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� Baseline resting EEG theta connectivity and alpha power predicted response to rTMS for depression in
our previous research.

� These measures did not differentiate responders and non-responders in a larger independent dataset.
� Theta connectivity and alpha power are unlikely to be clinically useful predictors of response to rTMS

for depression.

a b s t r a c t

Objective: Our previous research showed high predictive accuracy at differentiating responders from
non-responders to repetitive transcranial magnetic stimulation (rTMS) for depression using resting elec-
troencephalography (EEG) and clinical data from baseline and one-week following treatment onset using
a machine learning algorithm. In particular, theta (4–8 Hz) connectivity and alpha power (8–13 Hz) sig-
nificantly differed between responders and non-responders. Independent replication is a necessary step
before the application of potential predictors in clinical practice. This study attempted to replicate the
results in an independent dataset.
Methods: We submitted baseline resting EEG data from an independent sample of participants who
underwent rTMS treatment for depression (N = 193, 128 responders) (Krepel et al., 2018) to the same
between group comparisons as our previous research (Bailey et al., 2019).
Results: Our previous results were not replicated, with no difference between responders and non-
responders in theta connectivity (p = 0.250, Cohen’s d = 0.1786) nor alpha power (p = 0.357, gp

2 = 0.005).
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Conclusions: These results suggest that baseline resting EEG theta connectivity or alpha power are unli-
kely to be generalisable predictors of response to rTMS treatment for depression.
Significance: These results highlight the importance of independent replication, data sharing and using
large datasets in the prediction of response research.

� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Recently we published a study demonstrating accurate predic-
tion of response to repetitive transcranial magnetic stimulation
(rTMS) treatment for depression using machine learning (84% sen-
sitivity and 89% specificity) of a number of resting electroen-
cephalography (EEG) measures in combination with measures of
early change in mood (Bailey et al., 2019). Differences between
the responder and non-responder groups in the EEG measures of
theta connectivity and alpha power were consistent at both base-
line and after one week of treatment, suggesting these measures
reflected stable traits that were related to treatment outcome.
However, the dataset was comprised of 42 participants, with only
12 responders. While cross-validation was used to ensure results
were not due to over-fitting in a small sample, and permutation
tests showed the machine learning results were significantly more
accurate than chance, independent replication of previous results
is necessary to ensure findings are valid and reliable. In particular,
independent replication of the successful prediction of response to
rTMS is required before the results could be generalised to the
broader population of depressed patients undergoing rTMS treat-
ment (Widge et al., 2018). Successful replication of treatment
response prediction is of significant clinical relevance, as rTMS
results in distinct response or non-response outcomes, and rTMS
treatments involve costly and time-consuming treatment regi-
mens (Berlim et al., 2014, Fitzgerald et al., 2016, George and Post,
2011). Additionally, conducting a replication study also enables
the testing of other possibly relevant variables that might influence
the results. For example, previous results from Arns et al. (2016)
indicated that frontal alpha asymmetry (FAA) was associated with
response to selective serotonin reuptake inhibitors (SSRIs) in
females only. The sample size of our original study was too small
to enable interactions with sex to be tested (Bailey et al., 2019),
but the results from Arns et al. (2016) demonstrate the importance
of determining if interactions between response prediction vari-
ables and sex are present in order to enable maximum predictive
accuracy.

To enable independent replications (as we aimed to perform) a
large dataset (N = 193, with 128 responders) of baseline resting
EEG data from an open-label trial of rTMS treatment of depression
across two separate clinics was recently made available via a data
sharing proposal (Krepel et al., 2018). Although minor differences
between our original study and this replication dataset were pre-
sent in data collection and processing (different depression sever-
ity assessment tools were used, different electrode montages,
recording equipment and settings, absence of week 1 recordings,
and different EEG pre-processing procedures) predictive variables
should be robust to minor parameter variation to be clinically use-
ful. We therefore deemed the data similar enough to enable an
independent replication of the previous results.

We hypothesized that responders in the replication dataset
would show higher theta connectivity from within the same group
of electrode pairs that differentiated responders from non-
responders in our original research (a broad group of electrode
pairs involving frontal, parietal and occipital connections). Addi-
tionally, following research showing that predictors of response
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can be sex specific (Arns et al., 2016), we had a non-directional
hypothesis that the difference between responders and non-
responders in theta connectivity would be influenced by sex. Fol-
lowing the results of our original research, we also hypothesized
that responders would show less alpha power in frontal and occip-
ital electrodes than non-responders, and responders would show a
smaller difference in alpha power between frontal and occipital
regions than non-responders. If these measures showed replication
of the results from our original dataset, we hypothesized that a
machine learning algorithm would show accurate response predic-
tion from this baseline data, with similar specificity and sensitivity
to our original dataset.
2. Methods

2.1. Participants

Participants with EEG recordings included 193 participants (95
male) with major depression aged 18–78 (Mean = 43.2, SD 12.9,
which can be compared to the original dataset, with aMean = 45.86,
SD = 13.95) treated with simultaneous psychotherapy and rTMS
(Mean = 20.9 sessions, SD 7.5). Participants were treated with
either high frequency (10 Hz) left dorsolateral prefrontal cortex
(DLPFC), low frequency (1 Hz) right DLPFC, or both sequentially
(similar to our original research). Over 97% of the sample had at
least one previous antidepressant treatment without response (in
contrast to the original dataset, which only included participants
who had tried at least two separate antidepressant treatments
from different classes of antidepressants without response). Partic-
ipants were separated into responders (N = 128) and non-
responders (N = 65) defined by �50% reduction in Beck Depression
Inventory II Dutch Language Version (BDI-II-NL) score between
baseline measurement and the final visit. Data from these partici-
pants has been previously reported, and further details of partici-
pant and treatment characteristics can be found in Donse et al.
(2018). Power calculation using the effect size for differences in
connectivity from Bailey et al. (2019) (d = 1.097) suggested 52 par-
ticipants were necessary to obtain 0.95 power with an alpha of
0.05, and post-hoc power analysis showed the number of partici-
pants used provided >0.999 power. This demonstrated that the
number of participants in the current study provided a more than
large enough sample size to detect significant effects.

2.2. Electrophysiological recording and pre-processing

Two minutes of baseline resting EEG recordings with both eyes
open (EO) and eyes closed (EC) were obtained using a 26 sintered
Ag/AgCL electrode Quikcap (Neuroscan) and NuAmps amplifier
(Compumedics, Neuroscan). Data was referenced online to aver-
aged mastoids with a ground at FPz, impedances of <5 kO were
maintained, and EEG activity was sampled at 500 Hz with a DC
high pass and 100 Hz low pass filter. Horizontal eye movements
were recorded by electrodes placed 1.5 cm lateral to the outer can-
thus of each eye, and vertical eye movements were recorded with
electrodes placed 3 mm above the middle of the left eyebrow and
1.5 cm below the middle of the left bottom eyelid.
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Offline data was processed using a standardized methodology
(Arns et al., 2016, Arns et al., 2012). Data was bandpass filtered
from 0.3 to 100 Hz with notch filters of 50 or 60 Hz (depending
on which country data was recorded in) using zero phase Infinite
Impulse Response filters. Eye movements were corrected using
the Gratton and Coles method (Gratton et al., 1983). Data was
epoched into two second windows across the recording period.
Individual epochs per channel were automatically marked as arti-
fact and rejected based on the following criteria: 1) A ratio of
>0.375 for 30–90 Hz gamma power relative to the rest of the signal
ratio, 2) the presence of shifts in the voltage slope from 16 consec-
utive samples that exceeded 25x the epoch average, 3) kurtosis
values >8, 4) extreme frequency power in the epoch, with power
values >350 from the summation of power in the 1–5.25 Hz range
and the 22–45 Hz range after a Fast Fourier Transform of each
epoch, scaled for electrode location by a linear increase in the
threshold from 350 at the most anterior electrodes to 525 at the
most posterior electrodes (as power is usually higher at posterior
electrodes), 5) the presence of residual eye blink detection based
on cross correlation values of >0.55 between eye electrodes and
EEG electrodes, and 6) extreme voltage swing detection of >200
mv across the epoch. See Arns et al. (2016) for more details. Data
was re-referenced to the average reference prior to analysis. All
participants provided 35 or more noise free epochs for analysis
from both eyes open and eyes closed conditions (mean = 56.7,
SD = 1.8).

This can be compared with Bailey et al. (2019), who obtained
three minutes of eyes open and eyes closed resting data for each
participant using a 30 sintered Ag/AgCL electrode EasyCap (Easy-
Cap, Woerthsee-Etterschlag, Germany) and recording EEG activity
using a Synamps 2 amplifier (Compumedics, Neuroscan). CPz was
used as the online reference and AFz as the ground, impedances
of <5 kO were maintained, and EEG activity was sampled at
10,000 Hz with a DC high pass and 2000 Hz low pass filter. Hori-
zontal eye movements were recorded by electrodes placed
1.5 cm lateral to the outer canthus of each eye, and vertical eye
movements were recorded with electrodes place 3 mm above the
middle of the left eyebrow and 1.5 cm below the middle of the left
bottom eyelid.

Data was processed using MATLAB (The Mathworks, Natick,
MA) and EEGLAB (sccn.ucsd.edu/eeglab) (Delorme and Makeig,
2004). Data were initially downsampled to 1000 Hz, then second
order butterworth filtering was applied with a bandpass from 1
to 80 Hz and a band stop filter from 47 to 53 Hz. Data was epoched
into two second windows across the recording period with a
500 ms overlap. Single electrodes containing artifacts in more than
3% of epochs were rejected (indicated by variations in voltage that
were larger than 250 mv, kurtosis values >5, or values exceeding
�100 or 30 dB in the 25–45 Hz range). Epochs containing artifacts
were also rejected (indicated by kurtosis values >3 for all elec-
trodes or >5 for single electrodes, and more than �100 to 30 dB
in the 25–45 Hz range). Artifact rejections were manually verified
by visual inspection by an experienced EEG researcher (NWB), then
Fast independent component analysis (FastICA) (Hyvarinen, 1999,
Hyvarinen and Oja, 2000) was used to manually select and remove
eye blinks and movements and remaining muscle activity arte-
facts. The ‘symmetric approach’ and the ‘tanh’ contrast function
were used for the algorithm. Recordings were re-referenced offline
to an averaged reference. All participants provided 63 or more
noise free epochs for analysis from both eyes open and eyes closed
conditions.

To summarize the differences in the EEG recording and process-
ing of the two datasets: 1) The replication dataset used a Quickcap
and NuAmps amplifier while the original dataset used an EasyCap
and Neuroscan Synamps 2 amplifier (as far as we are aware, these
amplifiers are highly compatible). 2) The data were recorded at a
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different sampling rate (the replication dataset recorded at
500 Hz while the original dataset recorded at 10,000 Hz and down-
sampled to 1000 Hz for analysis). 3) The data were processed using
different methods. In the replication dataset (Krepel et al., 2018),
epochs were rejected through a six step automated process that
excluded epochs showing excessive power, kurtosis and voltage
shift values, and eye blinks and movements were corrected using
the Gratton and Coles method (Gratton et al., 1983), which corrects
for this activity in the EEG trace without rejecting epochs contam-
inated by eye blink and movement. In the original study (Bailey
et al., 2019), epoch rejection was based on kurtosis values of >5
in single electrodes or >3 for all electrodes, or power exceeding
�100 to 30 dB in the 25–45 Hz range, and FastICA (Hyvarinen,
1999, Hyvarinen and Oja, 2000) was used to manually select and
remove components containing eye blinks, movements, and
remaining muscle activity artefacts, which corrects for this activity
in the EEG trace without rejecting epochs contaminated by eye
blink and movement. 4) After extracting the significant group of
electrode pairs from our previous research and applying that group
of electrode pairs to the replication dataset (Krepel et al., 2018), we
were left with only 14 electrode pairs in the proposed group of
electrode pairs, compared to 66 electrode pairs in the network that
differentiated responders and non-responders in the original
research. However, when we re-analysed the original dataset using
theta connectivity values from only the restricted montage and
compared this group of electrode pairs between responders and
non-responders, differences were still highly significant in that
original dataset. This suggests that the restricted montage does
not explain the lack of differences in the replication dataset.

2.3. Alpha power and theta connectivity computation

In order to determine whether our previous results replicated in
this independent dataset, alpha power and theta connectivity val-
ues were computed by an independent team (NK and HvD) in the
same manner as our previous research (Bailey et al., 2019). For the
connectivity computation, EEG data was submitted to a single Han-
ning taper time-frequency transform, determining instantaneous
phase values for the complex Fourier-spectra from 1 to 45 Hz with
a 0.5 Hz resolution across sliding time windows corresponding to 4
cycles in length. These values were slightly higher than the original
study, which used 1 Hz resolution across sliding time windows
corresponding to 3 oscillation cycles in length. As such, the replica-
tion connectivity measures were assumed to be more robust than
the original measures. The weighted phase lagged index (wPLI)
was then calculated between each electrode to measure phase syn-
chronisation between electrodes (Vinck et al., 2011). Following
this, wPLI values in the theta frequency (4–8 Hz) were averaged
across these frequencies, and across epochs in preparation for sta-
tistical analysis. Total average theta wPLI was also computed
across all available electrode pairs in the group of electrode pairs
that differentiated responders and non-responders in our original
study. Not all electrodes from the original significant group of elec-
trode pairs were present in the replication dataset, so the original
dataset was tested on this reduced group of electrode pairs to con-
firm those results were not altered by reducing the number of elec-
trode pairs included in the analysis (reported below). Electrode
pairs that were both significantly different between responders
and non-responders in the original study, and present in the repli-
cation dataset were Fz-FC4, FC3-FC4, F3-P3, FC3-P3, P3-P4, F3-O1,
FC3-O1, P3-O1, P4-O1, F3-O2, FC3-O2, P3-O2, P4-O2, and O1-O2.

Alpha power was computed using a multi-taper fast Fourier fre-
quency transformation with a Hanning taper to calculate power in
the alpha range (8–13 Hz). Alpha power was calculated across each
epoch, then averaged across the frequency window, across all
epochs, and across both eyes open and eyes closed recordings, in
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exact replication of the procedure from Bailey et al. (2019). As per
our previous research, F3, F4, O1 and O2 electrodes were selected
for analysis.
2.4. Statistical analysis

Traditional frequentist statistical comparisons were conducted
using SPSS version 23. Bayesian comparisons were conducted
using JASP version 0.11.1 (Love et al., 2019) to provide an indicator
of the strength of evidence for null results. Where our previous
results suggested directional finding that we would expect for
the results in the current study, one-tailed Bayesian comparisons
were used, as a result in the opposite direction would provide
the same rejection of our previous conclusion as no difference
between groups (Ruxton and Neuhäuser, 2010). For analyses
involving more than a single factor, comparisons were made
between Bayesian models containing a hypothesized effect to
equivalent models stripped of the effect. Comparisons of connec-
tivity values across all electrodes were performed using the net-
work based statistics (NBS) (Zalesky et al., 2010). In order to
confirm the comparisons of theta connectivity made using the
reduced electrode montage available in the replication data was
still a valid test of our initial result, we conducted an independent
samples t-test of averaged wPLI values from electrode pairs that
were both within the group of electrode pairs that significantly dif-
ferentiated responders and non-responders shown in our initial
study, and present in the electrode montage from the replication
study. Next, to test our primary hypothesis of replication of
increased theta connectivity in responders within the same group
of electrode pairs as the original research, we performed an inde-
pendent samples t-test comparing responders and non-
responders in averaged theta wPLI values across the group of elec-
trode pairs including electrode pairs common to both studies and
averaged across EO and EC conditions. In order to test whether
the original result might also be specific to a stimulation type,
we performed a sub-analysis with the same t-test but restricted
to only participants who underwent 10 Hz left side treatment. To
test our hypothesis that sex would influence these results, we also
performed a repeated measures ANOVA on averaged theta wPLI
values from this group of electrode pairs using group (responder
and non-responder) and sex (females and males) as between-
subject factors and condition (EO and EC) as the within-subject fac-
tor, with age as a covariate. Thirdly, in order to assess connectivity
across all electrodes (in case a different group of electrode pairs
separated responders and non-responders in the replication sam-
ple) we submitted the replication dataset to a t-test comparison
of responders and non-responders using the NBS cluster analysis
of connectivity values across all pairs of electrodes available in
the replication dataset (Zalesky et al., 2010). Finally, the last com-
parison of theta connectivity administered this same NBS test sep-
arately for each sex. Note that Bayesian statistics are not currently
able to replicate the analyses performed by the NBS, so we were
unable to test for the strength of our conclusion with regards to
the analysis including all pairs of electrodes. In order to assess
alpha power differences between responders and non-
responders, we conducted a repeated measures ANOVA including
group (responder and non-responder) and sex (females and males)
as between-subject factors, with hemisphere (right and left), and
region (frontal [F3, F4] and occipital [O1, O2]) as within-subject
factors, and age as a covariate. We also conducted this analysis
restricted to participants who underwent 10 Hz left sided treat-
ment. As reported below, our results were non-significant, so no
machine learning algorithm was applied.
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3. Results

Clinical results from the dataset have been reported previously
(Donse et al., 2018). When the averaged wPLI values from the orig-
inal study were restricted to just the electrodes that overlapped
between the two labs, comparisons between responders and
non-responders were still significant t(40) = 2.824, p = 0.015,
Cohen’s d = 1.0968 (responder mean = 0.0901 SD = 0.0667, non-
responder mean = 0.0338, SD = 0.0286). However, in the replication
dataset, no significant difference was found in averaged connectiv-
ity from within the same group of electrode pairs as the original
study between responders (M = 0.02279, SD = 0.02240) and non-
responders (M = 0.02825, SD = 0.02083), t(191) = 1.638,
p = 0.103, Cohen’s d = 0.25241, BF0- = 15.132 (see Fig. 1). Addition-
ally, even though the result was not significant and showed a small
effect size, the effect was in the opposite direction to the original
study. The sub-analysis focusing on only participants who
underwent 10 Hz left side treatment also showed no differences
between responders (M = 0.02123, SD = 0.01790) and non-
responders (M = 0.02577, SD = 0.01753), t(71) = 1.013, p = 0.314,
Cohen’s d = 0.255, BF0- = 7.101. Furthermore, there was neither
an interaction between response-group and sex, nor response-
group, sex and eyes open or closed (all p > 0.10 and BFexcl > 3,
see table 1 for detailed statistics). An interaction was observed
between age and EO or EC, F(1,189) = 5.141, p = 0.025,
gp

2 = 0.027, such that age positively correlated with EC connectivity
r(193) = 0.237, p = 0.001 but not EO connectivity r(193) = 0.082,
p = 0.255. Using NBS to compare across all pairs of electrodes in
the replication dataset revealed no differences between responders
and non-responders, nor differences when data was split by sex (all
p > 0.05), similar to the analyses performed in SPSS.

Alpha power comparisons also showed no differences between
responders and non-responders F(1,189) = 0.851, p = 0.357,
gp

2 = 0.005, BFexcl = 4.086 (see Fig. 2, details in table 2). There
was also no interaction between response-group and electrode
region F(1,189) = 0.578, p = 0.448, gp

2 = 0.003, BFexcl = 6.880.
The main response-group effect was not influenced by sex F
(1,189) = 0.303, p = 0.582, gp

2 = 0.002, BFexcl = 3.529, nor was
the interaction between response-group, sex, and electrode region
F(1,189) = 0.037, p = 0.848, gp

2 < 0.001, BFexcl = 3.580. Lastly, there
was no interaction between hemisphere, region, sex and response-
group F(1,189) = 0.008, p = 0.927, gp

2 < 0.001, BFexcl = 4.312. When
performing the same comparisons restricted to participants who
underwent 10 Hz left-sided rTMS, we likewise observed no differ-
ences (see Fig. 3, all p < 0.2, BFexcl > 2, details in table 3). All data
met the assumption of equal variances (all p > 0.2).
4. Discussion

The aim of this study was to determine whether our previous
research demonstrating that responders to rTMS treatment for
depression showed higher resting EEG theta connectivity and
lower alpha power than non-responders (Bailey et al., 2019) would
replicate in a larger independent sample (Krepel et al., 2018), indi-
cating clinical relevance and applicability of these measures. The
results of this study did not replicate our previous research as we
did not observe similar differences between the responders and
non-responders. Furthermore, although the selected measures
did not differ between response-groups, the pattern for theta con-
nectivity was reversed compared to our original results (with non-
responders showing higher values), strongly suggesting our origi-
nal finding does not generalise. Additionally, we aimed to assess
whether our previous results would be modified by including sex
in the analyses, as previous research has indicated that predictors
of response may be modulated by sex (Arns et al., 2016). As with



Fig. 1. Mean theta (4–8 Hz) weighted phase lag index (wPLI) connectivity values from responder and non-responder groups in the replication dataset (error bars reflect
standard deviations). No significant differences were detected between responders and non-responders, in contrast to the original dataset and our hypotheses.

Table 1
Mean values for resting wPLI theta connectivity, standard deviations and statistical comparisons between responders and non-responders in the replication data (values averaged
across the group of electrode pairs that differentiated responders and non-responders in the original research, excluding electrode pairs that did not overlap between the two
studies). EO = eyes open, EC = eyes closed. SD = standard deviation.

Measurement Responders Mean (SD) Non-Responders Mean (SD) Statistics

Females (N = 69) Males (N = 59) Females (N = 29) Males (N = 36)

EO 0.0165 (0.0211) 0.0132 (0.0115) 0.0197 (0.0189) 0.0168 (0.0170) Between group comparison:
t(191) = 1.638, p = 0.103, Cohen’s d = 0.2524, BF0- = 15.132
Interaction between group and sex:
F(1,188) = 2.001, p = 0.159, gp

2 < 0.011,
BFexcl = 4.062
Interaction between group, sex and eyes:
F(1,188) = 1.061, p = 0.304, gp

2 < 0.006
BFexcl = 3.588

EC 0.0273 (0.0302) 0.0345 (0.0425) 0.0384 (0.0406) 0.0384 (0.0325)

Fig. 2. Mean alpha power values from responder and non-responder groups in the replication dataset (error bars reflect standard deviations). No significant differences were
detected between responders and non-responders, nor interaction between region and response-group, in contrast to the original dataset and our hypotheses.
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Table 2
Resting alpha power means, standard deviations and statistical comparisons between responders and non-responders in the replication data. SD = standard deviation.

Electrode Responders Mean (SD) Non-Responders Mean (SD) Statistics

Females (N = 69) Males (N = 59) Females (N = 29) Males (N = 36)

F3 4.31 (3.30) 4.38 (3.90) 5.66 (4.40) 3.76 (2.65) Between group comparison:
F(1,189) = 0.851, p = 0.357, gp

2 = 0.005, BFexcl = 4.086
Interaction between group and region:
F(1,189) = 0.578, p = 0.448, gp

2 = 0.003, BFexcl = 6.880
Interaction between group and sex:
F(1,189) = 0.303, p = 0.582, gp

2 = 0.002, BFexcl = 3.529
Interaction between group, sex and region:
F(1,189) = 0.037, p = 0.848, gp

2 < 0.001, BFexcl = 3.580
Interaction between group, sex, region and hemisphere:
F(1,189) = 0.008, p = 0.927, gp

2 < 0.001, BFexcl = 4.312

F4
O1
O2

4.33 (3.27)16.27
(13.66)16.12
(15.69)

4.35 (3.90)16.01
(23.62)15.14
(20.24)

5.65 (4.42)20.46
(24.13)
20.32 (23.35)

4.01 (2.78)14.75
(12.15)13.82
(11.68)

Fig. 3. Mean alpha power values from responder and non-responder groups in the replication dataset for participants who underwent 10 Hz left hemisphere repetitive
transcranial magnetic stimulation (rTMS) treatment only (error bars reflect standard deviations). As with the full dataset, no significant differences were detected between
responders and non-responders.

Table 3
Resting alpha power means, standard deviations and statistical comparisons between responders and non-responders to 10 Hz left sided treatment only in the replication data.
SD = standard deviation.

Electrode Responders Mean (SD) Non-Responders Mean (SD) Statistics

Females (N = 25) Males (N = 25) Females (N = 11) Males (N = 12)

F3 3.23 (2.22) 4.73 (3.47) 5.07 (3.63) 2.34 (1.66) Between group comparison:
F(1,68) = 0.026, p = 0.872, gp

2 < 0.001, BFexcl = 3.647
Interaction between group and region:
F(1,68) = 0.048, p = 0.827, gp

2 = 0.001, BFexcl = 4.220
Interaction between group and sex:
F(1,68) = 0.675, p = 0.414, gp

2 = 0.010, BFexcl = 2.090
Interaction between group, sex and region:
F(1,68) = 0.017, p = 0.896, gp

2 < 0.001, BFexcl = 2.637
Interaction between group, sex, region and hemisphere:
F(1,68) = 0.307, p = 0.581, gp

2 < 0.004, BFexcl = 3.245

F4
O1
O2

3.29 (2.11)
14.26 (12.20)
16.73 (17.50)

4.48 (3.20)
17.58 (14.19)
17.80 (16.65)

4.76 (3.00)
17.32 (16.24)
17.49 (18.82)

2.89 (2.69)
12.49 (10.63)
13.31 (12.11)
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the main comparisons, no interaction between sex and theta con-
nectivity or alpha power were found. These results were also con-
sistent when analyses were restricted to participants receiving
10 Hz left sided treatment only. The results suggest that our previ-
ous findings do not generalise to independent samples, and as such
the particular resting theta connectivity and resting alpha power
measures examined in this study are unlikely to be clinically useful
biomarkers for response to rTMS treatment for depression.
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The non-replication was unexpected. In the original dataset
(Bailey et al., 2019), the theta connectivity differences between
responders and non-responders were present in comparisons
across both baseline and week 1 time-points, suggesting a robust
effect. Machine learning predictions including theta connectivity
and alpha power were also accurate across learning and test sam-
ples. This consistency, comprised of test-retest replication across
time and within sample replication across divisions of the same



Table 4
Summary of parameters that were the same or differed between the datasets.

Parameter Bailey et al. (2019) Krepel et al. (2018) Same/Different? Explains Results?

Electrode montage 30 electrodes 26 electrodes F3, Fz, F4, FC4, FCz, FC3, P3, Pz, P4, O1, O2 were
present in both studies, other electrodes differed

No - limiting comparisons of original
dataset to only include overlapping
electrodes did not alter results

EEG Amplifier Neuroscan Synamps 2 Neuroscan NuAmps Same chipset Very unlikely to explain results
EEG Sampling Rate 10,000 Hz downsampled to 1000 Hz 500 Hz Different No reason to believe this would

explain results
EEG Artifact Rejection Epoch rejection via kurtosis values or excessive

power in the 25–45 Hz range, FastICA to reject
eye movements and other remaining artifacts

Epochs rejected following a 6-step automated
process rejecting high kurtosos and power values, eye
movements corrected using the Gratton and Coles
method

Different, but both methods remove artifacts and
use methods to correct for eye blinks and
movements (rather than simply delete these
artifacts)

No reason to believe this would
explain results

Depression Severity HDRS BDI-II-NL Different, but highly correlated No reason to believe this would
explain results

Treatment Resistance Failure to respond to at least two
antidepressants from two separate classes

97% of the sample showed failure to respond to at
least one antidepressant

Different Possible – but if it explains results
then predictive potential of the
original study is limited to a specific
population

rTMS treatment 3 weeks of 10 Hz left DLPFC rTMS, then
randomised to continue for 3 weeks, or to 1 Hz
right DLPFC, or bilateral rTMS. 110% of RMT

10 Hz left DLPFC, 1 Hz right DLPFC, or bilateral, >10
sessions for inclusion, 110–120% of RMT

The minimum number of rTMS treatments for
inclusion from Bailey et al. (2018) was higher,
otherwise parameters were highly similar

No reason to believe this would
explain results

Concurrent therapy Antidepressants, and a minority of participants
taking additional mood stabilisers,
antipsychotics, or no medications

Cognitive Behaviour Psychotherapy, medications not
recorded

Different Unclear

Sample size 42 (12 responders) 193 (128 responders) Different Possible – replication dataset is a more
generalized sample, original dataset
may contain sampling bias

Age Mean 45.86, SD = 13.95 Mean 43.2, SD = 12.9 Very similar Unlikely to explain results

DLFPC: dorsolateral pre-frontal cortex, rTMS: repetitive transcranial magnetic stimulation, HDRS: Hamilton Depression Rating Scale, BDI-II-NL: Beck Depression Inventory II - Dutch version.
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sample, suggested that differences were likely to reflect genuine
findings. However, the results do not replicate, which prompts
the question of why our results seemed to show consistency within
the study, but not in data obtained and processed by other
researchers.

There were a number of differences between the two datasets
in response definition, treatment resistance definition, EEG
recording, and EEG pre-processing steps (summarized in Table 4).
Perhaps most importantly, the specific electrode locations used
differed between the two studies. However, when we re-
analysed the original dataset using theta connectivity values from
only the restricted montage that overlapped with the replication
dataset, and compared this group of electrode pairs between
responders and non-responders, differences were still highly sig-
nificant in that original dataset. This suggests that the restricted
montage does not explain the lack of differences in the replication
dataset. Secondly, the two datasets were recorded using different
(but highly similar) amplifiers, sampling rates, and were pre-
processed using different artefact rejection / correction proce-
dures. Thirdly, the inclusion criteria involving treatment resis-
tance differed between the two studies. The original dataset
(Bailey et al., 2019) used an inclusion criterion of at least two
failed antidepressant treatments from different classes of antide-
pressants, while the replication dataset (Krepel et al., 2018) did
not have a formal inclusion criterion around treatment resistance
(although 97% of participants had at least one failed antidepres-
sant treatment). This point suggests that the replication dataset
is likely to consist of a more heterogenous sample with a broader
range of treatment resistance. If the measures that predicted
response in the original dataset are influenced by the severity of
treatment resistance, this difference between the datasets could
offer an explanation for the inconsistency between the two stud-
ies. However, we think it is unlikely that the inclusion of less
treatment resistant participants would have reversed the pattern
of theta connectivity, as this would suggest that individuals who
had only tried one unsuccessful antidepressant would show the
opposite relationship between theta connectivity at baseline and
treatment response compared to individuals who had tried two
or more antidepressants.

Additionally, while participants in the original dataset (Bailey
et al. 2019) were mostly taking antidepressants (and also mood
stabilisers or antidepressants, or no medications in a small number
of cases), the replication dataset (Krepel et al. 2018) was a natural-
istic sample so did not obtain verified data on medication use.
However, recent research examining frontal alpha asymmetry
has shown the measure could accurately predict response both
prior to and after SSRI treatment, suggesting that successful predic-
tion of treatment response with EEG measures is likely to be robust
to differences in medication status (van der Vinne et al., 2019).
Lastly, the two samples measured depression severity (and as such
defined response to treatment) using different scales. The original
research (Bailey et al., 2019) used the Hamilton Depression Rating
Scale (HDRS), while the replication dataset (Krepel et al., 2018)
used the BDI-II-NL (with both studies defining response as a 50%
reduction from baseline scores to endpoint). However, there is no
indication that the different measures have a different relationship
to the EEG measures, and the two depression severity measures
have been shown to be highly correlated (Fitzgibbon et al.,
1988). As such, none of the differences in response definition,
EEG recording, or EEG pre-processing steps suggest to us an obvi-
ous confound that would have led to systematic differences
between responders and non-responders in theta connectivity or
alpha power. Additionally, for our findings to be generalizable
and clinically useful, they should be robust against minor varia-
tions in data collection or pre-processing, and generalizable to
patients across a broad range of inclusion criteria.
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In addition to the differences in data measurement between the
two datasets, the participants in the replication dataset (Krepel
et al., 2018) underwent cognitive behaviour psychotherapy con-
currently with rTMS treatment, while participants in the original
dataset (Bailey et al., 2019) did not. It is likely that psychotherapy
treats depression through a mechanism that is different to rTMS,
and it is possible that the mechanism underpinning psychotherapy
is unrelated to theta connectivity or alpha power at baseline (or
even related to theta connectivity / alpha power at baseline, but
in the opposite direction to the direction shown with rTMS in
our original study). While we were unable to find research directly
addressing the relationship between theta connectivity or alpha
power and response to psychotherapy, a review drawing evidence
from parallel studies of psychotherapy and rTMS has suggested
that the two therapies target different mechanisms within emo-
tional processing networks (Thase, 2014), with intact executive
function being suggested to predict response to psychotherapy
(Harmer, 2014). Additionally, low levels of rostral and subgenual
cingulate activity has been proposed by a theoretical perspective
to be a predictor for psychotherapy response (DeRubeis et al.,
2008), whereas high levels of anterior cingulate activity and high
resting fMRI anti-correlations between subgenual cingulate activ-
ity and the left prefrontal cortex have been shown to predict
response to rTMS (Baeken et al., 2014, Fox et al., 2012, Langguth
et al., 2007). If psychotherapy and rTMS do act via different mech-
anisms that are relevant to theta connectivity and alpha power, the
effect of psychotherapy in the replication dataset may have diluted
the statistical signal in the predictive relationship between theta
connectivity, alpha power, and response, offering a potential expla-
nation for the non-replication. However, there is no direct evidence
to support the proposition that the presence of psychotherapy
eliminated the statistical signal for theta connectivity and alpha
power in the replication dataset. Given the fact that the pattern
for theta connectivity was reversed in the replication dataset, we
think the most parsimonious explanation is simply that the pattern
from the original dataset (Bailey et al., 2019) was specific to that
sample, but does not generalise to the broader population of indi-
viduals undergoing rTMS treatment for depression. Despite this
conclusion based on parsimony, it may be valuable for future
research to examine theta connectivity and alpha power measures
as predictors of rTMS treatment without concurrent cognitive
behaviour psychotherapy.

A final difference between the two datasets is unrelated to the
current results, but may be relevant for future research to consider.
While the replication dataset only contained resting EEG, the orig-
inal dataset additionally included working memory related EEG
(which was reported in Bailey et al. 2018). In addition to the higher
resting theta connectivity, responders in the original dataset also
showed higher working memory related theta connectivity
(Bailey et al., 2018). While the replication sample demonstrated
that resting theta connectivity differences between responders
and non-responders did not generalise to an independent sample,
they do not demonstrate the same for working memory related
theta connectivity. However, given the responders in the original
dataset showed higher theta connectivity across both baseline
and week 1 measures that were consistent across the resting EEG
and the working memory EEG, we think it is likely the higher theta
connectivity reflects a phenotype in those participants that is com-
mon across both resting and cognitive processes (note that the
resting EEG recordings were performed prior to the working mem-
ory EEG, so our resting results were not influenced by a delayed
cognition related increase in theta connectivity). As such, if our
assumption that the higher theta connectivity was specific to that
sub-set of responders is accurate, then we think it would be unli-
kely that higher theta connectivity related to working memory
could predict responders in independent samples.
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As such, because there are no measurement or treatment differ-
ences between the two datasets that offer obvious explanations for
the non-replication, our interpretation of the two studies is that
the 12 responders in our original research showed trait higher con-
nectivity values on average merely by chance, and this may have
been due to an unspecified sampling bias which was not apparent
in the much larger replication dataset that included 128 respon-
ders. The higher theta connectivity as a trait in these individuals
explains the consistency across both baseline and week 1 record-
ings in the original research (Bailey et al., 2019) as well as the
working memory EEG measures (Bailey et al., 2018), but a poten-
tial unspecified sampling bias in the original dataset would explain
the non-replication when examining the replication dataset
(Krepel et al., 2018). The proposition that depression is likely to
be comprised of multiple underlying phenotypes (Insel and
Wang, 2010, Widge et al., 2017) is one possible explanation. It
may be that some of these phenotypes respond to rTMS while
others do not, in which case knowing a patient’s phenotype may
lead to response prediction (Drysdale et al., 2017, however, also
see Dinga et al., 2019). As such, it may be that smaller sample sizes
that may be less representative of the broad population contain
more of certain depression phenotypes, leading to apparently high
prediction accuracy which does not replicate when using a more
representative sample containing the full spectrum of phenotypes.
This suggests that research examining response prediction may be
more complicated than simply finding a biomarker that can be
used across all patients (Insel and Wang, 2010, Widge et al., 2017).

Although the non-replication means the particular theta con-
nectivity and alpha power measures in this study may not have
clinical utility, the result is valuable, as it narrows the search space
for potential predictors of rTMS response by process of elimination.
Non-replication studies are particularly important to publish, as
the robustness and reliability of prediction studies is questionable,
and publication bias has been demonstrated in the prediction of
depression treatment response literature (Widge et al., 2019). Rig-
orous methodology and reporting as well as replication attempts
have been proposed as the solution to this issue (Widge et al.,
2019). Additionally, while resting theta connectivity and resting
alpha power appear not to be generalisable predictors of response
to rTMS, a number of measures have been replicated both by our
original research and other labs. In particular, proximity of the
alpha frequency to the 10 Hz rTMS stimulation frequency, as
reported by Corlier et al. (2019) was successfully replicated by this
ICON-DB consortium (Roelofs et al., n.d.) and early change in mood
showed the largest effect size for differences between responders
and non-responders of the measures in our original research
(Bailey et al., 2019) and in other research (Donse et al., 2018). Early
change in cognitive performance also seems to be a replicable pre-
dictor, particularly early change in working memory performance
(Bailey et al., 2018, Hoy et al., 2012). Also, fronto-midline theta
during a working memory task was shown to differentiate respon-
ders and non-responders in the original sample (Bailey et al., 2019)
even though fronto-midline theta during resting EEG did not differ-
entiate the two groups. Fronto-midline theta has been suggested to
be related to attention and cognitive control, to be generated by
the anterior cingulate cortex, and to be negatively correlated with
default mode network activity, all of which are implicated in
depression (Nigbur et al., 2011, Onton et al., 2005, Pizzagalli
et al., 2001, Sauseng et al., 2007, Scheeringa et al., 2008). Task
related EEG has the added benefit of showing good test-retest reli-
ability, increasing its potential utility as a predictor (Tenke et al.,
2017). As such, we suggest that cognition related fronto-midline
theta activity is also worth further exploration as a potential pre-
dictor (however, see Haller et al. (2018) for methods to ensure
oscillation measurements are not confounded by non-oscillatory
activity).
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In addition to the recommendations for potential biomarkers in
future research, we would also recommend that future research
examining connectivity use multiple measures of connectivity, as
recent reviews have suggested the use of a single connectivity
measure may either fail to reveal true connectivity or falsely iden-
tify connectivity in the absence of connectivity differences
(Bakhshayesh et al., 2019). While the wPLI measure of connectivity
we used is one of the measures least affected by the volume con-
duction of artefacts of all connectivity measures (Anastasiadou
et al., 2019), and the consistency across time and within the sam-
ple in our original research suggests true connectivity differences
in that sample which were detected using the wPLI method (but
do not generalise external to the sample), the point still stands that
future research will be able to more rigorously test connectivity as
a potential predictor using multiple measures.

To conclude, the current study indicated that resting EEG mea-
sures of alpha power and theta connectivity which predicted
response to rTMS treatment for depression did not replicate in a
large independent sample. This suggests that other measures are
more likely candidates for prediction of response and demon-
strates the importance of replication research.
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