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a b s t r a c t 

Background: Depression has been associated with decreased regional grey matter volume, which might partly be 

explained by an unhealthier lifestyle in depressed individuals which has been ignored by most earlier studies. Also, 

the longitudinal nature of depression, lifestyle and brain structure associations is largely unknown. This study 

investigates the relationship of depression and lifestyle with brain structure cross-sectionally and longitudinally 

over up to 9 years. 

Methods: We used longitudinal structural MRI data of persons with depression and/or anxiety disorders and con- 

trols (N unique participants = 347, N observations = 609). Cortical thickness of medial orbitofrontal cortex (mOFC), rostral 

anterior cingulate cortex (rACC) and hippocampal volume were derived using FreeSurfer. Using Generalized Es- 

timating Equations, we investigated associations of depression and lifestyle (Body mass index (BMI), smoking, 

alcohol consumption, physical activity and sleep duration) with brain structure and change in brain structure 

over 2 (n = 179) and 9 years (n = 82). 

Results: Depression status (B = -.053, p = .002) and severity (B = -.002, p = .002) were negatively associated 

with rACC thickness. mOFC thickness was negatively associated with BMI (B = -.004, p < .001) and positively 

with moderate alcohol consumption (B = .030, p = .009). All associations were independent of each other. No 

associations were observed between (change in) depression, disease burden or lifestyle factors with brain change 

over time. 

Conclusions: Depressive symptoms and diagnosis were independently associated with thinner rACC, BMI with 

thinner mOFC, and moderate alcohol consumption with thicker mOFC. No longitudinal associations were ob- 

served, suggesting that regional grey matter alterations are a long-term consequence or vulnerability indicator 

for depression but not dynamically or progressively related to depression course trajectory. 
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. Introduction 

Depression has been associated with structural brain disturbances.

maller hippocampal volume and cortical thinning in regions such

s the orbitofrontal cortex (OFC) and anterior cingulate cortex (ACC)

ave been most robustly found in persons with depression compared to

ealthy controls in large meta-analyses ( Arnone et al., 2016 ; Gray et al.,

020 ; Schmaal et al., 2016 , 2017 ). However, these abnormalities could

e either related to a predisposition for depression, develop after dis-

ase onset or progress with disease duration or trajectory. Based on

ross-sectional studies it is difficult to shed light on potential causal-
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053-8119/© 2021 The Authors. Published by Elsevier Inc. This is an open access ar
ty, whereas longitudinal studies are sparse and findings inconsistent

 Dohm et al., 2017 ). Some researchers suggest that depression is related

o decreased grey matter (GM) over up to 4 years, with GM changes de-

ending on depression trajectory ( Frodl et al., 2008a ; Lebedeva et al.,

018 ; Phillips et al., 2015 ), while other studies did not find longitudi-

al changes over time in brain regions often associated with depression

 Frodl et al., 2008b ; Weber et al., 2012 ). Inconsistencies in observations

ould be related to methodological factors, such as small sample sizes,

ifferences in age-ranges, limited time between baseline and follow-up,

ut also factors such as lifestyle. 
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Depression has often been associated with an unhealthy lifestyle

 Penninx, 2017 ). Low physical activity ( Vancampfort et al., 2015 ) and

igh body mass index (BMI) ( Milaneschi et al., 2019 ) have consistently

een associated with depression, as have smoking ( Fluharty et al., 2017 )

nd high alcohol consumption ( Boden & Fergusson, 2011 ). Lifestyle as-

ects, such as shorter (and longer) sleep duration, physical inactivity

nd increased weight, can be considered correlates of depression, be

isk factors for (course of) depression and vice versa ( Fluharty et al.,

017 ; Mendlewicz, 2009 ; Milaneschi et al., 2019 ). These associations

etween depression and an unhealthy lifestyle have also been reported

n the sample used in the current study ( Boschloo et al., 2011 ; de Wit

t al., 2010 ; Hiles et al., 2017 ; Jamal et al., 2012 ; van Mill et al., 2010 ).

s lifestyle factors have also been related to smaller regional GM vol-

mes ( Erickson et al., 2014 ; García-García et al., 2019 ; Opel et al., 2020 ;

cullin, 2017 ; Topiwala et al., 2017 ; V ň uková et al., 2017 ), these could

e partly underlying the associations between depression and GM vol-

mes. However, the cross-sectional as well as longitudinal impact of

ifestyle on the relation between depression and brain structure is still

argely unknown. 

The current study therefore investigates the relationship between

epression, lifestyle and brain structure across measurement waves as

ell as longitudinally over up to 9 years. Based on earlier large-scale

eta-analyses ( Schmaal et al., 2016 , 2017 ), we identified the brain mea-

ures with the largest significant effect sizes (adult depressed patients

s controls), and thus focused on cortical thickness of the medial or-

itofrontal cortex (mOFC), rostral anterior cingulate cortex (rACC) and

ippocampal volume in the current study. These regions were also partly

n line with earlier findings in the current sample ( van Tol et al., 2010 ).

resence and severity of depressive symptoms were expected to be as-

ociated with lower regional GM thickness/volume, and predictive of

egional GM reductions over the course of up to 9 years. Unhealthy

ifestyle factors were also expected to be related to decreased regional

M. Associations between depression and brain structure abnormalities

nd lifestyle and brain structure were not expected to be independent

rom each other. In order to maximize sample size and based on the

igh comorbidity of depression and anxiety ( Lamers et al., 2011 ), anal-

ses on severity of depressive symptoms and lifestyle were conducted

cross persons with current depressive disorder (with potential comor-

id anxiety), current anxiety disorder, persons with remitted depression

nd/or anxiety disorders and healthy controls. 

. Material and methods 

.1. Sample 

The Netherlands Study of Depression and Anxiety (NESDA) is a natu-

alistic longitudinal cohort study, investigating the course of depression

nd anxiety in a total of 2981 participants aged 18 through 65 years. Per-

ons with depressive and/or anxiety disorders and healthy controls with-

ut a lifetime psychiatric diagnosis were included. Participants were re-

ruited from specialized mental health care institutions, general prac-

ices and the community (for details see Penninx et al., 2008 ). 

Part of the NESDA baseline sample (patients and healthy controls)

ere asked to participate in the NESDA MRI substudy in which struc-

ural and functional MRI scans were acquired ( van Tol et al., 2010 ).

ollow-up MRI measurements were performed at 2 and 9 years after

aseline. At baseline, inclusion criteria for the MRI substudy were fulfill-

ng criteria for a DSM-IV diagnosis of major depressive disorder (MDD)

nd/or anxiety disorder (social phobia, panic disorder, generalized anx-

ety disorder) in the six months prior to the interview, but no other axis-I

isorder, and for the healthy controls no history of any DSM-IV axis-I

isorders and no use of psychotropic medication. Exclusion criteria were

ge above 57 years, general MRI contraindications, presence or history

f a major somatic or neurological disorder, alcohol or drug dependency

r abuse disorder according to the DSM-IV in the past year (measured

sing the diagnostic CIDI interview), use of psychotropic medication
2 
xcept for stable use of selective serotonin reuptake inhibitors (SSRIs)

r infrequent benzodiazepine use. At 2- and 9-year follow-up the inclu-

ion criteria were similar, but patients with previous MRI measurements

ere also allowed to use low doses of other psychopharmaca if the indi-

ation was insomnia ( < 100 mg quetiapine per day, < 15 mg mirtazapine

er day) or low doses of lithium. All participants provided written in-

ormed consent to participate in the study and the study was approved

y the Ethical Review Boards of all participating centers and conducted

n accordance to the declaration of Helsinki. 

At baseline 301 participants were included, of which 12 participants

ere excluded due to poor image quality (for details see 2.3 Image pro-

essing), two because they did not complete the scan due to claustropho-

ia and one because the interval between baseline interview and scan

as too long, leaving a total of 286 participants in the baseline sample.

or the 2-year follow-up MRI measurements all participants were asked

o participate again, resulting in a sample size of 191 of which two were

xcluded due to poor image quality, leaving 189 participants. At 9-year

ollow-up, 86 controls and participants with current depression at one

f the earlier measurement waves were again included. In addition, 53

riginal NESDA participants were newly included in the 9-year imaging

ave, also consisting of controls and participants with current depres-

ion. Of the 139 conducted scans at 9-year follow-up, 5 were excluded

ue to poor image quality, resulting in a total sample of 134 (83 re-

ruited at baseline, 51 recruited at 9-year follow-up). The total number

f unique participants included in analyses after exclusion of poor im-

ge quality data was therefore 347 and the total number of observations

as 609. Of the 347 unique participants, 179 participants had data on

aseline-to-2-year change, 82 on baseline-to-9-year change, 97 partic-

pants on baseline only, 12 participants on 2-year follow-up only, 51

articipants on 9-year follow-up only and one participant had data on

-year and 9-year follow-up only. 

The baseline characteristics of the participants with only baseline

ata (drop-out) compared to participants with at least one follow-up

easurement (non drop-out) are presented in Supplementary Table A.1.

o differences between these participants were found regarding age,

ex, education level, depression severity, anti-depressant use or any of

he lifestyle factors ( p > 0.050). For psychopathology status, the only dif-

erence was in the number of healthy controls, with less healthy controls

n the drop-out group compared to the non drop-out group ( p = 0.016),

ut no differences in drop-out for participants with current depression

r anxiety disorder. 

.2. Image acquisition 

Imaging data was acquired using 3 Tesla Philips MRI scanners

Philips, The Netherlands) located at the three participating centers

Academic Medical Center Amsterdam (AMC), Leiden University Medi-

al Center (LUMC) and University Medical Centre Groningen (UMCG)).

t baseline, a SENSE-6 channel head coil was used at the AMC while

t the other sites a SENSE-8 channel head coil was used. At the 2-year

ollow-up, 8-channel phased array head coils were used at all sites and

t the 9-year follow-up 32-channel phased array head coils. At the 9-

ear follow up, new scanners were used at the AMC and LUMC. At all

easurement waves and sites, anatomical images were obtained using

D gradient-echo T1-weighted sequence (170 sagittal slices, TR: 9ms,

E: 3.5ms, matrix size: 256 × 256, voxel size: 1 mm 

3 ). 

.3. Image processing 

FreeSurfer version 6.0 was used for image analysis (Marti-

os Center for Biomedical Imaging, Harvard-MIT, Boston, MA;

ttp://surfer.nmr.mgh.harvard.edu/ ), to obtain cortical thickness

nd (subcortical) volumetric measures. FreeSurfer incorporates av-

raging and motion correction, Talairach transformation, removal

f non-brain tissue, intensity normalization, cortical reconstruc-

ion and segmentation of cortical regions and subcortical struc-
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ures. For quality assurance, two raters performed visual inspec-

ion, using the protocol developed by the ENIGMA consortium

 http://enigma.ini.usc.edu/protocols/imaging- protocols/), leading to

xclusion of subjects when the data did not meet the criteria posed by

NIGMA. The current study focused on cortical thickness of the mOFC

nd rACC, and hippocampal volume, all averaged across hemispheres

 De Kovel et al., 2019 ), based on their association with depression

 Schmaal et al., 2016 , 2017 ). To check whether potential associations

re specific for these brain structure rather than global effects across the

hole brain, we also included total GM volume (GMV) in the analyses.

.4. Clinical assessment 

At each assessment wave, severity of depressive symptoms was as-

essed using the 30-item Inventory of Depressive Symptomatology -

elf Report (IDS-SR) ( Rush et al., 1996 ). Participants were also clas-

ified as healthy control (no lifetime history of psychiatric disorders),

aving current depression (with possible comorbid anxiety) or having

nly current anxiety disorder, all within the last 6 months, or remit-

ed depression and/or anxiety disorder. This classification of diagnos-

ic status was defined at each measurement wave and was based on

nformation on diagnostic status at earlier measurement waves, in be-

ween the measurements, as well as at the current measurement wave.

or this, the Composite International Diagnostic Interview (CIDI version

.1) ( Wittchen, 1994 ) was used. Disease burden for depression over 2

nd 9 years was determined based on the CIDI and Life Chart Interview

LCI) ( Lyketsos et al., 1994 ). The LCI uses a calendar method to obtain

nformation on presence of depressive and anxiety symptoms and sever-

ty of these symptoms per month, as well as life events. The CIDI and

CI were conducted at baseline and 2-, 4-, 6-, and 9-year follow-up. If

articipants met the criteria for depression in between or at one of the

ollow-up measurements, time spent with depression was scored as 1

or every month that patients reported depressive symptoms in the time

etween the last completed measurement and the current measurement.

f a patient did not meet the criteria, the time spent with depression in

his period was set to 0 for each month. Based on this information, the

isease burden was defined as percentage of time within 2 or 9 years

hat a patient had depressive symptoms. This was calculated for both

he baseline-to-2-year and the baseline-to-9-year period, by dividing the

umber of months with symptoms by the number of months between

aseline and the 2-year follow-up measurement, and baseline and the

-year follow-up measurement. 

.5. Lifestyle assessment 

BMI was obtained by dividing the weight (in kilograms) by the

quared height (in meters). Smoking was assessed as self-reported cur-

ent number of cigarettes per day. Alcohol consumption was measured

y average number of drinks per week and categorized as: non-drinker

 ≤ 1 drink/year), moderate drinker (men: < 21 drinks/week, women:

 14 drinks/week), and heavy drinker (men: ≥ 21 drinks/week, women:

 14 drinks/week). Physical activity was assessed using the short Inter-

ational Physical Activity Questionnaire (IPAQ) ( Booth, 2000 ) calculat-

ng the Metabolic Equivalent Total (MET)-minutes spent per week (see

etails on www.ipaq.ki.se ). Sleep duration was measured as part of a

elf-report questionnaire in which participants were asked to estimate

he average number of hours of sleep during the past 4 weeks in cate-

ories: normal or long sleep ( “7 or more hours ”) or short sleep ( “6 or

ess hours ”). Long sleep, often classified as 10 or more hours, was not

sed as a separate category as there were only few participants in this

ategory. 

.6. Statistical analysis 

Analyses were performed in SPSS (version 22; IBM Corp., Armonk,

Y). We used Generalized Estimating Equations (GEE) analyses to ex-
3 
mine the associations between depression, lifestyle factors and brain

tructure cross-sectionally across measurement waves and longitudi-

ally. This allowed us to use all available data on brain structure across

he measurement waves and all the available data on brain change,

hile taking within-person correlations into account and allowing for

issing data. For all GEE analyses, an independent correlation struc-

ure was used as this yielded the best model fit across all outcomes.

ultiple testing correction was applied using false discovery rate (FDR)

stimation for cross-sectional and longitudinal analyses separately, with

FDR = 0.05 as threshold for significance. 

In cross-sectional analyses across waves, predictors were severity of

epressive symptoms (across all participants), current depression sta-

us (comparing healthy controls to persons with current depression),

MI, number of cigarettes per day, alcohol consumption, physical activ-

ty and sleep duration. The final sample for all cross-sectional analyses

ncluded 154 scans of healthy controls, 263 scans of participants with

urrent depression (with possible comorbid anxiety), 99 scans of par-

icipants with only current anxiety and 93 scans of participants with

emitted depression and/or anxiety. Outcomes were cortical thickness

f mOFC, rACC, and hippocampal volume, with supplementary analy-

es on total GMV to check whether potential associations are specific

or certain brain structures or global effects across the whole brain. For

he first cross-sectional analyses, to assess associations between depres-

ion and brain measures, we first conducted separate univariate GEE

nalyses with depression symptom severity and depression diagnosis as

redictors and one of the brain measures as outcome variable (mOFC,

ACC, hippocampus). Next, to assess which lifestyle variables were as-

ociated with our brain measures of interest, we conducted separate

nivariate GEE analyses with only one of the lifestyle predictors per

odel (BMI, smoking, alcohol consumption, physical activity or sleep

uration), and one of the brain measures as outcome variable (mOFC,

ACC, hippocampus). For each analysis, we included the predictor and

utcome variable data for all available measurement waves, while con-

rolling for sociodemographic and imaging covariates. Time was coded

s 1 (baseline), 2 (2-year follow-up) and 3 (9-year follow-up). To check

hether associations were similar across measurement waves, an inter-

ction term of the predictor with time was added to the models. As a

econd step of the cross-sectional analyses, all lifestyle predictors that

ere significantly associated with brain outcome variables in the uni-

ariate cross-sectional analyses were included in one multivariate GEE

odel, together with symptom severity of depression or depression di-

gnosis, to investigate whether the depression predictor variables were

elated to brain outcome measures independently of lifestyle and vice

ersa. 

For longitudinal analyses, only participants with at least two MRI

easurements were included. For the first longitudinal analyses, GEE

nalyses were performed to associate baseline depression or lifestyle

redictors with change in brain structure, running separate univariate

EE analyses with only one of the depression or lifestyle predictors per

odel. For each analysis, we included predictor data at baseline, and

rain outcome data for all available measurement waves, while control-

ing for sociodemographic and imaging covariates. Time was coded as 1

baseline), 2 (2-year follow-up) and 3 (9-year follow-up) and a predictor-

y-time interaction term was added to test whether baseline predictor

as associated with change in brain measures over 2 or 9 years. For the

econd part of the longitudinal analyses, change in predictor was asso-

iated with change in brain measures. Change was calculated for each

redictor and outcome measure between baseline and 2-year follow-

p (2-year change) and between baseline and 9-year follow-up (9-year

hange). Longitudinal change analyses were only performed for predic-

ors that were (1) significantly associated with brain structure cross-

ectionally and (2) continuous measures, as group sizes were too small

o derive change of categorical variables. These analyses were only ex-

loratory. Also, power was reduced and our expectation of finding as-

ociations was minimal when a predictor was not associated with brain

tructure in the (more powerful) cross-sectional analyses. And as an ad-
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9

itional measure for depression course, disease burden over 2 or 9 years

as also investigated as a predictor. Separate linear regressions were

onducted per combination of change in predictor and change in out-

ome over either 2 or 9 years. In these analyses, negative values for

hange reflect a decrease over time while positive values reflect an in-

rease. 

.7. Covariates 

Age and sex at baseline, education level in years, scan location, in-

racranial volume (ICV) at time of measurement (for volumetric out-

omes) and time as categorical variable were included as covariates in

he analyses not involving measures of change. For cross-sectional anal-

ses, an interaction term of time ∗ scan location was added, as scanners

ere replaced at the 9-year follow-up measurement at two of the three

ites (AMC and LUMC). Cross-sectional analyses on cortical thickness

easures (i.e. mOFC and rACC) were repeated including global mean

ortical thickness as a covariate to check whether mean cortical thick-

ess might be driving potential associations with regional cortical thick-

ess. For longitudinal analyses on change, the corresponding baseline

easures were added to the model. 

As the focus of this paper is on the impact of current depression, ad-

itional dummies were included in analyses on diagnostic status, one

oded for only current anxiety, to explore whether results were specific

or depression or also present in anxiety. Another dummy coded for re-

itted depression (which was only present at follow-up, not at baseline),

o that the contrast truly describes the effect of current depression ver-

us healthy controls. All analyses indicating associations with depression

ere repeated including use of antidepressants as additional covariate. 

. Results 

.1. Sample description 

Descriptive statistics of the study sample across time points are pre-

ented in Table 1 . We included 347 participants, of which 119 partic-

pants had data on two and 71 on three time points, yielding a total

umber of 609 observations. At baseline, the sample included 68.2%

emales, the mean age was 37.6 (SD = 10.2, range 18–57) and 54.9%

ad a diagnosis of current depression. 

.2. Cross-sectional associations of depression, depressive symptoms and 

ifestyle with brain structure across waves 

As shown in Table 2 and illustrated in Fig. 1 , more severe depressive

ymptoms across the whole sample were associated with lower corti-

al thickness of the mOFC (B = -0.001, p = 0.018) and rACC (B = -

.002, p = 0.002). Also, when comparing persons with current depres-

ion to healthy controls, depression was associated with lower corti-

al thickness of mOFC (B = -0.036, p = 0.013) and rACC (B = -0.053,

 = 0.002). However, associations of depression status or severity of de-

ressive symptoms with the mOFC did not remain significant when cor-

ecting for multiple comparisons. Including use of antidepressants in the

odels on depression status did not affect the associations with depres-

ion status, with B’s remaining similar (mOFC: B = -0.031, rACC B = -

.051). Severity of depressive symptoms or depression status were not

ssociated with hippocampal volume. A diagnosis of only current anx-

ety showed similar associations as current depression with the mOFC

B = -0.036, p = 0.044) and the rACC (B = -0.055, p = 0.005). 

Higher BMI was associated with lower cortical thickness of mOFC

B = -0.004, p < 0.001) and rACC (B = -0.003, p = 0.017) but not with

ippocampal volume, with the association of the rACC not remaining

ignificant when adjusting for multiple comparisons. Persons with mod-

rate alcohol consumption displayed larger cortical thickness of mOFC

B = 0.030, p = 0.009) and rACC (B = 0.029 p = 0.044) compared to

on-drinkers (illustrated in Fig. 1 ), with the association with rACC not
4 
emaining significant when correcting for multiple comparisons. No dif-

erences were found between heavy drinkers and non-drinkers. Shorter

leep duration (6 or less hours) relative to 7 h or more, was associated

ith higher cortical thickness of the mOFC (B = 0.019, p = 0.021), but

ot significantly associated after correction for multiple comparisons.

here were no associations between any of the brain regions of interest

nd number of cigarettes per day or physical activity. Exploratory analy-

es showed that presence of current depression was associated with total

MV (B = -0.069, p = 0.027) but not when correcting for multiple com-

arisons. Severity of depressive symptoms was not associated with total

MV and neither were any of the lifestyle measures (see Supplementary

able A.2). When adding global mean cortical thickness as additional

ovariate to analyses including regional cortical thickness (i.e. mOFC

nd rACC) associations remained similar in direction and magnitude

see Supplementary Table A.3). 

Adding the interaction term between depression or lifestyle factors

ith time showed no significant interactions when correcting for mul-

iple testing, showing that associations were consistent across measure-

ent waves. Associations of severity of depressive symptoms with rACC,

MI with mOFC and alcohol consumption with mOFC remained signif-

cant when all three variables were included in one multivariate model

Supplementary Table A.4). This was true as well when depression sta-

us was added to the model instead of severity of depressive symptoms

see Supplementary Table A.4). 

.3. Change in brain structure over 2 and 9 years 

Fig. 2 illustrates change in brain structures over 2

N 2-year change = 179) and 9 years (N 9-year change = 82). Change over time

as more pronounced over 9 years than over 2 years. Over 2 years

ncreases as well as decreases of cortical thickness or volume were

bserved for all brain structures, while over 9 years decreases were

ore pronounced, especially for total GMV and hippocampal volume. 

.4. Longitudinal associations of depression and lifestyle with change in 

rain structure 

Longitudinal associations of baseline severity of depressive symp-

oms and lifestyle factors with change in brain structures over up to 9

ears are presented in Table 3 . Baseline moderate alcohol consumption

B = -0.028, p = 0.034) and heavy alcohol consumption (B = -0.034,

 = 0.009) were associated with more decrease in cortical thickness

ver 2 years of the mOFC, compared to no alcohol consumption. How-

ver, none of these associations remained significant when correcting

or multiple testing. No associations with brain changes were found for

aseline severity of depressive symptoms (illustrated in Supplementary

igure A.1), baseline depression status or other lifestyle factors. Change

n severity of depressive symptoms over 2 or 9 years was also not asso-

iated with changes in brain structure, and neither was disease burden

ver 2 or 9 years, measuring time spent with depressive symptoms see

Supplementary Table A.5). Change in BMI over 2 or 9 years was also

ot associated with parallel change in brain structure. 

. Discussion 

The current study investigated the relation between depression,

ifestyle and brain structure cross-sectionally and longitudinally over up

o 9 years. Cross-sectionally, measured across three time-points, higher

everity of depressive symptoms as well as current depression diagnosis

ere associated with a thinner rACC. Higher BMI was associated with

hinner mOFC, and moderate alcohol consumption compared to no al-

ohol consumption with thicker mOFC. All of these associations were

ndependent of each other. Longitudinally, no convincing associations

etween (change in) depression or lifestyle and brain change over up to

 years were found. 
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Table 1 

Descriptives of study sample 

Baseline 2-year follow-up 9-year follow-up 

N = 286 N = 189 N = 134 

Sociodemographics 

Age, mean years (SD) 37.6 (10.2) 40.2 (10.1) 48.6 (10.1) 

Female gender, n (%) 195 (68.2) 125 (65.8) 85 (63.4) 

Education level, mean years (SD) 12.8 (3.2) 13.0 (3.2) 13.4 (3.0) 

Scan location, n (%) 

Amsterdam 93 (32.5) 56 (29.5) 37 (27.6) 

Leiden 104 (36.4) 80 (42.1) 62 (46.3) 

Groningen 89 (31.1) 54 (28.4) 35 (26.1) 

Clinical characteristics 

Severity of depressive symptoms, mean IDS score (SD) 23.5 (14.2) 16.3 (11.6) 16.2 (12.7) 

Psychopathology status 

Healthy controls, n (%) 65 (22.7) 48 (25.4) 41 (30.6) 

Current depression (possible comorbid anxiety disorder), n (%) 157 (54.9) 58 (30.7) 48 (35.8) 

Current anxiety disorder (without comorbid depression), n (%) 64 (22.4) 23 (12.2) 12 (9.0) 

Remitted depression and/or anxiety disorder, n (%) 0 (0) 60 (31.7) 33 (24.6) 

Anti-depressant use, n (%) 77 (26.7) 40 (20.9) 26 (19.4) 

Lifestyle factors 

BMI, mean score (SD) 24.9 (4.5) 25.1 (4.5) 25.8 (4.8) 

Current smoker, n (%) 96 (33.6) 59 (39.9) 25 (18.7) 

Cigarettes per day, mean number (SD) 7.7 (10.1) 5.1 (7.6) 3.2 (5.9) 

Alcohol consumption 

Non-drinker, n (%) 52 (18.2) 35 (19.0) 24 (18.6) 

Moderate drinker, n (%) 215 (75.4) 135 (72.8) 96 (74.4) 

Heavy drinker, n (%) 18 (6.3) 15 (8.2) 9 (6.7) 

Physical activity, mean in 1000 MET minutes/week (SD) 3.6 (3.4) 4.0 (3.6) 3.5 (3.1) 

Sleep duration 

7 or more hours, n (%) 197 (76.4) 139 (76.8) 94 (70.1) 

6 or less hours, n (%) 61 (23.6) 42 (32.2) 40 (29.9) 

Brain structure 

mOFC thickness, mean (SD) 2.24 (0.11) 2.22 (0.11) 2.19 (0.11) 

rACC thickness, mean (SD) 2.63 (0.14) 2.63 (0.16) 2.62 (0.16) 

Hippocampal volume, mean cm 

3 (SD) 3.98 (0.39) 3.93 (0.41) 3.89 (0.41) 

Total GMV, mean in 100 cm 

3 (SD) 6.43 (0.60) 6.34 (0.62) 6.21 (0.57) 

ICV, mean in liter (SD) 1.52 (0.17) 1.51 (0.18) 1.52 (0.18) 

Note: Abbreviations: BMI = body mass index, MET = metabolic equivalent total, mOFC = medial orbitofrontal cortex, 

rACC = rostral anterior cingulate cortex, GMV = grey matter volume, ICV = intracranial volume 

Table 2 

Cross-sectional associations across measurement waves of brain structure with depression and lifestyle 

factors (N unique participants = 347, N observations = 609) 

mOFC thickness rACC thickness Hippocampal volume 

B p B p B p 

Depression 

Severity of depressive symptoms -0.001 0.018 # -0.002 0.002 ∗ -0.001 0.360 

Depression status 

Healthy control Ref. Ref. Ref. Ref. Ref. Ref. 

Current depression -0.036 0.013 # -0.053 0.002 ∗ -0.026 0.478 

Lifestyle factors 

BMI -0.004 < 0.001 ∗ -0.003 0.017 # 0.001 0.729 

# Cigarettes per day 0.001 0.238 -0.0004 0.636 0.0002 0.920 

Alcohol consumption 

Non-drinker Ref. Ref. Ref. Ref. Ref. Ref. 

Moderate drinker 0.030 0.009 ∗ 0.029 0.044 # 0.033 0.131 

Heavy drinker 0.037 0.064 -0.007 0.789 0.048 0.200 

Physical activity -0.001 0.204 -0.003 0.086 0.001 0.677 

Sleep duration 

7 or more hours Ref. Ref. Ref. Ref. Ref. Ref. 

6 or less hours 0.019 0.021 # 0.010 0.471 0.017 0.319 

Note: Separate Generalized Estimating Equation models per predictor, adjusted for sociodemographic 

and imaging variables (age, sex, education, scan location, ICV, time and interaction of time ∗ scan 

location); abbreviations: mOFC = medial orbitofrontal cortex, rACC = rostral anterior cingulate cortex, 

BMI = body mass index 
∗ significant at p FDR < 0.05 
# p < 0.05 & p FDR > 0.05 (i.e. not significant after FDR correction) 

5 
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Fig. 1. Associations of severity of depressive symptoms, BMI and alcohol consumption with thickness of mOFC and rACC. Plots illustrating the associations of severity 

of depressive symptoms, BMI and alcohol consumption with thickness of medial orbitofrontal cortex (mOFC) and rostral anterior cingulate cortex (rACC), without 

adjustment for sociodemographic and imaging variables. Similarity of slopes of the regression lines per measurement wave illustrate that there is no interaction with 

time with depression severity or BMI. 

Fig. 2. Illustration of change of brain structures over 2 and 9 years. Density plots representing the distributions of change of thickness of the medial orbitofrontal 

cortex (mOFC), rostral anterior cingulate cortex (rACC), hippocampal volume and total grey matter volume (GMV) over 2 years and 9 years. Negative values for 

change reflect a decrease over time while positive values reflect an increase. 
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Severity of depressive symptoms as well as depression diagnosis

ere associated with lower rACC thickness. This is in line with earlier

arge meta-analyses linking presence of depression to the (rostral) ACC

 Arnone et al., 2016 ; Gray et al., 2020 ; Schmaal et al., 2016 ) and in

ine with findings from voxel-based morphometry analyses in a subset

f the current sample ( van Tol et al., 2010 ). These associations con-

rm that depressive symptoms are related to regional brain structure in

 dose-response fashion ( Webb et al., 2014 ), also across persons with a

remitted) depression, anxiety and controls. These associations were not

riven by the use of antidepressants: the associations between depres-

ion and rACC thickness remained stable when correcting for antidepres-

ant use. This is also in line with that only a small part of the sample was

sing antidepressants (24%), suggesting the associations are not likely

o be driven by antidepressant use. The associations between depression

nd mOFC or hippocampus found in earlier meta-analyses were not con-

incingly confirmed in the current study, though a trend association of
6 
OFC thickness with severity of depressive symptoms as well as diag-

osis was observed. No associations with total GMV were found and the

ssociation of rACC and depression remained when correcting for global

ean cortical thickness, indicating regional rather than global effects.

ssociations of only current anxiety were similar to current depression,

ndicating there might be common mechanisms or disturbances in the

rain related to depression and anxiety, which has also been suggested

ased on strong comorbidity of these disorders ( Kessler et al., 2015 ). 

No convincing longitudinal associations were observed between de-

ression and change in brain structure: baseline severity of depressive

ymptoms or diagnosis did not predict change in rACC or mOFC thick-

ess or hippocampal volume, nor did change in depressive symptoms or

isease burden over 2 or 9 years co-vary with changes in brain structure.

his is partly in line with inconsistent findings of earlier longitudinal

tudies ( Dohm et al., 2017 ). Most of the earlier studies relating depres-

ion to longitudinal brain change focused on trajectories of depression
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Table 3 

Longitudinal associations of change in brain structure over a 9-year period with baseline depression and lifestyle 

(N Time 2 = 179, N Time 3 = 82) 

Δ mOFC thickness Δ rACC thickness Δ Hippocampal volume 

B p B p B p 

Depression 

Severity of depressive symptoms 

Severity of depressive symptoms ∗ time 2 0.0002 0.613 0.0001 0.347 -0.001 0.052 

Severity of depressive symptoms ∗ time 3 -0.00002 0.972 -0.001 0.853 -0.0001 0.897 

Depression status 

Healthy control Ref. Ref. Ref. Ref. Ref. Ref. 

Current depression 

Current depression ∗ time 2 0.006 0.626 0.019 0.415 -0.011 0.635 

Current depression ∗ time 3 0.008 0.796 0.057 0.068 0.024 0.482 

Lifestyle factors 

BMI 

BMI ∗ time 2 -0.001 0.441 0.00006 0.977 -0.00008 0.964 

BMI ∗ time 3 -0.003 0.263 -0.005 0.142 -0.003 0.283 

# Cigarettes per day 

# Cigarettes per day ∗ time 2 0.0003 0.699 0.002 0.122 -0.0002 0.755 

# Cigarettes per day ∗ time 3 0.001 0.502 0.002 0.069 -0.001 0.558 

Alcohol consumption 

Non-drinker Ref. Ref. Ref. Ref. Ref. Ref. 

Moderate drinker 

Moderate drinker ∗ time 2 -0.028 0.034 # -0.009 0.732 -0.001 0.954 

Moderate drinker ∗ time 3 -0.034 0.082 0.001 0.981 0.036 0.281 

Heavy drinker 

Heavy drinker ∗ time 2 -0.063 0.009 # -0.032 0.475 -0.020 0.638 

Heavy drinker ∗ time 3 -0.023 0.266 0.104 0.089 0.057 0.292 

Physical activity 

Physical activity ∗ time 2 -0.001 0.716 0.006 0.067 0.001 0.575 

Physical activity ∗ time 3 -0.002 0.621 0.004 0.320 0.003 0.527 

Sleep duration 

7 or more hours Ref. Ref. Ref. Ref. Ref. Ref. 

6 or less hours 

6 or less hours ∗ time 2 -0.006 0.648 -0.036 0.105 -0.001 0.956 

6 or less hours ∗ time 3 -0.035 0.053 -0.002 0.927 -0.052 0.112 

Note. Separate Generalized Estimating Equation models per predictor, adjusted for sociodemographic and imaging 

variables (age, sex, education, scan location, ICV, time and corresponding brain measure at baseline); abbreviations: 

Δ = change, mOFC = medial orbitofrontal cortex, rACC = rostral anterior cingulate cortex, BMI = body mass index 
# p < 0.05 & p FDR > 0.05 (i.e. not significant after FDR correction) 
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iagnosis, comparing remitters to non-remitters, rather than change in

ymptom severity ( Frodl et al., 2008b ; Isikli et al., 2013 ; Taylor et al.,

014 ). One of the few studies examining depressive symptoms in rela-

ion to brain change found depressive symptoms to be predictive of sub-

equent 4-year decline in some regions, such as the superior temporal

ortex, and change in symptoms to be related to brain changes in other

egions, such as the left superior frontal gyrus ( Lebedeva et al., 2018 ).

owever, none of these regions were examined in the current study

s they were not consistently associated with depression in large cross-

ectional meta-analyses ( Arnone et al., 2016 ; Schmaal et al., 2017 ). Also,

he sample of the Lebedeva et al. study was older than the current sam-

le and it might be that in the current sample there was not enough

hange over time in the included brain regions to find the accelerated

iological ageing related to depression that Lebedeva et al. reported.

or example, hippocampal volume generally shows almost no decline

etween age 20 and 60 but substantial decline after 60 ( Fjell et al.,

019 ; Pomponio et al., 2020 ). It has also been suggested that late-onset

epression might be more strongly related to decline of brain struc-

ure than early-onset depression ( Dohm et al., 2017 ; Hickie et al., 2005 ;

chmaal et al., 2016 ), which might also explain inconclusive findings. 

In the current study depression was cross-sectionally but not longitu-

inally associated with rACC thinning. The rACC has been implicated in

epression as it is an important region for integration of cognitive and af-

ective input, social cognition and emotion regulation ( Bush et al., 2000 ;

tevens et al., 2011 ). In depressed patients, a thicker rACC was shown

o predict positive treatment response to repetitive transcranial mag-

etic stimulation (rTMS) ( Boes et al., 2018 ) and rACC volume also pre-

icted treatment response to Internet-Based Cognitive Behavioral Ther-
7 
py ( Webb et al., 2018 ). Also, increase in rACC thickness over time dur-

ng treatment with rTMS was linked to a positive treatment outcome

nd decrease to a less favorable outcome ( Boes et al., 2018 ). Though

e did not investigate change in brain structure as predictor of treat-

ent response, we did not observe associations between with natural-

stic course of change in depressive symptoms over time and change of

ACC thickness. 

The association between depression and rACC thickness was inde-

endent of lifestyle factors: when lifestyle and depression were included

n one multivariate model, associations remained. This indicates that the

egative association between depression and rACC thickness was not

riven by an unhealthy lifestyle, such as higher BMI. But there are also

ther factors that might contribute to the lower cortical thickness ob-

erved in depression, such as (early life) stress potentially leading to in-

reased inflammation and neuronal atrophy ( Price & Duman, 2019 ) or a

ulnerability for depression affecting brain structure ( Boes et al., 2008 ).

aken together, this could suggest that lower rACC thickness is not re-

ated to disease progression or the trajectory of depressive symptoms but

ight either already be present before onset and relate to vulnerability

or developing depression or be a long-term consequence of depression.

owever, larger longitudinal studies are needed to confirm these find-

ngs. Studies in subclinical populations and with larger age-ranges may

hed more light on onset of cortical thinning and the potential interac-

ions with age. 

Higher BMI was associated with thinner mOFC cross-sectionally.

his is in line with earlier studies linking lower volume of this region

o BMI ( García-García et al., 2019 ), also in persons with depression

 Opel et al., 2015 ). The mOFC has often been linked to obesity through
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ts involvement in reward processing ( Gehring & Willoughby, 2002 ),

ith a thinner mOFC potentially being related to disturbances in these

rocesses. No associations were found between BMI and rACC or hip-

ocampal volume. The association of BMI with mOFC was found to be

ndependent of depression, which is also in line with earlier research

 Opel et al., 2015 , 2020 ), and also independent of other lifestyle fac-

ors. It was also independent of global mean cortical thickness, indicat-

ng the effect of BMI is regional rather than global. Factors potentially

nderlying this association might be immuno-metabolic dysregulation

r cardio-vascular problems, which have been associated with high BMI

 Van Gaal et al., 2006 ) and may explain decreased prefrontal cortical

hickness ( van Velzen et al., 2017 ), for example through neurodegener-

tion or neuroplasticity. 

No convincing longitudinal associations between BMI and regional

rain structure were observed: BMI at baseline was not predictive of

ecline in cortical thickness of the mOFC, rACC or hippocampal vol-

me, nor was change in BMI over up to 9 years associated with si-

ultaneous change in regional brain structure. This is also in line with

nconsistent findings of earlier longitudinal studies, some associating

igher BMI with more cortical thinning over time ( Bobb et al., 2014 ;

alhovd et al., 2014 ) while other studies do not observe longitudinal

ssociations ( Croll et al., 2019 ). 

Interestingly, moderate alcohol consumption compared to no alco-

ol consumption was associated with thicker mOFC. This might indi-

ate a positive effect of moderate alcohol consumption, which has also

een suggested for other neurological health outcomes, such as demen-

ia ( Ruitenberg et al., 2002 ), stroke ( Cleophas, 1999 ), and somatic dis-

ases ( Nyberg et al., 2020 ). However, this is not in line with other stud-

es finding negative associations between moderate alcohol consump-

ion and brain structure ( Topiwala et al., 2017 ). An alternative explana-

ion for this association might be that the non-drinkers represent a rela-

ively unhealthy population (‘sick-quitter’ hypothesis, Wannamethee &

haper, 1988 ). Abstinence might be an indicator of somatic diseases or

revious heavy drinking which could (partly) underlie the smaller GM

bserved in non-drinkers. This might also be in line with the trend as-

ociation of baseline moderate as well as heavy alcohol consumption

ith subsequent thinner mOFC found in the current study. However,

hese adverse effects of heavy alcohol consumption were not observed

ross-sectionally in the current study, so these findings could also be

ue to chance and need further investigation in larger studies. Here, it

s important to keep in mind that persons with alcohol abuse or depen-

ence disorders were excluded in the current study, indicating that in

he current sample heavy drinking does not measure disorders related to

lcohol consumption but rather heavy drinking as a lifestyle behavior in

he absence of alcohol abuse and dependency disorders. No associations

ere found between alcohol consumption and rACC or hippocampal vol-

me, nor between any of the brain regions and sleep duration, smoking

r physical activity. 

.1. Strengths and limitations 

Some limitations need to be kept in mind. Firstly, longitudinal sam-

le size was limited, especially over 9 years, which may have reduced

he power to observe any convincing longitudinal associations. The lon-

itudinal power might also have been affected by changes in the scan-

ers that were used, as well as hardware updates of the scanners. We

bserved trend associations of baseline moderate and heavy alcohol con-

umption with change decrease in mOFC thickness over time, which did

ot remain significant when correcting for multiple testing. Future stud-

es with a larger longitudinal sample, preferably with a large follow-up

nterval and broader age range, might indicate if convincing longitudi-

al associations are present, and allow further exploration of the inter-

ction with age on these associations. For these studies, it would also

e relevant to include depression longitudinally to assess illness dura-

ion and changes in depressive symptoms over time. Also, examining

ubclinical symptoms of depression might shed more light on potential
8 
rain correlates present before onset of depression. For future studies, it

ight also be interesting to examine the role of inflammation or (early

ife) stress in the associations of depression, BMI and brain structure to

isentangle potential underlying mechanisms. Strengths of the current

tudy include the design, combining all of the available cross-sectional

ata across measurement waves and all longitudinal change data, re-

ulting in relatively large sample sizes for an MRI study in a clinical

ample. Also, the current study had a relatively long follow-up interval

or study in a clinical population and the sample was well-phenotyped,

ith diagnoses based on clinical interviews. 

. Conclusion 

Overall, our study confirmed that higher severity of depressive symp-

oms and depression diagnosis are associated with thinner rACC, in-

ependent of lifestyle factors. No convincing longitudinal associations

ere observed: baseline depression did not predict change in brain struc-

ure over a 9-year follow-up period, and change in depressive symptoms

as not associated with change in brain structure. Higher BMI was as-

ociated with thinner mOFC, whereas moderate alcohol consumption

as associated with thicker mOFC, all independent of other lifestyle

actors and depression (-severity). Other lifestyle factors were not asso-

iated with brain structure and no convincing longitudinal associations

f lifestyle with change in brain structure were observed. The consistent

ross-sectional, but absent longitudinal association of depression with

rain structure might suggest that it is a long-term consequence or vul-

erability indicator for depression but not dynamically or progressively

elated to depression course or symptom trajectory. However, careful

nterpretation of the absent longitudinal relationships is warranted as

bsence of evidence is not the same as evidence of absence ( Dienes et al.,

014 ). This study provides insight into the cortical abnormalities related

o depression and the role of lifestyle in this association. Future studies

hould aim to investigate the longitudinal associations in larger sam-

les with a wider age-range, to gain further insight in the association

etween depression and brain structure across the lifespan. 
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