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Background: Early-onset major depressive disorder (EO-MDD), beginning during childhood 

and adolescence, is associated with more illness burden and a worse prognosis than adult-onset 

MDD (AO-MDD), but little is known about the neural features distinguishing these subgroup 

phenotypes. Functional abnormalities of the amygdala are central to major depressive disorder 

(MDD) neurobiology; therefore, we examined whether amygdala intrinsic connectivity (IC) 

can differentiate EO-MDD from AO-MDD in a cohort of adult MDD patients.

Subjects and methods: Twenty-one EO-MDD (age of onset #18 years), 31 AO-MDD 

patients (age of onset $19 years), and 19 healthy controls (HCs) underwent resting-state func-

tional magnetic resonance imaging (7 minutes). Amygdala seed-based resting-state functional 

connectivity was compared between groups.

Results: AO-MDD patients showed loss of inverse left amygdala–left dorsolateral prefrontal 

cortex IC and increased inverse left amygdala–left inferior parietal IC, compared to both HCs 

and EO-MDD. EO-MDD showed a switch from inverse to positive IC with right dorsomedial 

prefrontal cortex, compared to HCs and AO-MDD. This effect was removed when we controlled 

for illness burden.

Conclusion: Alterations in amygdala IC with the default-mode network were specifically related 

to EO-MDD, whereas amygdala IC with executive cognitive control regions was preferentially 

disrupted in AO-MDD. Increased illness burden, an important clinical marker of EO-MDD, 

accounted for its specific effects on amygdala IC. Brain imaging has the potential for validation 

of clinical subtypes and can provide markers of prognostic value in MDD patients.

Keywords: major depressive disorder, onset age, resting-state functional connectivity, functional 

magnetic resonance imaging, biomarker, amygdala

Introduction
Major depressive disorder (MDD) is a heterogeneous condition with variations in 

etiology, course, and treatment response. Mounting evidence indicates that the onset 

of MDD during childhood and adolescence (EO-MDD) results in a distinctive pheno-

type in adulthood. Clinically, EO-MDD is associated with greater familial risk, more 

illness burden, and a greater risk of suicide and psychiatric comorbidity, compared to 

adult-onset MDD (AO-MDD).1,2 Considerable efforts have been taken in recent years 

to develop blood and brain imaging biomarkers to classify MDD subtypes on the basis 

of age of onset.3–6 Several structural neuroimaging studies have revealed differential 

volumetric changes in EO-MDD compared to AO-MDD, in support of this subtype 

classification of MDD. The volume of prefrontal and limbic regions, corpus callosum 

morphology, and regional cortical thickness patterns were all found to differ in early-

onset compared to adult-onset depression.4–7
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The study of functional network changes in childhood 

or adolescent MDD and those described in adults with 

MDD has revealed similarities as well as some differences. 

A recent systematic review of 28 functional imaging studies 

in youth depression indicated elevated activity in medial 

network regions including anterior cingulate cortex (ACC), 

ventral medial prefrontal cortex (VMPFC), orbitofrontal 

cortex, and amygdala, similar to observations in adult MDD.8 

Abnormalities in cognitive control regions/networks (dorso-

lateral prefrontal cortex [DLPFC], ventrolateral prefrontal 

cortex, dorsal ACC) were less frequently observed in youth 

MDD, compared to adult MDD, suggesting a difference in 

the domain of cognitive control.8 Given that childhood and 

adolescent MDD groups consist of patients predominantly 

within their first episode, whereas adult MDD patients 

predominantly have recurrent or chronic depression, prefron-

tal alterations consistently observed in adult MDD have been 

partly attributed to cognitive deficits emerging from recurrent 

episodes (illness burden). Longitudinal studies would be 

ideal to establish the relative contribution of illness burden 

and developmental effects on brain abnormalities related 

to the course of EO-MDD and AO-MDD. In the absence 

of such data, cross-sectional imaging studies of EO-MDD 

vs AO-MDD in an adult MDD cohort could also provide 

differential imaging markers/prognostic markers of these 

two subtypes.

The amygdala plays a vital role in both bottom-up and 

top-down emotional regulation9–11 and is central to both youth 

and adult MDD pathology.11–15 Considering the developmen-

tal changes in amygdala functional intrinsic connectivity (IC) 

from childhood to adulthood,16 amygdala-based networks 

could potentially distinguish MDD patients on the basis of 

age of onset. The few studies that have examined amygdala 

functional IC in childhood and adolescent MDD patients 

have shown reduced IC within several brain networks 

including the executive control network (prefrontal/parietal 

cortex),12,17 limbic network (hippocampus, parahippocampus, 

brain stem),13 and the saliency network (insula).17,18 In adult 

MDD patients with adolescent onset, reduced amygdala IC to 

ventral ACC and VMPFC was related to multiple episodes.19 

Reduced overall amygdala IC is consistent with previous 

findings in adults with MDD.14,20–23 Amygdala functional IC 

might be expected to differ between youth and adult MDD, 

based on developmental theories.16 The observed absence of 

differences could be partly explained by the small number 

of studies, especially in childhood and adolescent cohorts, 

small sample size, and the lack of direct comparative studies 

between the two groups.

In adult MDD, literature regarding amygdala IC with 

prefrontal regions has been mixed. Studies have reported 

reduced IC with medial prefrontal cortex (MPFC)21–23 and 

ventrolateral prefrontal cortex,14,20 reduced inverse IC with 

DMPFC,24 and no abnormalities in IC with PFC, compared to 

healthy controls (HCs).25 Variability due to MDD subtypes, 

perhaps related to age of onset, might obscure the revelation 

of reliable biomarkers. We sought to determine whether 

amygdala IC could differentiate early-onset vs adult-onset 

in adult patients with MDD and validate the subtypes on the 

basis of age of onset. We also examined the impact of poten-

tial confounds such as illness burden (number of episodes, 

duration of illness), which typically vary with the age of onset 

of depression. Considering that prefrontal and amygdala 

regions show distinctive trajectories of development, we 

predicted differential prefrontal–amygdala IC between early 

depression onset (onset at #18 years of age) and adult onset 

(onset .18 years of age) in adult patients with MDD.

Subjects and methods
Participants
Fifty-five subjects with unipolar MDD, aged 19–58 years 

(33 females: 22 males) and 19 HCs aged 20–52 years 

(11 females: 8 males) were recruited through advertisements 

on the university campus, mental health clinics, and tertiary 

care centers. Participants were retrospectively divided into 

groups based on age of MDD onset. EO-MDD was defined 

as onset at age 18 or earlier. This division was used to capture 

childhood and adolescent onset26 and to be congruent with 

our previous reports defining structural alterations in EO-

MDD.4–6 Mean MDD age of onset was 24.96±10.64 years; 

21 of the patients had experienced onset at 18 years or 

earlier (14.3±2.5 years; EO-MDD) and 34 had onset after 

18 years of age (31.53±8.1 years; AO-MDD). Age of onset 

was determined by self-report. Specifically, the interviewing 

psychiatrist (RR) asked participants at what age they began 

to experience the constellation of symptoms that would fulfill 

the criteria for MDD.

All patients met the Diagnostic Statistical Manual 

(DSM-IV) criteria for MDD, as determined by the Structured 

Clinical Interview for DSM-IV Axis I Disorders. A score of 

18 or higher on the 17-item Hamilton rating scale for depres-

sion was necessary for inclusion in our study. Subjects free 

of psychotropic medications for at least 3–4 weeks before 

enrollment were included. Presenting with Axis I disorders 

other than MDD, borderline personality disorder, medical 

or neurologic disorders, or severe risk for suicide were rea-

sons for exclusion. HCs were screened with the non-patient 
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version of the Structured Clinical Interview for DSM-IV Axis 

I Disorders to ensure they or their family members did not 

have an Axis I disorder. Ethics approval was obtained from 

the Conjoint Health Research Ethics Board at the University 

of Calgary prior to the study, and all participants provided 

informed consent.

Magnetic resonance imaging (MRI) data 
acquisition and preprocessing
Two 3.5-minute sessions of eye open resting-state functional 

MRI (fMRI) were acquired per subject, as well as a T1-weighted 

structural MRI. The fMRI data were acquired with a single-shot 

gradient-recalled, echo planar imaging sequence (115 volumes, 

echo time/repetition time (TR/TE) =2,000/30 ms, 24×24 cm 

field of view, flip angle =65°, 30 slices of 4 mm thickness). The 

T1-weighted image was acquired with the following param-

eters: TR =9.2 ms, TE = minimum, flip angle =20°, 180 slices 

of thickness 1 mm, with 1 mm in-plane resolution. Scans were 

obtained using a 3 T General Electric MR scanner (Signa VHi; 

General Electric Healthcare, Waukesha, WI, USA) equipped 

with an eight-channel, phased-array head coil, or using Dis-

covery MR 750, a 3 T General Electric MR scanner, with 

the same parameters and protocol. Sixty-three subjects were 

scanned using the first scanner, and the remaining 11 with the 

latter, due to scanner replacement.

Preprocessing of fMRI sequences (FMRIB Software 

Library [FSL]) included brain extraction, spatial smoothing, 

slice timing correction, motion correction, and temporal high- 

pass filtering. Head movements were corrected with MCF-

LIRT (intramodal motion correction tool). Spatial smoothing 

was performed using a Gaussian filter with a full-width at 

half maximum of 6 mm, while slice timing correction used 

Hanning-windowed sinc interpolation to shift the time series 

by a fraction of the TR relative to the midpoint of the TR 

period. Also, 100 s high-pass temporal filter was applied. 

Using FMRIB Linear Image Registration Tool, fMRI images 

were co-registered to subject’s T1 anatomic data and then 

normalized to the Montreal Neurological Institute template.

The FSL View Structures Toolbox was used to locate the 

left and right amygdala on a Montreal Neurological Institute 

standard brain and create region of interest masks, which 

were then registered to native space. Mean time courses for 

each region of interest were extracted from the preprocessed 

resting-state fMRI data.

fMRI analysis and statistics
Resting-state fMRI analysis was performed with FSL 

FEAT using a general linear model. FMRIB’s improved 

linear model was used to analyze time series data from an 

individual session. For each of the left and right amygdala, 

a regression model was set up with the amygdala time series 

as a predictor, using six motion parameters and the mean 

BOLD time series of white matter and cerebral spinal fluid 

regions as nuisance covariates. Signals that occur across 

the whole brain simultaneously primarily reflect non-neural 

interference in the signal due to external factors such as head 

movement.27,28 Therefore, global regression using a whole 

brain mask time series as a covariate of non-interest was 

also performed to reduce spurious positive correlations and 

increase signal to noise ratio.

Higher-level analysis compared three groups (EO-MDD, 

AO-MDD, and HC) using one-way analysis of covariance 

(ANCOVA) with FMRIB’s Local Analysis of Mixed Effects. 

Clinical characteristics that were determined as variables of 

non-interest (ie, age, sex) were used as group-level covariates. 

In order to account for scanner-related variability, scanner 

was also used as a covariate of non-interest in the model. 

We were interested to characterize amygdala IC differences 

in EO-MDD, AO-MDD, and HCs, which included inherent 

differences in illness burden between the MDD groups; 

therefore, our main analysis did not control for these vari-

ables. Next, we performed correlations between amygdala 

IC (mean z-statistic values) extracted at the individual level, 

from significant group clusters, and number of episodes as 

well as illness duration, in order to explore if any group 

finding was related to illness burden.

In order to further investigate the impact of illness 

burden, we performed an exploratory follow-up analysis 

while controlling for illness burden (illness duration and 

number of episodes used as covariates of non-interest in the 

model). Due to inherent lateral differences between the right 

and left amygdala, the two were analyzed separately from 

one another.11,29

Our analyses generated z-statistic images with a voxel-

wise statistical threshold of z=2.7 (p=0.01), wherein clusters 

were deemed significant at an false discovery rate corrected 

p,0.05, as determined by Monte Carlo Simulation. To 

identify differences between groups, we extracted individual 

mean amygdala IC (z-statistic values) from each significant 

group cluster and performed post hoc pairwise contrasts.

Results
Demographics
Clinical characteristics of patients in each group can be found 

in Table 1. Age, age of MDD onset, and number of episodes 

significantly differed between groups.
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Effect of major depression onset on 
amygdala connectivity
In our main analysis considering age, sex, and scanner as 

covariates of non-interest, ANCOVA revealed a significant 

main effect of group on the left amygdala IC with clusters 

in the left DLPFC (Table 2; Figure 1A), the inferior pari-

etal (Table 2; Figure 1B), and the right MPFC (Table 2; 

Figure 1C). The right amygdala showed group differences 

in IC with left inferior parietal cortex (Table 2). Amygdala–

DLPFC IC did not correlate with any indices of illness bur-

den, whereas amygdala–left parietal IC correlated with illness 

duration (r=0.286, p=0.048), right amygdala–left inferior 

parietal IC correlated with both illness duration (r=0.269, 

p=0.047) and number of episodes (r=0.297, p=0.028), and 

amygdala–right MPFC IC correlated with illness duration 

(r=0.306, p=0.023) across patients.

When illness duration and number of episodes were 

accounted for in the model, ANCOVA revealed a slightly 

altered pattern of amygdala IC (Table 3; Figure 2). Group 

differences were maintained in left amygdala IC with left 

DLPFC (Table 3; Figure 2A) and right amygdala–left inferior 

parietal IC (Table 3; Figure 2B), but not in the amygdala–

MPFC system. Interestingly, when we controlled for illness 

burden, we observed a new effect of group on the left 

amygdala IC with the right inferior temporal cortex (Table 3; 

Figure 2C). As this group difference only emerged when we 

controlled for illness duration and number of episodes, we 

wondered whether illness burden was masking the effect in 

the first analysis. Despite this, we did not see any correla-

tion of raw amygdala–inferior temporal IC and indices of 

illness burden.

Pairwise contrasts
Amygdala–dorsolateral prefrontal connectivity
Post hoc analysis of extracted mean z-statistic values 

revealed that differences in left amygdala–left DLPFC IC 

(Figure 1A) were driven by a highly significant loss of inverse 

IC in AO-MDD compared to HC (mean z-statistic =+0.06 

vs -1.20, respectively; p,0.01) and EO-MDD patients 

(mean z-statistic =+0.06 vs -0.43, respectively; p,0.01). 

EO-MDD also had significant reduction in amygdala-DLPFC 

IC, compared to HC (mean z-statistic=-0.43 vs -1.20, 

respectively; p=0.02).

Table 1 Demographics

Characteristics Group Significance

MDD onset over 
18 years (n=34)

MDD onset 18 years 
and below (n=21)

Healthy controls 
(n=19)

Sex (F/M) 17/17 16/5 11/8 χ2=3.72
df=2
p=0.16

Age** (years) 41.05±9.41 29.1±7.7 32.68±9.99 F (2, 71) =12.23
p,0.001

Age of onset** (years) 31.55±8.08 14.3±2.5 – t53=9.48
p,0.001

Illness duration (months) 114.4±92.6 161.9±99.9 – t53=1.80
p=0.079

Duration of current episode 43.1±55.3 60.0±72.4 – t53=0.98
p=0.33

Number of episodes* 1.68±1.65 4.43±5.66 – t53=2.67
p=0.01

HDRS 21.6±4.3 21.5±3.5 – t53=0.09
p=0.93

Notes: Except for sex and scanner, all values are mean ± SD. *p,0.05, **p,0.01.
Abbreviations: df, degrees of freedom; HDRS, Hamilton Depression Rating Scale; MDD, major depression disorder.

Table 2 Differences in amygdala intrinsic connectivity between 
early-onset MDD, adult-onset MDD, and healthy controls 

Region 
(hemisphere)

BA Cluster 
size

MNI 
coordinates

z-score

x y z

ANCOVA (effects of group) 
Left DLPFC (L) 9/45 168 -30 52 38 4.15

Inferior parietal (L) 7 159 -42 -68 50 4.61
MPFC (R) 32 98 20 56 6 3.40

Right Inferior parietal (L) 7 134 -42 -68 52 3.92

Notes: Group analysis was performed considering age, sex and scanner as 
covariates of non-interest. Brain regions exhibiting a significant group difference 
between groups (EO-MDD, AO-MDD and HC), as revealed by ANCOVA, in the 
resting-state functional connectivity with the left and right amygdala (corrected 
voxel-wise at p,0.01, corrected for multiple comparisons at p,0.05).
Abbreviations: BA, Brodmann’s area; DLPFC, dorsolateral prefrontal; HC, healthy 
controls; MPFC, medial prefrontal; MNI, Montreal Neurological Institute.
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When we controlled for illness duration and number of 

episodes, we observed that differences in left amygdala–

left DLPFC IC (Figure 2A) were similarly driven by 

a loss of inverse IC in AO-MDD compared to HC 

(mean z-statistic =+0.05 vs -1.18, respectively; p,0.01) 

and EO-MDD patients (mean z-statistic =+0.05 vs -0.38, 

respectively; p,0.01). EO-MDD also still had significant 

reduction in amygdala–DLPFC IC, compared to HC (mean 

z-statistic =-0.38 vs -1.18, respectively; p,0.01).

Amygdala–inferior parietal cortex connectivity
Group differences in the left amygdala–left inferior parietal 

cortex IC (Figure 1B) were driven by increased inverse 

IC in AO-MDD patients compared to both HCs (mean 

z-statistic =-1.28 vs -0.93, respectively; p,0.01) and EO-

MDD patients (mean z-statistic =-1.28 vs -0.72, respectively; 

p,0.01).

Similar to the left amygdala, group differences in the 

right amygdala–left inferior parietal cortex IC were driven 

by an increased inverse IC in AO-MDD patients compared 

to both HCs (mean z-statistic =-1.36 vs -0.96, respectively; 

p,0.01) and EO-MDD patients (mean z-statistic =-1.36 

vs -0.74, respectively; p,0.01). When illness burden was 

controlled for, group differences in right amygdala IC with 

Figure 1 Significant clusters arising from group analysis. In this analysis, age, sex, and scanner were used as covariates of non-interest.
Notes: Brain regions show group differences in resting-state functional connectivity with the amygdala, as revealed by ANCOVA. Colored areas indicate significant z-scores. 
Shown are significant clusters indicating difference in left amygdala connectivity with (A) DLPFC, (B) inferior parietal cortex, and (C) MPFC. Mean z-scores (± SEM) extracted 
from significant clusters for each group are displayed on the right of each cluster (*p,0.05, **p,0.01).
Abbreviations: ANCOVA, analysis of covariance; AO-MDD, adult-onset major depressive disorder; DLPFC, dorsolateral prefrontal cortex; EO-MDD, early-onset major 
depressive disorder; HC, healthy control; MPFC, medial prefrontal cortex; SEM, standard error of the mean.

Table 3 Group differences in amygdala intrinsic connectivity 
after controlling for illness burden

Region 
(hemisphere)

BA Cluster 
size

MNI 
coordinates

z-score

x y z

ANCOVA (effects of group, 
controlling for illness burden)

Left DLPFC (L) 9/45 202 -30 52 38 4.03
Inferior temporal (R) 21 92 54 -2 -38 3.24

Right Inferior parietal (L) 7 79 -58 -58 40 3.41

Notes: Group analysis was performed considering age, sex, scanner, number 
of episodes, and duration of illness as covariates of non-interest. Brain regions 
exhibiting a significant group difference between groups (EO-MDD, AO-MDD, and 
HC), as revealed by ANCOVA, in the resting-state functional connectivity with the 
left and right amygdala (corrected voxel-wise at p,0.01, corrected for multiple 
comparisons at p,0.05).
Abbreviations: ANCOVA, analysis of covariance; BA, Brodmann’s area; DLPFC, 
dorsolateral prefrontal cortex; HC, healthy control; MNI, Montreal Neurological 
Institute.
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the left inferior parietal cortex (Figure 2B) were driven by 

increased inverse IC in AO-MDD patients compared to both 

HCs (mean z-statistic =-1.47 vs -0.98, respectively; p,0.02) 

and EO-MDD patients (mean z-statistic =-1.47 vs -0.63, 

respectively; p=0.03).

Amygdala–medial prefrontal connectivity
Group differences in left amygdala–right MPFC IC 

(Figure 1C) were driven by a switch from inverse to posi-

tive IC in EO-MDD patients, compared to both AO-MDD 

patients (mean z-statistic =+0.28 vs -0.67, respectively; 

p,0.01) and HCs (mean z-statistic =+0.28 vs -0.45, 

respectively; p,0.02). Left amygdala–MPFC IC were not 

significantly different from each other in HCs and AO-MDD. 

Controlling for illness burden completely removed any sig-

nificant effect of group on amygdala–MPFC IC.

Amygdala–inferior temporal connectivity
The group effect observed when illness burden was accounted 

for in the model (Figure 2C) was driven by a switch from 

inverse to positive left amygdala–right temporal cortex 

IC in both AO-MDD patients, compared to HCs (mean 

z-statistic =+0.49 vs -0.70; p,0.01) and EO-MDD patients, 

compared to HCs (mean z-statistic =+0.66 vs -0.70; p,0.01). 

Left amygdala–temporal IC were not significantly different 

from each other in EO-MDD and AO-MDD.

Discussion
In this study, we report that functional IC of the amygdala can 

differentiate between EO-MDD and AO-MDD in a cohort 

of adult MDD patients vs HCs. As predicted, AO-MDD 

and EO-MDD showed notable differences in amygdala IC 

with prefrontal regions. Interestingly, EO-MDD–associated 

abnormalities in amygdala-DMPFC IC were related to illness 

burden, whereas AO-MDD–associated amygdala–DLPFC 

changes were independent of illness burden. This impli-

cates a change in this circuit, related specifically to onset 

age in AO-MDD. Further, significant abnormalities were 

observed in amygdala IC with left inferior parietal cortex in 

AO-MDD. It is possible that the abnormal IC with executive 

Figure 2 Significant clusters arising from group analysis considering illness burden as covariate of non-interest.
Notes: In this analysis, the number of episodes and duration of illness, in addition to age, sex, and scanner were used as covariates of non-interest. Brain regions show group 
differences in resting-state functional connectivity with the amygdala, as revealed by ANCOVA. Colored areas indicate significant z-scores. Shown are significant clusters 
indicating difference in left amygdala connectivity with (A) DLPFC and (C) inferior temporal. (B) Differences in right amygdala–left inferior parietal cortex connectivity. Mean 
z-scores (± SEM) extracted from significant clusters for each group are displayed on the right of each cluster (*p,0.05, **p,0.01).
Abbreviations: ANCOVA, analysis of covariance; AO-MDD, adult-onset major depressive disorder; DLPFC, dorsolateral prefrontal cortex; EO-MDD, early-onset major 
depressive disorder; HC, healthy control; MPFC, medial prefrontal cortex; SEM, standard error of the mean.
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control regions (DLPFC, inferior parietal) may be specific 

to AO-MDD. These findings suggest that alterations in 

amygdala IC with the DMPFC may represent impaired auto-

matic emotional regulation abnormalities and underlie the 

poor prognosis associated with EO-MDD subgroup, whereas 

amygdala IC with executive cognitive control regions may 

represent impaired effortful top-down emotional regulation 

in AO-MDD. Brain imaging markers have the potential for 

validation of clinical subtypes of MDD relating to age of 

onset and illness prognosis.

Amygdala IC to lateral prefrontal/parietal 
regions and depression onset
In healthy people at rest, the amygdala has significant 

inverse IC with dorsal prefrontal regions,29,30 suggesting 

the functional significance of inhibitory control of DLPFC 

over amygdala. Our findings of a loss of negative IC with 

DLPFC in AO-MDD can be interpreted as a sign of impaired 

top-down regulation of the amygdala by DLPFC, which is 

consistent with the current network models of depression.31,32 

The inferior parietal cortex is involved in controlling the 

response to emotional stimuli.33 The observed increase in 

negative IC of amygdala with inferior parietal cortex may 

suggest a compensatory mechanism, perhaps attempting to 

counteract lower inhibition of DLPFC on amygdala or an 

overactive amygdala. Increased negative amygdala–parietal 

IC was partly related to illness burden in MDD patients, given 

the fact that controlling for illness burden only removed this 

effect on the left side. This finding of a lateralized effect of 

illness burden on the amygdala–parietal circuit has not been 

previously reported in MDD and needs further evaluation. 

Abnormalities in amygdala–lateral PFC/inferior parietal IC 

were much stronger in AO-MDD than EO-MDD and could 

not be completely explained by the differences in illness 

burden; therefore, interaction of amygdala with execu-

tive network regions could be a specific imaging marker 

for AO-MDD.

Amygdala IC to medial prefrontal and 
depression onset
Increased IC of left amygdala–left MPFC was observed 

in EO-MDD, compared to AO-MDD and HC. Controlling 

for illness burden was sufficient to completely remove this 

disruption in EO-MDD. Previous work showed decreased 

IC between amygdala and MPFC among MDD adults with 

multiple episodes, compared with MDD adults with a single 

episode and HCs, implicating the effect of illness burden 

on this circuit.19 Interestingly, they found lower IC was cor-

related with earlier age of onset among MDD patients with 

multiple episodes, although covariation of the age of first 

onset did not remove the effect of episode on the amygdala 

IC with the medial frontal cortex. This suggests that differ-

ences may be unrelated to age of onset, per se, in this work. 

Furthermore, the previous study sample differed from ours in 

that it was relatively younger, less severe in symptomatology, 

had a lower average age of onset, and included remitted MDD 

subjects along with actively depressed patients. Despite dif-

ferences in the direction of IC changes and precise regional 

locations within PFC, both studies demonstrated an abnor-

mality in IC between amygdala and the anterior region of 

default mode network, relating to illness burden and early 

onset of age, which requires further investigation.

From a functional perspective, the observed increased 

IC could be considered as a compensatory or pathologic 

mechanism. The amygdala–VMPFC circuit plays an impor-

tant role in automatic emotional regulation abnormalities 

observed during depressive illness.10 If lower IC is inferred 

as causing disruption to the regulatory role of VMPFC on 

amygdala, then the increased IC observed in this study could 

be considered a failed compensatory mechanism of emotional 

regulation. Indeed, recent work showed that youth with MDD 

exhibited reduced IC between the amygdala and VMPFC, 

compared to HC,17 suggesting decreased IC might relate 

to pathology in adolescent depression. Interestingly, our 

findings suggest that adults with EO-MDD have increased 

amygdala IC with the same area, supporting the idea that 

adults who experienced depression earlier might have devel-

oped compensation in this circuit over time. Alternatively, 

it is possible that such increased IC may represent increased 

or amplified bottom-up signaling of negative emotional cues 

outweighing the top-down control, therefore representing a 

pathologic mechanism. In the absence of task-related fMRI 

data, inferences of functional abnormality based on altera-

tions in IC remain largely speculative.

Amygdala IC to the inferior temporal and 
depression
Our results showed increased positive IC between the left 

amygdala and the right inferior temporal region, which 

emerged only when illness burden was controlled for, sug-

gesting that this abnormality relates to the removal of illness 

burden factors. However, we did not find significant negative 

correlation between illness burden and amygdala–temporal 

IC. This abnormality was unrelated to the age of MDD onset, 

as it was found in both AO-MDD and EO-MDD. These 

findings are in line with previous work showing increased 

IC between amygdala and temporal regions using magne-

toencephalography in MDD.34 The amygdala is extensively 
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connected with the temporal lobe.35 The inferior portion of the 

temporal lobe is primarily associated with self and familiar 

face processing and emotional face recognition, and emotional 

face-related activity in the temporal lobe has been shown to 

depend on the interaction with amygdala.36,37 In light of these 

findings and our results, increased amygdala–inferior tempo-

ral IC during rest in MDD might relate to increased negative 

bias in self-processing and social interactions in MDD.

Limitations
The self-report on remote events such as age of onset and the 

diagnosis of MDD is vulnerable to recall bias. Thus, recall 

bias leading to misclassification must be considered. The 

recall bias during depression might have caused overdiag-

nosis of MDD (false positives), especially in the early-onset 

group. Hence, it is possible that some proportion of patients 

with early-onset depression might not have had MDD as the 

first episode, but in fact might have experienced subclinical 

or characterological depression or high neuroticism.38 Hence, 

the EO-MDD patient group might be less homogeneous than 

the AO-MDD group. To circumvent this problem, the study 

psychiatrist (RR) asked participants when they began to 

experience the constellation of symptoms that would fulfill 

the criteria for MDD. Another issue is that the recollection of 

the age of onset of MDD may not be accurate, which could 

have resulted in overestimation or underestimation of the age 

of onset. However, relying on objective data from the official 

diagnosis of psychiatrists and hospital charts corresponding 

to the age of the first episode of depression would also intro-

duce error as to the true age of MDD onset, as there would 

be significant variability in how long people suffered with 

symptoms before approaching a doctor, especially before 

adulthood. The above-mentioned limitations are inherent to 

studies involving retrospective evaluation of remote events. 

However, large volume of literature involving self-report of 

remote events provided wealth of knowledge to our under-

standing of childhood pathologies or adverse events in rela-

tion to adulthood mental disorders. Furthermore, they form 

the foundation for prospective studies. The second limitation 

is that our study was cross-sectional in nature. To elucidate 

the contribution of developmental trajectories and illness bur-

den on brain networks, future studies should independently 

examine EO-MDD and AO-MDD cohorts longitudinally. 

In addition, we only investigated amygdala IC with the 

rest of the brain. It is also possible that other networks are 

prominently disrupted in EO-MDD and may be related to 

early age of onset per se, not illness burden. Thirdly, we 

used global signal regression (GSR) as a preprocessing step. 

Including the GSR can bias the data toward displaying spuri-

ous negative correlations. That said, there is evidence that 

anticorrelations comparable to those reported here are pres-

ent without removing the global signal,30 suggesting those 

relationships are not artifactually introduced by GSR and 

may have biologic origins. We chose to include the GSR, 

as omitting it leads to spurious positive correlations due to 

correspondence of noise in the global signal over time and 

reduces both signal to noise ratio and specificity of network 

IC patterns relative to known anatomic relationships.39 

Finally, we were able to demonstrate significant differential 

amygdala IC patterns in EO-MDD and AO-MDD, but the 

moderate sample size might have reduced our power to detect 

further differences between groups.

Conclusion
This is the first resting-state fMRI study examining amygdala 

IC of EO-MDD and AO-MDD in adult MDD patients. This 

study demonstrates differential IC of amygdala with prefrontal 

and parietal regions between AO-MDD, EO-MDD, and HCs. 

Differential abnormalities in the IC of amygdala between 

EO-MDD and AO-MDD may reflect interplay between the 

age of onset and illness burden on lateral emotional executive 

control and medial emotional regulatory systems.
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