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Introduction

Current research has provided evidence for neurobiological 
correlates of depression in terms of brain function and struc-
ture. Typical findings involve reduced hippocampal volumes 
and lower grey-matter volumes in cortical regions, particu-
larly the subgenual anterior cingulate cortex (ACC). These 
findings have been reported in a review,1 and findings of 
lower hippocampal and cingulate cortex volumes have been 
replicated in a large meta-analysis that sampled more than 
1900 adults with depression.2 Because neurobiological traces 
of depression are still detectable after remission, it has been 
suggested that these are trait markers indicating increased 
vulnerability to depressive illness.3,4 However, it remains to 
be determined whether these findings in adults reflect neuro-
developmental influences that may have increased people’s 
basic predisposition for depression years before.

The first signs of depression in many patients are observed 
during adolescence, and the cumulative prevalence of de-
pression by the end of adolescence is approximately 20%.5,6 
Particularly striking is the rapid rise of the incidence of de-

pression in early adolescence,7 leading to suggestions of 
 potential causative mechanisms underlying this increased 
risk. Investigating adolescents and young adults may pro-
vide a unique opportunity to understand the developmental 
aspects of the neurobiology of depression.8 So far, however, 
results have been conflicting. The typical findings in adults 
related to the subgenual ACC and hippocampus have also 
been reported in a larger study in depressed adolescents and 
young adults (n = 168),9 but a meta-analysis that investigated 
cortical thickness as another aspect of grey-matter structure 
in adolescents did not replicate the result pattern.10 Instead, 
in a subsample of approximately 200 adolescents and young 
adults with a mean age of approximately 19 years, the auth-
ors showed that the cortical thinning seen in older patients 
(> 21 years of age) did not appear in younger participants.10

During adolescence, a considerable reorganization of both 
grey and white matter occurs. Childhood and adolescence 
are characterized by overall increases in white-matter vol-
umes and a regionally specific development of grey-matter 
volumes in an inverted U-shape.11 While subcortical, phylo-
genetically “older” structures such as the basal ganglia seem 
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to reach peak volumes earlier in life (around age 7 to 8 in 
girls and around age 10 in boys), grey-matter volume in fron-
tal and parietal cortices peaks around age 10 to 12 and in the 
temporal cortex only around age 16, with girls showing 
earli er peaks than boys. Consequently, areas related to motor 
or sensory functioning, such as somatosensory or visual corti-
ces, seem to mature earlier than higher-order association 
 areas.11 Similarly, in terms of cortical thickness (as a measure 
of another aspect of grey-matter structure) the dorsolateral 
prefrontal cortex (dlPFC) reaches adult levels particularly 
late.12 Differences in grey-matter volumes during adolescence 
in depressed versus healthy young people may therefore 
 reflect different maturational processes.13 Influences of age 
and sex on grey-matter volumes could explain different 
 results for grey-matter volumes in prefrontal areas. There is 
meta-analysis evidence for volume reductions in adults,14 and 
evidence of increased and decreased volumes in different 
groups of adolescents.15,16 However, for most brain regions, it 
has been suggested that lower grey-matter volumes may 
 reflect greater maturity of the brain during adolescence.11 
Findings of greater prefrontal cortex volumes, particularly in 
younger depressed adolescents, may suggest that these indi-
viduals are more prone to delayed brain maturation as a risk 
factor for developing depression. Alternatively, increased 
prefrontal volumes may also be linked to neuroplasticity pro-
cesses. In this vein, the rumination and compulsive symp-
toms frequently seen in depression have been suggested to 
relate to increased prefrontal volumes.17,18

For subcortical regions such as the hippocampus, the situ-
ation is different: in healthy adolescents and young adults, 
hippocampal volumes grow continuously.19 However, in de-
pressed adolescents (as in adults), decreased volumes20–23 
have been reported fairly consistently. A possible reason for 
this may be that maturation in this structure follows other 
principles, and a decrease in volume is not a sign of matura-
tional processes but of already affected structural integrity as 
a consequence of depression. A further explanation for lower 
hippocampal volumes might be that the compulsive brood-
ing commonly seen in depression could interfere with the 
functioning of episodic memory, which in turn could ad-
versely affect the volume of the hippocampus.17

In the current study, we investigated grey-matter volumes 
in a reasonably large sample of 103 adolescents, all after the 
onset of puberty, and young adults (age range 12 to 27 years). 
We hypothesized that including both adolescents and young 
adults would allow us to replicate earlier findings related to 
maturational processes in the brain, irrespective of diagnosis. 
We expected to find significant effects of age in prefrontal 
and temporal brain regions, where restructuring is assumed 
to take place during this period of life (with greater grey-
matter volumes in younger participants). We expected the 
somatosensory and visual cortices, as well as phylogen-
etically older brain areas such as the hippocampus and 
amygdala, to show no such age effects irrespective of diagno-
sis, because maturational processes in these areas should be 
less evident after the onset of puberty.11 Furthermore, we ex-
pected to replicate the findings of 2 previous studies on grey-
matter volumes in larger samples of depressed adolescents 

and youth:9,24 in addition to the decreased hippocampal 
volumes found by Jaworska and colleagues,9 Hagan and 
colleagues24 reported effects of depression on grey-matter 
volume, particularly in the thalamus and ACC.

We formulated 2 main hypotheses. First, using whole-brain 
analysis, we expected to replicate an effect of age in the entire 
sample: that cortical volumes (particularly in phylogenetically 
newer areas of the brain such as the frontal, parietal and tem-
poral cortices) decrease with age, in line with previous studies 
(hypothesis 1).24 In a second whole-brain analysis, we investi-
gated the hypothesis that depressed adolescents would have 
relatively increased prefrontal cortex volumes compared to 
healthy controls, as has been found inconsistently in smaller 
samples (hypothesis 2).15 We expected that our sample — 
which had a skewed distribution toward younger participants, 
where maturational effects should be relatively large  — 
would be well suited to detecting such differences.

As a secondary goal, we hypothesized that we would 
replicate the finding of decreased hippocampal volumes in 
depressed adolescents relative to controls using a region-
of-interest (ROI) analysis, as consistently reported by Jaworska 
and colleagues9 and in several studies with smaller sample 
sizes (hypothesis 3).20–23 We also investigated the effects of 
illness on grey-matter volume in the ACC (ROI analysis) and 
thalamus (whole-brain analysis) as previously reported by 
Hagan and colleagues,24 predicting decreased grey-matter 
volumes in depressed participants (hypothesis 4).

Methods

Participants

We obtained participants’ morphological and clinical data as 
part of 2 functional imaging projects on the effects of cogni-
tive behavioural therapy in depressed adolescents25 and on 
depression and nonsuicidal self-injury in adolescents and 
young adults (part of the project published in Groschwitz 
and colleagues26). From these studies, we included data from 
depressed patients (before cognitive behavioural therapy) 
and healthy controls aged 12 to 27 years. After excluding 
1 patient and 1 control because of poor data quality, we had 
morphological data for 103 participants. All 60 participants in 
the depression group met DSM-IV criteria for current major 
depressive disorder at the time of the MRI. All were inpa-
tients or outpatients of the Department of Child and Adoles-
cent Psychiatry and Psychotherapy or of the Department of 
Psychiatry and Psychotherapy of Ulm University, or they 
were outpatients from a private child and adolescent psych-
iatry practice in Ulm, Germany. Exclusion criteria were a cur-
rent or previous diagnosis of bipolar disorder, schizophrenia 
or substance abuse; an intellectual disability; or a major so-
matic or neurologic disorder. Of the patients with depression, 
20 were taking psychotropic medication at the time of the 
scan, usually antidepressants for their current episode. Of 
these, 9 had a history of current or previous long-term medi-
cation of more than 2 months. Four additional patients were 
currently unmedicated but had a history of previous long-
term medication. In the control group, we included only 
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 participants who had never been diagnosed with any psychi-
atric disorder and who were matched for age, education and 
sex. None of the controls had a history of current or previous 
psychotropic medication. All participants had reached pu-
berty as indicated by Tanner stage 3 in males and menstrua-
tion in females. All participants and caregivers (in the case of 
minors under age 18 years) provided written informed con-
sent. Procedures were carried out in accordance with the 
Declaration of Helsinki (2013), and the studies were ap-
proved by the Institutional Review Board of Ulm University.

Diagnoses were assessed using the German version of the 
clinical interview Schedule for Affective Disorders and 
Schizophrenia for School-Age-Children-Present and Lifetime 
(K-SADS-PL) for DSM diagnoses27 in adolescents up to age 
18 years, or the Structured Clinical Interview for DSM diag-
noses (SCID) in young adults.28 To assess current depressive 
symptoms, we used the Beck Depression Inventory second 
edition (BDI-II),29 German version.30

Structural MRI data acquisition

We used a 3.0 T Siemens MAGNETOM Allegra Scanner 
(Siemens) equipped with a head coil to obtain MRI data. We 
acquired anatomic high-resolution T1-weighted images using a 
magnetically prepared rapid acquisition gradient echo 
 sequence (MPRAGE: 1 × 1 × 1 mm voxels, band width 130 Hz/
pixel, repetition time 2500 ms, inversion time 1.1 s, echo time 
4.57 ms, flip angle 12°, field of view 256 × 256, 192 sagittal 
slices) as part of a larger imaging protocol.

Statistical analysis of behavioural data

We performed statistical analyses using the Statistical 
Package for the Social Sciences 21 (SPSS Inc.). We com-
puted between-group differences by means of 2-sample t 
tests and χ2 tests. For correlational analyses, we applied the 
Pearson coefficient. All tests were performed with levels of 
significance established at p < 0.05 (2-tailed).

Statistical analysis of structural MRI data

Preprocessing
We conducted image preprocessing using the Computational 
Anatomy Toolbox for SPM 12 (CAT12, http://dbm.neuro.
uni-jena.de/cat12/) with the following steps: normalization, 
segmentation and quality check for sample homogeneity. 
 Using standard settings of the toolbox, we normalized data 
into Montreal Neurological Institute (MNI) space and seg-
mented them into grey matter, white matter and cerebrospinal 
fluid using the SPM12 tissue probability maps for spatial regis-
tration and segmentation. We conducted spatial smoothing as 
the final step of preprocessing with a Gaussian kernel of 6 mm 
full width at half maximum using SPM 12 standard routines.

Whole-brain analyses
We assessed the effect of age (hypothesis 1: whole-brain 
analysis) on grey-matter volumes in the whole brain using a 
simple regression analysis across the entire group of 

participants, irrespective of diagnosis. We tested whole-brain 
group differences between healthy controls and patients 
(hypothesis 2: whole-brain analysis) for significance using the 
2-sample t test module for unpaired samples in SPM 12. For 
both analyses, we included age and sex as covariates, because 
previous investigations showed a clear influence of these 
variables on grey-matter volumes.11,24,31 Sex was a nuisance 
covariate in both analyses; age was the variable of interest for 
hypothesis 1 and a nuisance covariate for hypothesis 2. We 
added long-term psychotropic medication (>  2 months 
currently or in the past; n = 13) as another covariate of no 
interest to the model. Thresholds for both analyses were set 
at p < 0.001 at the voxel level, together with a family-wise 
error (FWE) correction for multiple comparisons at pFWE < 0.05 
at the cluster level. We extracted estimates of grey-matter 
volumes from regions with a significant statistical effect to 
visualize effects.

Replication of results from previous MRI studies
To further investigate the validity of our data, we directed 
additional analyses toward replication of the main results of 
previous studies from other research groups in similar 
samples, particularly those by Jaworska and colleagues9 and 
Hagan and colleagues.24 As in Jaworska and colleagues,9 we 
tested an a priori hypothesis (hypothesis 3, ROI analysis) for 
differential effects in the hippocampus using an ROI 
approach and expecting smaller volumes in depressed youth. 
Because the tracing procedures used by Jaworska and 
colleagues9 to delineate the left and right hippocampus were 
not available at our site, we used the hippocampus templates 
from the atlas for automated anatomic labelling accessible via 
the WFU Pick Atlas for SPM (http://fmri.wfubmc.edu/
software/PickAtlas). We thresholded the map at p < 0.01 at 
the voxel level. To control for multiple comparisons, we used 
a cluster-extent threshold of pFWE < 0.05 in combination with 
the small-volume correction (SVC) in SPM, applying the 
hippocampus masks bilaterally.

To study the differential effects in the thalamus as one 
main finding of Hagan and colleagues24 (hypothesis 4, whole- 
brain analysis) we first performed an analysis at the whole-brain 
level, expecting greater thalamic volumes, particularly in 
younger depressed participants than in controls. The 
second main finding in that study was a differential effect in 
the ACC (hypothesis 4, ROI analysis). Like Hagan and 
colleagues, we used the atlas for automated anatomic 
labelling accessible via the WFU pickatlas for SPM and 
combined templates for “Cingulum_Ant_R” and 
“Cingulum_Ant_L” to delineate a bilateral ACC ROI. At the 
voxel level, we used the same threshold for the ROI analysis 
as Hagan and colleagues (p < 0.004), combined with an 
FWE correction for multiple comparisons in small volumes 
(pFWE < 0.05). Because the sample studied by Hagan and 
colleagues included only participants younger than 18 years, 
we investigated group differences between patients with 
depression and healthy controls in the whole group, but 
calculated a separate analysis in participants up to age 18 years 
(n = 79). For hypotheses 3 and 4, we again included age, sex 
and medication as covariates of no interest in the analyses.
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Subgroup analyses: patients with psychiatric codiagnoses 
excluded
To investigate whether psychiatric codiagnoses had an im-
pact on our data, we recalculated each analysis. To exclude 
effects of a history of anorexia nervosa (as found in 2 pa-
tients), we designed a model with 58 patients versus 43 con-
trols. To exclude effects of any psychiatric codiagnosis, we 
excluded the 18 patients with a history of psychiatric codiag-
nosis (including anorexia nervosa) from calculations, setting 
up a model with 42 patients versus 43 controls.

Results

Behavioural data

Both groups (patients and healthy controls) included more 
females than males, and the majority were right-handed. One 
patient did not complete the BDI-II questionnaire. In the 
remaining group of 59 patients, the mean BDI-II score 
indicated a moderate degree of depressive symptoms (mean 
± standard deviation = 24.31 ± 10.37). Age, handedness and 
sex did not differ between groups. Samples were roughly 
matched for education level. For more details, see Table 1.

Whole-brain analyses

Effect of age: hypothesis 1
Regression analysis revealed a significant effect of age over a 
large array of cortical regions (Fig. 1): the older the 
participant, the lower the grey-matter volumes. The global 
maximum in this analysis was in the paracingulate and 

medial prefrontal cortex (MNI coordinates: x, y, z = −8, 59, 18; 
Z = 5.57; number of voxels = 28 181), very close to the region 
with the maximum effect of age on grey-matter volume 
found by Hagan and colleagues (MNI coordinates: x, y, z = 
−2, 52, 2).24 We observed further age effects in the ACC and 
medial prefrontal cortex, insula, lateral prefrontal cortex, 
inferior and superior parietal regions, and precuneus. As 
expected, we found no significant effects of age in the 
visual or somatosensory cortices, the amygdala or the 
hippocampus. We found no significant positive relationship 
between larger grey-matter volume and increasing age.

Group differences: hypothesis 2
The comparison of patients with depression and healthy con-
trols revealed a significant group difference in the dlPFC, 
with greater grey-matter volumes in patients than in healthy 
controls (MNI coordinates: x, y, z = 44, 18, 50; Z = 4.19; num-
ber of voxels = 548; Fig. 2). We found no other significant 
clusters for this comparison, and testing for the opposite 
 direction (smaller grey-matter volume in patients) provided 
no significant results. An interaction analysis of group × age 
revealed no significant results (data not shown).

Analyses according to a priori hypotheses from other studies

Differential effect in the hippocampus (ROI analysis):  
hypothesis 3)
Comparing grey-matter volumes in the left and right 
hippocampus ROIs, we confirmed the finding of Jaworska 
and colleagues.9 We found significantly lower grey-matter 
volumes in the posterior hippocampus in depressed youth 

Table 1: Demographic and clinical characteristics of study participants

Characteristic Depressed patients (n = 60) Healthy controls (n = 43) Group differences

Sex, no. (%) 48 F (80) 38 F (88.4) NS*

BDI-II score, mean ± SD 24.31 ± 10.37 3.07 ± 3.44 t74 = 14.66, p < 0.001

Age, yr, mean ± SD (range) 17.30 ± 3.44 (13–27) 17.62 ± 3.85 (12–27) t101 = −0.44, p = 0.66

Secondary diagnosis, no.† Anorexia nervosa: 2
Social phobia: 6

Attention-deficit/hyperactivity disorder: 4 
Socialized conduct disorder: 3

Specific phobia: 2
Borderline personality disorder: 1

— —

Handedness, no. (%)‡ 58 right-handed (96.7) 40 right-handed (93) NS*

Intake of psychotropic 
medication currently or in the 
past > 2 months, no.§

Antidepressant (mirtazepine: 3; fluoxetine: 2; 
escitalopram: 2; sertraline: 3) 
Antipsychotic (quetiapine: 1)

Psychostimulant (methylphenidate: 4)

— —

Education level, no.¶ Hauptschule: 10
Realschule: 23
Gymnasium: 20
Berufsschule: 5

Missing: 2

Hauptschule: 5
Realschule: 13
Gymnasium: 22
Berufsschule: 3

NS*

NS = not significant; SD = standard deviation.
*χ2 test.
†Diagnosis according to DSM-IV; n = 18.
‡Edinburgh Handedness Inventory; a independent sample t test.
§n = 13.
¶A Gymnasium is a type of school providing secondary education, comparable to English grammar schools and United States college preparatory high 
schools. Hauptschule and Realschule are secondary schools. Berufsschule is a professional school that students attend along with an apprenticeship. 
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versus healthy controls (MNI coordinates: x, y, z = −18, −35, 
−2; Z = 2.54; number of voxels = 10).

Group differences in the thalamus (whole-brain analysis) 
and the ACC (ROI analysis): hypothesis 4
We found a differential effect in the thalamus, with greater 
volumes in depressed participants than in healthy controls 
(MNI coordinates: x, y, z = −12, −17, 20; Z = 3.37; number of 
voxels = 6) at thresholds of p < 0.001 at the voxel level and 

pFWE,SVC < 0.05, controlling for multiple comparisons. This 
effect was not significant when data from participants up to 
age 18 years were analyzed. However, as described by 
Hagan and colleagues24 in participants up to age 18 years, 
and using the ROI approach we found decreased grey-matter 
volumes in depressed patients compared with healthy 
controls in the ACC, midcingular portion (MNI coordinates: 
x, y, z = −6, 24, 20; Z = 3.21; number of voxels = 72). This 
effect was not significant for the whole group.

Fig. 1: Left: Results of the whole-brain regression analysis over the entire group of participants (n = 103); p < 0.001 at the voxel level, pFWE < 
0.05 at the cluster level. Right: Correlation of individual grey-matter volume (estimated relative concentration) and age at the global maxi-
mum of the age effect, with depressed participants and healthy controls in different colour coding. FWE = family-wise error; MNI, Montreal 
Neurological Institute.
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Subgroup analyses: patients with psychiatric codiagnoses 
excluded

Exclusion of the 2 patients with a history of anorexia nervosa 
revealed results that were not different from those of the 
whole sample. Exclusion of all 18 patients with any 
psychiatric codiagnosis revealed unchanged results for 
hypotheses 1 and 3, as well as for hypothesis 4 in the 
thalamus. For hypothesis 2, findings in the dlPFC survived 
correction for multiple comparisons, but only when applying 
a simple cluster-level correction at p < 0.05 (no FWE 
correction). The results of these analyses are reported in 
greater detail in Appendix 1, available at jpn.ca/170233.

Discussion

Investigating grey-matter volumes in a comparatively large 
sample of peri- and postpubertal adolescents and young 
adults with depression, we found further support for the 
observation of relatively increased prefrontal volumes in this 
population; we also replicated findings from previous 
studies. Across all participants in the present study, results 
revealed the expected age effect (hypothesis 1): the older the 
participants, the lower their global grey-matter volumes, 
particularly in the paracingulate and the prefrontal cortex. A 
comparison of both groups (hypothesis 2) revealed that 
depressed patients had greater grey-matter volumes in the 
dlPFC than healthy controls. The interaction of group × age 
(which could support assumptions of different maturation 
velocities) was not significant. Replicating the findings of 
Jaworska and colleagues9 and Hagan and colleagues,24 our 
results indicated lower grey-matter volumes in the 
hippocampus in depressed patients (hypothesis 3) and in the 
ACC in depressed patients under the age of 18 (hypothesis 4) 
compared with healthy controls.

Our observation of increased dlPFC grey-matter volumes 
in depressed youth compared with healthy controls aligned 
well with the results of previous studies and could indicate 
that developmental processes in depressed adolescents 
follow different trajectories in brain regions known to be 
involved in the regulation of emotions and stress. Because 
increased dlPFC brain volumes are not typically seen in 
adults,10 we think that a delayed onset of developmental 
processes is a plausible explanation for our finding in 
depressed adolescents. However, our sample did not include 
preadolescent participants in each group, necessary to span 
the entire range of brain maturation and monitor full-scale 
growth curves of grey-matter volumes. Therefore, this 
interpretation must remain tentative. Still, previous studies 
on cortical thickness — a different aspect of grey-matter 
structure in depression — have delivered results in a similar 
direction to our findings. Studies investigating cortical 
thickness in older adults (age > 60 years)32 and in younger 
adults (age 24 to 35 years)33,34 have tended to support cortical 
(in particular, prefrontal) thinning in patients with 
depression, but investigations in younger groups (males 
average age 17 to 21.5 years) have shown thicker cortices in 
depressed participants compared to healthy controls in the 

lateral frontal cortex32 and in frontal regions/prefrontal 
cortex.35 Our results point toward a similar situation in a 
larger sample with respect to grey-matter volume, which is a 
related, but not overlapping measure of grey-matter 
structure.

Despite these consistencies, it must be noted that our 
findings were in contrast to those of a smaller study (n = 22 
per group) by Shad and colleagues,16 which found lower 
grey-matter volumes in the dlPFC in depressed adolescents 
compared with healthy controls. One explanation for this 
inconsistency, besides the smaller sample size, might be that 
depressed participants in that study were younger (mean age 
15 years; range 12 to 20 years) than those in our study (mean 
age 17.3 years; range 13 to 27 years). Furthermore, Hagan and 
colleagues,24 investigating a similarly large sample, did not 
report group differences in grey-matter volume between 
depressed and healthy adolescents. A reason for their finding 
might be that participants were again younger (mean age 
15.65 years; range 11.83 to 17.96) than those in our study but 
older than those in the study of Shad and colleagues.16 These 
observations may guide conclusions that differences in brain 
maturation reflected in different prefrontal grey-matter 
volumes may be more prominent in slightly older 
adolescents. Different findings might also have been due to 
sex differences — Hagan and colleagues24 included more 
males (27.8%) than we did (20%) — and the fact that 
participants in that study were more often medicated 
(approximately 33%) than participants in our study (13.3%).

The dlPFC is an important structure when it comes to the 
processing of risk and fear, emotion regulation, cognitive 
control, monitoring of performance, response inhibition and 
behavioural adjustment.32,35,36 It has been suggested that 
maturational processes in the frontal lobe provide the 
neurophysiological basis for the acquisition of skills and 
knowledge related to higher cognitive functioning and social 
behaviour.37 Significant increases in the development of 
attentional control are seen around age 15 years,38 and 
development of executive functions and problem-solving 
abilities are found from this age into early adulthood.39 
Neurobiological models of depression, hand in hand with 
impaired frontal lobe functioning, conceptualize some of the 
key phenomena observed in depression. These include 
biased attention to and increased processing of negative 
stimuli, as well as rumination that is related to impaired or 
dysfunctional attentional and executive control.40 In 
particular, cognitive behavioural therapy explicitly targets 
these aspects. Delayed maturational processes in the frontal 
lobe may be a risk factor for adolescent depression. Immature 
self-regulatory competence in combination with increased 
novelty and sensation-seeking (which have been suggested 
to drive commonly observed risky behaviours and emotional 
imbalance in adolescents) may also facilitate depression.41 
Furthermore, because symptoms of depression such as 
rumination and compulsive behaviours have been associated 
with increased prefrontal volumes,17,18 neuroplasticity effects 
may stave off the normal age-related decline and keep dlPFC 
volumes larger. However, it remains unclear whether 
delayed cortical development predisposes a person to 
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depression or whether depression delays the brain 
maturation trajectories.

As well as demonstrating greater grey-matter volumes in 
the prefrontal regions of depressed participants, where 
maturational processes peak during adolescence, we also 
replicated previous findings of reduced grey-matter volumes 
in regions such as the hippocampus.9,24 In these regions, brain 
maturation peaks earlier in development and is already 
much more advanced in the age group we investigated.11 
More advanced maturational processes may be the reason 
why results from the hippocampus in adolescents are highly 
similar to those in adults.2 As in adults, prolonged exposure 
to stress (which induces high glucocorticoid levels and 
appears to harm the hippocampus in terms of neurogenesis 
and loss of dendritic spines42–44) has been suggested as a 
mechanism underlying these findings. In line with this idea, 
77% of depressed minors report that a stressful life preceded 
or triggered the onset of their first depressive episode.45 
Furthermore Rao and colleagues46 found that early-life stress 
was associated with both the onset of depression and smaller 
hippocampal volumes. Besides that, younger age at onset 
of major depressive disorder has been associated with 
smaller hippocampi,9 and a longitudinal study noted that 
attenuated hippocampal growth was associated with the 
onset of depression.47 These findings suggest that smaller 
hippocampal volumes may predispose for depression, 
possibly because of impaired mnestic processes,42,48 impaired 
executive functioning and affect regulation.49 Indeed, the 
meta-analysis from the ENIGMA group including data from 
1728 adult patients with major depression identified smaller 
hippocampal volume as the most robust marker of 
depression, driven primarily by either earlier age of onset or 
recurrent depression, while recurrent depression did not 
moderate hippocampal volumes in early-onset patients.2 The 
authors concluded that early onset of depression, as in our 
adolescent sample, may be independently associated with 
lower hippocampal volumes. An alternative explanation for 
lower hippocampal volumes could be a lack of effective 
epistemic foraging and information being consigned to 
nonconscious episodic memory, with depressed patients 
getting stuck on compulsive, negative perspectives on the 
self, world and others. Such excessive top–down rumination 
might limit the normal volumetric development of the 
hippocampus. Indeed, it has been shown that hippocampus 
volume accounted for impaired memory function in 
depressed versus healthy participants.50 Supporting this, 
Wang and colleagues17 found that depressed patients 
revealed a significant decrease of regional grey-matter 
volume in the parahippocampal gyrus versus healthy 
controls and that rumination had a mediating effect on the 
relationship between depression and regional grey-matter 
volume in the parahippocampal gyrus.

In the present study, we also found reduced ACC grey-
matter volume in depressed patients versus healthy controls, 
again in line with the findings of Jaworska and colleagues9 
and Hagan and colleagues24 in adolescents. Although the 
maturation peak for the ACC is less clear, it seems to occur 
earlier than in the dlPFC.12 Smaller ACC volumes 

(particularly in the subgenual portion) have been seen 
consistently in adults,1 but not in a longitudinal study on 
adolescent depression.47 The ACC is associated with conflict 
monitoring, social decision-making and determination of the 
source of social information.51,52 It also plays a key role in the 
processing, regulation and appraisal of emotions.51 
Therefore, reduced grey-matter volume in the ACC might 
relate to interpersonal and emotional impairments in 
depressed patients.

Finally, we found tentative evidence for aberrant thalamic 
volume characteristics in depressed patients versus healthy 
controls, similar to findings reported by Hagan and 
colleagues.24 The thalamus undergoes a significant amount of 
reorganization from early childhood through adolescence to 
early adulthood.53 However, structural changes in the 
thalamus are not consistently found in adult depression,1 
despite findings of functional changes.54,55

Limitations

The present study was limited because of a skewed sex 
distribution biased toward female participants, which limits 
its generalizability to male patients. Furthermore, it was 
limited owing to its cross-sectional design. Although even 
short-term psychotropic medication might have affected 
brain development and volume, we were able to control only 
for the long term (>  2 months currently or in the past), 
because the only available data for short-term medication in 
the past were inconsistent. We did not systematically explore  
experiences of triggering stressors such as childhood 
maltreatment/trauma in our study despite their well-known 
influence on the limbic system. Normalization of images to a 
standard template in voxel-based morphometry may result 
in some deformation of the original brain structure and 
possible errors in detecting small-volume differences. One 
strength of the present study was the inclusion of relatively 
young participants, which reduced the likelihood that long-
term medication or chronicity of the disorder had already 
induced marked changes in gross brain anatomy. Another 
strength was the comparably large sample size obtained from 
a single MRI scanner.

Conclusion

We found further evidence to support different develop-
mental trajectories in brain regions relevant for top–down 
processing — particularly the dlPFC — in adolescents and 
young adults with depression. Other brain regions, such as 
the hippocampus, did not show signs in support of such a 
 rationale. Insufficient top–down control has been suggested 
as an explanation for the increased incidence of substance 
abuse, risk behaviour and affective disorders during adoles-
cence.56 However, it remains unclear whether these changes 
are the cause of these disorders or an effect of already on-
going disorders. In our study, we focused on depressed par-
ticipants, although some might develop other affective disor-
ders later on (for example, initial presentation with 
depression is common in bipolar disorder). Longitudinal 
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studies in a large sample of younger adolescents are needed 
to shed further light on these processes and better under-
stand natural brain maturation in healthy controls and pre-
dictors of depression and other disorders later in life. An-
other approach could be to calculate normative ranges of 
grey-matter volume in adolescents and young adults, taking 
into account data from healthy populations in huge data 
samples (e.g., ENIGMA, Human Connectome Project). In a 
next-step deviation, scores of depressed participants versus 
normative data could be calculated by age range to learn 
whether the brain age of depressed participants is lower than 
their biological age. Besides analyses of grey-matter volume, 
it would be interesting to focus on other aspects of grey- 
matter structure in cortical thickness and surface analyses.
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