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Deep transcranial magnetic stimulation alters resting-state 
neurophysiological traits in major depressive disorder 
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A B S T R A C T   

Objective: Major depressive disorder (MDD) is one of the most prevalent and debilitating health conditions 
worldwide; unfortunately, many patients do not respond to traditional antidepressant medication or talk therapy 
approaches. Deep transcranial magnetic stimulation (Deep TMS) has emerged as an effective treatment option for 
such “treatment-resistant” cases; however, the mechanisms by which Deep TMS attenuates depressive symptoms 
are still ambiguous. 
Methods: In the current study, resting-state quantitative electroencephalography (QEEG) measures were assessed 
pre-and-post treatment to illustrate neurophysiological changes resulting from Deep TMS. 
Results: The results showed reduced slow-frequency brain activity (delta and theta waves) in the prefrontal cortex 
following 36 treatments. Additionally, baseline QEEG measures predicted treatment response with 93 % 
accuracy. 
Conclusions: These findings provide preliminary evidence that TMS improves depressive symptoms by mitigating 
slow-wave brain activity in the prefrontal cortex. 
Significance: Deep TMS paired with QEEG should continue to be utilized for treatment of MDD in clinical practice 
and future studies should explore its potential for other neuropsychiatric conditions.   

Major depressive disorder (MDD) is a pervasive mental health con
dition involving severe low mood, anhedonia, and difficulties with en
ergy and motivation. According to the World Health Organization, 
approximately 7 % of adults cope with MDD and this condition is now 
the leading cause of disability worldwide. The rapidly increasing rates of 
depression allude to an urgent need for evidence-based intervention 
options that can help individuals effectively manage their symptoms and 
live functional and meaningful lives (Shorey et al., 2022). 

1. Treatment of MDD and transcranial magnetic stimulation 

Initial treatment of MDD generally involves a combination of phar
macotherapy featuring selective serotonin reuptake inhibitors (SSRIs) 
and psychotherapy approaches, such as cognitive behavior therapy 
(CBT). Notably, 30–50 % of individuals diagnosed with MDD remain 
significantly symptomatic even after receiving these treatments for 
appropriate durations (Voineskos et al., 2020; Zhdanava et al., 2021). 
Inadequate response to these first-line treatment approaches is often 

referred to as treatment-resistant depression (TRD). TRD is defined as 
failure to achieve and sustain remission of symptoms after at least two 
trials of antidepressant medications and 20 or more psychotherapy 
sessions (Berlim and Turecki, 2007). 

For cases of TRD, neuromodulation techniques such as transcranial 
magnetic stimulation (TMS), electroconvulsive therapy (ECT), and 
vagus nerve stimulation (VNS) have been developed and approved by 
the Food and Drug Administration (FDA) as effective treatment alter
natives. These techniques can be split into invasive and noninvasive 
categories, and there are discrepancies in terms of efficacy, safety, 
tolerability, and anticipated speed of response. TMS is often considered 
a more favorable treatment modality because unlike ECT and VNS, TMS 
is easily tolerated, does not require the use of sedation with anesthetics, 
and presents very few side effects (Roth and Zangen, 2014). The treat
ment is also non-invasive and yields similar response efficacy to the 
other approaches (Levkovitz et al., 2015). 

TMS involves the delivery of repetitive electromagnetic pulses to 
stimulate nerve cells in the brain associated with mood regulation and 
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depression. Side effects from this treatment are minimal, consisting of 
headaches, scalp discomfort, and muscle twitching, that typically 
resolve after a few weeks (Tendler et al., 2018). Traditional TMS or 
repetitive TMS (rTMS) utilizes a figure-8 coil to deliver pulses approxi
mately 0.7 cm beneath the brain's surface. In contrast, Deep TMS utilizes 
a patented H-coil inside a padded helmet, designed by Brainsway Ltd. 
(Jerusalem, Israel) to regulate cortical excitability approximately 1.8 cm 
beneath the brain's surface (Roth and Zangen, 2014). After a standard 
course of treatment, the response rate to rTMS is 65 % and the remission 
rate is 32 % (Sackeim et al., 2020), while Deep TMS has a significantly 
higher response rate of 74 % and remission rate of 58 % (Tendler et al., 
2023). 

For the treatment of MDD, it is widely believed that deep stimulation 
of the prefrontal cortex (PFC) is necessary for modulating circuitry be
tween the PFC and some of the subcortical regions heavily implicated in 
mood regulation including the limbic system and subgenual cingulate 
cortex (Harvey et al., 2015). Thus, deeper and broader stimulation 
effecting a larger volume of cortical gray matter is likely what augments 
the strong antidepressant influence of Deep TMS. Additionally, the 
larger electromagnetic field that is innervated by Deep TMS reduces the 
likelihood that the target brain region is missed during the treatments. 
This larger field is also critically important when providing brain stim
ulation to elderly individuals due to increased skull thickness in this 
population as well as age-related declines in overall brain volume 
(Kaster et al., 2018). 

2. QEEG for clinical application 

Electroencephalogram measures are particularly advantageous for 
understanding neurological traits related to specific clinical conditions 
as they are collected in a non-invasive manner and can be done so using 
machinery that is less noisy and financially costly than other neuro
logical instruments. Many clinical psychiatric settings are now utilizing 
Quantitative EEG (QEEG), a technique that compares one's electro
physiological patterns to a normative database respective of their age 
and gender. This allows a clinician to evaluate the patient's standardized 
scores (z-scores) and decipher dispersion from average activation levels 
using standard deviation units. There is evidence to support the utility of 
QEEG measures for aiding in both the diagnosis and treatment selection 
processes. A common phenotype observed in major depression as well as 
attention deficit hyperactivity disorder (ADHD) is excessive frontal theta 
activity, a form of slow-firing neuronal activation often classified in the 
4 to 7 Hz range (Hackett, 2018; Newson and Thiagarajan, 2019). 

A large-scale investigation from Arns et al. (2015) found that a group 
of 1008 participants with MDD had elevated theta levels in the frontal 
cortex relative to controls. In other instances, excessive delta (0 to 3 Hz) 
or alpha (8 to 12 Hz) in the prefrontal cortex has been identified (Korb 
et al., 2008). Peng et al. (2019) found that heightened delta activity was 
present in the left frontal and temporal region in 27 adults with MDD. 
There is other evidence to suggest that widespread beta over activation 
especially in the temporal and parietal lobes, may signal the presence of 
a comorbid anxiety condition or post-traumatic stress disorder (Bal, 
2022; Jokić-Begić and Begić, 2003; Ribas et al., 2018). In Ribas et al. 
(2018) the presence of increased beta (15–23 Hz) and high-beta (23–38 
Hz) QEEG levels was significantly associated with symptoms of anxiety, 
fear, insecurity, panic, and phobia in a sample of 543 participants. Jokić- 
Begić and Begić (2003) also found intensified beta levels in combat 
veterans coping with PTSD (N = 78). Still, further research on EEG 
biomarkers of depression and/or anxiety is necessary as numerous 
studies have found null results when comparing MDD patients to con
trols (Newson and Thiagarajan, 2019). 

In terms of utilizing QEEG to predict treatment response, Suffin and 
Emory (1995) found that participants classified into a frontal alpha 
excess group showed 87 % responsivity to antidepressant medications 
while the theta access group had a 100 % response rate to stimulant 
medications. Across several other investigations, theta power assessed 

via QEEG predicted antidepressant treatment response with approxi
mately 70 % accuracy (Hunter et al., 2007; Iosifescu et al., 2005; Iosi
fescu et al., 2004). The effects of neurofeedback, in which 
neuroanatomical sites are trained directly into specific frequencies of 
activation using operant conditioning mechanisms, are also enhanced 
when QEEG is used to select protocols (Arns et al., 2012). Candidate 
phenotypes emerging from this literature include frontal lobe hypo
activation (dominant theta/alpha in frontal regions), excess temporal 
lobe alpha, and right frontal asymmetry (greater right than left activity) 
(Hackett, 2018). The application of QEEG methods for determining 
candidacy and selecting protocols in the field of TMS could be highly 
advantageous given the financial and time commitment associated with 
this treatment regiment. Thus far, minimal research has been conducted; 
however, Metin et al. (2020) found that increased theta power at 
baseline reliably discriminated responders from non-responders (80 % 
accuracy) in a trial of Deep-TMS treatment for OCD. 

Another application for QEEG is objectively tracking the effects of 
Deep TMS treatment over time (by way of assessing changes in resting- 
state brain functionality). Notably, few studies have been conducted to 
date on brain activation changes as a function of Deep TMS treatment. 
One study from Arıkan et al. (2022) found that Deep TMS led to broad 
reductions in delta, theta, alpha, and beta power in 29 patients with 
obsessive compulsive disorder. However, the primary target of this 
treatment was the anterior cingulate cortex as opposed to the dorso
lateral prefrontal cortex, which is the typical TMS target for depression. 
Both Spronk et al. (2008) and Grǐskova et al. (2007) found that no 
changes in EEG power occurred following 10 Hz repetitive TMS pro
tocols delivered to the left prefrontal cortex. Overall there is a sub
stantial gap in the literature relating to QEEG changes induced by Deep 
TMS treatments with the traditional delivery of 18 Hz pulses. 

3. Current study 

The primary aim of the current study was to evaluate the effects of a 
standard course of Deep TMS on resting-state brain activation patterns 
utilizing QEEG measures. It was hypothesized that treatment would lead 
to a reduction in slow-wave activation patterns (delta and theta bands) 
in the prefrontal cortex with a corresponding increase in fast-wave 
activation (beta). A secondary goal was to determine whether QEEG 
measures at baseline could be used to predict whether participants 
would respond to the treatment or not (measured by reduction in 
symptoms greater than or equal to 50 %). It was predicted that frontal 
values across the EEG spectra would predict response with a high degree 
of accuracy. 

4. Method 

4.1. Participants 

Forty-four participants completed the course of Deep TMS treatment 
as well as the baseline and post-treatment measurements (see Table 1). 
No participants that were enrolled into the study withdrew or were 
excluded from the final analysis. Twenty-five females and 19 males 
(aged 19–80 years) participated with a mean age of 45.57 (SD = 19.55). 
Participants were screened by a licensed psychiatrist and all 44 met 
criteria for major depressive disorder through rigorous interview and 

Table 1 
Demographics.   

Responders Non-responders Total 

Age, years, SD 45.22(18.87) 49.43(25.19) 45.57(19.55) 
Gender    

Male 16 3 19 
Female 21 4 25 

Total 37 7 44  
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analysis of clinical history. Depression diagnosis was also confirmed 
through a PHQ-9 score of greater than or equal to 15. The average PHQ- 
9 score in this sample was 22.34 (SD = 2.78) at the beginning of the 
investigation. Co-occurring psychiatric conditions such as OCD, PTSD, 
bipolar disorder, and schizophrenia were exclusionary as were neuro
logical conditions like Alzheimer's disease, multiple sclerosis, and Par
kinson's disease. Further, participants were screened for safety issues 
pertaining to Deep TMS such as the presence of conductive, ferromag
netic, or other magnetic-sensitive metals implanted in their head within 
30 cm of the treatment coil or a reported history of seizures prior to 
enrollment. Psychiatric medications including antidepressants, mood 
stabilizers, and antipsychotics were permitted and remained constant 
during the course of the treatment protocol and investigation. All par
ticipants completed informed consent and were treated in line with the 
ethical principles of the American psychology association. The project 
received Institutional Review Board (IRB) approval from Florida 
Atlantic University (1973567-1). 

4.2. Materials 

4.2.1. Brainsway Deep TMS H1 + H7 protocol 
The 36 TMS sessions were delivered using a Brainsway Deep TMS 

system with both the H1-coil and H7-coil devices (Brainsway Ltd., Je
rusalem, Israel). At standard intensities, the H1-coil induces supra- 
threshold fields approximately 1.8 cm beneath the cortical surface, 
compared to 0.7 cm with the figure-8 coil (Roth and Zangen, 2014; 
Guadagnin et al., 2015). All 44 participants received two treatments in 
each session, one with the H1-coil and one with the H7-coil which target 
different neuroanatomical regions. The H1-coil has been designed to 
stimulate deep prefrontal cortex areas including the dorsolateral region 
with preferential targeting of the left hemisphere. The DLPFC is impli
cated in sustained attention, executive functions, and decision making. 

In order to maximize the efficacy and safety of Deep TMS, cortical 
stimulation should be delivered with a maximal field strength that is 
equal to 120 % of the patient's individual motor threshold (MT). The MT 
is discovered through the use of single pulses to the motor cortex (6–8 
cm above the nasion) and finding adequate strength to elicit right-hand 
movement on at least 3 out of 6 pulses. The aim is to find the minimum 
strength that elicits 3 out of 6 right-hand movements; this is determined 
as the MT. Following the typical MT procedure, the goal on the 1st 
session in this study was to begin treatment at 100 % of a participant's 
MT and to increase by increments of 2 % across each session until 120 % 
of the motor threshold was reached. For treatment, the helmet was 
placed 2–4 cm above the nasion. Thus, each treatment session with the 
H1-coil included 18-Hz-2 s trains, with 10-s intertrain intervals for 55 
trains total, leading to a delivery of 1980 electromagnetic pulses. 

A second protocol was delivered to each participant using the 
Brainsway H7-coil. This helmet is designed to stimulate the medial PFC 
and structures in the anterior cingulate cortex when placed 2–4 cm from 
the nasion. In the current treatment protocol, this helmet positioning 
was selected to effectively stimulate the medial PFC. This neural region 
has been hypothesized to moderate social aspects of depression 
including approach and engagement behaviors as well as emotional 
regulation (Harmelech et al., 2021). The MT was again identified by 
delivering pulses to the motor cortex (located 7–9 cm above nasion with 
a rightward tilt with H7-coil helmet) and examining right hand move
ment (lowest strength eliciting response to at least 3 out of 6 pulses). 
Similarly, the goal of the 1st session was to deliver pulses at 100 % of the 
participant's MT and steadily increase by 2 % across treatment sessions 
until 120 % strength was reached. The treatment sessions consisted of 
the same parameters (18-Hz-2 s trains, with 10-s intertrain intervals for 
55 trains total, equaling 1980 electromagnetic pulses). Each participant 
received 36 treatments over the course of nine weeks (5× a week for 6 
weeks followed by three sessions on week 7, two sessions on week 8, and 
a single session on week 9). 

4.3. The Patient Health Questionnaire (PHQ-9) 

The PHQ-9 is a multipurpose instrument developed for screening, 
diagnosing, and monitoring depression in primary care and is commonly 
used in medical settings. The PHQ-9 is completed by the patient and is 
rapidly scored by a provider; this instrument can also be administered 
repeatedly to evaluate alterations in depressive symptoms as a function 
of treatment. The diagnostic validity of the PHQ-9 was established 
through an original study involving eight primary care and seven 
obstetrical clinics (Kroenke and Spitzer, 2002). A large-scale validation 
study of the PHQ-9 in a psychiatric sample yielded strong internal 
consistency (α = 0.87). Using a determined cut-off score of ≥13, the 
PHQ-9 demonstrated good sensitivity (0.83) and specificity (0.72) 
(Kroenke and Spitzer, 2002). A total score of 5–9 (out of 27) signifies 
minimal symptoms, 10–14 indicates mild levels of major depression, 
15–19 signifies moderate levels of major depression, and >20 indicates 
severe levels of major depression. 

4.4. Quantitative EEG 

QEEG data were recorded using a Deymed Truscan LT device and 
processed using Neuroguide Deluxe v.2.5.1 program (Applied Neuro
science, Largo, FL). Data were recorded (eyes-closed) and analyzed in 
prefrontal (FP1, FP2), mid frontal (F3, F4), temporal (T3, T4), parietal 
(P3, P4), and occipital (O1, O2) regions, referencing the linked ears 
configuration. Prior to the positioning of the stretch lycra caps, head 
circumference was measured in centimeters, in order to fit the ideal cap 
size. Once positioned, omni prep gel and electrode gel were inserted into 
each site in order to gently abrade and provide good conductance. Im
pedances were checked and deemed acceptable if they were <10 kΩ. 
Data were manually inspected for artifacts including eye-blinks, muscle 
tension, and channel bridging and at least 3 min of clean data were used 
for the analysis. The QEEG absolute power scores were calculated in the 
form of standardized (Z-scored) values based on Neuroguide databases 
for a participant's respective age and gender. Data were filtered between 
0 and 60 Hz and subjected to fast fourier transformation. Subsequently, 
values were segmented into four frequency bins: delta (0 to 3 Hz), theta 
(4 to 7 Hz), alpha (8 to 12 Hz), and beta (13 to 30 Hz). 

4.5. Procedure 

Participants provided informed consent to participate in the study 
after an initial screening with a psychiatric provider at a private clinical 
practice for major depressive disorder. Contraindications such as history 
of seizures, metal implants in the head, facial tattoos, and stents in the 
neck or brain were screened for at this time and no participants were 
excluded. In the initial session, the PHQ-9 was completed to verify 
severity of depressive symptoms and the initial QEEG recording was 
completed for 4–6 min eyes-closed. Participants were instructed to close 
their eyes and sit as still as possible during this time interval. Following 
these initial measures, the first TMS session took place on the same day 
which included the motor threshold checks and initial stimulation at 
100 % MT. The sessions were delivered over the course of the next nine 
weeks and the post-treatment measures took place on the same day as 
the 36th session. Participants were provided with their clinical and 
neurophysiological results following the conclusion of the study in 
report form. 

5. Data analysis 

To determine whether participants perceived significant improve
ments in depressive symptoms following the course of Deep TMS 
treatment (pre-to-post) a paired samples t-test was conducted. Follow-up 
tests were conducted with participants divided into two groups based on 
gender. 

Additionally, a series of multivariate analyses of covariance were 
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conducted to determine whether Deep-TMS led to significant alterations 
in EEG characteristics. There were four models in total, one for each of 
the measured frequency bands (delta, theta, alpha, beta). In each model 
time (pre/post) was the within-subjects variable and the outcome 
measures included activity in the following regions: left prefrontal 
(FP1), right prefrontal (FP2), left mid frontal (F3), right mid frontal (F4), 
left temporal (T3), right temporal (T4), left parietal (P3), right parietal 
(P4), left occipital (O1), and right occipital (O2). In each model the 
variable “gender” was entered as the covariate, thus controlling for the 
influence of this factor. The multivariate effects were analyzed and when 
significant, univariate effects were examined using a Bonferroni 
correction to control for the familywise error rate (0.05/10 = 0.005). 
Post-hoc regression models were also generated to examine the corre
lation between change in EEG measures and change in depressive 
symptoms. These hierarchical linear regression models were only con
ducted for EEG measures that were significantly changed from pre-to- 
post with EEG change entered as the predictor and depression score 
change as the outcome variable, controlling for gender. 

All the dependent variables were screened for the assumption of 
normality in the distribution using the Shapiro-Wilkes test; the tests 
revealed non-significance (all p's > 0.05) indicating that the variables 
approximated Gaussian distributions. EEG data typically forms a dis
tribution pattern of positive skew; however, this was not the case in the 
current study given the use of QEEG values which are standardized using 
a normative database for a participant's respective age and gender. 

Additionally, participants were divided into responders (PHQ-9 
reduction of greater than or equal to 50 %) and non-responders (PHQ-9 
reduction of <50 %), and various predictors of response were examined. 
A sequence of independent-samples t-tests were conducted to determine 
whether differences in prefrontal EEG measures (FP1D, FP1T, FP1A, 
FP1B, FP2D, FP2T, FP2A, FP2B, F3D, F3T, F3A, F3B, F4D, F4T, F4A, 
F4B) at baseline were present between the two groups; in total 16 tests 
were conducted with a Bonferroni-corrected significance criterion (p <
.003). 

Lastly, to evaluate the potential of prefrontal EEG markers for dis
tinguishing responders and non-responders, two discriminant analyses 
were conducted. In the first, only frontal theta markers (FP1T, FP2T, 
F3T, F4T) were entered as predictors and in the second delta and alpha 
values (FP1D, FP1A, FP2D, FP2A, F3D, F3A, F4D, F4A) were added into 
the model along with theta values. The model fits were examined along 

with the classification function coefficients. 

6. Results 

6.1. Clinical outcomes 

The paired samples t-test revealed that participants reported signif
icant reductions in depression from pre-treatment (M = 22.36, SD =
2.87) to post-treatment (M = 6.23, SD = 4.78), t (43) = 23.86, p < .001), 
d = 3.60. Two follow-up paired samples t-tests were conducted with the 
data partitioned by gender (25 females, 19 males). For female partici
pants, depressive symptoms were significantly reduced from pre- (M =
21.96, SD = 2.88) to-post (M = 6.64, SD = 4.88), t(24) = 19.07, p <
.001), d = 3.18; symptoms were also significantly mitigated for males t 
(18) = 15.19, p < .001), d = 3.48. On the PHQ-9 instrument these re
ductions suggest an average shift from “severe depression” to “mild 
depression” (see Fig. 1). 

6.2. Changes in EEG characteristics from baseline to post-treatment 

6.2.1. Delta frequency 
The multivariate main effect of time (treatment) on delta power was 

non-significant F(10, 33) = 1.65, p = .14; Wilk's Λ = 0.67, partial η2 =

0.33. The interaction of time × gender was also non-significant F(10, 
33) = 1.08, p = .41; Wilk's Λ = 0.75, partial η2 = 0.25. None of the 
univariate effects of treatment on EEG values were significant; however, 
the effects of treatment were moderately significant in the right mid 
frontal regional (F(1, 42) = 4.02, p = .05, partial η2 = 0.08. as well as the 
right temporal lobe (F(1, 42) = 6.11, p = .02, partial η2 = 0.13. In both 
cases, delta power was reduced from pre-to-post (see Table 2). 

6.2.2. Theta frequency 
The multivariate main effect of time (treatment) on theta power was 

significant F(10, 33) = 2.92, p = .01; Wilk's Λ = 0.67, partial η2 = 0.33. 
The interaction of time × gender was non-significant F(10, 33) = 1.59, p 
= .16; Wilk's Λ = 0.67, partial η2 = 0.37. The univariate effects of 
treatment on EEG values were significant in the left prefrontal region (F 
(1, 42) = 15.62, p < .001, partial η2 = 0.27 as well as the right prefrontal 
region (F(1, 42) = 10.04, p = .003, partial η2 = 0.19. No other effects 
were significant; however, the effect of treatment was moderately 

Fig. 1. PHQ-9 changes from pre-to-post. 
The paired samples t-test revealed that participants reported significant reductions in depression from pre-treatment (M = 22.36, SD = 2.87) to post-treatment (M =
6.23, SD = 4.78), t(43) = 23.86, p < .001), d = 3.60. 
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significant on EEG values in the left temporal region F(1, 42) = 5.12, p =
.029, partial η2 = 0.11 as well as the right temporal region F(1, 42) =
5.45, p = .02, partial η2 = 0.12. In all instances, theta power was reduced 
from pre-to-post (see Table 2). 

6.2.3. Alpha frequency 
The multivariate main effect of time (treatment) on alpha power was 

significant F(10, 33) = 2.77, p = .013; Wilk's Λ = 0.54, partial η2 = 0.11 
and the interaction of time × gender was non-significant F(10, 33) =
0.40, p = .93; Wilk's Λ = 0.89, partial η2 = 0.11 The univariate tests 
revealed a significant effect of treatment on EEG values in the right 
prefrontal region, F(1, 42) = 10.71, p = .002, partial η2 = 0.20. Alpha 
power was reduced from pre-to-post in this region (see Table 3). No 
other significant results occurred. 

6.2.4. Beta frequency 
The multivariate main effect of time (treatment) on beta power was 

significant F(10, 33) = 2.48, p = .024; Wilk's Λ = 0.57, partial η2 = 0.43 
and the interaction of time × gender was non-significant F(10, 33) =
0.60, p = .80; Wilk's Λ = 0.85, partial η2 = 0.15. The univariate effects of 
treatment on EEG values were moderately significant in the left pre
frontal region (F(1, 42) = 8.50, p < .007, partial η2 = 0.17) as well as the 

right prefrontal region (F(1, 42) = 8.87, p = .005, partial η2 = 0.17). 
Additionally, moderately significant univariate effects of treatment 
occurred in the right parietal region (F(1, 42) = 4.74, p < .035, partial η2 

= 0.10) as well as the right occipital region (F(1, 42) = 5.01, p < .031, 
partial η2 = 0.10). In all instances, values were reduced following 
treatment (see Table 3). 

6.3. Post-hoc hierarchical linear regression models 

Significant changes occurred in left prefrontal theta activity (FP1), 
right prefrontal theta activity (FP2) and right prefrontal alpha (FP2) 
activity from baseline to post-treatment. Therefore, three models were 
generated to examine the association between change in these metrics 
and change in depressive scores. The model predicting changes in 
depression scores from changes in left prefrontal theta was non- 
significant, F(2, 41) = 1.90, p = .16, r2 = 0.04, b = 0.200, t(43) =
1.39, p = .18 as was the model with right prefrontal theta as the pre
dictor, F(2, 41) = 1.08, p = .396, r2 = 0.05, b = 0.21, t(43) = 0.48, p =
.16. Lastly, the model predicting depression score changes from right 
prefrontal alpha activity was non-significant, F(2, 41) = 1.37, p = .263, 
r2 0.06, b = − 0.13, t(43) = − 0.89, p = .38. 

6.4. Prediction of response 

An independent-samples t-test determined that the responders (N =
37, 20 females, 17 males) did not significantly differ from non- 
responders (N = 7, 5 females, 2 males) with regard to age t(42) =
− 0.513, p = .610. Of the 16 tests examining EEG differences between 
groups, only the test for FP1 delta power showed moderately significant 
differences between the responders (M = 1.43, SD = 1.22) and non- 
responders (M = 0.43, SD = 0.77), t(42) = 2.46, p = .012, suggesting 
that heightened delta power in the left frontal cortex was a predictor of 
response to TMS. The test for FP2 delta was also marginally significant (t 
(42) = 1.37, p = .09) for responders (M = 1.41, SD = 1.93) and non- 
responders (M = 0.39, SD = 0.47). No other significant differences 
were uncovered. In nearly all instances delta and theta were elevated in 
the responders and alpha and beta were elevated in non-responders (see 
Table 4) 

To evaluate the potential of prefrontal EEG markers for dis
tinguishing responders and non-responders two discriminant analyses 
were conducted. In the first, only frontal theta markers (FP1T, FP2T, 
F3T, F4T) were entered as predictors and the model did not significantly 
predict response, Wilk's Λ = 0.85, r = 0.39, p = 1.64; however classifi
cation results showed that 81.8 % of the original cases were correctly 
classified. The classification function coefficients showed that higher 
levels of FP1T (B = 0.663), FP2T (B = 0.590), and F4T (B = 0.332) 
predicted classification to the response condition whereas higher levels 
of F3T (B = − 1.32) predicted classification to the non-response condi
tion. The second model which also included delta and alpha frontal 
values (creating 12 predictors in total) significantly predicted treatment 
response, Wilk's Λ = 0.54, r = 0.67, p = .04. This model accurately 
classified 93 % of the cases. The classification function coefficients 
showed that higher levels of delta and theta values predicted response to 
the treatment, while higher levels of FP1A and F3A predicted no 
response to the treatment (see Table 5). 

7. Discussion 

The aim of the current study was to gain a better understanding of 
the neurophysiological mechanisms by which Deep TMS mitigates 
symptoms of major depression. Resting-state QEEG measures were 
recorded at baseline and post-treatment to study the effects of 36 Deep 
TMS treatments on brain activation patterns. Additional analyses sought 
to determine whether response to Deep TMS treatment (PHQ-9 reduc
tion of 50 % or more) could be predicted using baseline QEEG measures. 

Overall, the results demonstrated the potential of TMS for 

Table 2 
Changes in delta and theta values from pre-to-post.   

Pre Post DF F p Partial η2 

FP1D 1.28(1.62) 1.09(2.84) (1, 41)  1.09  0.30  0.03 
FP2D 1.25(1.82) 1.06(2.76) (1, 41)  0.86  0.36  0.02 
F3D 0.52(1.15) 0.41(1.04) (1, 41)  0.30  0.56  0.007 
F4D 0.86(1.13) 0.52(1.19) (1, 41)  4.02  0.05  0.08 
T3D 1.01(1.53) 0.50(0.89) (1, 41)  0.29  0.59  0.007 
T4D 0.93(1.22) 0.40(1.04) (1, 41)  6.11  0.02  0.13 
P3D 0.57(1.07) 0.53(0.95) (1, 41)  0.05  0.83  0.001 
P4D 0.49(1.05) 0.30(0.99) (1, 41)  0.11  0.74  0.003 
O1D 0.53(1.11) 0.65(0.98) (1, 41)  0.19  0.66  0.005 
O2D 0.52(1.11) 0.82(1.04) (1, 41)  1.69  0.20  0.04 
FP1T 1.00(1.24) 0.45(0.85) (1, 41)  15.61  <0.01  0.27 
FP2T 0.86(1.14) 0.47(0.98) (1, 41)  10.04  0.003  0.19 
F3T 0.52(1.15) 0.10(0.90) (1, 41)  0.54  0.47  0.01 
F4T 0.22(0.80) 0.16(0.87) (1, 41)  0.52  0.48  0.01 
T3T 0.73(1.32) 0.29(1.00) (1, 41)  5.12  0.03  0.11 
T4T 0.77(1.40) 0.32(1.08) (1, 41)  5.45  0.02  0.12 
P3T 0.29(0.98) 0.29(0.97) (1, 41)  0.01  0.922  0.00 
P4T 0.25(0.97) 0.14(0.98) (1, 41)  1.09  0.30  0.03 
O1T 0.49(1.06) 0.50(0.98) (1, 41)  0.002  0.97  0.00 
O2T 0.65(0.98) 0.56(1.07) (1, 41)  0.46  0.50  0.01  

Table 3 
Changes in alpha and beta values from pre-to-post.   

Pre Post DF F p Partial η2 

FP1A 0.67(1.28) 0.31(1.15) (1, 41)  3.54  0.07  0.08 
FP2A 0.44(0.90) 0.07(0.89) (1, 41)  10.71  0.002  0.20 
F3A 0.07(0.87) 0.06(95) (1, 41)  0.02  0.87  001 
F4A 0.23(0.95) 0.06(0.92) (1, 41)  1.83  0.18  0.04 
T3A 0.50(1.40) 0.24(1.11) (1, 41)  1.21  0.28  0.03 
T4A 0.46(1.33) 0.15(1.26) (1, 41)  3.07  0.09  0.07 
P3A 0.15(1.09) 0.47(2.94) (1, 41)  0.40  0.533  0.009 
P4A 0.25(0.97) 0.14(0.98) (1, 41)  0.02  0.86  0.001 
O1A 0.03(0.82) 0.10(1.91) (1, 41)  0.12  0.74  0.003 
O2A 0.00(0.82) 0.37(0.63) (1, 41)  0.10  0.92  0.00 
FP1B 0.79(1.69) 0.09(0.82) (1, 41)  8.50  0.006  0.17 
FP2B 0.42(1.27) 0.06(0.81) (1, 41)  8.87  0.005  0.17 
F3B 0.76(2.89) 0.14(0.92) (1, 41)  2.82  0.12  0.06 
F4B 0.64(1.85) 0.12(0.85) (1, 41)  4.84  0.03  0.10 
T3B 0.54(1.97) 0.08(0.95) (1, 41)  3.31  0.08  0.07 
T4B 0.42(1.61) 0.12(1.23) (1, 41)  1.32  0.26  0.03 
P3B 0.97(2.93) 0.49(1.41) (1, 41)  1.77  0.19  0.04 
P4B 1.21(2.81) 0.35(1.08) (1, 41)  4.75  0.03  0.10 
O1B 0.80(2.13) 0.32(1.28) (1, 41)  2.18  0.15  0.05 
O2B 0.83(1.94) 0.26(1.02) (1, 41)  5.01  0.03  0.11  
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normalizing resting-state neurophysiological patterns, especially for 
slow-frequency ranges. Both left and right prefrontal theta values were 
significantly reduced from pre-to-post and temporal theta values were 
also marginally reduced. Left mid frontal and left temporal delta values 
were also marginally reduced. Additionally, right prefrontal alpha was 
significantly reduced as a function of treatment and left and right pre
frontal beta as well as right parietal and right occipital beta were also 
reduced to a marginally significant degree. Together these results sug
gested a broad reduction of slow-wave (depressive) activation patterns 
in the prefrontal cortex along with possible reduction of fast-wave 
(anxious) activation in the right parietal and occipital lobes. Given 
that the study analyzed QEEG measures, values shifting towards zero 
suggest a normalization of activation patterns towards a healthier 
neurophysiological profile. 

The finding of reduced slow wave activation in the prefrontal cortex 
and mid frontal cortex is noteworthy as Deep TMS is hypothesized to 

stimulate the prefrontal cortex broadly but with a primary target of the 
left dorsolateral prefrontal cortex (Harvey et al., 2015). It is possible that 
the secondary protocol targeting the medial PFC (with the H7-coil) 
facilitated the broader indication of neurophysiological change 
observed in this study. Given that all participants received both pro
tocols, the study design did not enable the partitioning of effects based 
on H1 and H7 treatments. 

The results of the current study suggest that a key mechanism 
involved with Deep-TMS related improvements in depression is reduc
tion of slow-wave activation in the prefrontal cortex (Fig. 2). This is 
highly encouraging given that stunted prefrontal activation is a common 
biomarker for symptoms of depression (Widge et al., 2019). A faster 
resting-state firing pattern in the frontal lobe likely facilitates increased 
production of vital neurotransmitters such as norepinephrine and sero
tonin as well as modulation of subcortical brain regions involved in 
emotionality and reward (Wang et al., 2013). Further, the marginally 
significant reduction in beta (fast-wave) activity in the right parietal and 
occipital lobes potentially has implications for comorbid conditions 
including anxiety and PTSD. Heightened beta in these regions has been 
associated with both conditions and linked with toxic over activation of 
neurons within the sympathetic nervous system network (Jokić-Begić 
and Begić, 2003). The normalization of beta in the current study is un
surprising given that Deep TMS has also shown preliminary efficacy for 
generalized anxiety and PTSD (Karsen et al., 2014). Notably, changes in 
frontal theta activity did not significantly predict changes in depression 
scores using linear regression models. This suggests that although 
reduction of slow-wave activity in the prefrontal cortex is an important 
mechanism of action, additional factors likely augment the strong an
tidepressant effect of Deep TMS treatment. 

In addition to tracking treatment-related progress in an objective 
manner, the application of QEEG in clinical practice has potential for 
determining the most suitable treatment options on a case-by-case basis. 
In the current study, we sought to determine whether QEEG measures 
could be used to predict response vs. non-response to Deep TMS treat
ment. The best-fitting of the two models generally revealed that higher 
delta, theta, and alpha values in the frontal cortex were associated with 
greater likelihood for response. The two exceptions were left prefrontal 
(FP1) and left mid frontal (F3) alpha activity, where heightened levels 
were associated with non-response. This model predicted response vs. 
non-response with 93 % accuracy compared to the first model which 
only included frontal theta values as predictors (84 % accuracy). The 
results of the theta model are comparable to (Metin et al., 2020) which 
also found that theta values could be used to predict response to Deep 
TMS for OCD with 80 % accuracy. The results of this study further 
validate the utility of QEEG for predicting response to TMS treatment 
and also show that delta, theta, and alpha values are beneficial for 
making treatment determinations. Still, not all prior research has pro
vided support for the utility of QEEG-guided treatments for major 
depressive disorder. A recent meta-analysis concluded that QEEG is not 
clinically-reliable for predicting depression treatment response (Widge 
et al., 2019). However, this result may have occurred due to the varia
tion of treatments utilized across the different studies. Given that TMS 
involves focalized neuromodulation of distinct brain regions, QEEG may 
be particularly applicable in this context for response prediction and 
protocol selection. 

7.1. Limitations 

There were several limitations in this study including the lack of 
control condition and the relatively small sample size. Traditionally, it is 
difficult to find suitable control conditions in TMS studies. Sham TMS is 
the most viable option; however, there are ethical issues surrounding the 
use of Sham TMS in a real-world, clinical setting. The aim of the current 
study was to conduct a preliminary investigation of EEG biomarkers in 
depression as well as the potential of Deep TMS to change these markers 
(which has never been explored). It would be advantageous for future 

Table 4 
Baseline EEG measures between responders and non-responders.   

Response Mean SD DF T p D 

FP1D Yes  1.43  1.22  42  2.64  0.012  0.63 
No  0.43  0.77  42    

FP1T Yes  1.06  1.27  42  0.69  0.25  0.28 
No  0.70  1.08  42    

FP1A Yes  0.55  1.04  42  − 1.27  0.11  0.53 
No  1.22  2.21  42    

FP1B Yes  0.73  1.74  42  − 0.53  0.30  0.22 
No  1.10  1.46  42    

FP2D Yes  1.41  1.93  42  1.37  0.09  0.57 
No  0.39  0.47  42    

FP2T Yes  0.95  1.19  42  1.16  0.13  0.48 
No  0.41  0.79  42    

FP2A Yes  0.45  0.87  42  0.19  0.42  0.08 
No  0.37  1.12  42    

FP2B Yes  0.45  1.35  42  0.41  0.34  0.17 
No  0.24  0.69  42    

F3D Yes  0.57  1.18  42  0.73  0.23  0.30 
No  0.23  0.98  42    

F3T Yes  0.12  0.79  42  − 1.02  0.16  0.42 
No  0.47  1.05  42    

F3A Yes  0.03  0.77  42  − 0.79  0.22  0.33 
No  0.31  1.35  42    

F3B Yes  0.71  3.09  42  − 0.23  0.41  0.09 
No  0.96  1.47  42    

F4D Yes  0.89  1.21  42  0.52  0.30  0.21 
No  0.65  0.59  42    

F4T Yes  0.19  0.76  42  − 0.53  0.30  0.22 
No  0.37  1.01  42    

F4A Yes  0.21  0.85  42  − 0.24  0.41  0.09 
No  0.31  1.44  42    

F4B Yes  0.55  1.84  42  − 0.75  0.23  0.31 
No  1.13  1.96  42     

Table 5 
Classification function coefficients for responders and non-responders.   

Responders 

Yes No 

FP1D  1.375  − 2.655 
FP1T  0.009  0.397 
FP1A  − 0.187  2.476 
FP2D  − 0.974  1.420 
FP2T  0.855  − 1.236 
FP2A  0.539  − 1.086 
F3D  − 1.239  − 4.763 
F3T  0.276  6.031 
F3A  − 0.587  − 0.449 
F4D  1.142  5.886 
F4T  − 1.068  − 4.554 
F4A  0.404  0.027 
(Constant)  − 1.052  − 4.615  
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studies to implement either a Sham TMS condition or a multiple- 
baseline study approach. Still, the use of QEEG measures allowed for a 
more objective metric for assessing response to the treatment and other 
factors such as medication use and treatment protocol were held con
stant. The sample size of this study was also scarce when compared to 
other clinical evaluations of TMS efficacy; however, this was one of the 
first studies to evaluate TMS response using resting-state neurophysio
logical markers. Replication studies using larger samples will be neces
sary to validate the preliminary findings here, especially those 
pertaining to the ability of QEEG-prediction of treatment response with 
93 % accuracy. The small number of non-responders (N = 7) in this 
sample limits the conclusions that can be drawn regarding prediction of 
Deep TMS response and future studies are warranted. It would also be 
advantageous to determine the utility of QEEG in predicting response to 
additional treatment options including medications, talk therapy, and 
intravenous or intranasal ketamine. Hopefully, a collection of bio
markers can eventually aid in the process of targeted treatment 
selection. 

In conclusion, Deep TMS is a viable treatment option for major 
depressive disorder that appears to reduce slow-frequency brain acti
vation within the frontal cortex, based on this preliminary study. This 
research helped to further elucidate the mechanism by which TMS 
ameliorates depressive symptoms and leads to healthier brain func
tioning. The use of QEEG in a real-world, clinical practice proved 
valuable for assessing treatment efficacy and also appears to be a 
promising tool for determining candidacy for TMS treatment or other 
options for TRD. Notably, the small sample size in this study warrants 
future investigations to validate these results. Hopefully, more practices 
will pair TMS with QEEG in the future and continue to assess the po
tential for enhancing treatment customization as well as boosting 
treatment response. 
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