrality (i.e. degree and

betweenness-centrality both reflecting the importance of nodes

for functional integration) (Rubinov and Sporns, 2010). We used

the Harvard-Oxford brain atlas and functional connectivity across

regions to determine each subject’s functional connectivity matrix.

Topological scores were derived from these matrices, compared

across groups and, in patients only, related to the number of de-

pressive episodes and current depressive symptoms by partial cor-

relation analysis. Because of previous findings that demonstrate a

link between structural changes and the course of major depres-

sion (Sheline et al., 1999; MacQueen et al., 2003; Frodl et al.,

2008; Kronmuller et al., 2009), we controlled analyses for struc-

tural changes. In addition, effects of medication, disease duration,

and accumulated stress, which may interact with the course of

depression (Robinson and Sahakian, 2008; Hardeveld et al.,

2010), were controlled.
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Materials and methods

Subjects
Twenty-five patients with recurrent major depression (two to 10 de-

pressive episodes; mean age of 48.8 years; 13 female) and 25 healthy

persons (mean age of 44.0 years; 14 female) participated in this study

(Table 1). All participants provided informed consent in accordance

with the Human Research Committee guidelines of the Klinikum

rechts der Isar, Technische Universität München. Patients were re-

cruited from the Department of Psychiatry by treating psychiatrists,

healthy control subjects from the area of Munich by word-of-mouth

advertizing. Participants’ examination included medical history, psychi-

atric interview, and psychometric assessment. Psychiatric diagnoses

were based on Diagnostic and Statistical Manual of Mental

Disorders-IV (DSM-IV; American Psychiatric Association, 2000). The

Structured Clinical Interview for DSM-IV (SCID) was used to assess

the presence of psychiatric diagnoses (Spitzer et al., 1992). Severity of

clinical symptoms was measured with the Hamilton Rating Scale for

Depression (HAM-D; Hamilton, 1960). The global level of social, oc-

cupational, and psychological functioning was measured with the

Global Assessment of Functioning Scale (Spitzer et al., 1992).

Psychiatrists D.S. and M.S. performed clinical-psychometric assess-

ment; they have been professionally trained for SCID interviews with

inter-rater reliability for diagnoses and scores of 495%.

Recurrent major depression was the primary diagnosis for all pa-

tients. Patients with recurrent major depression constitute a heteroge-

neous clinical group, varying in severity of current symptoms, age of

disorder onset, duration of the disorder, number of depressive

episodes, family history of major depression, co-morbidity of other

disorders, and type of medication. Since the goal of the present

study was to determine the relationship between the topology of

the brain’s functional connectivity network and the course of major

depression common to most patients with recurrent major depression,

we adopted selection criteria from a previous study on recurrent major

depression to obtain a clinically representative patient sample

(Hennings et al., 2009). Recurrence implies the return of an entirely

new episode after clinical recovery. Due to the unreliable self-report in

major depression because of patients’ potential memory problems, the

determination of episode number was based on the review of patients’

medical records. Only patients whose records enabled us to determine

a consistent episode number were included in the study. The number

of episodes of all patients ranged from two to 10 following a continu-

ous distribution (Supplementary Fig. 1). All patients met criteria for a

current depressive episode with an average episode length of 16.6

weeks [standard deviation (SD) 6.6] and an averaged HAM-D score

of 22 (SD 7.1). The average age of major depression onset was 32

years (SD 8), and all patients experienced their first episode before 45

years of age. The average duration of major depression was 16.7 years

(SD 10.2) and on average, patients had experienced five to six epi-

sodes (mean 5.6, SD 2.5). On average 1.7 episodes (SD 1.1) were

triggered by stressful life events; episodes triggered by a stressful life

event were defined as episodes that started within 1 month after a

stressful life event. Four patients had a positive family history of major

depression. Fourteen patients had psychiatric co-morbidities: six gen-

eralized anxiety disorder, three somatization disorder, and five avoi-

dant or dependent personality disorders. Patients with psychotic

symptoms, schizophrenia, schizoaffective disorder, bipolar disorder,

and substance abuse were excluded from this study. Additional exclu-

sion criteria were pregnancy, neurological or severe internal systemic

diseases, and general contraindications for MRI. One patient was free

of any psychotropic medication during MRI assessment. Seven patients

were treated by antidepressant mono-therapy [three cases: citalopram

30mg/d (mean dose); three cases: sertraline 200mg/d; one case:

mirtazapine 30mg/d]; 12 patients by dual-therapy (five cases: citalo-

pram 37.5mg/d + mirtazapine 30mg/d; two cases: citalopram 40mg/

d + venlafaxine 225mg/d; one case: citalopram 30mg/d + quetiapine

200mg/d; one case: sertraline 200mg/d + mirtazapine 30mg/d; three

cases: venlafaxine 225mg/d + mirtazapine 30mg/d); and five patients

by triple-therapy (two cases: citalopram 30mg/d + venlafaxine

187.5mg/d + amisulprid 200mg/d; two cases: citalopram

30mg/d + mirtazapine 30mg/d + quetiapine 200mg/d; 1 case: ven-

lafaxine 22mg/d + mirtazapine 30mg/d + quetiapine 200mg/d). All

healthy control subjects were free of any current or past neurological

or psychiatric disorder or psychotropic medication.

Data acquisition and preprocessing
All participants underwent 10min of resting-state functional MRI with

the instruction to keep their eyes closed and not to fall asleep. We

verified that subjects stayed awake by interrogating via intercom im-

mediately after the resting-state functional MRI scan. No patient

dropped out during the scanning session.

Data acquisition

MRI was performed on a 3 T MR scanner (Achieva, Philips) using an

8-channel phased-array head coil. For co-registration and volumetric

analysis, T1-weighted anatomical data were obtained by using a MP-

RAGE sequence (echo time = 4ms, repetition time = 9ms, inversion

time = 100ms, flip angle = 5�, field of view = 240 � 240mm2, ma-

trix = 240 � 240, 170 slices, slice thickness = 1mm, and 0mm inter-

slice gap, voxel size = 1 � 1 � 1mm3). Functional MRI data were

obtained by using a gradient echo EPI sequence (echo time = 35ms,

repetition time = 2000ms, flip angle = 82�, field of view = 220 �
220mm2, matrix = 80 � 80, 32 slices, slice thickness = 4mm, and

0mm interslice gap, voxel size = 2.75 � 2.75 � 4mm3; 300 volumes).

Preprocessing

The first three functional images of each subject’s data set were dis-

carded because of magnetization effects. The remaining resting-state

functional MRI data were preprocessed by SPM8 (Wellcome

Department of Cognitive Neurology, London) including head motion

correction, spatial normalization into the standard stereotactic space of

Table 1 Demographic, clinical and psychometric data

Patients with
major
depression

Healthy
controls

P-value

Subjects [total number] 25 25

Age [years] 48.76 (14.83) 44.08 (14.78) 40.05

Gender 13F/12M 14F/11M 40.05

Number of episodes 5.6 (2.5) NA

Duration of major
depression [years]

16.7 (10.2) NA

Current episode

Duration [weeks] 16.6 (6.6) NA

HAM-D 22 (7.1) 0 50.001

GAF 50 (10.5) 99.5 (1.1) 50.001

Group comparisons: two-sample t-tests for age, HAM-D, and GAF; �2-test for
gender. Data are presented as mean and SD (in brackets). GAF = Global
Assessment of Functioning.

600 | Brain 2014: 137; 598–609 C. Meng et al.
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the Montreal Neurological Institute with isotropic voxel of

3 � 3 � 3mm3, and spatial smoothing with a 6 � 6 � 6mm3

Gaussian kernel to reduce spatial noise. To ensure data quality, par-

ticularly concerning motion-induced artefacts, temporal signal-to-noise

ratio and point-to-point head motion were estimated for each subject

(Murphy et al., 2007; Van Dijk et al., 2012). Excessive head motion

(cumulative motion translation or rotation 43mm or 3� and mean

point-to-point translation or rotation 40.15mm or 0.1�) was applied

as an exclusion criterion. Point-to-point motion was defined as the

absolute displacement of each brain volume compared with its previ-

ous volume. None of the participants had to be excluded. Two-sample

t-tests yielded no significant differences between groups regarding

mean point-to-point translation or rotation of any direction

(P4 0.10) as well as temporal signal-to-noise ratio (P4 0.50).

Further control for head motion effects was carried out in the network

construction procedure.

Topological analysis of whole brain
functional connectivity network

Network construction

For each subject, the whole brain functional connectivity network was

constructed from preprocessed resting-state functional MRI data. We

defined 112 nodes by anatomical parcellation of the whole brain using

Harvard-Oxford atlas (Supplementary Table 1; FSL, Oxford

University). Time series of functional MRI signal were extracted

from each voxel and subsequently averaged within each region of

interest. The regional time courses were then regressed against con-

founding covariates (comprising six time courses of head motion and

signals derived from whole grey matter, white matter and CSF).

Maximal overlap discrete wavelet transform was applied to decom-

pose the residual regional time series into the following four frequency

scales: scale 1 (0.125–0.250Hz), scale 2 (0.060–0.125Hz), scale 3

(0.030–0.060Hz) and scale 4 (0.015–0.030Hz) (Percival and

Walden, 2000). Absolute wavelet correlation coefficients at the low-

frequency scale 2 (0.060–0.125Hz) were used for further analysis

according to previous studies (Lynall et al., 2010; Alexander-Bloch

et al., 2012). Finally, a 112 � 112 connectivity matrix representing

individual whole brain functional connectivity network was obtained

for each subject.

Network analysis

To prepare graph-based topological analysis of the functional connect-

ivity network, binary networks were generated for the cost range from

0.05–0.50 (with intervals of 0.01) using Prim’s algorithm of minimum

spanning tree in-line with previous work (Alexander-Bloch et al.,

2012). The cost of a network is defined as the number of existing

edges divided by the number of all possible edges and serves as a

basic ‘economical’ constraint on brain networks (Bullmore and Sporns,

2012). Cost range 0.05–0.5 was selected because networks with cost

50.05 are too sparse to obtain stable network topology and those

with cost 40.50 become increasingly random and lose their small-

world property that is characteristic for human brains (Humphries

et al., 2006; Lynall et al., 2010). In addition, to investigate the

impact of costs on network topology, four arbitrary quasi-equidistant

cost sub-ranges (i.e. 0.05–0.14, 0.15–0.24, 0.25–0.34 and 0.35–0.50)

were defined.

Graph analysis of binary networks was carried out in Matlab using

the Brain Connectivity Toolbox (Rubinov and Sporns, 2010). Global

topological properties of characteristic path length, global efficiency,

and global betweenness-centrality (all reflecting functional integration;

Rubinov and Sporns, 2010), and clustering coefficient and small-

worldness (reflecting functional segregation and its relation to func-

tional integration; Rubinov and Sporns, 2010) were calculated

(Supplementary Methods) and averaged across costs for each subject.

Group comparison was carried out for each cost sub-range by permu-

tation test (100 000 iterations; P5 0.05) controlling for age, gender

and total grey matter volume (Supplementary Methods, grey matter

volume was provided by structural voxel-based morphometry ana-

lysis). Correspondingly, to analyse the topology of nodal connectivity,

nodal efficiency and centrality (represented by nodal degree and

betweenness-centrality; Rubinov and Sporns, 2010) were calculated

and compared across groups (permutation test, 100 000 iterations,

P5 0.05). One should note that, although efficiency, degree and

betweenness-centrality reflect different aspects of functional integra-

tion, they are not completely independent among each other (i.e. they

correlate significantly for specific nodes (Valente et al., 2008; Lynall

et al., 2010; Bassett et al., 2012; Zuo et al., 2012). Nodal analysis was

restricted to scores of centrality and efficiency within the low cost sub-

range (0.05–0.14) due to results of global property analysis. After

previous studies, false positive correction for N-node statistical com-

parison was applied using 1 / (amount of nodes) = 1 / 112 = 0.009 as

significance threshold (Lynall et al., 2010).

Partial correlation analysis for topology scores, number
of depressive episodes and current symptoms

To analyse the relationship of both the course of major depression and

current depressive symptoms with topological properties of nodal con-

nectivity independently of each other, we calculated the partial correl-

ation coefficients between topological scores and both the number of

depressive episodes and HAM-D scores in patients (P5 0.009, false

positive correction); partial correlation analysis was controlled for sev-

eral variables including particularly structural changes, medication and

disease duration (see below). Partial correlation analysis was used be-

cause it allows for measuring the degree of association between two

random variables (i.e. topological score and number of episodes), with

the effect of controlling variables removed (e.g. current symptoms

reflected by HAM-D). In more detail, the partial correlation between

a given topological score and the number of depressive episodes given

controlling variables Z = (HAM-D, age, gender, grey matter volume,

duration, medication), written as �(Top score, Number of depressive

episodes;�Z), is the correlation between the residuals R(Top score) and

R(Number of depressive episodes) resulting from the linear regression

of Top score with Z and of Number of depressive episodes with Z,

respectively. Therefore, a partial correlation-based approach enables

the analysis of the relationship between a topological property and

the course of major depression while controlling for the effect of cur-

rent symptoms and vice versa.

To control for potential confounding effects, we included age,

gender, grey matter volume, medication, accumulated stress, and dis-

ease duration as covariates-of-no-interest into our partial correlation

approach. First, the functional connectivity of intrinsic brain networks

depends on widespread structural integrity of polysynaptic pathways

(Lu et al., 2011). As we focus on changes of functional integration

among the whole brain network that are independent of structural

changes (MacQueen et al., 2003; Frodl et al., 2008; Kronmuller

et al., 2009), we included total grey matter volume scores as covari-

ate-of-no-interest in the above mentioned functional connectivity ana-

lyses to control for this influence of structural variations (for structural

changes in patients see voxel-based morphometry analysis in the

Supplementary Methods). Second, patients of our study were treated

by antidepressant medication, which has been demonstrated to affect

intrinsic functional connectivity (Delaveau et al., 2011). Therefore,
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control for medication effects is necessary. Different from antipsych-

otic drugs, which can be compared by chlorpromazine equivalents, no

comparable approach exists currently for antidepressants. We de-

veloped two ways to control for antidepressant effects and evaluated

them among each other and with previous findings: (i) we divided

applied antidepressants and augmentation medication into four classes

(selective serotonin reuptake inhibitor, serotonin-norepinephrine reup-

take inhibitor, noradrenergic and specific serotonergic antidepressants,

and atypical antipsychotics); then we defined a medication covariate

by the number of different classes a patient received in the partial

correlation analysis; (ii) in a validation analysis, we defined four cov-

ariates (i.e. one for each medication class) with numbers 1 or 0: 1

means the patient was treated by this medication class whereas 0

means they were not. Third, as we were interested in the relationship

between nodal connectivity topology and number of episodes inde-

pendent of disease duration and accumulated stress, we included dis-

ease duration and the number of episodes triggered by stressful life

events as additional covariates. Thereby we assume that the number

of such stress-triggered episodes reflects patient’s accumulated stress

relevant for depression course.

Results

Global and regional atrophy in patients
Patients’ total grey matter volume was reduced; regional brain

volume reduction was found in the anterior cingulate cortex,

dorsal prefrontal cortex, and hippocampus amongst other areas

(Supplementary Fig. 2 and Supplementary Table 2). This result is

in line with previous findings (Savitz and Drevets, 2009).

Aberrant global functional integration in
patients
For the first cost-sub-range from 0.05 to 0.14, all subjects had

small-worldness scores 41.22, demonstrating for all subjects

brain networks with small-world property (Supplementary Table

3). Across groups, small-worldness and global clustering coefficient

did not differ significantly (Fig. 1 and Table 2). In patients, global

efficiency was reduced, global betweenness-centrality and charac-

teristic path length were increased (Fig. 1 and Table 2). Cost range

analysis revealed that changes of global topological scores were

mainly driven by the low-cost sub-range (0.05–0.14), i.e. by con-

nections of strong functional connectivity (Fig. 1).

Aberrant nodal efficiency and centrality
in patients
Altered nodal centrality and efficiency of node-centred con-

nectivity was found for several regions in patients (Fig. 2 and

Table 3). In the striatum, patients had increased nodal between-

ness-centrality in the right putamen and decreased nodal degree

and efficiency in the caudate. In the frontal cortex, patients

had decreased nodal degree in the inferior frontal gyrus pars

triangularis and decreased nodal efficiency in the orbital gyrus.

Furthermore, patients had increased nodal degree in the

occipito-temporal cortex and decreased nodal betweenness-cen-

trality in the postcentral gyrus.

Depressive symptoms were associated
with the nodal connectivity topology of
areas known to be part of the salience
and default mode networks
To investigate the relationship among connectivity topology, dis-

ease course and depressive symptoms, we applied partial correl-

ation analysis of corresponding scores with additional covariates of

age, gender, grey matter volume, medication, accumulated stress

and disease duration. To control for medication effects, we used

two different ways to model medication influences; as results of

both models differed only marginally, we report only results of the

first model in which the number of medication classes adminis-

tered to the patient constituted the medication covariate. To fa-

cilitate comprehensive evaluation of partial correlation results, we

first examined the relationship among covariates by Pearson’s cor-

relation: HAM-D and the number of depressive episodes were not

correlated (r = 0.041, P = 0.844); number of depressive episodes

was correlated with disease duration (r = 0.784, P50.001), and

HAM-D with the number of medication classes administered to

the patient (r = 0.569, P = 0.003). No further covariate showed

significant correlation with number of depressive episodes or

HAM-D (P40.05). Additionally, total grey matter volume was

significantly correlated with age (r = �0.649, P = 0.0004) and dis-

ease duration was also correlated with age (r = 0.459, P = 0.021).

For partial correlation results regarding connectivity topology, crit-

ically, we found that patients’ HAM-D scores were negatively

correlated with nodal degree of the inferior frontal gyrus and posi-

tively correlated with nodal betweenness-centrality of the posterior

supramarginal gyrus (Table 4). The inferior frontal gyrus is a hub

of the salience network, and the posterior supramarginal gyrus of

the default mode network.

The number of depressive episodes is
associated with aberrant topology of
striatal connectivity independently of
current symptoms
In patients’ right putamen, the number of depressive episodes was

positively correlated with nodal efficiency of connectivity, inde-

pendently of current symptoms, medication status, disease dur-

ation and additional covariates (Fig. 3 and Table 4). In addition,

significant association between nodal degree of the nucleus

accumbens’ connectivity and number of depressive episodes was

found (Fig. 3 and Table 4).

Discussion
To analyse how the topology of the brain’s intrinsic functional con-

nectivity network is linked with the course of depressive episodes in

major depression, we applied resting-state functional MRI and

602 | Brain 2014: 137; 598–609 C. Meng et al.

 at U
niversitaetsbibliothek M

uenchen on A
ugust 26, 2014

http://brain.oxfordjournals.org/
D

ow
nloaded from

 

56



graph-based network analysis in patients with recurrent major de-

pression, and healthy control subjects. We found selective

association between aberrant topology of the right putamen’s con-

nectivity and patients’ number of depressive episodes, independ-

ently of current depressive symptoms, medication status,

accumulated stress and disease duration. This result provides first

evidence that intrinsic functional network organization is linked with

the course of major depression, more specifically that the aberrant

topology of striatal connectivity is associated with the number of

episodes in depression. Data suggest that striatum’s connectivity

may interact with the course of depressive episodes, potentially

contributing to depressive relapse risk in major depression.

Aberrant topology of striatal
connectivity is associated with the
course of major depression
Topology of striatal connectivity was found to be associated with

the course of depressive episodes in patients with recurrent major

Figure 1 Global network topology in recurrent major depression. Group comparisons were based on permutation tests controlled for age,

gender, and grey matter, P50.05, 100 000 permutations. (A) For both groups of healthy control subjects (HC) and patients with

recurrent major depression (MDD), whole brain intrinsic functional connectivity networks had small-world architecture (41.22) for the

investigated cost range (0.05–0.50). Small-world properties decrease with increasing network costs. At the cost of 0.14, averaged small-

worldness was 1.77 in major depression and 1.83 in control subjects. (B and C) Small-worldness and global clustering coefficient were not

significantly different across groups. (D–F) Significant group differences were found for characteristic path length (P = 0.029), global

efficiency (P = 0.029), and global betweenness-centrality (P = 0.029) for the cost sub-range (0.05–0.14) (i.e. for networks of spatially

sparse but strong functional connectivity). *Significant group difference.

Table 2 Global topological network properties in recurrent major depression

Healthy controls Patients with MDD P-Value

Small-worldness 2.344 � 0.407 2.271 � 0.570 0.300

Global clustering coefficient 0.412 � 0.044 0.431 � 0.037 0.055

Characteristic path length 2.923 � 0.244 3.049 � 0.215 0.029*

Global efficiency 0.423 � 0.018 0.414 � 0.014 0.029*

Global betweenness-centrality 213.492 � 27.086 227.438 � 23.841 0.029*

Group comparisons: permutation tests (100 000 permutations); *Significant result for P50.05; group comparisons were controlled for age, gender, and total grey matter
volume. Global network scores are reported as mean and SD for cost sub-range 0.05-0.14. MDD = major depressive disorder.
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depression (Fig. 3, Tables 3 and 4). Specifically, we found a posi-

tive correlation between the number of episodes of major depres-

sion and nodal efficiency of right putamen intrinsic connectivity in

patients (Fig. 3 and Table 4). Right putamen’s centrality was sig-

nificantly increased in patients (Fig. 2 and Table 3), i.e. the stron-

ger the putamen’s hubness, the more depressive episodes. Both

efficiency and centrality (the latter comprising degree and

betweenness-centrality) reflect functional integration in the brain

i.e. the ability to rapidly combine information from distributed

brain regions (Bullmore and Sporns, 2009; Rubinov and Sporns,

2010). Furthermore, we found correspondent results for the ven-

tral striatum (Fig. 3 and Table 4) (i.e. we found a positive correl-

ation between nucleus accumbens’ centrality and the number of

depressive episodes), suggesting that the topology of whole stri-

atum’s connectivity is associated with the course of episodes in

major depression. Findings were not explained by age, gender,

medication effects or total grey matter changes, for which we

controlled statistically. Findings were also controlled for total dis-

ease duration and number of episodes triggered by stressful life

events, suggesting that specifically the number of episodes and

not disease duration or accumulated stress is linked with the top-

ology of striatal connectivity. Importantly, results were also con-

trolled for the degree of current symptoms, indicating that the

topology of striatal connectivity reflects major depression’s

course rather than its symptoms.

Between-group differences of nodal network topology included

bilateral caudate and right putamen (Fig. 2 and Table 3).

Putamen’s intrinsic functional connectivity pattern is preferentially

linked with the insula and anterior cingulate cortex, i.e. with key

regions of the salience network, whereas the caudate’s connect-

ivity links more with areas of the default mode network (such as

the medial prefrontal and posterior cingulate cortex) (Di Martino

et al., 2008). Both salience and default mode networks are

strongly involved in major depression (Greicius et al., 2007;

Sheline et al., 2010; Hamilton et al., 2011; for review Whitfield-

Gabrieli and Ford, 2012; Hamilton et al., 2013). A previous study

reported increased putamen and caudate centrality/efficiency in

first-episode major depression patients (Zhang et al., 2011).

Concerning putamen we found consistent results in patients with

recurrent major depression, and concerning caudate we found

reduced centrality and efficiency in patients with recurrent major

depression. It might be that within the dorsal striatum, network

topology of sub-areas (like putamen and caudate) develops dis-

tinctively in the course of recurrent major depression potentially

because of a specific intrinsic connectivity pattern (see further

Table 3 Nodal network topology in recurrent major depression

Lobe Node / Region of
interest

Side Mode Healthy controls Patients with MDD P-Value

Patients with MDD4Healthy controls

Subcortical Putamen R BC 175.898 � 126.037 346.133 � 230.110 50.001

Occipital Intracalcarine cortex R Deg 7.672 � 4.071 11.031 � 4.838 0.006
L Deg 7.615 � 4.095 12.446 � 5.376 50.001

Lingual gyrus R Deg 8.649 � 4.593 12.801 � 6.334 0.005

Patients with MDD5Healthy controls

Subcortical Caudate R Enodal 0.390 � 0.071 0.319 � 0.088 0.002
L Deg 9.162 � 5.632 5.071 � 4.237 0.002

Enodal 0.402 � 0.074 0.325 � 0.081 0.001

Frontal Frontal orbital cortex L Enodal 0.462 � 0.048 0.417 � 0.059 0.003
Inferior frontal gyrus,
pars triangularis

R Deg 10.010 � 5.859 6.158 � 3.543 0.003

Sensorimotor Postcentral gyrus R BC 234.044 � 154.870 138.132 � 78.231 0.004

Group comparisons: permutation tests (100 000 permutations); reported results are significant for P50.009 based on false positive correction for multiple testing; group
comparisons were controlled for age, gender and total grey matter volume. Nodal network scores are reported for cost sub-range 0.05-0.14 as mean and SD. MDD = major

depressive disorder; R = right; L = left; BC = nodal betweenness-centrality; Deg = nodal degree; Enodal = nodal efficiency.

Figure 2 Brain regions with aberrant nodal efficiency and cen-

trality in recurrent major depression. Group comparisons were

based on permutation tests controlled for age, gender and grey

matter volume, P50.009 based on false positive correction for

multiple testing, 100 000 permutations. Coloured regions indi-

cate significantly changed nodal intrinsic functional connectivity

network topology (i.e. nodal efficiency or centrality) in patients.

Blue/red indicates decrease/increase of a topological property in

patients. For more details see Table 3. L = left; R = right. This

figure was visualized with the BrainNet Viewer (http://www.

nitrc.org/projects/bnv/).
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support for this argument below). However, we cannot exclude

the potential influence of methodological differences between the

previous and our study [e.g. Zhang et al. (2011) applied a brain

atlas different from that of our study; such atlas-based parcellation

change may shift the network topology result; Wang et al.

(2009)]. Future studies, which should be designed to study expli-

citly data of both first and recurrent episode major depression, are

necessary to compare directly network topology changes within

one methodological framework.

Two lines of research highlight the importance of the striatum

(particularly of the right putamen) for major depression: (i)

Impaired emotion processing in major depression: a recent meta-

analysis in major depression, which integrated PET-based meta-

bolic resting-state findings with functional MRI data of emotional

stimulation, found that patients’ aberrant striatal activity might

prevent critically the regulatory impact of the prefrontal cortex

on increased emotional processing in limbic-insular areas

(Hamilton et al., 2012). The authors suggest that changes of stri-

atal connectivity (particularly of the dorsal striatum) may contrib-

ute to this regulatory deficit, potentially because of lowered striatal

dopamine levels (Hamilton et al., 2012). Our result is consistent

with this idea, highlighting explicitly the important role of increas-

ingly changed topology of striatal connectivity for the course of

major depression; and (ii) Impaired emotional learning in major

depression: furthermore, dopamine-dependent striatal activity is

essential for reinforcement learning (Liljeholm and O’Doherty,

2012). This type of learning is impaired in major depression

(Eshel and Roiser, 2010). For example, during reversal learning,

right putamen responses for unexpected reward were selectively

reduced in patients with major depression (Robinson et al., 2012).

The authors suggest that a reward-related dysfunction of the right

putamen within a striatum-centred prefrontal-limbic circuit may

inhibit the learning of appreciating and enjoying positive life ex-

perience; such positive experience, in turn, is critical for depressive

Figure 3 Association between striatal connectivity topology and number of depressive episodes in patients with recurrent major de-

pression, independently of current symptoms and disease duration. Partial correlation analysis of nodal topological scores and number of

depressive episodes, including additional covariates of current symptoms, age, gender, grey matter brain volume, medication effects and

disease duration, P50.009 based on false positive correction for multiple testing. Scatter plots reflect significant correlations between

different striatal network scores and the number of depressive episodes in patients with recurrent major depression.

Table 4 Nodal network topology: partial correlation with depressive symptoms (HAM-D) and major depression course
(number of depressive episodes), respectively

Lobe Node / Region of interest Side Mode r-Value P-value

Association between nodal network topology and depressive symptoms

Frontal Inferior frontal gyrus, pars triangularis R Deg �0.614 0.005

Parietal Supramarginal gyrus, posterior division R BC 0.688 0.001

Association between nodal network topology and number of depressive episodes

Subcortical Putamen R Enodal 0.588 0.008
Accumbens R Deg 0.586 0.008

Partial correlation analyses were corrected for age, gender, total grey matter volume, disease duration, and medication effects; reported results are significant for P50.009
based on false positive correction for multiple comparison. Regional network scores are based on cost sub-range 0.05–0.14. R = right; L = left; Deg = nodal degree;
Enodal = nodal efficiency; BC = nodal betweenness-centrality.
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recovery. Our result is consistent with this idea, specifying that

right putamen’s connectivity topology might be relevant for such

adaptive processes in major depression. In summary, aberrant top-

ology of striatal connectivity and its link with the course of de-

pressive episodes are consistent with models of impaired emotion

regulation and dopamine-dependent reward learning in major

depression.

Aberrant topology of striatal
connectivity and depressive relapse risk
Aberrant topology of striatal connectivity might be a potential

mechanism to mediate the relapse risk in major depression.

Depressive episodes are associated with both the change of net-

work topology (Figs 1 and 2) and the increase of episode relapse

risk (Hardeveld et al., 2010). Here we found that the amount of

episodes is specifically linked with aberrant topology of striatal

connectivity (Fig. 3). This link suggests striatal topology as

neural correlate for the course of episodes in major depression,

and therefore of episode relapse. This argument makes topology

of striatal connectivity a potential biomarker to evaluate depressive

recurrence risk.

Aberrant nodal network topology in
areas of the salience network is
associated with current depressive
symptoms
Beyond the striatum, aberrant nodal centrality and efficiency was

found in the inferior frontal gyrus, the orbitofrontal cortex as well

as in the occipital and somatosensory cortex (Fig. 2 and Table 3).

This finding was not influenced by age, gender, medication status,

or total grey matter reduction. With respect to affected regions,

our result matches perfectly previous findings in first-episode

major depression (Zhang et al., 2011); as mentioned above for

the caudate, the direction of changes was different for some re-

gions (e.g. patients’ lingual or calcarine centrality was reduced in

the previous but increased in our study). Nodal degree and

efficiency of inferior frontal gyrus’ and posterior supramarginal

gyrus’ connectivity, respectively, was specifically associated with

depressive symptoms measured by the HAM-D (Table 4). These

areas are key regions of the salience and default mode network,

which both are critically involved in depressive symptoms such as

rumination or aberrant emotional reactivity (Greicius et al., 2007;

Sheline et al., 2010; Hamilton et al., 2011, 2013; Whitfield-

Gabrieli and Ford, 2012). Aberrant network topology and the as-

sociation of network topology with depressive symptom severity

overlapped in the inferior frontal gyrus of the salience network

(Tables 3 and 4). This result suggests that topological changes

of the cortical salience network reflect major depression symp-

toms, whereas those of the subcortical striatum are associated

with the course of major depression. This finding is in line with

the more general idea about cortex-basal-ganglia (including stri-

atum)-thalamus-cortex loops, where the cortex itself initially gen-

erates action/cognition/affective candidates, between which the

basal ganglia then arbitrate (likely based on their learned

reinforcement probabilities) to facilitate (gate) the ‘best’ one (for

review see Maia and Frank, 2011).

Aberrant global network topology in
recurrent major depression: impact on
the backbone network
Concerning global topology of functional connectivity, we found

selectively aberrant functional integration (decreased global effi-

ciency and increased global betweenness-centrality) in patients,

whereas other topological properties (small-worldness and cluster-

ing coefficient) were not significantly different across groups

(Fig. 1 and Table 2). In general, global topological scores are

derived from correspondent nodal scores by different forms of

averaging. Because of the correspondence of decreased global

efficiency/decreased caudate efficiency and increased global

betweenness-centrality/increased putamen betweenness-central-

ity, selective reorganization of global functional integration

seems to depend mainly on the reorganization of striatal connect-

ivity in major depression, emphasizing the prominent role of stri-

atal connectivity in recurrent major depression.

Furthermore, changes of global network topology are driven by

low-cost networks i.e. by networks that include edges of particu-

larly strong intrinsic functional connectivity. Across investigated

cost-sub-ranges, significant group differences of network topology

focus on the cost-sub-range of 0.05–0.14, which is related to

sparse networks and strong connectivity (Fig. 1). This means

that recurrent major depression is selectively associated with

changes in widespread (whole brain) strong (top 14%) functional

connections, which are supposed to constitute the backbone of

the brain network. Previous studies found that backbone networks

consist mainly of both network hubs and strong long-distance

edges (Serrano et al., 2009; van den Heuvel et al., 2012;

Markov et al., 2013). Correspondingly, we found global and

nodal centrality, which are both related to such hubness, to be

altered in patients. Taken together, these data indicate that major

depression is particularly associated with changes in the brain’s

backbone network.

Methodological issues and limitations
To evaluate results of the current study appropriately, some meth-

odological issues have to be considered. Issues concerning patient

sample and chosen graph approach are discussed below and,

issues concerning study design and imaging data analysis are dis-

cussed in the Supplementary Discussion.

Medication

Patients in our study were treated by antidepressant medication.

Although recent studies suggest that antidepressants normalize

brain function (Anand et al., 2005; Fu et al., 2007; Heller et al.,

2013), the impact of antidepressants on intrinsic functional con-

nectivity is so far incompletely understood (Bruhl et al., 2010;

Delaveau et al., 2011). To control for potential impact of medi-

cation, we modelled medication effects and added corresponding

covariates into statistical analyses. As no canonical way to account
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for antidepressants effects is available, we tested two different

models, which yielded almost identical results. Further, we found

that medication status was associated with the degree of current

symptoms but not with the number of episodes, suggesting that at

least during a current episode the amount of applied antidepres-

sants is independent of the previous disorder course but depend-

ent on symptom severity. In summary, these findings and the

coherence of our results with previous studies (Zhang et al.,

2011; Wang et al., 2013), suggest that medication may not crit-

ically influence results of our study. Nevertheless, data should be

interpreted carefully because of potential medication confounds.

Future studies in non-medicated patients are necessary; however,

such studies in drug-free patients of recurrent major depression

might implicate strong practical and ethical problems.

Binary graph approach

In this study, instead of weighted graphs, the binary undirected

graph-based framework was used to analyse the brain’s intrinsic

functional connectivity network. Binary undirected graphs are

defined by edges of either 1 or 0 (i.e. they reflect the presence

or absence of connections due to a given threshold), whereas

weighted graphs reflect connection strengths by continuous

edge scores (Rubinov and Sporns, 2010). The binary approach

was chosen for the following reasons: (i) Backbone network and

weaker connection analysis: in contrast to weighted graph

approaches (Rubinov and Sporns, 2011), binary approaches

enable a cost analysis (i.e. an edge density analysis) to evaluate

separately the brain’s backbone network (defined by strongest

edges for all nodes) and the influence of weaker connections

(i.e. edges of weaker connectivity strength) on network topology.

In particular, we found that major depression is associated with

changes in the backbone network; (ii) Comparability between

binary and weighted graph approaches: cost integration within

binary approaches (i.e. averaging of graph metrics across costs)

provides results that are comparable with those derived from

weighted graph approaches (Ginestet et al., 2011); and (iii)

Comparability with other studies: previous studies of brain net-

work topology in major depression relied on binary undirected

graphs (Jin et al., 2011; Zhang et al., 2011; Tao et al., 2013).

We used the same framework to enable comparisons among

studies. Nevertheless, it should be noted that weighted

approaches conserve more information about the whole distribu-

tion of edge weights than binary approaches do. Future comple-

mentary studies using weighted graphs might be helpful to

understand more comprehensively brain organization changes in

major depression.

Conclusion
In recurrent major depression aberrant topology of striatal con-

nectivity is associated with the course of depressive episodes in-

dependently of current symptoms, medication status, accumulated

stress, and disease duration. Therefore, the topology of striatum’s

intrinsic connectivity may have the potential to predict episode

relapse risk in major depression.
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Supplementary Methods: 

Voxel-based morphometry (VBM) analysis. 

The functional connectivity of intrinsic brain activity depends on widespread 

structural integrity of polysynaptic pathways (Lu et al., 2011). Since we focus on 

changes of intrinsic functional connectivity within the whole brain functional network, 

we included total grey matter volume as covariate-of-no-interest in functional 

network analyses to control for the influence of structural variations. As described 

recently (Sorg et al., 2013), we used the VBM8 toolbox 

(http://dbm.neuro.uni-jena.de/vbm.html) to analyze brain structure. T1-weighted 

images were corrected for bias-field inhomogeneity, registered using linear 

(12-parameter affine) and nonlinear transformations, and tissue-classified into grey 

matter (GM), white matter, and cerebrospinal fluid within the same generative model. 

The resulting GM images were modulated to account for volume changes resulting 

from the normalization process. Here, we only considered non-linear volume changes 

so that further analyses did not have to account for differences in head size. Finally 

images were smoothed with a Gaussian kernel of 8mm (FWHM). For group 

comparisons, voxel-wise two-sample t-tests were performed (p<0.001, cluster extent 

50) controlling for age and gender. Total grey matter volume GMV was derived from 

the first segmentation process, normalized by total brain size, and compared across 

groups by two-sample t-tests (p<0.05). 

Definition of network topology scores. 

A brain network consists of nodes and edges. A node is specified by a brain region. 

An edge is the connection between two nodes (i.e. here intrinsic functional 

connectivity). In binary undirected networks, edges are either 1 or 0, indicating 
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whether a connection exists or not (due to a specific threshold). In the current study 

both global and nodal network topology scores were calculated for binary undirected 

networks at each cost in line with previous literature (Rubinov and Sporns, 2010).  

The clustering coefficient (C) of a node is defined as the fraction of the given node's 

neighbors that are also neighbors of each other, indicating the extent of functional 

segregation in brain network. Globally, clustering coefficient of the network is 

defined as mean clustering coefficient across all nodes (Watts and Strogatz, 1998; 

Rubinov and Sporns, 2010). 

The characteristic path length (L) of a network is defined as the average shortest path 

length between all pairs of nodes in the network, indicating the extent of functional 

integration of specialized information from distributed brain regions (Watts and 

Strogatz, 1998; Rubinov and Sporns, 2010). 

The global efficiency of a network is defined as the average inverse shortest path 

length between all pairs of nodes, representing a further measure of information 

integration in brain networks. Global efficiency is proportional to path length in form 

of a hyperbolic curve. In general, global efficiency is primarily influenced by 

short-range paths while characteristic path length by long-range paths (Rubinov and 

Sporns, 2010). 

A brain network with small-world property (i.e. a highly segregated and integrated 

network) should be more clustered (i.e. larger clustering coefficient) than random

networks and its characteristic path length should be comparable with those of 
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random networks (Watts and Strogatz, 1998). Small-worldness (S) is defined to 

delineate such feature:  

S = (C/Crand) / (L/Lrand) 

where Crand and Lrand are the clustering coefficient and the characteristic path length, 

respectively, of corresponding random networks. Small-world networks are 

characterized by S ≫ 1(Watts and Strogatz, 1998; Rubinov and Sporns, 2010). 

Nodal centrality refers to nodal degree and betweenness-centrality in this study. 

Nodal degree is defined as the number of edges connected with the given node while 

betweenness-centrality of a node is defined as the fraction of all shortest paths 

between all other nodes that pass through the given node in the network (Rubinov and 

Sporns, 2010). Global betweenness-centrality is defined as averaged 

betweenness-centrality across all nodes. 

Nodal efficiency is defined as average inverse shortest path length between the given 

node and all other nodes (Zhang et al., 2011). 
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Supplementary Discussion: 

Methodological issues and limitations. 

Study design. Our study’s hypothesis was that specific changes of the brain’s intrinsic 

connectivity (as measured by connectivity topology) interact with the course of 

episodes (as measured by the number of episodes) in recurrent depressive disorder. 

Concerning basic study design, at least two ways are possible to address this 

hypothesis. One way might be to investigate brain connectivity in remitted patients 

and to link connectivity topology scores with the number of previous episodes. An 

advantage of this approach is that results are largely independent of confounding 

effects of current symptoms. A potential result might represent changed topology of 

intrinsic connectivity that is associated with the amount of episodes the patient has 

suffered from. However, for such type of result, it remains unclear whether observed 

changes somehow “stem from” brain changes that occur during an episode or in other 

words: whether specific intrinsic connectivity changes of an episode are relevant for 

the course of the disorder i.e. for depressive relapse. Therefore, we chose an 

alternative way to address our hypothesis: we investigated patients during a current 

episode and linked connectivity topology with episode numbers while controlling 

statistically for effects of current symptoms. This approach enabled us to identify 

episode-associated connectivity changes that are relevant for the course of the 

disorder and thereby to get some ideas about a potential pathophysiology relevant for 

relapse risk. However, by doing so, we are not able to decide whether such 

course-relevant changes are also present when patients are remitted. To overcome 

these limitations, future longitudinal studies in remitted and acute patients with 

recurrent major depression are necessary.

The current study focused on the relationship between aberrant functional 
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integration of intrinsic brain activity and the number of episodes in major depression. 

Previous studies investigating neural correlates of depressive relapse found a 

dependence of regional brain volume changes mainly in limbic areas on the course of 

major depression; in these studies, major depression course was represented by either 

the number of depressive episodes (Kronmuller et al., 2009), the number of 

hospitalizations (Frodl et al., 2008) or the estimated total duration of illness 

(MacQueen et al., 2003). These findings implicated several consequences for the 

current study’s design: (i) Due to the potential impact of structural changes on both 

major depression’s course and functional connectivity in general (Lu et al., 2011), we 

controlled for such structural effects on topological scores and their relationship with 

episodes; since topological scores are based on connectivity among the whole brain’s 

grey matter, we used total grey matter volumes as corresponding 

covariate-of-no-interest. (ii) We focused on episode number for two reasons: the 

number of depressive episodes was found to be the best predictor for the episode 

recurrence risk in major depression (Hardeveld et al., 2010); observed network 

topology changes in major depression refer to changes during episodes; both findings 

together suggest an interaction between the course of episodes and changed brain 

network topology, basically representing the objective of our study. (iii) Since the 

number of episodes was related to the total disease duration, we controlled for disease 

duration effects to specify our result with respect to depressive episodes and their 

number. 

Spatial smoothing. In the current study we performed spatial smoothing during 

preprocessing of fMRI data. In graph-based brain network analysis, the application of 

spatial smoothing is extensively discussed. On the one hand, smoothing increases 

inter-voxel dependency of signals which may confound local connectivity strength 
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(especially when using small ROIs like voxel-based parcellation) (van den Heuvel et 

al., 2008; Hayasaka and Laurienti, 2010); on the other hand, smoothing is an 

important step in fMRI data preprocessing to reduce the influence of spatial noise and 

misregistrations of anatomical neighbor regions during spatial normalization. 

Correspondent with this trade-off, several previous graph-based studies applied 

spatial smoothing (e.g. Lynall et al., 2010; Liu et al., 2013) while others did not (e.g. 

Achard et al., 2006; Zhang et al., 2011). When using spatial smoothing, the use of 

Gaussian kernels to smooth the data provided high reliability for topological scores 

(Guo et al., 2012). Based on these data and the fact that brain atlas regions we used 

are rather large compared to voxel-wise resolution, we decided to apply spatial 

smoothing based on modest Gaussian kernel of 6mm, which was equal to the size of 2 

voxels (Guo et al., 2012). 
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Supplementary Figures:

Figure S1. Distribution of number of episodes in patients with recurrent major 
depression. 

 
 
 
Figure S1. The bar plot reflects the frequency distribution of the number of 

depressive episodes across current study’s patients of recurrent major depression. A 

bar represents the amount of patients (y-axis), who have suffered from a given 

number of depressive episodes.    

72



Figure S2. Regional grey matter volume reduction in patients with recurrent major 
depression. 
  

Figure S2. Colored brain regions showed significantly reduced voxel-based 

morphometry in patients with major depression (two-sample t-test, p<0.001, cluster 

extent threshold 50). For details see Tab. S2. 
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Supplementary Tables:  

Table S1. Regions of Interest (ROIs) derived from Harvard-Oxford brain atlas  
Index a Brain regions Index a Brain regions a

1 Frontal Pole 29 Cingulate Gyrus, anterior division 
2 Insular Cortex 30 Cingulate Gyrus, posterior division 
3 Superior Frontal Gyrus 31 Precuneous Cortex 
4 Middle Frontal Gyrus 32 Cuneal Cortex 
5 Inferior Frontal Gyrus, pars triangularis 33 Frontal Orbital Cortex 
6 Inferior Frontal Gyrus, pars opercularis 34 Parahippocampal Gyrus, anterior division 
7 Precentral Gyrus 35 Parahippocampal Gyrus, posterior division 
8 Temporal Pole 36 Lingual Gyrus 

9 Superior Temporal Gyrus, anterior 
division 37 Temporal Fusiform Cortex, anterior 

division 

10 Superior Temporal Gyrus, posterior 
division 38 Temporal Fusiform Cortex, posterior 

division 

11 Middle Temporal Gyrus, anterior 
division 39 Temporal Occipital Fusiform Cortex 

12 Middle Temporal Gyrus, posterior 
division 40 Occipital Fusiform Gyrus 

13 Middle Temporal Gyrus, 
temporooccipital part 41 Frontal Operculum Cortex 

14 Inferior Temporal Gyrus, anterior 
division 42 Central Opercular Cortex 

15 Inferior Temporal Gyrus, posterior 
division 43 Parietal Operculum Cortex 

16 Inferior Temporal Gyrus, 
temporooccipital part 44 Planum Polare 

17 Postcentral Gyrus 45 Heschl's Gyrus (includes H1 and H2) 
18 Superior Parietal Lobule 46 Planum Temporale 
19 Supramarginal Gyrus, anterior division 47 Supracalcarine Cortex 
20 Supramarginal Gyrus, posterior division 48 Occipital Pole
21 Angular Gyrus 49 Amygdala

22 Lateral Occipital Cortex, superior 
division 50 Hippocampus

23 Lateral Occipital Cortex, inferior 
division 51 Caudate

24 Intracalcarine Cortex 52 Putamen
25 Frontal Medial Cortex 53 Pallidum

26
Juxtapositional Lobule Cortex 
(formerly Supplementary Motor 
Cortex) 

54 Thalamus

27 Subcallosal Cortex 55 N. accumbens
28 Paracingulate Gyrus 56 Brainstem

a The order of ROIs is consistent with Harvard-Oxford Atlas indices 
(HarvardOxford-cort-maxprob-thr25-2mm). Subcortical ROIs are added at the end. Left and right 
hemispheres have the same set of ROIs so that finally 112 ROIs were involved in this study. 
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Table S2. Regional VBM reduction in patients with recurrent major depression 
(refers to Fig. S1). 

Group comparison: two-sample t-test, p<0.001, cluster extent 50. 

Lobe L/R Region Cluster 
(voxel)

MNI coordinates 
(mm) T

valuex y z

Frontal

L Superior Frontal Gyrus 110 -15 -1.5 73.5 4.124
L Middle Frontal Gyrus 781 -31.5 33 19.5 4.321
L Inferior Frontal Gyrus, Pars triangularis
L Inferior Frontal Gyrus, Pars opercularis 430 -55.5 10.5 15 4.292
L Inferior Frontal Gyrus, Pars triangularis
R Inferior Frontal Gyrus, Pars opercularis 548 57 10.5 18 4.561
R Precentral Gyrus
R Rolandic Operculum
R Inferior Frontal Gyrus, Pars triangularis 286 43.5 34.5 13.5 4.134
R Middle Frontal Gyrus
L Medial Frontal Gyrus 663 -1.5 37.5 22.5 5.169
L Anterior Cingulate Gyrus
R Anterior Cingulate Gyrus
R Middle Cingulate Gyrus 100 13.5 1.5 39 4.03
L Medial Frontal Gyrus 137 -10.5 21 37.5 4.057
L Middle Cingulate Gyrus
L Supplementary Motor Area
L Medial Orbital Frontal Gyrus 277 -3 46.5 -7.5 4.102
R Anterior Cingulate Gyrus
L Anterior Cingulate Gyrus

Temporal

L Superior Temporal Gyrus 278 -48 -7.5 -10.5 4.177
L Insula
L Middle Temporal Gyrus 279 -64.5 -16.5 -7.5 4.38
L Middle Temporal Pole 176 -58.5 18 -27 3.826
L Fusiform Gyrus 75 -36 -49.5 -18 3.82
L Hippocampus 222 -37.5 -25.5 -6 3.858

Parietal R Superior Parietal Lobule 96 30 -55.5 58.5 4.286
L/R Cerebellar vermis 128 3 -72 -28.5 4.001
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Table S3. Small-worldness range for all subjects referring to different cost ranges 

Cost range 0.05 – 0.50 0.05 – 0.14
HC 1.024543 - 4.691944 1.380449 - 4.691944

MDD 1.026928 - 5.784881 1.222477 - 5.784881
HC healthy controls; MDD major depressive disorder.
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Abstract:

The number of recurrent episodes in major depressive disorder (MDD) has been 

shown to be associated with a disrupted topology of striatum’s whole-brain functional 

connectivity. This result suggests the re-organization of functional connectivity as 

factor of depressive relapse; however, little is known about the underlying structural 

basis. In this study we tested the hypothesis that white matter (WM) microstructure 

relates to the number of episodes in MDD.

We examined diffusion tensor imaging (DTI) correlates of WM structural 

connectivity in 24 patients with MDD (2 – 10 episodes) and 25 demographically 

similar healthy controls. Tract-based spatial statistics (TBSS) was applied to uncover 

voxel-level changes in fractional anisotropy (FA), and mean (MD), axial (AD) and 

radial (RD) diffusivity in major WM pathways in MDD patients compared with 

controls. Subsequently, for affected WM tracts and within MDD group, partial 

correlation analysis was employed to assess the relationships between WM alterations 

and the number of depressive episodes as well as symptom severity of current

episode.

MDD group showed widespread significant FA reductions in corpus callosum, 

superior and inferior longitudinal fasciculus, inferior fronto-occipital fasciculus, 

cingulum and corticospinal tracts (P < 0.05, TFCE corrected). MDD group also 

showed similarly extensive patterns of increased MD and RD. Across MDD patients, 

partial correlation relationships were found between FA and the number of depressive 

episodes independent of depressive symptom severity of current episode in affected
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WM tracts connecting frontal, occipital, and temporal cortices while other tracts 

demonstrated associations with symptom severity (P < 0.005, uncorrected).

Results provide first evidence that altered white matter connectivity is

associated with the course of depressive episodes in MDD, independently of current 

symptoms. Our findings imply that differential re-organization of structural 

connectivity in fronto-occipital and fronto-temopral circuits may contribute to

depressive relapse risk.

Key words:

Major depressive disorder, recurrent episodes, DTI, TBSS
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Introduction: 

Major depressive disorder (MDD) is one of the most frequent psychiatric disorders

with a lifetime prevalence of about 16% (Kessler et al., 2003). MDD is characterized 

by single or recurrent major depressive episodes, which include depressed mood, 

reduced energy, impaired cognition, vegetative symptoms, and suicidal tendency with 

suicide rates of about 4% (American Psychiatric Association, 2000). In 35-85% of 

cases the course of major depression includes the recurrence of depressive episodes 

(Hardeveld et al., 2010; Lewis et al., 2010; Farb et al., 2011). However, detailed 

neurobiological pathway of the episode relapse remains poorly understood.

Over past decades, accumulative evidences of in-vivo imaging research in MDD 

have shown that depressive episodes are associated with altered brain structure and 

function regarding both gray and white matter ((Greicius et al., 2007; Erk et al., 2010;

Sheline et al., 2010; Aizenstein et al., 2011; Korgaonkar et al., 2011; Lui et al., 2011;

Li et al., 2012; Mwangi et al., 2012; Zeng et al., 2012; Grieve et al., 2013); for 

reviews (Savitz and Drevets, 2009; Murphy and Frodl, 2011; Hamilton et al., 2012;

Whitfield-Gabrieli and Ford, 2012)). Particularly, depressive symptoms and durations 

are reported to associate with aberrant patterns of gray matter’s functional 

connectivity (Zhang et al., 2011) and white matter’s structural connectivity 

(Henderson et al., 2013). On the other hand, recent study has started to examine the 

link between aberrant functional brain network and the course of recurrent episodes 

(Meng et al., 2014). Besides sub-depressive residuals, the number of previous 

depressive episodes has strongest influence on the course of major depression 
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(Kendler et al., 2001; Hardeveld et al., 2010; Moylan et al., 2012). The number of 

episodes is suggested as one of the best predictors for the episode relapse risk in 

major depression (Hardeveld et al., 2010). Our prior work showed that striatal 

functional connectivity and network topology associated with the number of 

depressive episodes independent of symptom severity in recurrent MDD, which 

provide new insight into the specific mechanistic link between MDD-realted brain 

changes and relapsed risk of depressive episodes (Meng et al., 2014). However, it 

remains unclear about the structural basis underlying such mechanistic associations.

To our best knowledge, no previous study has used Diffusion Tensor Imaging (DTI) to 

map the characteristic alterations of white matter tracts in relation to the course of 

MDD featured by the number of depressive episodes.

The goal of the present study was to map the white matter microstructural 

changes specifically linked with the course of depressive episdoes in MDD. 

Therefore, patients with recurrent major depression and healthy controls were 

assessed by DTI and Tract-Based Spatial Statistics (TBSS). White matter integrity

scores were derived from the major white matter tracts, compared across groups, and

related to the number of depressive episodes and current depressive symptoms by 

within-MDD-group partial correlation analysis.  
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Methods and Materials: 

Subjects. 

Twenty-four patients with recurrent major depression (mean age of 48.04 years;

11 males) and twenty-five healthy persons (mean age of 44.08 years; 11 males) were 

analyzed in this study (Table 1). One patient from the same cohort in our prior fMRI 

study dropped out of the DTI scan (Meng et al., 2014). All participants provided 

informed consent in accordance with the Human Research Committee guidelines of 

the Klinikum rechts der Isar, Technische Universität München. Patients were recruited 

from the Department of Psychiatry, healthy controls from the area of Munich by 

word-of-mouth advertising. Participants’ examination included medical history, 

psychiatric interview, and psychometric assessment. Psychiatric diagnoses were based 

on DSM-IV (American Psychiatric Association, 2000). The Structured Clinical 

Interview for DSM-IV (SCID) was used to assess the presence of psychiatric 

diagnoses (Spitzer et al., 1992). Severity of clinical symptoms was measured with the 

Hamilton Rating Scale for Depression (HAM-D) (Hamilton, 1960). The global level 

of social, occupational, and psychological functioning was measured with the Global 

Assessment of Functioning Scale (Spitzer et al., 1992). Psychiatrists D.S. and M.S. 

performed clinical-psychometric assessment; they have been professionally trained 

for SCID interviews with inter-rater reliability for diagnoses and scores of more than

95%.

Recurrent major depression was the primary diagnosis for all patients. Patients 

with recurrent major depression constitute a heterogeneous clinical group, varying in 
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severity of current symptoms, age of disorder onset, duration of the disorder, number 

of depressive episodes, family history of major depression, co-morbidity of other 

disorders, and type of medication. Since the goal of the present study was to 

determine the relationship between the topology of the brain’s functional connectivity 

network and the course of major depression common to most patients with recurrent 

major depression, we adopted selection criteria from a prior work on recurrent major 

depression in order to obtain a clinically representative patient sample (Hennings et 

al., 2009). Recurrence implies the return of an entirely new episode after clinical 

recovery. Due to the unreliable self-report in major depression because of patients’ 

potential memory problems, the determination of episode number was based on the 

review of patients’ medical records. Only patients whose records enabled us to 

determine a consistent episode number were included in the study. The number of 

episodes of all patients ranged from two to ten following a continuous distribution. 

All patients met criteria for a current depressive episode with an average episode 

length of 16.5 weeks (SD 6.8) and an averaged HAM-D score of 22.3 (SD 7.2). The 

average age of major depression onset was 32.1 years (SD 13.9). The average 

duration of major depression was 16.0 years (SD 9.7) and on average, patients had 

experienced 5-6 episodes (mean 5.5, SD 2.5). Four patients had a positive family 

history of major depression. Fourteen patients had psychiatric co-morbidities: six

generalized anxiety disorder, three somatization disorder, and five avoidant or 

dependent personality disorders. Patients with psychotic symptoms, schizophrenia, 

schizoaffective disorder, bipolar disorder, and substance abuse were already excluded 
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from this study. Additional exclusion criteria were pregnancy, neurological or severe 

internal systemic diseases, and general contraindications for MRI. 

Data acquisition and preprocessing. 

Whole brain T1-weighted MRI and DTI data were acquired on a 3 T MR scanner (Achieva, 

Philips, Netherland) using an 8-channel phased-array head coil. Diffusion images were acquired 

using a single-shot spin-echo echo-planar imaging sequence, resulting in one non-diffusion 

weighted image (b = 0 s/mm2) and 15 diffusion weighted images (b = 800 s/mm2, 15 non-colinear 

gradient directions) covering whole brain with: echo time (TE) = 60 ms, repetition time (TR) = 

6516 ms, flip angle = 90°, field of view = 224 x 224 mm², matrix = 128 x 128, 75 transverse 

slices, slice thickness = 2 mm, and 0 mm interslice gap, voxel size = 1.75 x 1.75 x 2 mm3. A 

whole-head, high-resolution T1-weighted image was acquired using a magnetization-prepared 

rapid acquisition gradient echo sequence following parameters: echo time (TE) = 4 ms, repetition 

time (TR) = 9 ms, flip angle = 5°, field of view = 240 x 240 mm², matrix = 240 x 240, 170 sagittal 

slices, slice thickness = 1 mm, and 0 mm interslice gap, voxel size = 1 x 1 x 1 mm³. All acquired 

MRI images were visually inspected for excessive head motion, apparent or aberrant artifacts and 

excluding subjects with poor data quality.

White matter tract-based spatial statistics (TBSS)

DTI data was preprocessed using FSL’s FDT toolbox 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT, Version 5.0.3). First, brain mask was generated by 

removing skull and non-brain tissue to extract only brain tissues. Eddy-current distortion and head 

motion were corrected by aligning all diffusion-weighted images to reference image (b0). 

Secondly, diffusion tensors were estimated in each voxel of the whole brain, which models the 
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distribution of the water molecule diffusion. Based on diffusion tensor model, fractional 

anisotropy (FA), and mean (MD), axial (AD), and radial (RD) diffusivity were computed, as the 

surrogate measure for white matter microstructural features. Thirdly, Tract-Based Spatial Statistics 

(Smith et al., 2006), was carried out for voxelwise statistical analysis of white matter 

microstructure following: (i) nonlinear alignment of each participant’s FA image to the standard 

Montreal Neurological Institute (MNI152) space template; (ii) calculation of the mean of all 

aligned FA images; (iii) generation of the across-all mean FA skeleton which represents centers of 

white matter tracts common to all subjects, considered as the group-specific template; (iv) 

projection of each subject’s aligned FA image onto the mean FA skeleton using the threshold 

(FA > 0.2), to obtain individual maps. Individual mean, axial, and radial diffusivity (MD, AD, and 

RD) maps were further obtained by using the same mean FA skeleton and tbss_non_FA script. 

Over whole brain white matter, the general linear model and nonparametric inference (5000 

random permutations) was adopted to perform statistical analyses on FA as well as MD, AD, and 

RD between different participant groups by using FSL’s randomize script 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomise/) (Anderson and Robinson, 2001). By using 

contrast setting, covariate effects of age and sex were ruled out from group comparisons based on 

the permutation test. The statistical threshold was set as PFWE < 0.05 with multiple comparison 

correction by threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009). In addition 

to group-generated white matter skeleton mask, FSL’s standard FA skeleton was employed in 

validation analysis of between-group differences.

Gray matter voxel-based morphometry (VBM)

As described recently (Meng et al., 2014), we used the VBM8 toolbox 
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(http://dbm.neuro.uni-jena.de/vbm.html) to analyze brain structure via voxel-based 

morphometry. T1-weighted images were corrected for bias-field inhomogeneity, 

registered using linear (12-parameter affine) and nonlinear transformations, and 

tissue-classified into gray matter, white matter, and cerebrospinal fluid within the 

same generative model. The segmented and normalized images were modulated to 

account for structural changes resulting from the normalization process, indicating 

gray matter volume. Here, we only considered non-linear changes so that further 

analyses did not have to account for differences in head size. Finally images were 

smoothed with a Gaussian kernel of 8mm (FWHM).

Correlation analysis

Within MDD group, linear relationships between white matter FA values and variables of 

interest were investigated in affected white matter tracts of reduced FA, including: (i) the course of 

recurrent episodes in MDD, indexed by the number of depressive episodes; (ii) the symptom 

severity of current depressive episode, indexed by HAM-D. To test the specific association with 

variables of interest independent of each other, partial correlation was utilized. For example, for 

associations between FA and the number of depressive episodes, the HAM-D score was controlled 

as the covariate of no interest. 

Firstly we adopted voxelwise permutation-based correlation analysis by using the same 

approach as for group comparisons based on white matter tract skeleton (PFWE < 0.05, TFCE 

corrected). Secondly, we carried out ROI analysis by using 20 anatomically defined tracts 

according to JHU white matter atlas. Mean FA value of each tract was derived for each patient and 

correlated with one of variables of interest independent of another one (P < 0.05, Bonferroni 
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correction). Finally we examined the result based on threshold (Puncorred < 0.005, with cluster 

size > 20 voxels).

Results: 

Widely distributed changes of WM integrity in MDD patients.

To investigate group differences of white matter integrity between MDD and control groups,

major white matter tracts were identified by TBSS analysis, providing a consistent whole brain 

WM skeleton of 134,152 voxels across all subjects. In this skeleton, MDD patients showed

significant extensive FA reduction (PFWE < 0.05, TFCE corrected), which included: (1) association 

tracts such as bilateral superior and inferior longitudinal, inferior fronto-occipital, uncinate 

fasciculi and cingulum tracts; (2) projection fibers encompassing right corticospinal tracts and 

bilateral anterior thalamic radiations; (3) commissural fibers including the genu, body and

splenium of the corpus callosum (Table 2 and Figure 1). For MD and RD, overlapped and even 

larger patterns of affected tracts were found with significant increases in MDD group. For AD, no 

significant group difference was identified (Figure S1).

Depressive symptoms and episodes were differentially associated with affected white 

matter tracts. 

To investigate the relationship between white matter integrity, recurrent episodes,

and depressive symptoms, we applied partial correlation analysis of corresponding 

scores (e.g. FA, number of episodes, HAM-D). To note, HAM-D and the number of 

depressive episodes were not correlated (r = 0.041, p = 0.844). In MDD group, 
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reduced FA was found negatively associated with number of episodes independent of 

HAM-D in left inferior fronto-occipital fasciculus and right temporal tract (P < 0.005, 

cluster extent > 20 voxels; Table 3 and Figure 2). Furthermore, reduced FA was 

associated with HAM-D independent of number of episodes, including positive 

correlation in right anterior thalamic radiation and negative correlation in right 

temporal tract (Table 3 and Figure 3). 

Discussion: 

To analyze how white matter integrity is linked with the course of depressive 

episodes in major depression, we applied DTI and TBSS in patients with recurrent 

major depression and healthy controls. We found significant FA reductions and 

MD/RD increases in widespread white matter tracts in MDD group. No significant 

association was identified between white matter alterations and patients’ number of 

depressive episodes or current depressive symptoms. However, it was hinted at the 

liberal threshold that FA in affected frontal, occipital, and temporal tracts was linked 

with patients’ number of depressive episodes independent of current depressive 

symptoms. Our findings suggest potential structural basis linked with depressive 

relapse risk in major depression.

White matter changes in MDD consistent with other reports 

In this study, TBSS was employed to investigate tract-based microstructural changes in MDD

compared to healthy controls (Figure 1). Significant FA reductions were identified at the threshold 

of P < 0.05 with TFCE-based multiple comparison correction, referring to corpus callosum and
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white matter tracts connecting frontal, parietal, temporal, occipital and limbic regions. These 

findings were in line with previously reported reduced FA over WM regions associated with the 

limbic system, prefrontal cortex, thalamic projection fibers, corpus callosum, and other association 

fibers (Korgaonkar et al., 2011; Henderson et al., 2013). The smaller FA was robustly reported 

across affective disorders with most reproducible abnormalities in frontal and temporal regions 

(Sexton et al., 2009). Earlier postmortem studies showed pathological white matter in prefrontal 

region like decreased oligodendrocyte density and so on (Tham et al., 2011). The frontal-limbic 

system is critical in affective processing and emotion regulation, which is disrupted underpinning 

dysfunctional brain in MDD (Clark et al., 2009). Moreover, previous studies using meta-analysis 

of MDD abnormalities showed smaller FA in the superior longitudinal fasciculus which connects 

frontal, temporal and parietal regions as well as occipital regions (Murphy and Frodl, 2011; Liao 

et al., 2013). In addition, other imaging approaches also demonstrated widespread regional

changes of gray matter and hyper/hypo-functional connectivity in MDD (Drevets et al., 2008; 

Lorenzetti et al., 2009).

Despite FA reduction we found significantly increased MD and RD but unchanged AD in 

MDD by TBSS analysis. The animal models of axonal disease have shown that an increase in RD 

is sensitive to demyelination (Song et al., 2002). Taken together, in the majority of affected white 

matter tracts with FA reductions, largely overlapped patterns with increased MD and RD were 

identified (Table S2). Our data suggest possibly decreased myelination or other degeneration 

change in extensive white matter tracts in MDD, which is consistent with other reports

(Korgaonkar et al., 2011; Mettenburg et al., 2012; Hemanth Kumar et al., 2014).
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Associations with number of depressive episodes and HAM-D 

Within MDD group, we tested the partial correlations of FA in affected WM tracts with

number of depressive episodes and symptom severity of current episode indexed by HAM-D, 

resulting in no significant results using PTFCE < 0.05. The liberal threshold was used to explore 

potential trend. For patients with recurrent depressive episodes, negative associations (Puncorr <

0.005 and cluster extent > 20 voxels) were identified between FA and number of depressive 

episodes independent of HAM-D in left inferior fronto-occipital fasciculus and right temporal tract 

(Table 3 and Figure 2). Previously we found in MDD that right striatal functional network 

topology linked with number of depressive episodes independent of HAM-D (Meng et al., 2014).

The subcortical regions like striatum and thalamus constitute a loop with cortical layers to support 

higher-order function like cognitive and emotional processing which is impaired in MDD 

(Hamilton et al., 2012). Current findings on WM tracts might imply potential structural basis for 

the association between disrupted functional network and disorder course of recurrent MDD 

however the interpretation must be careful due to the weak statistical significance and effect size.

As for the partial correlation between FA in affected WM tracts and HAM-D

independent of number of depressive episodes, positive association (Puncorr < 0.005 

and cluster extent > 20 voxels) was identified in right anterior thalamic radiation and 

negative association in right temporal tract (Table 3 and Figure 3). The anterior 

thalamic radiation forms thalamic-cortical connections and links to prefrontal lobe, 

which is dysfunctional in MDD, and probably links with disrupted frontal-limbic-

thalamic circuit (Lui et al., 2011). Previous study reported that white matter 

abnormalities linked with illness severity in MDD (Cole et al., 2012; Henderson et al., 
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2013; de Diego-Adelino et al., 2014). Interestingly, our prior work based on the same 

cohort and resting-state functional connectivity found significant association between 

HAM-D and network centrality in inferior frontal gyrus and supermarginal gyrus in 

right hemisphere, which supported current findings in underlying right anterior 

thalamic radiation and temporal tract (Meng et al., 2014). 

Conclusion.

The extensive microstructural WM FA reductions and RD increases are present in 

recurrent MDD, supporting prior hypothesis of WM demyelination underlying 

dysfunctional brain in MDD. No significant associations of white matter changes

were identified with the course of depressive episodes and current symptoms despite 

some hints for potential trend of associations.

92



Altered white matter integrity in depression 

16
 

Acknowledgements: 

This work was supported by the Chinese Scholar Council (CSC), File No: 2010604026 

(C.M.), the German Federal Ministry of Education and Research (BMBF 01EV0710 to 

A.M.W., BMBF 01ER0803 to C.S.) and the Kommission für Klinische Forschung, 

Technische Universität München (KKF 8765162 to C.S). We are grateful to the 

participants of the study and the staff of the Department of Psychiatry and 

Neuroradiology for their help in recruitment and data collection. 

Financial Disclosures 

All authors report no biomedical financial interests or potential conflicts of interest.

93



Altered white matter integrity in depression 

17
 

References: 

Aizenstein HJ, Andreescu C, Edelman KL, Cochran JL, Price J, Butters MA, Karp J, 
Patel M, Reynolds CF, 3rd (2011) fMRI correlates of white matter 
hyperintensities in late-life depression. The American journal of 
psychiatry 168:1075-1082. 

American Psychiatric Association (2000) Diagnostic and statistical manual of 
mental disorders, Ed 4, text revision. Washington, DC: American 
Psychiatric Association. 

Anderson MJ, Robinson J (2001) Permutation tests for linear models. Australian 
& New Zealand Journal of Statistics 43:75-88. 

Clark L, Chamberlain SR, Sahakian BJ (2009) Neurocognitive mechanisms in 
depression: implications for treatment. Annual review of neuroscience 
32:57-74. 

Cole J, Chaddock CA, Farmer AE, Aitchison KJ, Simmons A, McGuffin P, Fu CH 
(2012) White matter abnormalities and illness severity in major 
depressive disorder. The British journal of psychiatry : the journal of 
mental science 201:33-39. 

de Diego-Adelino J, Pires P, Gomez-Anson B, Serra-Blasco M, Vives-Gilabert Y, 
Puigdemont D, Martin-Blanco A, Alvarez E, Perez V, Portella MJ (2014) 
Microstructural white-matter abnormalities associated with treatment 
resistance, severity and duration of illness in major depression. 
Psychological medicine 44:1171-1182. 

Drevets WC, Price JL, Furey ML (2008) Brain structural and functional 
abnormalities in mood disorders: implications for neurocircuitry models 
of depression. Brain structure & function 213:93-118. 

Erk S, Mikschl A, Stier S, Ciaramidaro A, Gapp V, Weber B, Walter H (2010) Acute 
and sustained effects of cognitive emotion regulation in major depression. 
The Journal of neuroscience : the official journal of the Society for 
Neuroscience 30:15726-15734. 

Farb NA, Anderson AK, Bloch RT, Segal ZV (2011) Mood-linked responses in 
medial prefrontal cortex predict relapse in patients with recurrent 
unipolar depression. Biological psychiatry 70:366-372. 

Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H, Reiss AL, 
Schatzberg AF (2007) Resting-state functional connectivity in major 
depression: abnormally increased contributions from subgenual cingulate 
cortex and thalamus. Biological psychiatry 62:429-437. 

Grieve SM, Korgaonkar MS, Koslow SH, Gordon E, Williams LM (2013) 
Widespread reductions in gray matter volume in depression. NeuroImage 
Clinical 3:332-339. 

Hamilton JP, Etkin A, Furman DJ, Lemus MG, Johnson RF, Gotlib IH (2012) 
Functional neuroimaging of major depressive disorder: a meta-analysis 
and new integration of base line activation and neural response data. The 

94



Altered white matter integrity in depression 

18
 

American journal of psychiatry 169:693-703. 
Hamilton M (1960) A rating scale for depression. Journal of neurology, 

neurosurgery, and psychiatry 23:56-62. 
Hardeveld F, Spijker J, De Graaf R, Nolen WA, Beekman AT (2010) Prevalence and 

predictors of recurrence of major depressive disorder in the adult 
population. Acta psychiatrica Scandinavica 122:184-191. 

Hemanth Kumar BS, Mishra SK, Trivedi R, Singh S, Rana P, Khushu S (2014) 
Demyelinating evidences in CMS rat model of depression: A DTI study at 
7T. Neuroscience 275:12-21. 

Henderson SE, Johnson AR, Vallejo AI, Katz L, Wong E, Gabbay V (2013) A 
preliminary study of white matter in adolescent depression: relationships 
with illness severity, anhedonia, and irritability. Frontiers in psychiatry 
4:152. 

Hennings JM et al. (2009) Clinical characteristics and treatment outcome in a 
representative sample of depressed inpatients - findings from the Munich 
Antidepressant Response Signature (MARS) project. Journal of psychiatric 
research 43:215-229. 

Kendler KS, Thornton LM, Gardner CO (2001) Genetic risk, number of previous 
depressive episodes, and stressful life events in predicting onset of major 
depression. The American journal of psychiatry 158:582-586. 

Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR, Rush AJ, 
Walters EE, Wang PS (2003) The epidemiology of major depressive 
disorder: results from the National Comorbidity Survey Replication (NCS-
R). JAMA : the journal of the American Medical Association 289:3095-
3105. 

Korgaonkar MS, Grieve SM, Koslow SH, Gabrieli JD, Gordon E, Williams LM (2011) 
Loss of white matter integrity in major depressive disorder: evidence 
using tract-based spatial statistical analysis of diffusion tensor imaging. 
Human brain mapping 32:2161-2171. 

Lewis CM et al. (2010) Genome-wide association study of major recurrent 
depression in the U.K. population. The American journal of psychiatry 
167:949-957. 

Li B, Liu L, Friston KJ, Shen H, Wang L, Zeng LL, Hu D (2012) A Treatment-
Resistant Default Mode Subnetwork in Major Depression. Biological 
psychiatry. 

Liao Y, Huang X, Wu Q, Yang C, Kuang W, Du M, Lui S, Yue Q, Chan RC, Kemp GJ, 
Gong Q (2013) Is depression a disconnection syndrome? Meta-analysis of 
diffusion tensor imaging studies in patients with MDD. Journal of 
psychiatry & neuroscience : JPN 38:49-56. 

Lorenzetti V, Allen NB, Fornito A, Yucel M (2009) Structural brain abnormalities 
in major depressive disorder: a selective review of recent MRI studies. 
Journal of affective disorders 117:1-17. 

Lui S, Wu Q, Qiu L, Yang X, Kuang W, Chan RC, Huang X, Kemp GJ, Mechelli A, Gong 
Q (2011) Resting-state functional connectivity in treatment-resistant 

95



Altered white matter integrity in depression 

19
 

depression. The American journal of psychiatry 168:642-648. 
Meng C, Brandl F, Tahmasian M, Shao J, Manoliu A, Scherr M, Schwerthoffer D, 

Bauml J, Forstl H, Zimmer C, Wohlschlager AM, Riedl V, Sorg C (2014) 
Aberrant topology of striatum's connectivity is associated with the 
number of episodes in depression. Brain : a journal of neurology 137:598-
609. 

Mettenburg JM, Benzinger TL, Shimony JS, Snyder AZ, Sheline YI (2012) 
Diminished performance on neuropsychological testing in late life 
depression is correlated with microstructural white matter abnormalities. 
NeuroImage 60:2182-2190. 

Moylan S, Maes M, Wray NR, Berk M (2012) The neuroprogressive nature of 
major depressive disorder: pathways to disease evolution and resistance, 
and therapeutic implications. Molecular psychiatry. 

Murphy ML, Frodl T (2011) Meta-analysis of diffusion tensor imaging studies 
shows altered fractional anisotropy occurring in distinct brain areas in 
association with depression. Biology of mood & anxiety disorders 1:3. 

Mwangi B, Ebmeier KP, Matthews K, Steele JD (2012) Multi-centre diagnostic 
classification of individual structural neuroimaging scans from patients 
with major depressive disorder. Brain : a journal of neurology 135:1508-
1521. 

Savitz J, Drevets WC (2009) Bipolar and major depressive disorder: 
neuroimaging the developmental-degenerative divide. Neuroscience and 
biobehavioral reviews 33:699-771. 

Sexton CE, Mackay CE, Ebmeier KP (2009) A systematic review of diffusion 
tensor imaging studies in affective disorders. Biological psychiatry 
66:814-823. 

Sheline YI, Price JL, Yan Z, Mintun MA (2010) Resting-state functional MRI in 
depression unmasks increased connectivity between networks via the 
dorsal nexus. Proceedings of the National Academy of Sciences of the 
United States of America 107:11020-11025. 

Smith SM, Nichols TE (2009) Threshold-free cluster enhancement: addressing 
problems of smoothing, threshold dependence and localisation in cluster 
inference. NeuroImage 44:83-98. 

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, 
Watkins KE, Ciccarelli O, Cader MZ, Matthews PM, Behrens TE (2006) 
Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion 
data. NeuroImage 31:1487-1505. 

Song SK, Sun SW, Ramsbottom MJ, Chang C, Russell J, Cross AH (2002) 
Dysmyelination revealed through MRI as increased radial (but unchanged 
axial) diffusion of water. NeuroImage 17:1429-1436. 

Spitzer RL, Williams JB, Gibbon M, First MB (1992) The Structured Clinical 
Interview for DSM-III-R (SCID). I: History, rationale, and description. 
Archives of general psychiatry 49:624-629. 

Tham MW, Woon PS, Sum MY, Lee TS, Sim K (2011) White matter abnormalities 

96



Altered white matter integrity in depression 

20
 

in major depression: evidence from post-mortem, neuroimaging and 
genetic studies. Journal of affective disorders 132:26-36. 

Whitfield-Gabrieli S, Ford JM (2012) Default mode network activity and 
connectivity in psychopathology. Annual review of clinical psychology 
8:49-76. 

Zeng LL, Shen H, Liu L, Wang L, Li B, Fang P, Zhou Z, Li Y, Hu D (2012) Identifying 
major depression using whole-brain functional connectivity: a 
multivariate pattern analysis. Brain : a journal of neurology 135:1498-
1507. 

Zhang J, Wang J, Wu Q, Kuang W, Huang X, He Y, Gong Q (2011) Disrupted brain 
connectivity networks in drug-naive, first-episode major depressive 
disorder. Biological psychiatry 70:334-342. 

 

97



Altered white matter integrity in depression 

21
 

Tables: 

Table 1. Demographic and clinical data

Characteristic MDD group
N = 24

Control group
N = 25 P value

Age [year] 48.04 (14.70) 44.08 (14.78) 0.352
Sex, female/male 13/11 14/11 0.897
Number of episodes 5.46 (2.47) NA
Duration of major depression 
[years] 15.96 (9.68) NA

Age at onset [year] 32.08 (13.90) NA
Current episode

HAM-D 22.29 (7.16) 0 < 0.001*
GAF 49.33 (10.49) 99.5 (1.1) < 0.001*
Duration [weeks] 16.54 (6.76) NA

Current medication
Number of medications 1.75 (0.74) NA
Types, 1/2/3/4 10/10/4/0 NA
SSRI/SNRI/NL/Alpha-2 17/7/5/13 NA

Group comparisons: two-sample t-tests for age, HAM-D, GAF; χ2-test for sex. Data 
are presented as mean and standard deviation like mean (SD). MDD Major 
Depressive Disorder; HAM-D Hamilton Rating Scale for Depression; GAF Global
Assessment of Functioning; SSRI Selective serotonin reuptake inhibitor; SNRI 
Serotonin-norepinephrine reuptake inhibitor; NL neuroleptics; alpha-2 alpha-2
receptor modulator
*Data shown indicate statistical significance (P < 0.05)

Table S1 Overall volumetric results revealed by VBM 

 

Measures MDD group
N = 24

Control group
N = 25 P value

TIV (mm3) 1448.69 (124.88) 1398.25 (142.21) 0.194
GMV/TIV 0.44 (0.02) 0.46 (0.02) 0.001*
WMV/TIV 0.37 (0.02) 0.37 (0.02) 0.201
CSFV/TIV 0.19 (0.03) 0.18 (0.02) 0.055

Age and sex were included as covariates for comparisons of whole brain volume and 
GM, WM, and CSF percentage. MDD Major Depressive Disorder; GM gray matter; 
WM white matter; CSF cerebrospinal fluid. 
*Data shown indicate statistical significance (P < 0.05)
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Table S2 Overall skeleton-based results revealed by TBSS 

Measures Voxels
Group-generated skeleton 134152
Standard skeleton 137832
Reduced FA in MDD 18545
Increased MD in MDD 42981
Increased RD in MDD 42090
Overlap of results

FA and MD overlap 11237
FA and RD overlap 16189
RD and MD overlap 31017
All 3 overlap 11196

 
 
 
Table 2. TBSS results: reduced FA, increased MD and RD in MDD 

JHU-atlas-defined white matter 
tractsa

FA MD RD

Voxe
ls

(%)b

Mean 
proba
bilitie

sc

Voxe
ls

(%)b

Mean 
proba
bilitie

sc

Voxe
ls

(%)b

Mean 
proba
bilitie

sc

Anterior thalamic radiation L 1.360 0.724 1.350 0.695 1.450 0.731
Anterior thalamic radiation R 0.440 0.155 0.910 0.441 0.340 0.130
Corticospinal tract L 1.170 0.452 0.970 0.387
Corticospinal tract R 0.870 0.407 0.680 0.290 0.550 0.248
Cingulum (cingulate gyrus) L 0.070 0.021 0.160 0.058 0.020 0.006
Cingulum (cingulate gyrus) R 0.020 0.005 0.080 0.025 0.240 0.082
Cingulum (hippocampus) L 0.010 0.003
Cingulum (hippocampus) R
Forceps major 0.390 0.132 0.970 0.313 0.950 0.306

Forceps minor
11.30

0 6.297 5.580 3.015 5.990 3.288
Inferior fronto-occipital 
fasciculus L 2.340 0.871 2.430 0.908 2.480 0.915
Inferior fronto-occipital 
fasciculus R 4.260 1.630 2.350 0.891 2.820 1.067
Inferior longitudinal fasciculus 
L 1.530 0.535 2.800 1.095 2.440 0.946
Inferior longitudinal fasciculus 
R 3.120 1.254 1.020 0.394 1.670 0.657
Superior longitudinal fasciculus 
L 2.600 1.439 2.430 1.206 1.870 0.965
Superior longitudinal fasciculus 
R 1.960 0.978 0.830 0.334 1.050 0.469
Uncinate fasciculus L 0.110 0.033 0.290 0.112 0.280 0.107
Uncinate fasciculus R 0.490 0.173 0.270 0.087 0.310 0.104
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Superior longitudinal fasciculus 
(temporal part) L 1.450 0.565 1.040 0.386 0.930 0.361
Superior longitudinal fasciculus 
(temporal part) R 0.830 0.299 0.250 0.082 0.480 0.163

Group comparison of skeletonized white matter measures was carried out by 
nonparametric t-test (5000 permutations) using randomize in FSL, with age and sex as 
covariates of no interest. Statistical significance was set at P < 0.05, FWE (familywise 
error rate) corrected, by using threshold-free cluster enhancement (TFCE). Resulted 
group difference map was converted to binary mask in order to locate and identify 
white matter tracts in the result mask by using atlasquery in FSL. MDD Major 
Depressive Disorder; FA: fractional anisotropy; MD: mean diffusivity; RD: radial 
diffusivity.
aWhite matter tracts according to JHU white matter tractography atlas.
bPercentage of voxels of the considered tract within the result mask.
cMean probabilities of the considered tract within the result mask.
L/R: left/right.

Table 3. Correspondences with HAM-D and number of episodes in MDD 

 

White matter tracts Si
de

Cluster 
size 

(voxel)

MNI coordinates 
of peak voxel 

(mm) r p

X Y Z
Association between FA and number of episodes

Inferior fronto-occipital 
fasciculus L 20 -34 -80 21

-0.821 < 0.001Superior longitudinal 
fasciculus (temporal part) R 12 50 -25 -25

Association between FA and depressive symptom

Anterior thalamic radiation R 38 22 7 18 0.680 < 0.00125 19 20 0
Superior longitudinal 

fasciculus (temporal part) R 21 35 -19 -27 - 0.705 < 0.001

The relationships between white matter FA and number of episodes as well as 
depressive symptom indexed by HAM-D was evaluated by nonparametric t-test (5000 
permutations) using randomize in FSL. Positive and negative correlations between FA 
and number of episodes independently of HAM-D, and between FA and HAM-D
independently of number of episodes, were identified (voxelwise Puncorr < 0.005, 
cluster size > 10 voxels). Overall correlation coefficients and p values of mean FA 
values of resulting clusters were reported. White matter tracts of resulting clusters 
were reported according to JHU white matter tractography atlas. L/R: left/right; MDD 
Major Depressive Disorder; FA: fractional anisotropy; HAM-D Hamilton Rating 
Scale for Depression.
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Figure Legends: 

Figure 1. Whole brain white matter changes in MDD. Coronal, axial, and sagittal 

views illustrated significant group difference of white matter fractional anisotropy 

(FA) between MDD and control groups, superimposed on the T1-weighted brain 

image of MNI152 structural standard template and group-generated white matter 

skeleton. Green color indicated the common skeleton over MDD and control groups. 

Blue color indicated reduced FA in MDD (permutation test, P < 0.05, FWE 

corrected). Significant between-group difference was displayed using the tbss_fill

script, which dilates resulted clusters in the white matter skeleton for better 

visualization. MNI coordinates were provided at the bottom.  
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Figure S1. Whole brain white matter changes in MDD. Axial views illustrated 

significantly reduced fractional anisotropy (FA, colored by blue), increased mean 

diffusivity (MD, colored by red), and increased radial diffusivity (RD, colored by 

yellow) in MDD patients (permutation test, P < 0.05, FWE corrected). The affected 

tracts were superimposed on the T1-weighted brain image of MNI152 structural 

standard template and group-generated white matter skeleton (colored by green). The 

affected tracts were displayed using the tbss_fill script, which dilates resulted clusters 

in the white matter skeleton for better visualization.  
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Figure 2. Correspondence between affected white matter and number of episodes 

in MDD patients. In the left panel, coronal, axial, and sagittal views illustrated 

significant negative correlation between FA and number of episodes, independently of 

HAM-D, within MDD group. In the right panel for visualization, number of episodes 

and averaged FA of related white matter tracts were illustrated in the scatter plot.  
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Figure 3. Correspondence between affected white matter and severity of 

depressive symptom in MDD patients. In the left panel, coronal, axial, and sagittal 

views illustrated associations between FA and severity of depressive symptom 

indexed by HAM-D, independently of number of episodes, within MDD group. In the 

right panel for visualization, HAM-D and averaged FA of related white matter tracts 

were illustrated in the scatter plot. The upper row displayed positive correlation result 

while the lower row displayed negative correlation result. 
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Tables:823 

Table 1. Birth-related and adult neuropsychological data.824 

Very preterm 
(VPT) N=64

Full-term (FT)
N=72 p-value

Neonatal characteristics at birth

Adulthood characteristics at scan

825 
826 
827 
828 
829 
830 
831 
832 
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Table 2. Global structural, functional connectivity and network topology.833 
834 

Measures VP FT p-value
Global structural volume

Global functional connectivity

Global functional network topology

835 
836 
837 
838 
839 
840 
841 
842 

 843 
844 
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Table 3. Group differences of nodal network topology between VP and FT. 845 
 846 

Lobe Region Side Topological 
measure VP FT p-value

Functional integration
VP > FT

VP < FT

Functional segregation
VP > FT
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VP < FT
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Table 4. Altered nodal network topology separately associated with preterm birth 858 

and cognitive outcome in adulthood.859 

Lobe Region/node Side Topological 
measure Parameters r p-value

Association with preterm birth

Association with cognitive outcome in adulthood

0.0587
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Figure 2. Correlation between altered nodal network metrics and birth-related 890 

parameters in VPT adults.891 
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