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Abstract

Background. Eighty percent of all patients suffering from major depressive disorder (MDD)
relapse at least once in their lifetime. Thus, understanding the neurobiological underpinnings
of the course of MDD is of utmost importance. A detrimental course of illness in MDD was
most consistently associated with superior longitudinal fasciculus (SLF) fiber integrity. As
similar associations were, however, found between SLF fiber integrity and acute symptomatol-
ogy, this study attempts to disentangle associations attributed to current depression from
long-term course of illness.
Methods. A total of 531 patients suffering from acute (N = 250) or remitted (N = 281) MDD
from the FOR2107-cohort were analyzed in this cross-sectional study using tract-based spatial
statistics for diffusion tensor imaging. First, the effects of disease state (acute v. remitted), cur-
rent symptom severity (BDI-score) and course of illness (number of hospitalizations) on frac-
tional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity
were analyzed separately. Second, disease state and BDI-scores were analyzed in conjunction
with the number of hospitalizations to disentangle their effects.
Results. Disease state ( pFWE < 0.042) and number of hospitalizations ( pFWE < 0.032) were
associated with decreased FA and increased MD and RD in the bilateral SLF. A trend was
found for the BDI-score ( pFWE > 0.067). When analyzed simultaneously only the effect of
course of illness remained significant ( pFWE < 0.040) mapping to the right SLF.
Conclusions. Decreased FA and increased MD and RD values in the SLF are associated with
more hospitalizations when controlling for current psychopathology. SLF fiber integrity could
reflect cumulative illness burden at a neurobiological level and should be targeted in future
longitudinal analyses.

Introduction

Half of all patients suffering from major depressive disorder (MDD) relapse within 2 years
after recovery (Kanai et al., 2003) and about 80% of patients in remission experience at
least one recurrence in their lifetime (Vos et al., 2004). Rates of relapse increase with every
subsequent episode (Ferrari et al., 2013; Keller & Boland, 1998), the time remaining in recov-
ery decreases (Solomon et al., 2000) and the likelihood of recovery diminishes with longer
durations of previous episodes (de Carlo, Calati, & Serretti, 2016; Otte et al., 2016; Spijker
et al., 2004). Therefore, understanding the pathophysiology of course of illness is of utmost
clinical importance.

Current models of recurrence focus on risk factors associated with a less favorable course.
These include demographic variables (e.g. gender and socioeconomic status) (Burcusa &
Iacono, 2007) and clinical characteristics (higher symptom severity and longer duration espe-
cially of the first episode, psychiatric comorbidities, etc.) (Kraus, Kadriu, Lanzenberger, Jr.,
Carlos, Jr., & Kasper, 2019; Penninx et al., 2011). Also, psychological factors such as the
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level of psychosocial functioning or stressful life events are asso-
ciated with recurrent MDD (Burcusa & Iacono, 2007; Hovens
et al., 2012; Penninx et al., 2011). ‘Scar theories’ try to explain
the increased rates of relapse in the course of MDD (Burcusa &
Iacono, 2007). They postulate that depression itself increases the
vulnerability to become depressed again, for example as sensitivity
to future stressful life events increases (Post, Leverich, Xing, &
Weiss, 2001). At a biological level, this could be translated to an
elevated hypothalamic–pituitary adrenal (HPA) axis
(Oberlander et al., 2008; Targum, 1984; Varghese & Brown,
2001) that becomes increasingly dysregulated in the course of
MDD (McEwen, 2003; Zaremba et al., 2018a, 2018b). As a conse-
quence, increased glucocorticoid secretion might potentially
reduce myelination (Jauregui-Huerta et al., 2010), inhibit a brain-
derived neurotrophic factor important for the formation of neural
connections and dendritic branching (Campbell & MacQueen,
2004), and thus, affect fiber microstructure. A non-invasive tech-
nique to measure fiber structure is diffusion tensor imaging
(DTI). DTI quantifies water diffusion to reflect myelination,
axon density, axon diameter, and number of fibers (Le Bihan,
2003; Winston, 2012). Its interpretation is limited, as DTI estima-
tions are also influenced by fiber crossings and general fiber
orientation in healthy fiber structure (Jones, Knösche, &
Turner, 2013). Nonetheless, reduced fiber integrity in MDD
patients compared to healthy controls has already been
meta-analytically confirmed (Wise et al., 2016).

In DTI studies, results investigating course of illness are contra-
dictory (de Diego-Adeliño et al., 2014) found a negative association
of frontal white matter integrity and course of illness using the dur-
ation of illness and number of previous episodes. Similarly, Abe
et al. (2010) found a trend of a negative association with total
days depressed in the anterior cingulate cortex and the left frontal
white matter. Other studies failed to find any association between
white matter and course of illness using illness duration and num-
ber of depressive episodes (Guo et al., 2012a; Li et al., 2007).

A meta-analysis by Murphy and Frodl (2011) illustrated that
course of illness measured with the mean illness duration per
study was associated with reduced fiber integrity in the superior
longitudinal fasciculus (SLF). They were, however, unable to dis-
entangle the effects of course of illness from the effects of acute
symptomatology, as they overlapped anatomically. As residual
symptoms are common and persistent after severe episodes
(Kennedy, Abbott, & Paykel, 2004) and are a risk factor for
relapse (Burcusa & Iacono, 2007; Paykel, 2008), it is possible
that the course of illness is a confounder driving the significant
effect of acute symptomatology or vice versa. However, for a
potential theory of the neurobiological underpinnings of MDD,
it is important to distinguish state (e.g. acute symptomatology)
from prolonged (e.g. course of illness) effects. The former, on
the one hand, would indicate present psychopathological processes
which might for example be used to guide treatment evaluations.
The latter, on the other hand, could help to understand the devas-
tating effects of MDD chronicity and might help to identify
patients with higher need for more intensive care.

Thus, to separate course of illness from acute symptomatology,
two facets of the latter will be differentiated: first, the categorical
distinction of patients suffering from an acute depressive episode
compared to remitted MDD (disease state, acute v. remitted
MDD) and second, the self-reported continuum of the number
and severity of depressive symptoms (symptom severity). On the
one hand, disease state was associated with decreased fiber integrity
in the ventromedial prefrontal region in treatment-resistant MDD

compared with remitted recurrent MDD (de Diego-Adeliño
et al., 2014), whereas no distinction of patients with an acute
MDD episode compared with remitted MDD patients was found
in other studies (Bae et al., 2006; Harada et al., 2018). Symptom
severity in MDD patients, on the other hand, has been linked to
reduced fiber integrity in the SLF, the corticospinal tract, the uncin-
ate fasciculus and frontal brain regions in general (Bergamino,
Kuplicki, Victor, Cha, & Paulus, 2017; Dalby et al., 2010; de
Diego-Adeliño et al., 2014; Nobuhara et al., 2006; Repple et al.,
2020). Yet again, other studies found no association (Abe et al.,
2010; Bae et al., 2006; Guo et al., 2012a, 2012b; Jia et al., 2010;
Li et al., 2007).

The contradictory results concerning the systematic associ-
ation between course of illness, disease state, and symptom sever-
ity in MDD patients and white matter microstructure could in
part be due to small and heterogeneous samples (Burcusa &
Iacono, 2007). Furthermore, the methods used to quantify these
three factors differ considerably. Zaremba et al., (2018b) demon-
strated reduced hippocampal gray matter volume in patients suf-
fering from MDD using the duration and number of
hospitalizations, whereas no association was found with the dur-
ation and frequency of depressive episodes. These results highlight
that different operationalizations of the same construct can lead to
divergent results. Patients might be able to specify hospitalizations
more reliably, as they constitute a decisive event in their everyday
life. In addition, hospitalizations can be verified using medical
records. The number of depressive episodes, on the other hand,
are a less clear cut construct for patients and can be prone to auto-
biographical memory biases (Williams et al., 2007).

Understanding the biological basis of white matter fiber struc-
ture alterations in depressed patients is a prerequisite to improve
clinical care. The aim of this study was, thus, to replicate the
meta-analytical results of Murphy and Frodl (2011) and to distin-
guish acute symptomatology (disease state and symptom severity)
and course of illness. This distinction between state (acute symp-
tomatology) and prolonged (course of illness) effects is important,
to further the understanding of the neurobiological underpin-
nings of MDD. To this end, three concepts were analyzed: (1) dis-
ease state, defined as the presence of clinically relevant depressive
symptoms in acute MDD patients in comparison with remitted
MDD patients; (2) current symptom severity, defined as the
dimensional measurement of depressive symptom severity
(BDI-scores); and (3) course of illness, defined as the number
of hospitalizations in the past. We expect that all three concepts
should be associated with reduced fiber integrity in the SLF rep-
licating meta-analytical results (Murphy & Frodl, 2011).
Furthermore, the effects of disease state and symptom severity
are analyzed in conjunction with the number of hospitalizations
to distinguish their respective effects.

Materials and methods

Participants

A total of 531 participants were selected from the
FOR2107-cohort (see online Supplementary S1) for this cross-
sectional study (Kircher et al., 2019; Vogelbacher et al., 2018);
N = 250 currently depressed patients (N = 149 female, Mage =
37.28, S.D.age = 13.24) compared with N = 281 remitted depressed
patients (N = 141 in partial remission, N = 140 in complete remis-
sion; N = 189 female; Mage = 36.57, S.D.age = 13.41). Data were col-
lected at two scanning sites (Marburg and Münster). As the
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body-coil had to be exchanged in Marburg mid recruitment, three
different scanner settings had to be addressed in all analyses
(Marburg pre body-coil, Marburg post body-coil and Münster).

The Structural Clinical Interview for DSM-IV-TR (SCID-I)
(Wittchen, Wunderlich, Gruschwitz, & Zaudig, 1997) was used
by trained personnel to verify clinical diagnoses. Exclusion criteria
comprised age below 18 or above 65 years, history of substance
dependence, bipolar disorder, schizophrenia, schizoaffective dis-
order, neurological abnormalities, history of seizures, longer peri-
ods of unconsciousness or severe head trauma, severe physical
impairment, claustrophobia, color blindness, and general magnetic
resonance imaging (MRI) contradictions. To measure medication
intake, the Medication Load Index (Redlich et al., 2015) was
used. The Medication Load Index is a composite measure reflecting
dose and number of prescriptions irrespective of active compo-
nents. The sum of all psychopharmacological medication per
patient was calculated with dosage categories of absent (= 0), low
(= 1, a dosage equal or lower than average), or high (= 2, a dosage
greater than average) relative to the midpoint of the daily dose
range recommended by Physician’s-Desk-Reference (2017).
Patients were asked to report the number of previous hospitaliza-
tions. All patients underwent inpatient treatment predominantly
for a severe depressive episode. To assess current depressive symp-
toms the Beck Depression Inventory (BDI) (Beck, Ward,
Mendelson, Mock, & Erbaugh, 1961) was used. Socioeconomic sta-
tus was operationalized as the monthly income per household.

The authors assert that all procedures contributing to this
work comply with the ethical standards of the relevant national
and institutional committees on human experimentation and
with the Helsinki Declaration of 1975, as revised in 2008. All pro-
cedures involving human patients were approved by the ethics
committees of the Medical Faculties of the Universities of
Münster (2014-422-b-S) and Marburg (AZ: 07/14). All experi-
ments were performed in accordance with the ethical guidelines
and regulations. Written informed consent was obtained from
all participants prior to examination. They received financial
compensation (50€) for participation after the testing session.

DTI data acquisition

The following methods were already described in greater detail in
previous analyses (Meinert et al., accepted). Data were acquired
using a 3T whole body MRI scanner (Marburg: Tim Trio,
Siemens, Erlangen, Germany; Münster: Prisma, Siemens,
Erlangen, Germany) using a GRAPPA acceleration factor of
2. Fifty-six axial slices, 2.5 mm with no gap, were measured
with an isotropic voxel size of 2.5 × 2.5 × 2.5 mm3 (TE = 90 ms,
TR = 7300 ms). Five non-diffusion-weighted (DW) images
(b0 = 0) and 60 DW images with a b-value of 1000 s/mm2 were
measured. To ensure data quality open-source software DTIPrep
(Oguz et al., 2014) was used with default options correcting for
slice-wise and gradient-wise inconsistencies plus eddy-current,
head motion, bed vibration, and pulsation or venetian blind arti-
facts. DW images affected by artifacts were excluded with more
than 20% of excluded images resulting in the complete drop-out
of that participant before matching. The included participants
had 64.27 images on average (S.D. = 1.42, range: [54–65]).

Image processing

FSL5.0.10 (FMRIB Image Analysis Group, Oxford, UK, http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/) (Jenkinson, Beckmann, Behrens,

Woolrich, & Smith, 2012; Smith et al., 2004; Woolrich et al.,
2009) was used for preprocessing and analysis. The DW images
were corrected for eddy and motion artifacts using FSL’s ‘eddy’
(Andersson & Sotiropoulos, 2016), with b-vectors being rotated
after eddy correction. As reference for alignment, the first b0
image was used after automated skull stripping with the Brain
Extraction Tool (Smith, 2002) in FSL. For diffusion tensor estima-
tion the ‘DTIFIT’ within FMIRB’s Diffusion Toolbox (FDT)
(Behrens et al., 2003) was used to generate tensor-derived maps,
resulting in an estimation of fractional anisotropy (FA), mean dif-
fusivity (MD), radial diffusivity (RD), and axial diffusivity (AD)
for each voxel per participant. FA is defined as the normalized
variance of the three eigenvalues about their mean. FA quantifies
directional diffusion, ranging between 0 and 1, reflecting isotropic
and anisotropic diffusion, respectively. AD reflects diffusivity
along the primary diffusion direction, which should represent
tract orientation and RD perpendicular to the tract. MD is calcu-
lated as the average of all three dimensions. In general, increased
MD and decreased FA can hint at neuronal injury, increased AD
was associated with damage to the axon, and increased RD with
demyelination (Feldman, Yeatman, Lee, Barde, & Gaman-Bean,
2010). However, any interpretation has to be drawn with caution,
as the number of fibers, fiber crossings, and general fiber orienta-
tion can also influence diffusion metrics in healthy fiber structure
(Jones et al., 2013).

Analysis

Analyses on demographic data were conducted using IBM SPSS
Statistics 25 (SPSS Inc., Chicago, IL, USA). Tract-based spatial sta-
tistics (TBSS) (Smith et al., 2006) was used to reduce partial vol-
ume effects and registration misalignments. First, FA images were
aligned to the FMRIB58_FA template [1 × 1 × 1 mm3 Montreal
Neurological Institute (MNI) standard space] using FMRIB’s
non-linear image registration tool. Second, the mean of all aligned
FA images was skeletonized with a threshold of 0.2. Third, the
mean FA skeleton was filled with the maximum weighted for dis-
tance FA values orthogonal to the skeleton from each participant’s
aligned FA image. The same registration steps were used on MD,
AD, and RD maps. Voxel-wise statistical analyses were performed
in skeleton space, correcting for multiple comparisons with a
threshold-free cluster enhancement (TFCE) (Smith & Nichols,
2009) approach using the non-parametric permutation testing
implemented in FDT’s ‘randomise’ (Nichols & Holmes, 2002)
(5000 permutations) with default values provided by –T2 option
optimized for TBSS. The null distribution of permutated input
data of the maximum TFCE scores was used to determine signifi-
cance, correcting for the family-wise error (FWE) at p < 0.05. In
case of significant results peak voxel MNI coordinates and cluster
sizes were retrieved with the ‘cluster’ tool implemented in FSL and
tract labels were extracted with FSL’s ‘atlasquery’ using the ‘JHU
White-Matter Tractography Atlas’ (Hua et al., 2008; Mori,
Wakana, van Zijl, & Nagae-Poetscher, 2005; Wakana et al.,
2007). FSL’s ‘fslstats’ was used to extract mean diffusion metric
values of significant clusters. The total intracranial volume
(TIV) was extracted from T1 images using the Computational
Anatomy Toolbox (CAT-12, http://www.neuro.uni-jena.de/cat,
v933). For the T1 sequence see Vogelbacher et al. (2018).

To correct for scanner differences two dummy coded variables
(Marburg pre body-coil: yes v. no, Marburg post body-coil: yes v.
no) with Münster as reference category were defined. The influ-
ence of disease state (acute MDD v. remitted MDD),
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BDI-values and number of hospitalizations were analyzed in sep-
arate analysis of covariances (ANCOVAs), with FA, AD, RD, and
MD as dependent variables and age, sex, TIV, Marburg pre body-
coil and Marburg post body-coil as nuisance variables.
Furthermore, either disease state or symptom severity were ana-
lyzed simultaneously with number of hospitalizations to estimate
the main effect of disease state/BDI-score, the main effect of num-
ber of hospitalizations and their interaction corrected for age, sex,
TIV, Marburg pre body-coil, and Marburg post body-coil. The
interactions of symptom severity and the number of hospitaliza-
tions were included, as additive and interactive effects, e.g. current
psychopathological process being intensified in chronic patients,
could not be ruled out a priori due to the lack of similar analyses
in the literature.

In case of significant results, mean FA, AD, RD, and MD
values per participant from the significant cluster were extracted.
The same ANCOVA as mentioned above was repeated with add-
itional variables for medication intake (Medication Load Index),
socioeconomic status (monthly income), month since first psychi-
atric treatment, and presence of comorbid diagnosis (yes v. no) in
SPSS to correct for their respective influence. For these analyses
23 participants had to excluded, as they did not complete all
the necessary questionnaires.

As the number of hospitalizations were skewed, Cook’s
distance of the regression of disease state/BDI-score, number of
hospitalizations, their interaction and age, sex, TIV, Marburg pre
body-coil, and Marburg post body-coil on mean extracted FA,
AD, RD, and MD values were calculated in SPSS. Influential data
points that could exert strong leverage on the regression slope
(extreme values in Cooks’ distance) were excluded to check
whether the regression in SPSS is robust to outliers.

Results

Descriptive statistics

Acutely depressed patients had more prior hospitalizations com-
pared with remitted depressed patients (t(529) = 4.82, p < 0.001;

Table 1). Furthermore, a significant positive correlation between
higher BDI scores and a higher number of hospitalizations was
found (r = 0.198, p < 0.001).

Separate effects of disease state, symptom severity, and
course of illness

Disease state
FA was lower although MD and RD were higher in acute MDD
patients compared to remitted MDD patients (FA: pFWE = 0.031,
total k = 5109 voxel in 11 clusters, peak voxel of largest cluster:
x = 26, y =−40, z = 32; MD: pFWE = 0.042, total k = 3535 voxel
in 3 clusters, peak voxel of largest cluster: x = 38, y = −46,
z = 25; RD: pFWE = 0.027, total k = 5633 voxel in 10 clusters,
peak voxel of largest cluster: x = 33, y =−40, z = 29; online
Supplementary Table S1). Effects had the highest probability to
be part of the bilateral SLF. No significant effects were found in
AD (all pFWE > 0.226).

Symptom severity
No significant effects were found in FA, RD, AD, and MD with
symptom severity (FA: pFWE = 0.218, RD: pFWE = 0.127, AD:
pFWE = 0.109). However, a statistical trend was present in MD
with higher values of BDI-scores being associated with higher
MD values in the bilateral SLF ( pFWE = 0.067).

Course of illness
Lower FA and higher MD and RD were associated with more hos-
pitalizations (FA: pFWE = 0.032, total k = 3874 voxel in 13 clusters,
peak voxel of largest cluster: x = 37, y = 6, z = 22; MD: pFWE =
0.002, total k = 7876 voxel in 2 clusters, peak voxel of largest clus-
ter: x = 40, y =−44, z = 23; RD: pFWE = 0.019, total k = 15 274
voxel in 17 clusters, peak voxel of largest cluster: x = 26,
y =−29, z = 42; online Supplementary Table S1, Fig. 1). Again,
effects had the highest probability to be part of the bilateral
SLF. No significant effects were found in AD ( pFWE = 0.094).

Table 1. Demographic and clinical characteristics of the sample

Characteristics Current MDD (N = 250) Remitted MDD (N = 281) p value

Sociodemographic

Sex, m/f 101/149 92/189 0.067a

Age, years, M ± S.D. 37.28 ± 13.24 36.57 ± 13.42 0.540b

Clinical characteristics

BDI, M ± S.D. 24.59 ± 10.19 12.85 ± 9.41 0.001b

Medication Load Index, M ± S.D. 1.68 ± 1.43 0.91 ± 1.20 0.001b

Socioeconomic status, M ± S.D.c 1711 ± 1378 1808 ± 1377 0.446b

Comorbid disorders, yes/no 121/129 111/170 0.039a

Course of illness

Number of hospitalization, M ± S.D. 2.11 ± 2.39 1.24 ± 1.75 0.001b

Time in inpatient treatment, month, M ± S.D.c 14.65 ± 19.23 8.87 ± 13.58 <0.001b

Number of depressive episodes, M ± S.D.c 4.51 ± 5.81 3.88 ± 6.19 0.247b

Months since first psychiatric treatment, M ± S.D.c 82.07 ± 92.56 99.96 ± 104.71 0.058b

BDI, Beck Depression Inventory; f, female; m, male; M, mean; S.D., standard deviation.
Notes: aχ2 test, bt test, cnot all participants provided the necessary information, Nmin = 197 current MDD and Nmin = 231 remitted MDD.
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This association could also be found using a combination of dif-
ferent course of illness variables (online Supplementary S2).

ANCOVA with disease state, course of illness, and their
interaction

No significant effects were found in FA (all pFWE > 0.122) or AD
(all pFWE > 0.080). In MD and RD neither a main effect of disease
state (MD: pFWE = 0.194, RD: pFWE = 0.110) nor an interaction of
disease state × number of hospitalizations (MD: pFWE = 0.387; RD:
pFWE = 0.383) reached level of significance. However, the previ-
ously observed association of MD and RD with previous hospita-
lizations remained significant in this model (MD: pFWE = 0.029,
k = 5262 voxels in 1 cluster, peak voxel: x = 38, y =−46, z = 23;
RD: pFWE = 0.040, total k = 2244 voxels in 3 cluster, peak voxel
of largest cluster: x = 25, y =−29, z = 42; online Supplementary
Table S1). Effects were located in the right SLF with the highest
probability. This relationship was robust to outliers (online
Supplementary S3). The relationship between the mean extracted
MD and RD voxels from the significant cluster and number of
hospitalizations remained significant even after correcting for
medication intake, socioeconomic status, month since first psy-
chiatric treatment, and presence of comorbid diagnoses (online
Supplementary Table S2).

ANCOVA with symptom severity, course of illness, and their
interaction

No significant effects were found in AD (all pFWE > 0.131). In FA,
MD, and RD, neither a main effect of BDI-scores (FA: pFWE =
0.369, MD: pFWE = 0.160, RD: pFWE = 0.210) nor an interaction
of BDI-scores × number of hospitalizations (FA: pFWE = 0.547,
MD: pFWE = 0.674, RD: pFWE = 0.827) were significant. However,
again a negative association of FA and a positive association of
MD and RD with a more prior hospitalizations was confirmed

(FA: pFWE = 0.038, total k = 1331 voxels in 2 clusters, peak voxel
of largest cluster x = 37, y =−5, z = 22; MD: pFWE = 0.024,
k = 6718 voxels in 1 cluster, peak voxel of largest cluster: x = 39,
y =−41, z = 24; RD: pFWE = 0.029, total k = 4393 voxels in 1 clus-
ter, peak voxel of largest cluster: x = 26, y =−31, z = 41; online
Supplementary Table S1), again with the highest probability to
be located in the right SLF. This relationship was also robust to
outliers (online Supplementary S4). The relationship between
the mean extracted FA, MD, and RD voxels from the significant
cluster and number of hospitalizations remained significant even
after correcting for medication intake, socioeconomic status,
month since first psychiatric treatment, and presence of comorbid
diagnoses in SPSS (online Supplementary Table S3).

Discussion

The present cross-sectional study aimed to differentiate the effects
of acute depression (disease state and BDI-score) from the influ-
ence of chronic disease burden (number of hospitalizations) on
brain microstructural integrity in a large and well characterized
sample of depressed patients.

More hospitalizations were associated with decreased fiber
microstructure in the SLF. Similar results were found for disease
state, whereas the association with the BDI-score only approached
significance. The associations found between course of illness and
acute symptomatology and SLF fiber structure, respectively, are in
concordance with the meta-analysis by Murphy and Frodl (2011)
and confirmed the number of hospitalizations as a reliable meas-
ure to approximate course of illness in MDD consistent with
results from Zaremba et al. (2018b).

Moreover, we were able to expand upon meta-analytical results
and disentangle the effects of course of illness and acute symp-
tomatology: when analyzing disease state or BDI-scores in con-
junction with the number of hospitalizations, associations with
fiber microstructure attributed to acute depression were nullified.

Fig. 1. The effect of number of hospitalizations. (a)
Correlation between course number of hospitalizations and
mean extracted MD values in acutely and remitted depressed
patients. (b) Effect displayed on the FMRIB58 template, MNI
coordinates of peak voxel: x = 26, y =−24, z = 15.
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In return, the positive relationship between more hospitalizations
and decreased fiber microstructure the right SLF remained signifi-
cant. Notably, the association between number of hospitalizations
and diffusion metrics in the SLF does not seem to be explained by
differences in medication intake, socioeconomic status, time since
first psychiatric treatment, or the presence of comorbid diagnoses,
and was robust to the exclusion of outliers.

These results could be explained at a biological level by pro-
longed periods of elevated stress reflected in more frequent hospi-
talizations. This could set off a cascade of endocrinological,
epigenetic, and immunological changes resulting in an increas-
ingly dysregulated HPA axis (Bao & Swaab, 2019) and neurobio-
logical changes in SLF fiber microstructure. As the SLF is a
late-maturating tract and associated with healthy aging
(Madhavan, McQueeny, Howe, Shear, & Szaflarski, 2014), it
might be more vulnerable to neurotoxic effects over the course
of a lifespan.

The role of SLF fiber integrity in the psychopathology of MDD
is unclear. One possible hypothesis comes from studies of healthy
controls, in which SLF microstructure was associated with cogni-
tive deficits (Kerchner et al., 2012; Salami, Eriksson, Nilsson, &
Nyberg, 2012; Turken et al., 2008). Interestingly, cognitive deficits
in MDD persist after remission (Bora, Harrison, Yücel, & Pantelis,
2013; Ormel, Oldehinkel, Nolen, & Vollebergh, 2004; Rock,
Roiser, Riedel, & Blackwell, 2014) and a worse course of illness
is associated with increased cognitive deficits (Gorwood,
Corruble, Falissard, & Goodwin, 2008). Furthermore, cognitive
functioning is one prominent risk factor for disadvantageous
occupational and psychosocial functioning (Bora et al., 2013;
Evans, Iverson, Yatham, & Lam, 2014) that might in turn increase
the risk for a more detrimental course of illness. Future studies
need to investigate the possible link between course of illness,
SLF fiber integrity, and cognitive dysfunction, to confirm this
hypothesis.

Yet, SLF integrity differences in MDD cannot be explained
solely by course of illness: reduced DTI metrics in the SLF com-
pared to healthy controls were demonstrated early in the course of
MDD (Wu et al., 2010) and even in first-episode MDD patients
(Guo et al., 2012b). It is possible that risk factors such as child-
hood maltreatment experiences (Huang, Gundapuneedi, & Rao,
2012; Meinert et al., 2019) or a genetic predisposition (Barbu
et al., 2019; Tozzi et al., 2016) might result in changes in diffusion
metrics in the SLF prior to the development of MDD.
Interestingly, both childhood maltreatment (Cross, Fani, Powers,
& Bradley, 2017; Tarullo & Gunnar, 2006) and genetic predispo-
sitions (Bao & Swaab, 2019; Terenina et al., 2019) were linked to
HPA axis dysfunction. Thus, similar biological mechanisms – ele-
vated stress and a dysregulated HPA axis resulting in endocrine,
immunological, epigenetic, and neurobiological changes – could
lead to SLF microstructural changes prior to the onset of MDD.
Future studies should try to measure HPA axis dysfunction dir-
ectly and link it to fiber structure to confirm this hypothesis.

Finally, the results of this study are cross-sectional and, thus, do
not allow causal inference. To completely disentangle the effects of
acute symptomatology and course of illness, future longitudinal
studies are necessary. In small groups of MDD patients, longitu-
dinal studies found either associations between fiber integrity
changes over the follow-up period and depressive symptom
changes (Bracht, Jones, Müller, Wiest, & Walther, 2015; Doolin
et al., 2019) or no association with course of illness or symptom
severity, respectively (Repple et al., 2019). The largest longitudinal
study to date (N = 18 959) underscores the importance of the

longitudinal illness burden (Shen et al., 2019): Although decreased
white matter microstructure was linked to depressive symptoms,
the strongest association was found for the longitudinal progression
of depressive symptoms in fronto-temporal association fibers.
Longitudinal studies that focus on reliable measures of course of ill-
ness (e.g. number of hospitalizations) are needed.

Limitations

A few limitations should be noted: first, in this study, symptom
severity and the number of hospitalizations were correlated.
It should be noted that this could be due to different recruiting
strategies. Currently depressed patients were recruited in psychi-
atric hospitals on top of newspaper advertisements and outpatient
settings. Thus, currently depressed patients had a higher chance
to present with at least one if not more hospitalizations. This
needs to be addressed in future studies that try to replicate the
effects of a negative course of illness in an entirely outpatient set-
ting. Nonetheless, this study includes a large, representative sam-
ple that approximates the broad spectrum of MDD.

Second, in contrast to the effects of disease state, the relation-
ship between self-reported current symptom severity and fiber
structure was not significant, though a trend was present in
MD. Subjective ratings of psychopathology might be less reliable
than diagnostic decisions from trained personnel. On the other
hand, the lack of a strong association with symptom severity
strengthens the notion that depressive symptoms are not the driv-
ing force associated with the microstructure of the SLF.

Third, we argue that the number of hospitalizations is the most
reliable information provided by MDD patients to determine the
course of illness. This information is, however, limited as only
severely depressed patients (e.g. with loss of occupational func-
tioning and suicidal ideation) undergo inpatient treatment in
Germany. This could be confirmed in the structural clinical inter-
view, as many patients reported severe episodes at one point in
their life and it is mapped by an elevated BDI score (Mcurrent =
24.59, S.D.current = 10.19, Table 1) in the currently depressed sam-
ple. This point slightly limits the transferability of our results to
less severe MDD patients and countries with different inpatient
treatment practices.

Finally, although we correct current medication intake, previ-
ous medication and treatment history (e.g. psychotherapy and
electroconvulsive therapy) could also affect the described associ-
ation with course of illness. Future studies should assess these pre-
vious medication details in order to investigate this possible
association in more detail.

Conclusion

Course of illness in MDD – but not acute symptomatology – is
associated with decreased structural integrity of the SLF. The
major strength of this study was the use of large, well characterized
patient group that allowed disentangling acute from cumulative
effects of MDD on fiber structure. These results highlight that
the number of hospitalizations is a feasible measure to approximate
clinical course of MDD. It remains unclear, to what extent fiber
microstructural changes are reversible and whether they can be
influenced by treatment. The SLF is, hence, an important target
for future longitudinal analyses investigating MDD recurrence.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291720002950
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