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Abstract
Up to 50% of youth with depression do not respond to conventional first-line treatments. However, little research has been
conducted on the pathophysiology of youth depression, hindering the identification of more effective treatments. Our goal
was to identify neurophysiological markers that differentiate youth with depression from healthy youth and could serve as
targets of novel treatments. We hypothesized that youth with depression would exhibit network-specific cortical reactivity
and connectivity abnormalities compared with healthy youth. Transcranial magnetic stimulation combined with
electroencephalography and magnetic resonance imaging was employed in combination with clinical and behavioral
assessments to study cortical reactivity and connectivity in bilateral dorsolateral prefrontal cortex (DLPFC), motor cortex,
and inferior parietal lobule, sites linked to the frontoparietal network, sensorimotor network, and default mode network,
respectively. In youth depression, greater cortical reactivity was observed specific to the left and right DLPFC stimulation
only, which correlated with anhedonia scores. Additionally, the connectivity of the right DLPFC was significantly higher in
youth depression. Source reconstruction attributed the observed connectivity dysregulation to regions belonging to the
default mode network. The neurophysiological signatures identified in this study have high potential to inform the
development of more effective and targeted interventions for the youth depression population.
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Introduction
Major depressive disorder (MDD) in youth is a debilitating illness
that exacts enormous social, economic, and personal cost. An

estimated 30–50% of youth do not respond to conventional treat-
ments (March et al. 2007). There are also ongoing controversies
regarding the safety of standard antidepressants in individuals
younger than 24 years of age (Gibbons et al. 2012). This suggests
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that treatment alternatives with similar or greater efficacy and
a more favorable safety profile are needed for this population.
In order to achieve this, a greater understanding of the patho-
physiology of youth MDD is needed to develop treatments that
are optimally targeted at the underlying impairments.

MDD is associated with the dysregulation of cortical
inhibitory and excitatory mechanisms, as well as large-scale
functional networks. Transcranial magnetic stimulation (TMS)
metrics of cortical inhibition and excitation, which involves
the activation of larger neuronal populations, are known to be
altered in the prefrontal cortex and motor cortex of depressed
adults (Levinson et al. 2010; Voineskos et al. 2018). MDD is also
associated with alterations in the functional connectivity of
various brain networks, including the frontoparietal and default
mode network (Kaiser et al. 2015).

Despite the growing evidence in support of neurophysiologi-
cal alterations in depression, the vast majority of these studies
have focused on adults. Youth is a period characterized by
substantial structural and functional development (Gogtay et al.
2004; Giedd et al. 2008). It may be inaccurate to simply assume
that findings from the adult MDD literature are translatable to
youth MDD, as the underlying neurobiology of depression in
both age groups may differ (Zalsman et al. 2006). Indeed, various
markers of excitation, inhibition, and connectivity are known
to be age dependent (Blakemore and Choudhury 2006; Fung
et al. 2010; Croarkin et al. 2014). Furthermore, conventional youth
MDD treatments, which only have modest efficacy (March et al.
2007), are developed and based on adult research. Thus, it is
critical to specifically study the pathophysiology of youth MDD.

To address this gap in the literature, we used TMS paired
with electroencephalography (TMS-EEG) to investigate the
differences in cortical excitation, inhibition, and connectivity
between youth MDD and healthy youth. Single pulse TMS-
EEG elicits multiple TMS-evoked potentials (TEPs) which have
been shown to reflect activation of distinct excitatory and
inhibitory mechanisms (Premoli et al. 2014; Darmani and
Ziemann 2019); such neurophysiological measures have yet
to be assessed in the youth MDD population. TMS-EEG can
also provide measures of causal connectivity, as the activation
induced by TMS in a local and targeted area propagates to other
anatomically and functionally connected regions (Bortoletto
et al. 2015). Functional connectivity neuroimaging studies to
date suggest youth MDD to be associated with functional
connectivity alterations (Miller et al. 2015), but such analyses
lack the description of electrophysiology-related frequency-
specificity or directionality and causality between regions that
can be provided by TMS-EEG.

Six distinct cortical regions of interest across both hemi-
spheres were selected for assaying: bilateral dorsolateral pre-
frontal cortex (DLPFC), motor cortex, and inferior parietal lobules
(IPL). As MDD is associated with large-scale network dysfunc-
tions (Kaiser et al. 2015), we assayed these six cortical areas as
they belong to discrete functional networks; the DLPFC is part
of the frontoparietal network, the motor cortex is part of the
sensorimotor network, and the IPL is a node of the default mode
network (Damoiseaux et al. 2006; van den Heuvel and Hulshoff
Pol 2010). By assaying the selected cortical sites, we aimed to
determine whether alterations in neurophysiology, as measured
by TMS-EEG, were potentially region and network specific.

As the pathophysiology of MDD has been linked to changes
in prefrontal regions (Koenigs and Grafman 2009), along with the
prefrontal cortex of those with depression being found to exhibit
excessive cortical reactivity (Voineskos et al. 2018) and func-

tional connectivity (Leuchter et al. 2012), we hypothesized that
youth MDD would exhibit significantly greater cortical reactivity
and connectivity measures following DLPFC stimulation only.

Materials and Methods
Patient Sample

Recruitment
Youth aged 16–24 years old were recruited from the community
through print- and web-based posters, hospital research reg-
istries, physician referrals, and clinics at the Centre for Addiction
and Mental Health in Toronto. All participants provided written
informed consent and the protocols were approved by Centre for
Addiction and Mental Health in accordance with the Declaration
of Helsinki.

Eligibility
In total, 45 youth MDD and 20 healthy youth controls were
recruited. Eligible patients were outpatients on stable treatment
(medication or psychotherapy) for 4 weeks prior to testing;
between the ages of 16 and 24; with a Mini-International Neu-
ropsychiatric Interview (MINI) confirmed diagnosis of MDD, sin-
gle or recurrent; a Hamilton Rating Scale of Depression (HRSD)-
17 score of 20 or greater; at least one failed antidepressant trial in
the current episode as defined by the Antidepressant Treatment
History Form (ATHF); and were safe to receive TMS according to
the TMS adult safety screening questionnaire.

Exclusion criteria included a lifetime MINI diagnosis of bipo-
lar I or II, schizophrenia, schizoaffective disorder, delusional
disorder, current psychotic symptoms, obsessive compulsive
disorder, autism spectrum disorder; a history of epilepsy or any
other major neurological disorder; a history of SCID-determined
substance used disorder within the last 3 months; had concomi-
tant major unstable medical illness; were acutely suicidal on
assessment; on medications considered to be study confounds
including benzodiazepines, mood stabilizers, and stimulants.
Control participants were of the same age range, safe to receive
TMS, and did not have any psychiatric (no history of psychiatric
illness as determined by the MINI or a first degree relative with
a psychiatric medical history or a second degree relative with a
severe psychiatric illness) or neurological conditions.

Data were collected between July 2015 and January 2019
at the Centre for Addiction and Mental Health, Toronto,
Ontario, Canada. The data came from two clinical trials
(https://clinicaltrials.gov/ct2/show/NCT02472470 and https://
clinicaltrials.gov/ct2/show/NCT03708172). As our goal was to
investigate the cross-sectional differences between and health
youth, depression and healthy controls, the baseline data
collected from the two clinical trials were combined.

Experimental Design

The T1 magnetic resonance imaging (MRI) anatomical scan from
each participant was used to guide TMS coil positioning during
their respective TMS-EEG session. Neuro-navigation (Brainsight
TMS Navigation; Rogue Resolutions) was used for targeting of
cortical regions.

Participants were stimulated with 80 monophasic TMS
pulses administered by a 7 cm figure-of-8 coil through two
Magstim 200 stimulators (Magstim Company Ltd) at 6 sites:
bilateral DLPFC, motor cortex, and IPL. Stimulation sites for
the DLPFCs and IPLs were determined using MNI coordinates
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(left DLPFC: −35, 45, 38; right DLPFC: 35, 45, 38; left IPL: −52,
−54, 36; right IPL: 52, −51, 43). Motor cortex stimulation sites
were determined by finding the optimal coil location and
orientation to elicit motor-evoked potentials, as measured using
electromyography, from the abductor pollicis brevis according
to previously published methods and standards suggested
in the field (Farzan et al. 2016). Greater detail on the resting
motor threshold procedure can be found in the Supplementary
Materials and Methods.

To confirm that potential findings were attributable to differ-
ences in genuine TMS probed cortical reactivity and not related
to TMS-related or other artifacts, sham single pulse TMS-EEG
was applied to DLPFC in a subset of participants. The sham
condition consisted of the TMS coil being held perpendicular
to the left or right DLPFC. The selection of the DLPFC site was
randomized for each participant.

EEG Recording and Preprocessing

EEG was collected using a 64-channel Synamps 2 EEG system.
Impedance for all electrodes was lowered to ≤ 5 kΩ. All elec-
trodes were referenced to an electrode positioned posterior to
the Cz electrode. EEG data were then recorded in DC mode with
a sampling rate of 20 kHz. EEG data were preprocessed using the
EEGLAB (Delorme and Makeig 2004), FieldTrip (Oostenveld et al.
2011), and TMSEEG (Atluri et al. 2016) toolboxes. Details on the
preprocessing of EEG data can be found in the Supplementary
Materials and Methods.

Statistical Analyses

Baseline demographics were compared between groups using
independent-samples t-test or Chi-square test wherever
appropriate.

For TMS-EEG measures of reactivity and coherence, data
were compared between groups, independently for each
stimulation paradigm. For TEP analysis, group comparison
of TMS-EEG data was done using independent-sample t-
statistics across all channels, from 10 to 250 ms. For coherence
analysis, independent-sample t-statistics were used to compare
coherence values between groups across the dimensions of
space (i.e., channels), frequency (2–60 Hz), and time (10–500 ms).
For the youth MDD group, Pearson correlations were assessed for
TEPs and coherence measures with HRSD-17 and Dimensional
Anhedonia Rating Scale (DARS) (Rizvi et al. 2015) scores. To
investigate the potential influence of medication status on
significant findings, we also compared youth MDD who were
on medication at the time of testing with those who were not.
To test for differences between the active and sham DLPFC
stimulation conditions, dependent-sample t-statistics were
used; the N100 was defined from 80 to 130 ms and the P200
from 150 to 250 ms. As our goal was to compare active versus
sham stimulation, for each stimulation paradigm, data from
healthy youth and youth MDD were combined.

All TMS-EEG analyses were corrected for multiple compar-
isons using cluster-based non-parametric permutation testing
(Maris and Oostenveld 2007). For between group comparisons,
t-statistics were obtained from independent-sample tests. For
correlation analyses, t-statistics were obtained from correlation
coefficients being tested as to whether they significantly differ
from zero. For sham versus active comparisons, t-statistics were
obtained from dependent-sample tests. Initial t-value clustering
was based on an a priori threshold of P < 0.05. For creation

of the reference distribution for the original cluster masses to
be evaluated against, the data were randomized across group
labels and statistical testing was carried out 2000 times in total
(i.e., 2000 random permutations of the same data set) using the
Monte Carlo approach. Finally, clusters in the original dataset
were deemed to be significant at P < 0.05 (two-tailed) when
compared with the reference distribution.

Logistic regression models were used to assess the ability
of TMS-EEG measures to distinguish youth MDD from healthy
youth. For each model, a receiver operating characteristic (ROC)
curve was used to plot the sensitivity and specificity values
for each measure across all potential thresholds. A greater area
under the curve (AUC) for the ROC implied a better measure for
classification. Logistic regression models were only assessed for
neurophysiological variables that significantly differed between
healthy youth and youth with depression. To obtain a single
value for each participant, neurophysiological data were limited
to the dimensions of the related significant cluster with the
average of these values then calculated.

All statistical analyses were performed using MATLAB 2018a
(Mathworks Ltd., USA) and SPSS 25.0 (SPSS Inc., USA).

Using G∗Power (Faul et al. 2007, 2009), a post hoc analysis of
achieved power suggested our sample size had sufficient power
(>0.8) to detect primarily large effect sizes (>0.8).

Source Reconstruction

Cortical sources for all significant effects at the sensor level were
reconstructed with Brainstorm (Tadel et al. 2011). Details on the
source analysis can be found in the Supplementary Materials
and Methods.

fMRI Data Acquisition and Analysis

Resting-state functional MRI (fMRI) data were obtained from
a subset of the participants (20 of the youth MDD and all 20
healthy youth controls) and was used to confirm if the TMS-EEG
targeted cortical sites belonged to their assumed functional net-
works. Resting state data were analyzed using the CONN toolbox
(Whitfield-Gabrieli and Nieto-Castanon 2012) and SPM12, both
implemented in MATLAB 2018a (Mathworks Ltd, USA). Details
on the preprocessing and analysis of the fMRI data can be found
in the Supplementary Materials and Methods.

Results
Demographic and Clinical Characteristics

Demographic and clinical characteristics are presented in
Table 1. A total of 29 youth MDD exhibited treatment-resistant
depression. Furthermore, 14 youth MDD were on medication
(Table S1). The number of participants with available TMS-
EEG data across the six stimulation sites were: left DLPFC
(controls = 19, youth MDD = 42), right DLPFC (controls = 17, youth
MDD = 41), left motor cortex (controls = 18, youth MDD = 15),
right motor cortex (controls = 19, youth MDD = 16), left IPL
(controls = 20, youth MDD = 37), and right IPL (controls = 19, youth
MDD = 37).

Functional Connectivity of the Six Cortical Sites
in Healthy Youth and Youth MDD

Resting-state functional connectivity maps suggested that each
aforementioned seed was part of their assumed networks,

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa004#supplementary-data
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Table 1 Demographic and clinical data

Characteristic Youth MDD Healthy
youth

P-value

Sample size, no. 45 20 NA
Age, mean (SD) 20.8 (2.64) 21.6 (1.88) 0.256
Number of males, no. (%) 18 (40) 9 (45) 0.706
Education, mean (SD) 13.2 (2.5) 15.2 (1.70) 0.002
Employment status, no.

(%) employed
14 (31) 8 (40) 0.574

HRSD-17, mean (SD) 22.04 (2.40) NA NA
BDI-II, mean (SD) 36.13 (8.45) NA NA
DARS, mean (SD) 63 (27.90) NA NA
ATHF, mean (SD) 2.62 (1.90) NA NA

Abbreviations: MDD, major depressive disorder; HRSD-17, Hamilton depression
rating scale; BDI, Beck depression inventory; DARS, dimensional anhedonia
rating scale; ATHF, antidepressant treatment history form.

with full connectivity maps of the targeted sites illustrated in
Figure S1.

TEP Differences between Healthy Youth and Youth
MDD

For the right DLPFC, there was a significant positive effect
(P = 0.018, Cohen d = 1.08) based on a cluster in the fronto-
central electrodes (Fig. 1A) which temporally overlapped with
the N100; this cluster indicated youth MDD to exhibit a greater
right DLPFC N100 (i.e., a greater negativity peak) compared
with controls (Fig. 1B). For the left DLPFC, two clusters were
found which corresponded to the P200 (Fig. 1C): a negative
cluster (P = 0.022, Cohen d = 0.81) over fronto-central electrodes
and a positive cluster (P = 0.01, Cohen d = 0.82) in parietal and
occipital electrodes; this cluster pattern indicated youth MDD
to be associated with a greater left DLPFC P200 (i.e., a greater
positivity peak) (Fig. 1D). For bilateral DLPFC, no clusters of
significant difference were found for the P30, N45, or P60. For
bilateral motor cortex and IPL stimulation, no clusters reached
significance for any of the TEPs. Mean amplitude topoplots
for youth with depression and healthy youth following each
stimulation paradigm are presented in Figure S2.

TEP Differences between Active and Sham DLPFC
Stimulation

In both the left (healthy youth n = 7, youth MDD n = 17) and
right (healthy youth n = 10, youth MDD n = 20) DLPFC, the active
stimulation resulted in significantly larger TEPs compared with
sham (Fig. S3). For the N100 TEP, there were significant differ-
ences between the active and sham conditions for both the left
(positive cluster P = 0.0015) and right (positive cluster P < 0.001;
negative cluster P = 0.0020) DLPFC. Similarly, for the P200 TEP,
there were significant differences between the active and sham
conditions for both the left (positive cluster P < 0.001; negative
cluster P < 0.001) and right (positive cluster P < 0.001; negative
cluster P < 0.001) DLPFC.

Association between TEPs and Clinical Characteristics

The P200 component following both the left (positive cluster:
P = 0.018; mean cluster r = 0.40) and right DLPFC (positive cluster:
P = 0.012; mean cluster r = 0.38) stimulation exhibited a signifi-

cant positive correlation with DARS scores (Fig. 2). No significant
correlations were found between TEPs and HRSD-17 scores.

Coherence Differences between Healthy Youth and
Youth MDD

Cluster-based permutations analyses revealed a significant neg-
ative cluster for coherence measure (P < 0.001, Cohen d = 1.16)
following right DLPFC stimulation, indicating youth MDD to
exhibit greater connectivity; specifically, the cluster was found
predominantly in the theta (4–8 Hz) and alpha (8–12 Hz) fre-
quency bands, between approximately 0 and 250 ms (Fig. 3). No
coherence differences between groups were found for any of the
other five cortical sites.

Association between Coherence and Clinical
Characteristics

There were no significant associations between coherence and
HRSD-17 or DARS scores.

Classification Accuracy

We assessed whether TMS-EEG measures that were found to
be significantly different between groups could predict group
assignment (healthy youths or youth MDD). Accordingly, three
different logistic regression models were assessed using: right
DLPFC mean coherence, right DLPFC mean N100, and left DLPFC
mean P200 values (Fig. S4). All three models were found to be
significant (P < 0.001), with the following characteristics: right
DLPFC coherence model (AUC: 0.90, sensitivity: 0.83, specificity:
0.82, classification accuracy: 0.83), right DLPFC N100 model (AUC:
0.86, sensitivity: 0.82, specificity: 0.78, classification accuracy:
0.79), and left DLPFC P200 model (AUC: 0.74, sensitivity: 0.64,
specificity: 0.79, classification accuracy: 0.69).

Medication Status Sub-Analysis

We investigated whether the increased right DLPFC N100, right
DLPFC coherence, and left DLPFC P200 findings could be related
to medications. For right DLPFC N100 and coherence, there were
data from 14 medicated and 27 non-medicated participants; for
left DLPFC P200, there were data from 14 medicated and 28 non-
medicated participants. There were no significant differences in
any of these measures between medicated and non-medicated
youth MDD participants.

Source Reconstruction

TEP N100 Component
Youth MDD were found to exhibit greater activity in the follow-
ing regions (threshold of P < 0.01; Fig. S5A): left (t = 3.13, Cohen
d = 0.83) and right (t = 2.92, Cohen d = 0.78) middle anterior part of
the cingulate gyrus and sulcus, right middle posterior part of the
cingulate gyrus and sulcus (t = 2.68, Cohen d = 0.71), left (t = 2.99,
Cohen d = 0.80) and right (t = 2.76, Cohen d = 0.73) superior frontal
gyrus, left superior frontal sulcus (t = 3.04, Cohen d = 0.81), left
intraparietal sulcus (t = 2.65, Cohen d = 0.71), and left (t = 2.98,
Cohen d = 0.80) and right (t = 2.85, Cohen d = 0.76) pericallosal
sulcus.

TEP P200 Component
Youth MDD exhibited greater activity in the (threshold of
P < 0.05; Fig. S5B): right posterior-ventral part of the cingulate

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa004#supplementary-data
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Figure 1. TEP differences following left and right DLPFC stimulation between healthy youth and youth MDD. A. Right DLPFC N100 differences. Topoplots illustrate

all the independent-sample t-statistics belonging to the single cluster that was found to be significant following cluster-based correction for multiple comparisons.
Electrodes illustrated with asterisks are those that belong to the significant cluster. B. TEP plot of electrode FCz for right DLPFC stimulation, illustrating the N100
difference between groups. C. Left DLPFC P200 differences. Topoplots illustrate all the independent-sample t-statistics belonging to the two clusters that were found
to be significant following cluster-based correction for multiple comparisons. Electrodes illustrated with asterisks are those that belong to a significant cluster. D. TEP

plot of electrode FCz for left DLPFC stimulation, illustrating the P200 difference between groups.

cortex (t = 2.34, Cohen d = 0.62), right central sulcus (t = 2.16,
Cohen d = 0.58), right marginal branch of the cingulate sulcus
(t = 2.01, Cohen d = 0.54), right lateral occipito-temporal sulcus
(t = 2.16, Cohen d = 0.58), left (t = 2.14, Cohen d = 0.57) and right
(t = 2.08, Cohen d = 0.56) pericallosal sulcus, and the right inferior
part of the precentral sulcus (t = 2.20, Cohen d = 0.59).

TMS-EEG Connectivity
Imaginary coherence (Nolte et al. 2004) was also assessed in
the source space; functional connectivity at the source level is
often preferred to the sensor level as the former can be related
to anatomical findings from other techniques with high spatial
resolution, such as anatomical and fMRI, or animal electro-
physiology (Gross et al. 2013). Here, we limited our frequency
range of interest to 4–20 Hz, based on the minimum and max-
imum frequency values reported in the significant right DLPFC
coherence cluster found at the sensor level. A region of inter-
est approach was taken, where the coherence between the

right DLPFC (defined at the same MNI coordinates as used in
the TMS-EEG sessions) and all other regions defined by the
Destrieux Atlas (Destrieux et al. 2010) was assessed between
groups. Regions in which youth with MDD exhibited greater
coherence with the right DLPFC (threshold of P < 0.025) are high-
lighted in Figure 4, and include the left rostral anterior cingulate
cortex, the left angular gyrus, and the right precuneus. Mean
coherence between the right DLPFC and all other regions as
defined by the Destrieux Atlas for youth with depression and
healthy youth are presented in Figure S6.

Discussion
To our knowledge, this is the first study to comprehensively
probe and assess cortical reactivity and connectivity across
several brain networks in youth MDD and compare them against
age-matched healthy youths. No studies to date have assayed
the neurophysiology of non-motor regions, such as DLPFC, using

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhaa004#supplementary-data


TMS-EEG Neurophysiological Markers of Youth Depression Dhami et al. 3889

Figure 2. Correlation between left and right DLPFC P200 and DARS scores in youth MDD. Topoplots and scatter plots for A. left DLPFC and B. right DLPFC, showing the
significant association between their respective P200 and DARS scores. Topoplots represent the correlation values across electrodes at the time indicated above the
topoplot. Electrodes illustrated with asterisks are those that belong to the significant correlation cluster. Scatterplots show the association between DARS scores and
amplitude of the electrode indicated above the scatterplot, at the time indicated above the corresponding topoplot.

TMS-EEG in youth MDD, a region critically implicated in the
pathophysiology of depression (Koenigs and Grafman 2009). Our
key findings imply that youth depression is associated with
brain region and network-specific alterations in TMS-EEG met-
rics of cortical reactivity and connectivity, with links to clinical
symptoms. These alterations, which included increased corti-
cal inhibition and coherence, were specifically found following
stimulation of the DLPFC and not the motor cortex or IPL. Fur-
thermore, anhedonia was found to be correlated with the DLPFC
P200; no associations were found between clinical symptoms
and neurophysiological features of the motor cortex or IPL.

Both the N100 and P200 TEPs were found to be larger fol-
lowing stimulation of DLPFC of youth with MDD. The N100,

which is suggested to reflect GABAB neurotransmission (Premoli
et al. 2014), was found to be significantly greater for the right
DLPFC of youth MDD. Source localization attributed this greater
N100 in youth MDD to greater activity in the superior frontal
gyrus as well as in the anterior cingulate cortex. This finding
of a greater N100 being reported in those with depression is
in partial accordance with a recent study which found adults
with MDD to exhibit a greater left DLPFC N100 compared with
healthy age-matched controls (Voineskos et al. 2018); the study
did not assay the right DLPFC. Our findings appear in con-
trast with the GABA deficit hypothesis of depression, which
posits that a deficit in GABAergic neurotransmission may be
related to depressive symptoms (Luscher et al. 2011). Indeed,



3890 Cerebral Cortex, 2020, Vol. 30, No. 7

Figure 3. Right DLPFC coherence differences between healthy youth and youth MDD. A. Topoplots of mean t-statistic values for theta, alpha and beta frequency bands
at times shown above each topoplot. Positive t-statistic values represent healthy controls exhibiting greater coherence than youth MDD, and vice-versa for negative
t-statistic values. T-statistic values were averaged across each frequency band to provide visualization of where groups differed. Electrodes illustrated with an asterisk
belong to the single significant negative cluster. B. Group average coherence values at electrode FCz for healthy controls and youth MDD. Black vertical line at time 0

represents the TMS pulse onset. C. Time-frequency plots of independent-sample t-statistics for frontocentral electrodes. Positive t-statistic values represent healthy
controls exhibiting greater coherence than youth MDD, and vice-versa for negative t-statistic values. T-statistic values enclosed in the white border belong to the
single significant negative cluster found for right DLPFC stimulation, representing the right DLPFC of youth MDD to have significantly greater coherence than healthy
controls.
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Figure 4. Group differences in functional connectivity between the right DLPFC and other cortical regions at the source level. Cortical maps illustrate which regions (in
blue), as defined by the Destrieux Atlas, exhibited significantly greater coherence with the right DLPFC in youth MDD compared to healthy controls, at the uncorrected
threshold of P < 0.025. For each participant, the imaginary coherence between each region, as defined by the Destrieux Atlas, and the right DLPFC was calculated,

and then averaged within each of the frequency bands of interest (i.e., theta, alpha, and beta). Within each frequency band, independent-sample t-tests were then
conducted to assess for which regions the coherence values significantly differed between youth with depression and healthy youth.

various markers of GABA have been reported to be diminished
in adult MDD (Rajkowska et al. 2007; Levinson et al. 2010; Guil-
loux et al. 2012). However, it is unclear whether such mark-
ers in any part reflect inhibitory neurotransmission; rather, a
decrease in GABA neuronal density or concentration may be
related to an increase of GABA turnover postsynaptically, which
may in turn lead to an increase of inhibitory neurotransmission
(Voineskos et al. 2018). We also note that conventional antide-
pressants, such as selective serotonin reuptake inhibitors, have
been found to increase GABA levels (Möhler 2012; Luscher and
Fuchs 2015). However, our sub-analysis revealed no N100 differ-
ences between youth MDD on medication versus those not on
medication at the time of testing.

In contrast, the P200 component was found to be greater
following left DLPFC stimulation in youth MDD. Although the
neurophysiological origin remains unknown, this component
has been shown to be modulated by repetitive TMS, suggest-
ing it to reflect in part cortical reactivity (Chung et al. 2017).
Source localization suggested that the higher P200 observed
following left DLPFC stimulation was linked to greater activity
in the cingulate cortex in youth MDD. This may be linked to
the excessive connectivity between the left DLPFC and parts
of the cingulate cortex as reported in adults with depression
(Ye et al. 2012). The P200 following stimulation of both the left
and right DLPFC was also found to be correlated with levels of
anhedonia, with lesser amplitude of the P200 being associated
with greater severity of anhedonia. Anhedonia is reported by
approximately 74% of youth suffering from depression (Yorbik
et al. 2004), is a factor associated with an increased risk of suici-
dal behavior (Auerbach et al. 2015), and is a negative predictor
of treatment response in youth (McMakin et al. 2012). It thus
remains critical that neurobiological markers of anhedonia in
this population continue to be explored; our findings suggest

that the P200 component following TMS-EEG applied to DLPFC
may be such a marker and may be used as a target of rTMS
therapies for reducing anhedonia-related symptoms in youth
MDD. Such rTMS treatments may also improve response to other
classes of antidepressants, as anhedonia has been reported as
being a predictor of poor response to medications (McMakin
et al. 2012) and brain stimulation (Dhami et al. 2019).

MDD in general has been characterized by the dysregulation
of functional networks (Kaiser et al. 2015), with youth reported
to exhibit similar aberrations (Cullen et al. 2009; Zhu et al.
2012). However, a limitation of the connectivity insight offered
by these aforementioned fMRI studies is that they are limited
to < 1 Hz frequencies and provide no casual inference between
regions. The DLPFC showed a significant difference in coherence
measures between youth MDD and controls; this region has
been reported to exhibit hyper-connectivity in both depressed
youth (Jiao et al. 2011; Jin et al. 2011) and adults (Ye et al. 2012).
The reduction of this increased DLPFC connectivity has also
been implicated in the successful treatment of MDD (Perrin et al.
2012), suggesting it to have a role in the pathophysiology of MDD.
Our sensor-level results in general corroborate fMRI findings, as
the right DLPFC of youth MDD showed hyper-connectivity com-
pared with controls. However, our results offer the novel TMS-
EEG finding that this increased causal connectivity is potentially
relayed from the DLPFC and extends predominately into the
theta and alpha range. Additionally, right DLPFC connectivity,
as measured by TMS-EEG, was found to exhibit very good clas-
sifying characteristics, and thus may be a biomarker worthy of
further investigation.

Although speculative, a possible explanation for the observed
increased right DLPFC connectivity in youth MDD may relate to
it being coupled with regions of the default mode network. For
instance, youth MDD exhibited greater coherence between the
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right DLPFC and rostral ACC in the theta and alpha frequency.
The connectivity between the DLPFC and ACC, a region com-
monly linked to the default mode network (Buckner et al. 2008),
has been reported as being greater in youth (Davey et al. 2012)
and adults (Sheline et al. 2010; Liston et al. 2014; Hadas et al.
2019) with depression. The DLPFC N100, which source analysis
localized to the ACC, was also greater in youth MDD and has
been linked to the DLPFC’s connectivity with the subgenual
cingulate cortex (Hadas et al. 2019). Finally, the right DLPFC
of youth MDD exhibited greater coherence with the angular
gyrus and precuneus, core nodes of the default mode network
(Buckner et al. 2008; Fransson and Marrelec 2008). With regard to
the increased theta and alpha band connectivity found in youth
with MDD, this may reflect the dysregulation of the cognitive
control-related frontoparietal network. The DLPFC is a major
node of this network (Vincent et al. 2008) and is believed to
be functionally connected via theta and alpha frequency band
synchrony to other regions of this network (e.g., superior parietal
regions) to support processes such as attention (von Stein and
Sarnthein 2000; Sellers et al. 2016). Altogether, our findings
suggest that the right DLPFC of youth with depression primarily
exhibits elevated connectivity with regions belonging to the
default mode network. This evidence provides support to the
notion that depression is linked to an imbalance between large-
scale functional networks (Kaiser et al. 2015). However, due to
the causality provided by TMS, we are able to infer that this
heightened connectivity between the DLPFC and parts of the
default mode network potentially stems from the DLPFC and
not other brain regions; this was further corroborated by no
connectivity differences being reported from stimulation of the
default mode network-related bilateral IPLs.

In the context of treatment, attenuating this elevated DLPFC
connectivity to other regions, such as the ACC, through brain
stimulation has been shown to have clinical efficacy (Perrin et al.
2012; Liston et al. 2014; Hadas et al. 2019). By demonstrating
a similar network dysfunction in youth MDD that is mediated
by the right DLPFC, brain stimulation to this region may be a
potential neurobiologically supported alternative treatment for
youth with depression who have failed to respond to conven-
tional therapies.

Limitations to our study include that no treatment naïve
youth MDD patients were included, rendering it unclear as
to whether our findings are generalizable to the entire youth
MDD population. However, the majority of patients were un-
medicated, and we identified no significant impact of medica-
tions on the reported neuromarkers, reducing the likelihood that
medications may have influenced the reported results; we do
note that this sub-analysis may however been underpowered
due to a small sample size. There was also a sample size dis-
crepancy between the two groups, with only 20 healthy youth
being recruited versus the 45 youth with MDD.

Finally, we note another potential limitation, which is the
possible contamination of the N100 and P200 components by
TMS-induced somatosensory and auditory artifacts (Conde
et al. 2019). However, our study uniquely incorporated several
methodological and study design strategies to significantly
reduce the likelihood of such contamination. First, various
recommendations have been made to reduce these confounding
artifacts, including the use of earplugs and a thin layer of
foam on the TMS coil (ter Braack et al. 2015), both of which
were used in this study. Second, we employed a cross-sectional
design, in which all the participants underwent the same testing
paradigm. With this design any potential artifacts would be

negated in the cross-sectional comparison. Third, the study
design included multiple stimulation sites. Let us assume that
the N100 and P200 are, for example, auditory-related artifacts,
and that youth with depression and healthy youth differ in
auditory processing of the TMS click sound. If this was the case,
one would expect differences in the N100 and P200 between
groups to be found across all six stimulation sites, as they
were all accompanied by the TMS click sound. However, we
only found differences in the DLPFC, and not in the motor
cortex or IPL. Thus, our regional-specific results, which were
only afforded by the stimulation of multiple sites, ultimately
suggests that our findings were not influenced by artifacts, but
rather reflect differences in genuine cortical reactivity. Finally,
our study design also included a TMS sham condition that
further illustrated the significant difference in N100 and P200
component between the active and sham condition. Collectively,
the observed N100 and P200 differences between youth with
depression and healthy youth are very unlikely to be artifactual.
However, we note that as stimulation of the DLPFC with TMS
can activate frontalis muscles, which is not to be expected with
stimulation of the motor cortex or IPL, this somatosensory-
related component of the DLPFC TEPs remained a potential
confound that could not be addressed by the current study
design. Future studies which involve DLPFC stimulation may
wish to incorporate a sham with a somatosensory component,
such as electrical stimulation, to account for stimulation of the
frontalis muscles.

Ultimately, our study found youth MDD to be associated with
DLPFC dysfunction in the form of greater reactivity and altered
connectivity; no differences were found when motor cortices or
IPL were stimulated, suggesting this cortical dysregulation to be
specific and originated by the prefrontal cortex. These mark-
ers of cortico-frontal dysfunction could serve as a biomarker
to support the clinical diagnosis of youth MDD. Furthermore,
these findings provide novel insight into the pathophysiology of
youth MDD which may guide future novel treatments, such as
non-invasive brain stimulation, which are capable of selectively
modulating fronto-cortical neurophysiology.

Supplementary Material
Supplementary material can be found at Cerebral Cortex online.
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