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Summary

Background Cognitive deficits are a key source of disability in individuals with major depressive disorder (MDD) and
worsen with disease progression. Despite their clinical relevance, the underlying mechanisms of cognitive deficits
remain poorly elucidated, hampering effective treatment strategies. Emerging evidence suggests that alterations in
white matter microstructure might contribute to cognitive dysfunction in MDD. We aimed to investigate the complex
association between changes in white matter integrity, cognitive decline, and disease course in MDD in
a comprehensive longitudinal dataset.

Methods In the naturalistic, observational, prospective, case-control Marburg-Miinster Affective Disorders Cohort
Study, individuals aged 18-65 years and of Caucasian ancestry were recruited from local psychiatric hospitals in
Miinster and Marburg, Germany, and newspaper advertisements. Individuals diagnosed with MDD and individuals
without any history of psychiatric disorder (ie, healthy controls) were included in this subsample analysis. Participants
had diffusion-weighted imaging, a battery of neuropsychological tests, and detailed clinical data collected at baseline
and at 2 years of follow-up. We used linear mixed-effect models to compare changes in cognitive performance and
white matter integrity between participants with MDD and healthy controls. Diffusion-weighted imaging analyses
were conducted using tract-based spatial statistics. To correct for multiple comparisons, threshold free cluster
enhancement (TFCE) was used to correct a-values at the family-wise error rate (FWE; p..v:). Effect sizes were
estimated by conditional, partial R2 values (sr2) following the Nakagawa and Schielzeth method to quantify explained
variance. The association between changes in cognitive performance and changes in white matter integrity was
analysed. Finally, we examined whether the depressive disease course between assessments predicted cognitive
performance at follow-up and whether white matter integrity mediated this association. People with lived experience
were not involved in the research and writing process.

Findings 881 participants were selected for our study, of whom 418 (47%) had MDD (mean age 36-8 years [SD 13-4],
274 [66%] were female, and 144 [34%] were male) and 463 (53%) were healthy controls (mean age 35-6 years [13-5],
295 [64%] were female, and 168 [36%] were male). Baseline assessments were done between Sept 11, 2014,
and June 3, 2019, and after a mean follow-up of 2-20 years (SD 0-19), follow-up assessments were done between
Oct 6, 2016, and May 31, 2021. Participants with MDD had lower cognitive performance than did healthy controls
(p<0-0001, sr2=0-056), regardless of timepoint. Analyses of diffusion-weighted imaging indicated a significant
diagnosis x time interaction with a steeper decline in white matter integrity of the superior longitudinal fasciculus
over time in participants with MDD than in healthy controls (p.;w:=0-026, s2=0-002). Furthermore, cognitive
decline was robustly associated with the decline in white matter integrity over time across both groups (p,sw:<0-0001,
sr2=0-004). In participants with MDD, changes in white matter integrity (p=0-0040, =0-071) and adverse depressive
disease course (p=0-0022, f=-0-073) independently predicted lower cognitive performance at follow-up.

Interpretation Alterations of white matter integrity occurred over time to a greater extent in participants with MDD
than in healthy controls, and decline in white matter integrity was associated with a decline in cognitive performance
across groups. Our findings emphasise the crucial role of white matter microstructure and disease progression in
depression-related cognitive dysfunction, making both priority targets for future treatment development.
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Research in context

Evidence before this study

Cognitive deficits are the most frequent and burdensome
symptoms of major depressive disorder and have been
associated with worse disease outcomes. White matter
microstructure, which is responsible for the rapid transmission
of information in the human brain, has been linked to
depressive recurrence and cognitive performance in previous
cross-sectional studies. However, longitudinal studies are
needed to draw conclusions about the temporal dynamics of
the underlying neurobiological processes and related measures
of disease course. To assess the existing evidence for these
associations, we searched PubMed and Web of Knowledge
databases for publications in English and German between
Jan 1, 2000, and April 10, 2024, using the terms “cogniti* OR
neuropsycholog*” AND “white matter* OR diffusion tensor
imaging OR DTI OR diffusion weighted imaging OR DWI OR
fractional anisotropy OR FA” AND “MDD OR depress*”. The
search identified several cross-sectional studies that reported
associations between white matter integrity and cognitive
deficits, but mainly in non-clinical samples or geriatric
individuals with depression. When replacing “cogniti* OR
neuropsycholog*” with “longitudinal OR prospective”, only one
study could be identified that has examined changes in white
matter integrity between individuals with depression and
healthy participants over a period longer than 6 months at the
whole brain level. However, this study was hampered by small
sample size (N=108), a cross-sectional preprocessing pipeline,
and the use of averaged diffusion tensor imaging measures as
the main outcome. Finally, combining all search terms, we
found no study on the longitudinal associations between
white matter integrity, cognitive performance, and disease
course in depression.

Introduction

Major depressive disorder (MDD) is one of the leading
causes of disability globally, affecting more than
220 million people worldwide as of 2021.! Cognitive
deficits (eg, in concentration, memory, and processing
speed) are among the most burdensome symptoms of
MDD, with detrimental consequences for individuals’
occupational success, relationship satisfaction, and
health.>* Approximately 94% of individuals with MDD
have cognitive deficits during acute depression,* and
these symptoms persist even after remission in
approximately 73% of individuals.” Cognitive deficits
are predictors of poor treatment response® and have
been prospectively associated with adverse disease
outcomes.” Moreover, cognitive impairments have been
found to worsen over the course of depression,’ as they
increase with depressive episodes and correlate
with treatment resistance.”” Therefore, understanding
the underlying mechanisms that lead to cognitive
deficits as MDD progresses is of immense clinical
importance.

Added value of this study

To our knowledge, this is the first study to investigate the
longitudinal associations between white matter integrity,
cognitive decline, and disease course in a large and deeply
phenotyped clinical sample of participants including participants
with depression and healthy participants. It is also the first well
powered study to prospectively investigate alterations in white
matter microstructure at the voxel-wise level in participants with
depression across the full adult age range. By use of longitudinal
and multimodal data, therefore addressing limitations of
existing research, we found steeper decline in white matter
integrity in participants with depression than in individuals with
no history of psychiatric disorders, and robust associations
between cognitive decline and decline in white matter integrity
across groups. Furthermore, we report that poor depressive
disease course and changes in white matter integrity both
independently predicted future cognitive deficits, underscoring
the dlinical significance of our findings. Our results emphasise the
relevance of white matter microstructure and disease trajectories
in cognitive decline and add to the literature by providing
evidence for a possible neural mechanism underlying cognitive
deficits in major depressive disorder.

Implications of all the available evidence

Future studies with longer follow-up periods and intervals
between multiple assessment points are required to support
our findings and further deepen the understanding of temporal
dynamics of cognitive performance alterations and white
matter microstructure over the long term. These insights might
be used in future research to optimise antidepressant treatment
options with a stronger focus on cognitive symptoms to reduce
the burden of cognitive deficits in the future.

One promising avenue to gain more insights into
these mechanisms is to study white matter microstruc-
ture because fast information transmission is necessary
for higher cognitive processes. Lower white matter
integrity in individuals with MDD than in individuals
without any history of psychiatric disorder has been
found in the corpus callosum, superior longitudinal
fasciculus, and corona radiata,*” with alterations being
most pronounced in individuals who have recurrent
depressive episodes.” These structural alterations
might be the result of gene—environment interactions
and pathological mechanisms after heightened stress
responses.” Similarly, associations between white
matter integrity and cognitive performance have been
found in the same fibre tracts in individuals without
any history of psychiatric disorder and in individuals
with MDD."”" This finding suggests that microstruc-
tural alterations in white matter in individuals with
MDD might provide a biological substrate for cognitive
dysfunction. Given that cognitive deficits increase with
disease progression and that alterations in white matter
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integrity are most pronounced in relapsing forms of
MDD,"* deterioration in white matter integrity with
each depressive episode (often described as scarring)
might lead to cognitive decline over time. However,
causality cannot be inferred from cross-sectional
studies. Therefore, longitudinal studies are needed to
draw conclusions about the temporal dynamics of the
underlying neurobiological processes and related
measures of the disease course.

Longitudinal diffusion-weighted imaging studies in
individuals without any history of psychiatric disorder
have shown age-related decreases in white matter
integrity” that might contribute to cognitive decline in
healthy ageing. In MDD, few and small longitudinal
investigations have been conducted to date, yielding
rather contradictory results. Although some studies
have found an association between a diagnosis of
MDD and loss of white matter integrity, irrespective
of a patient’s remission status,” other studies reported
depression state-dependent changes (ie, changes from
acute to remitted state) in white matter integrity, with
an improvement in white matter integrity 2 years after
study inclusion dependent on improvement in
symptoms' or a link between worsening of depressive
symptoms and greater loss of white matter integrity.”
Despite the relevance of cognitive impairment in
depression, to our knowledge, no diffusion-weighted
imaging study to date has examined the longitudinal
association between changes in cognitive performance
and white matter integrity in individuals with MDD.

Therefore, we conducted a large-scale diffusion-
weighted imaging study to investigate the longitudinal
associations between white matter integrity and cognitive
performance in a well powered sample of individuals
with MDD and individuals with no history of psychiatric
disorders (ie, healthy controls) over 2 years. We first
analysed group differences in changes of cognitive per-
formance and white matter integrity between individuals
with MDD and healthy controls. Then, we tested the
association between longitudinal changes in cognitive
performance and white matter integrity. Furthermore,
we analysed whether the depressive disease course
predicts cognitive performance at follow-up and whether
this association is mediated by changes in white matter
integrity. We hypothesised that (1) individuals with MDD
would have greater loss of cognitive performance than
healthy controls, (2) changes in cognitive performance
would be associated with changes in white matter
integrity, and (3) an adverse depressive disease course
would precede deterioration of cognitive performance at
follow-up and this association would be mediated by
changes in white matter integrity.

Methods

Study design and participants

The German Marburg-Miinster Affective Disorders
Cohort Study (MACS) is a prospective observational

www.thelancet.com/psychiatry Vol 11 November 2024

case-control study in which participants were recruited
from local psychiatric hospitals in Miinster and Marburg,
Germany, and newspaper advertisements. Individuals
were eligible if they were aged 18—65 years at baseline and
were of Caucasian ancestry. Individuals were excluded if
they had neurological abnormalities, history of seizures,
severe head trauma or longer periods of unconscious-
ness, severe physical impairment, hypothyroidism
without adequate medication, claustrophobia, colour
blindness, or general MRI contraindications. Participants
with a lifetime diagnosis of schizophrenia, schizoaffective
disorder, bipolar disorder, or substance dependence were
also excluded from the sample (appendix p 3).

At baseline, all participants were characterised with
a deep-phenotyping approach® and underwent a psychi-
atric diagnosis using a structural clinical interview
(SCID-I),” conducted by trained personnel (including
KF, SM, CH, FS, and KB; details are in the appendix
[p 3]). For this subsample analysis of MACS, we included
individuals who were diagnosed with MDD and individu-
als who reported no history of any psychiatric disorder
(ie, healthy controls).

Hypotheses and analyses were preregistered on
May 8, 2023, on the OSF registry. The study was
approved by the ethics committees of the medical
faculties of the University of Marburg (07/2014) and the
University of Munster (2014-422-b-S). All procedures
were performed in accordance with ethical guidelines
and regulations. Participants provided written informed
consent before examination and received financial com-
pensation for participation. People with lived experience
were not involved in the research and writing process.

Assessment of cognitive performance and disease course
At baseline (T,) and at 2 years of follow-up (T,), cognitive
performance was assessed with a comprehensive battery
of neuropsychological tests encompassing 12 scores
from seven tests covering different facets of cognitive
functioning that have been shown to be altered in MDD
(appendix pp 4-5).” These test scores were z-standardised
within timepoints and with healthy controls (ie, HC) as
reference points (ie MDD, -scores were adjusted to show
deviations from the mean of HC,-scores and vice versa
for MDD,,-scores to HC,-scores) to allow classification
of disorder-specific deviations in MDD from the normal
variance in healthy controls while largely controlling
for learning effects due to repeated administration of
cognitive tests. This standardisation was necessary with
respect to analyses conducted only in participants with
MDD. In the absence of a (healthy) control group, this
standardisation ensures the consideration of learning,
and repetition effects that could otherwise bias depres-
sive relapse-related changes in cognitive performance.
The disease course during the study interval was
recorded via so-called life charting” (appendix p 6).
Using prominent biographical anchors, participants
were supported by trained raters in reconstructing the

See Online for appendix

For the OSF registry record
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number of depressive episodes, cumulative time in
(subclinical) depressed state, number and duration of
hospitalisations, number of outpatient psychiatric or
psychotherapeutic contacts, and the number of days with
sick leave during the follow-up interval as accurately as
possible. Changes in symptom severity were measured
with the 21-item Hamilton Depression Rating Scale.”

Diffusion-weighted imaging preprocessing
Diffusion-weighted imaging was measured using
3T MRI scanners (Marburg site: Tim Trio, Siemens,
Erlangen, Germany; Miinster site: Prisma, Siemens,
Erlangen, Germany). Pulse sequence parameters were
standardised across both scanning sites to the extent
allowed by each platform to maximise the signal-to-noise
ratio. Due to a body-coil and a gradient-coil exchange in
the MRI scanner at the University hospital of Marburg,
three dummy-coded variables, with the MRI scanner at
the University of Miuinster as the reference category,
were included as covariates in diffusion-weighted
imaging analyses, following recommendations of our
dedicated quality assurance protocol.” Preprocessing
was performed with the FMRIB Software Library
(version 6.0.1; FSL) using a custom longitudinal
preprocessing stream, which has been reported previ-
ously (appendix p 7).*** Analyses focus on fractional
anisotropy as the most common diffusion metric. Other
diffusion metrics that were analysed are described in
the appendix (p 8).

Statistical analyses
Following the methods of Biringer and colleagues,” we
expected cognitive performance to change in a sample of
MDD over a 2-year study interval with a small Cohen’s f2
effect size of approximately 0-04. We were not aware of
any study comparing changes in cognitive performance
between individuals with MDD and individuals without
any psychiatric disorders over time. However, on the
basis of a study that examined cognitive changes in
people at clinical high risk for psychosis,” we expected
that effect sizes for the diagnosis x time interaction would
not exceed small effects of approximately f2=0-03. Effect
sizes in previous smaller neuroimaging studies have
probably been overestimated; therefore, we generally
expected small effect sizes.® A conservative Cohen’s f2
effect size of 0-01 was assumed for neuroimaging
analyses. A priori power analyses were conducted
in G*Power (version 3.1.9.7) with a threshold of
a less than 0-05 and B less than 0-20. Assuming an
effect size of f2=0-03 for the diagnosisxtime analysis
(analysis 1), a total sample size of 58 was required.
Furthermore, assuming an effect size of 2=0-01 for the
longitudinal difference in white matter as well as for its
association with cognitive changes (analysis 2), a total
sample size of 200 was minimally required.

Descriptive data and factor structures were analysed
using R (version 4.0.2). To generate a measure describing

general cognitive performance, we did an explorative
factor analysis using HC,, data and the model fit was
checked via confirmatory factor analysis (CFA) using
MDD,,, MDD,,, and HC,, data (appendix pp 9-11). The
analysis revealed a one-factor solution, which we desig-
nated the general cognitive performance (GCP) factor,
with higher values indicating better performance in
neuropsychological tests and lower scores indicating
worse performance. We calculated component scores of
HC,, using a linear regression approach, and we applied
the regression weights to the other three groups and
timepoints. Other methods to quantify cognitive perfor-
mance (eg individual test scores, unstandardised data)
are reported in the appendix (pp 21-25).

To summarise the eight markers of disease course
recorded during life charting into a comprehensive factor
describing progression of depressive illness during
follow-up, we performed another CFA in participants
with MDD. The resulting one-factor solution (appendix
p 12) was labelled course of illness (Col), with higher
values reflecting a more severe disease course and lower
values reflecting less severe disease course. We chose to
conduct a CFA because this method considers measure-
ment errors and the relevance of individual variables,
resulting in a better estimation of the severity of the
clinical disease course than a single variable (eg relapse
and time in depressed state) or the sum of all variables
(disease loading; appendix p 26).

We did three key analyses. Effect sizes were estimated
with conditional, partial R2 values (sr2) following the
Nakagawa and Schielzeth method® to quantify explained
variance. In analysis 1, we tested the depression-associ-
ated differences in changes in cognitive performance
over time. We analysed a random intercepts, fixed slopes,
linear mixed-effect model with GCP as the outcome
variable, and time (T, vs T)) and diagnosis (MDD vs healthy
control) as regressor variables, while correcting for age.
Linear mixed-effect models have the advantage that
observations of the within-subjects factor can be corre-
lated. We did not control for covariates that did not
change between measurements (eg, sex) because these
are already considered by the random intercepts of par-
ticipants. We analysed the main effects of diagnosis and
time and their interaction.

In analysis 2, we examined whether changes in white
matter integrity differed between participants with MDD
and healthy controls. We analysed a random intercepts,
fixed slopes, linear mixed-effect model in FSL with frac-
tional anisotropy as the outcome variable and time and
diagnosis as regressor variables, while controlling for
total intracranial volume (TIV), age, and coil changes.
We analysed the main effect of time and the
diagnosisxtime interaction (analysis 2A). Next, to
analyse the association between changes in cognitive
performance and changes in white matter integrity
across and between participants with MDD and healthy
controls, we entered GCP as a regressor variable into the
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previous linear mixed-effect model. We analysed the
GCPxtime and GCPxdiagnosisxtime interactions
(analysis 2B). Because the linear mixed-effect model in
FSL does not allow meaningful cross-sectional contrasts,
we did cross-sectional group analyses and associations
between GCP and white matter integrity for baseline
and follow-up using separate general linear models. We
did voxel-wise analyses at the whole-brain level using
tract-based spatial statistics (TBSS; correction: threshold-
free cluster enhancement [TFCE], 10000 permutations
for p<0-050 Family wise error [FWE] correction,
two-sided). Brain slice images were created with
MRIcroGL (version 1.2).

For analysis 3, we did a mediation analysis in partici-
pants with MDD wusing a bootstrapping approach
implemented in PROCESS to test whether an adverse
depressive disease course precedes cognitive deficits and
whether this association is mediated by white matter
integrity. We entered Col as the predictor variable, mean
changein fractional anisotropy (ie, mean AFA [FA,—FA ])
derived from significant clusters of analysis 2B as the
mediator, and GCP,, as the outcome variable into the
model. We included GCP,,, TIV,,, change in TIV, age,,
interscan interval, and coil changes as nuisance covari-
ates. Moreover, to correct the effect of disease course
severity before study inclusion, we also included the
number of hospitalisations and episodes before baseline
as nuisance covariates. Direct and indirect effects were
estimated. Effects were considered to be significant if
the 95% CI did not include 0.

We did extensive robustness checks, as follows:
(1) realisation of general robustness checks (ie, outliers
and scanner influences including an out-of-site cross-vali-
dation; appendix pp 15-18), (2) evaluation of the analysis
strategy (ie, use of TIV and linear mixed-effect vs difference
images; appendix pp 19-20), (3) testing of other approaches
to define primary outcomes (ie, GCP and Col; appendix
pp 21-26), and (4) correction for sociodemographic charac-
teristics (ie, education and sex; appendix pp 27-28) and
clinical characteristics (ie, remission, medication, comor-
bidities, previous disease course, and symptom severity;
appendix pp 29-40).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

We included 881 participants from the MACS, of whom
418 (47%) had MDD (mean age 36-8 years [SD 13-4,
274 [66%] of 418 were female, and 144 [34%] were
male) and 463 (53%) were healthy controls (mean
age 35-6 years [13-5], 295 [64%] were female, and
168 [36%)] were male). All participants were of
Caucasian ancestry. Baseline assessments were done
between Sept 11, 2014, and June 3, 2019 (T,), and after
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Healthy controls Participants with p value Cohen'sd
(n=463) MDD (n=418)
Age, years 35-60 (13-48) 3678 (13-35) 0-19* -0-088
Biological sex 0-621
Male 168 (36%) 144 (34%)
Female 295 (64%) 274 (66%)
Education, yearst 14-10 (2-65) 1339 (2:71) <0-0001* 0-263
HDRS-21§ 128 (1-79) 8.72(6:94) <0-0001*q -1.503

Data are mean (SD) or n (%), unless otherwise stated. HDRS-21=21-item Hamilton Depression Rating Scale.
MDD=major depressive disorder. *Calculated using the unpaired two-tailed Student’s t test. tCalculated using the

X’ test. fInformation was missing for two healthy controls and two patients with MDD. §information was missing for
one healthy control and one patient with MDD. lUnequal variances.

Table 1: Baseline characteristics of participants with MDD and healthy controls

Baseline (T,) Follow-up (T,) p value Cohen’sd
Disease course*
Number of depressive episodest 3-81(7-04) 4-46 (7-21) <0-0001% 0-744
Duration of depressive episodes, 42-85 (60-06) 4755 (61-72) <0-0001F 0-720
months§
Number of hospitalisationsql 1-43 (1.78) 173 (2:08) <0-0001F 0-408
Duration of hospitalisations, 11-06 (16-95) 11-99 (17-41) <0-0001%F 0393
months||
Duration of subclinical depressive 5-25(5:99)
episodes during the follow-up-
interval, months**
Number of outpatient psychiatric 6-47 (11.59)
contacts during the follow-up-
intervaltt
Number of outpatient 27-96 (50-93)
psychotherapeutic contacts during
the follow-up intervalif
Number of days with sick leave 271 (5-86)
during the follow-up interval§§
HDRS-2191q 8-69 (6:91) 629 (6-12) <0-0001% 0336
Remission status <0-0001]|]|
Acute remission 158 (38%) 64 (15%)
Partial remission 114 (27%) 81 (19%)
Full remission 146 (35%) 273 (65%)
Medication
Medication load index*** 132 (1-50) 1-01(1-35) <0-0001F 0-236
Antidepressantttt 247 (59%) 195 (47%) <0-0001][[|
SNRI 98 (23%) 84 (20%) 0-080]]||
SSRI 115 (28%) 72 (17%) <0-0001[]|
NDRI 11(3%) 15 (4%) 0-29]ll
NaSSA 41 (10%) 15 (4%) <0-0001[]|
NaRI 0 1 (<1%) <0-0001[]|
Tricyclic antidepressants 23 (6%) 14 (3%) 0-039]]||
MAOI 2 (<1%) 3(1%) 0-65|l|
Agomelatine 17 (4%) 17 (4%) >0-99]|||
Lithium 72%) 15 (4%) 0-011|||
Neuroleptic 61 (15%) 48 (11%) 0-074/||
Anticonvulsant 11 (3%) 12 (3%) 0-80]]||
Stimulant 5 (1%) 3 (1%) 0-32]|]|
Benzodiazepines 4 (1%) 0 <0-0001]||
Z-substances 5(1%) 3(1%) 0-41]|||

(Table 2 continues on next page)
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Baseline (T,) Follow-up (T,) p value Cohen’sd

(Continued from previous page)

Comorbidities
Any comorbid psychiatric disorder 119 (28%) 99 (24%) 0-035(|||
Generalised anxiety disorder 14 3%) 5 (1%) 0-013|]]
Panic disorder 22 (5%) 13 (3%) 0-020][||
Agoraphobia 15 (4%) 12 (3%) 0-37][l|
Social anxiety disorder 40 (10%) 21 (5%) 0-0023[||
Specific phobia 21 (5%) 19 (5%) 0-65||||
PTSD 20 (5%) 20 (5%) 0-68]|l|
Eating disorder 22 (5%) 18 (4%) 0-39]|l|
Obsessive compulsive disorder. 14 3%) 10 (2%) 0-046|||
Alcohol-use disorder 2 (<1%) 7 (2%) 0-0082[||
Substance-use disorder 2 (<1%) 4 (1%) 0-18]||

Data are mean (SD) or n (%), unless otherwise stated. HDRS-21=21-item Hamilton Depression Rating Scale.
MAOI=monoamine oxidase inhibitors. MDD=major depressive disorder. NaRI=noradrenaline reuptake inhibitor.
NaSSA=noradrenergic and specific serotonergic antidepressant. NDRI=norepinephrine-dopamine reuptake inhibitor.
PTSD=post-traumatic stress disorder. SNRI=selective serotine-norepinephrine reuptake inhibitor. SSRI=selective
serotonin reuptake inhibitor. *If the disease course value at baseline was available, T, refers to the lifetime disease course,
otherwise only the disease course within the study interval is reported. $Calculated using the paired two-tailed Student’s t
test. finformation missing for 16 participants at T, and seven at T,. SInformation missing for 46 participants at T, and
seven at T,. lnformation missing for three participants at T, and four at T,. |[Information missing for eight participants
atT,and seven at T,. **Information missing for nine participants at T,. ttInformation missing for 13 participants at T,.
+tInformation missing for 23 participants at T,. §SInformation missing for 20 participants at T,. §[Information missing
for one participant at T, and one at T,. | ||| Calculated using the McNemar test for repeated measurements; for remission
status the McNemar-Bowker-Test for repeated measures with more than two categories was used. ***Information
missing for seven participants at T,. TTfInformation missing for two participants at T,.

Table 2: Clinical characteristics of participants with MDD (n=418) at baseline and follow-up
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a mean follow-up of 2-20 years (SD 0-19), follow-up
assessments were done between Oct 6, 2016, and
May 31, 2021 (T,). Baseline characteristics of participants
are shown in table 1, and clinical characteristics of partici-
pants with MDD at baseline and at follow-up are shown
in table 2. At baseline, among 418 participants with
MDD, 158 (38%) had acute MDD, 114 (34%) had partial
remission, and 146 (35%) were in full remission.

The analysis of the depression-associated difference
in changes in cognitive performance over time
(analysis 1), yielded a main effect of diagnosis for
GCP (b=0-404, SE=0-057, t(879)=—7-43, p<0-0001,
sr2=0-056; appendix p 41), with participants with MDD
having worse scores on neuropsychological tests than
healthy controls at both timepoints. The diagnosis
effect was mainly driven by participants with acute
depression but was still detectable in participants with
partial and fully remitted MDD (appendix p 5).
Furthermore, we found a main effect of time (b=0-037,
SE=0-010, £(878)=3-79, p=0-0002, s2=0-001), resulting
from improvement in cognitive performance over time.
Although the diagnosisxtime interaction was not sig-
nificant (p=0-066), this improvement was driven by
participants with MDD and associated with reductions
in severity of depressive symptoms from baseline to
follow-up (appendix p 13).

The analysis on the diagnoses-related difference in
changes in white matter integrity over time (analysis 2A)

yielded no main effect of time for fractional ani-
SOtrOPY (Puerwe=0+18). However, we found a significant
diagnosis xtime interaction in the superior longitudinal
fasciculus  (Pyergs=0-026, sr2=0-002, k=554 voxels
in two clusters; figure 1; appendix pp 33—40). Decrease in
fractional anisotropy was greater in participants with
MDD than in healthy controls (py.w:=0-049, sr2=0-002,
k=13 voxels in three clusters; appendix pp 33—40). Cross-
sectional analyses yielded no significant differences
between MDD and healthy controls in fractional anisot-
ropy at baseline or follow-up (appendix p 14). However,
when considering only participants with acute depres-
sion at baseline, lower fractional anisotropy was observed
in MDD at both timepoints than in healthy controls
(appendix p 14). These analyses were exploratory, because
previous studies have highlighted the relevance of acute
symptom severity in cross-sectional differences in white
matter integrity.”

When including GCP in the model (analysis 2B), we
found a GCPxtime interaction in a large bilateral
cluster comprising the corpus callosum, corona
radiata, and superior longitudinal fasciculus, among
other regions (Py..w<0-0001, sr2=0-003, total k=20551
voxels in 25 clusters; figure 2; appendix pp 33-40).
Across both groups, cognitive performance decline
was associated with loss of fractional anisotropy over
time  (Pyerws<0-0001, sr2=0-004, total k=48834 voxels
in five clusters; appendix pp 33-40). The
GCP xdiagnosis xtime interaction was not significant
(Pierws=0-42), indicating that the association between
the decline in cognitive performance and white matter
integrity was similar in strength and direction across
both groups. Cross-sectional analyses showed that lower
GCP correlated with lower white matter integrity at both
timepoints (appendix p 14). The mediation analysis
(analysis 3; figure 3), yielded a negative association
between Col during the interval and GCP,, (total effect:
B=—0-074, SE=0-028, (333)=3-11, p=0-0020; direct
effect: f=—0-073, SE=0-028, (332)=—3-09, p=0-0022),
indicating that adverse disease course prospectively
predicted cognitive deficits. Change in fractional anisot-
ropy was also positively associated with GCP,, (=0-071,
SE=4-076, t(332)=2-90, p=0-0040), indicating that frac-
tional anisotropy decline was associated with cognitive
deficits at follow-up. Neither an association between
Col and change in fractional anisotropy (95% CI
—0-0009 to 0-0006), nor an indirect (mediated) effect of
Col on GCP,, through change in fractional anisotropy
was found (95% CI —-0-012 to 0-007).

Extensive robustness checks showed that our results
were not biased by outliers, scanner influences, the
analysis strategy, the use of composite values, socio-
demographic or clinical characteristics (appendix
pp 15-32). We found a small association between current
medication intake and cognitive performance decline. By
contrast, no associations were observed between current
medication intake and white matter integrity, nor
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Figure 1: Longitudinal differences in white matter microstructure, measured with fractional anisotropy, between participants with MDD and healthy controls
(A) The distribution, means (indicated boxplots, with the central line being the mean, the edges of the box being the SD and the error bars being the distribution), individual measurements, and slopes
of fractional anisotropy, derived from the significant F contrast. Each datapoint indicates one participant. (B) Lineplot depicting the longitudinal difference in fractional anisotropy between
participants with MDD and healthy controls over the 2-year follow-up period. (C) Interaction effect of time and diagnosis. Statistically significant clusters from the interaction effect are displayed onto
the SPM152 template in the x=-32, y=36, z=-1 plane in MNI space using MRIcroGL (version 1.2). Red-yellow colour represents voxels in which a significant interaction effect was found. The effect was

mainly located in the superior longitudinal fasciculus. MDD=major depressive disorder. MNI=Montreal Neurological Institute.

between comorbidity and cognitive performance or white
matter integrity. Crucially, our robustness checks showed
that neither medication nor psychiatric comorbidity
affected the overall pattern of results. Results for other
diffusion metrics analysed are shown in the appendix
(p 8). The association between changes in cognitive per-
formance and white matter integrity was very stable,
clearly pronounced, and independently replicable at both
sites (Marburg and Miinster). We also successfully cross-
validated the models trained at one site to the other.

Discussion

To our knowledge, this study presents the most com-
prehensive prospective dataset to date investigating the
complex longitudinal association between changes in
white matter integrity, cognitive decline, and disease
course in MDD. Using a battery of neurocognitive tests
and diffusion-weighted imaging data taken at baseline
and at 2 years, we found that participants with MDD
had worse results on neurocognitive tests than did
healthy controls, regardless of the timepoint.
Furthermore, we observed differences in changes in
white matter integrity between participants with MDD
and healthy controls, with participants with MDD
having a greater decrease in white matter integrity in
the superior longitudinal fasciculus than healthy
controls. As expected, participants with greater decline

www.thelancet.com/psychiatry Vol 11 November 2024

in white matter integrity in widespread fibre tracts had
a decline in cognitive performance over time, with the
same effect found for all tested cognitive domains.
Additionally, our analyses showed that depressive
disease course during the 2-year follow-up period
predicted worse cognitive performance at follow-up.
This effect was mainly driven by the results of cognitive
tests capturing processing speed. However, changes in
white matter integrity did not mediate the link between
depressive disease course and cognitive performance at
follow-up.

Previous cross-sectional studies have found lower
cognitive performance in individuals with MDD than in
individuals without any history of psychiatric disorder,**
which is replicated in the present sample at both time-
points. However, contrary to our hypothesis, we found
a numerical increase in cognitive performance in partici-
pants with MDD over time that was not significant.
While this result seems surprising at first, it might be
explained by the fact that a large proportion of our partici-
pants were less depressed at follow-up than at baseline.
This idea aligns with our previous findings that individu-
als in remission have higher cognitive performance than
acutely depressed individuals,”” highlighting the varia-
bility of cognitive performance during the clinical course
of depression. Nonetheless, some cognitive deficits
appear to persist in the remitted state of depression,”
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Figure 2: Longitudinal association between changes in cognitive performance and changes in white matter
microstructure, measured with fractional anisotropy, in participants with MDD and healthy controls

(A) Scatterplot depicting the longitudinal association between changes in cognitive performance and changes in
fractional anisotropy derived from the significant F contrast, across participants with MDD and healthy controls.
Each datapoint represents one participant. Lines and shaded areas indicate the mean association between changes
in fractional anisotropy and cognitive performance as well as the standard deviations. (B) Interaction effect of time
and cognitive performance. Statistically significant clusters from the interaction effect are displayed onto the
SPM152 template in the x=38, y=-3, and z=22 plane in MNI space using MRIcroGL (version 1.2). Red-yellow colour
represents voxels in which a significant interaction effect was found. The effect was widespread and included the
corpus callosum, superior longitudinal fasciculus, and corona radiata. MDD=major depressive disorder.
MNI=Montreal Neurological Institute

which matches our finding that participants with MDD
still performed worse than healthy controls at follow-up.
Moreover, we found that disease progression, including
the number of depressive relapses and overall time
spent in depressive state during the interval, predicted
poor cognitive function at follow-up, regardless of an
individual's current acute symptomatology. This finding
corroborates previous evidence showing an association
between the duration of depressive episodes during the
assessments and cognitive dysfunction at follow-up.
Although further studies are essential to confirm this
finding, we suggest a negative effect of disease course on
cognitive performance in participants with MDD.

The cross-sectional diffusion-weighted imaging litera-
ture consistently points to lower white matter integrity in
individuals with MDD than in individuals without any
history of psychiatric disorder;* however, the few longi-
tudinal diffusion-weighted imaging studies to date have
yielded a rather ambiguous pattern of results.” Our
analyses suggest a stronger decrease in white matter
integrity over a 2-year interval in participants with MDD
than in healthy controls, aligning with previous studies.”
According to established theories, chronic stress can lead
to dysregulation of the hypothalamic-pituitary-adrenal
axis, resulting in increased production and expression of
glucocorticoids.” Glucocorticoids reduce growth factors,
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decrease dendritic branching, and affect myelination,
possibly impairing white matter fibre microstructure.”
Notably, the effect was particularly pronounced in the
superior longitudinal fasciculus, a fibre tract previously
considered crucial for language and now recognised for
its ipsilateral fronto-temporal and fronto-parietal connec-
tions. Given the late maturation of the superior
longitudinal fasciculus and its association with healthy
ageing, this fibre bundle might be particularly suscepti-
ble to neurotoxic effects of prolonged stress during
disease progression.”

Because white matter fibres form the connections for
information transfer between brain regions, impair-
ments in white matter integrity might lead to cognitive
dysfunction.” This hypothesis corroborates our results,
which show a positive association between changes in
white matter integrity and changes in cognitive perfor-
mance over time. Specifically, participants whose
cognitive performance decreased had a decline in white
matter integrity. This association was independent of
diagnosis, which is consistent with our hypothesis and
previous cross-sectional findings,” indicating a general
association between white matter integrity and cognitive
performance. By contrast with the diagnosis-specific
effects described here, the association between cognitive
performance and white matter integrity over time was
located in a large bilateral cluster, encompassing several
fibre tracts, including the corpus callosum, corona
radiata, and superior longitudinal fasciculus. These large
association fibres have previously been shown to be most
affected in MDD when compared with individuals
without any history of psychiatric disorder.** These tracts,
which connect distant areas of the brain, are probably key
for information integration that is required for optimal
cognitive function.” Their deterioration (eg, due to
stressful life events or stress during disease progres-
sion®?) could lead to cognitive impairments. In summary,
these findings suggest an anatomically more global effect
that might go beyond the observed diagnosis-related dif-
ferences. Notably, our results show that even minor
changes in cognitive performance, as observed in
analysis 1, were associated with robust variations in white
matter integrity. Thus, given the longitudinal nature of
the current study, we might draw preliminary conclu-
sions regarding a direct association between cognitive
performance and white matter integrity across partici-
pants with MDD and healthy controls. However, we
found no evidence of a mediating effect of changes in
white matter integrity on the association between
disease course and cognitive performance at follow-up,
limiting this interpretation. Nonetheless, the absence of
significant results could be due to the relatively short
study interval and low variance in disease course in our
MDD sample because many participants reported a
rather mild disease course. Future studies with longer
time intervals should further unravel the complex asso-
ciations between disease progression, white matter
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Figure 3: Mediator model with disease course as predictor variable, white matter microstructure changes as mediator, and cognitive performance at
follow-up as outcome variable in participants with MDD

(A) Diagram of the mediator model with disease course during the follow-up period as the predictor variable, white matter microstructure changes (follow-up
status-baseline status), measured by fractional anisotropy, as the mediator variable, and cognitive performance at follow-up as the outcome variable in participants
with MDD. Standardised coefficients and standard errors for each path of the mediation model are presented. c represents the total effect, [ the direct effect, and ab
the indirect effect. (B) Scatterplot depicting the longitudinal association between disease course in participants with MDD during the follow-up period and cognitive

performance at follow-up. *Significance, at p<0-05.

microstructure, and cognitive performance in partici-
pants with MDD.

The findings of this study need to also be considered
in the context of some limitations. First, the MDD
disease course was captured on the basis of retrospective
self-reports. Although life charting has shown reliable
results elsewhere,” reports might be biased by current
depressive symptoms. Furthermore, the influence of
the MDD disease course on cognitive performance is
complex. The Col factor includes many variables that
reflect the extent of impairment caused by the depressive
illness. However, even with our extensive robustness
checks, accounting for all possible influences known to
favour a poor course of the illness, especially other
comorbid diagnoses (eg, anxiety disorders), was beyond
the scope of the current analysis. Second, despite suc-
cessful cross-validation, any confounding effects of site
or scanner cannot be ruled out completely. Third,
although our findings suggest a decline in white matter
integrity over time, in our cross-sectional analysis we
could not detect lower white matter integrity in partici-
pants with MDD than in healthy controls, as has been
found in previous diffusion-weighted imaging studies.*
However, our cross-sectional results have shown that
reductions in white matter integrity reflect the depressive
state and symptom severity to some extent.* Hence, it is
not surprising that reduced white matter integrity was
most pronounced in participants with acute MDD versus
healthy controls. These findings suggest that a complex
pattern of state and scar effects might be responsible for
alterations in white matter integrity in depression. Future
studies with longer time intervals and multiple measure-
ment points are needed to further pursue this idea.
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Finally, cognitive performance and white matter integrity
might be influenced to some degree by clinical character-
istics such as medication and comorbidities. This finding
might be attributed to a higher disease burden in indi-
viduals on psychiatric medication or the use of specific
psychiatric agents. Furthermore, we had no information
on the number of psychotherapeutic and psychiatric
contacts before baseline. However, accounting for the
number of previous hospitalisations before baseline did
not change the results. Finally, no people with lived
experience were involved in shaping the research
question and study design, choosing outcome measures,
planning recruitment, working as lived experience
researchers, assessing the burden of interventions,
writing up the study, or dissemination of its findings.
Overall, our study highlights the relevance of white
matter microstructure in participants with MDD and
provides evidence that changes in white matter integrity
might be a possible neural mechanism associated with
cognitive performance alterations across participants
with MDD and healthy controls. Our results further show
that worse disease course predicted poor cognitive
performance, emphasising the relevance of considering
cognitive alterations in disease progression and effective
antidepressant treatment to prevent cognitive deteriora-
tion over time. Although the current state of research does
not justify regular measurement of diffusion-weighted
imaging via MRI in clinical diagnostics, our findings
suggest that changes in fibre structure should be consid-
ered in future research investigating cognitive deficits in
individuals with MDD. Given the negative effect of
cognitive deficits on daily functioning and quality of life,>*
we strongly recommend greater attention be paid to
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cognitive performance and related microstructural corre-
lates in relapse prevention and personalised treatment
options. Optimally, current interventions should be
combined with a greater focus on enhancing cognitive
performance—for example, through cognitive remedia-
tion programmes, exercise, or new psychopharmacological
agents.
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