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Depression relief from cranial nerve stimulation tracked with decreased prefrontal alpha power pdiice
and connectivity similar to prefrontal stimulation: an exploratory analysis

Dear Editor,

Major depressive disorder (MDD) is difficult to treat and many pa-
tients fail to respond to first-line pharmaceutical treatments [1]. The
development of alternative treatment options represents a critical need,
and there are recent advances in the domain of non-invasive [2,3] and
invasive brain stimulation [4]. A persistent limitation to developing
novel treatments is the inability to objectively track treatment response
with a physiological measurement. Robust neural metrics that correlate
with symptom severity and reduction would provide a gold standard for
future research. Potential biomarkers that are accessible by non-invasive
measurement with electroencephalography (EEG) are the amplitude of
left prefrontal alpha oscillations and alpha-frequency functional con-
nectivity between the left and right prefrontal cortex.

In our previous studies, prefrontal alpha oscillations were targeted
by administering five-consecutive days of bifrontal alpha-frequency
transcranial alternating current stimulation (tACS) in patients with
MDD which resulted in a reduction of depression symptoms and a cor-
responding reduction in left prefrontal alpha amplitude [5]. Addition-
ally, left-right prefrontal alpha connectivity correlated with depression
severity in patients with MDD [6], and reduced connectivity tracked
depression symptom reduction following alpha-tACS in patients with
schizophrenia [7]. When targeting left prefrontal alpha power using
closed-loop alpha-tACS, patients with MDD showed a reduction in
depression symptoms and reduced left prefrontal alpha power [8].
Together, these findings suggest that left prefrontal alpha power and
left-right alpha connectivity might be predictive of depression symptom
reduction in MDD.

An open question is whether these biomarkers track with depression
symptoms for interventions that do not directly target prefrontal alpha
oscillations. To address this question, 18 participants were recruited for
an EEG sub-study (NCT05178784) from a parent multi-site double-
blinded randomized clinical trial (NCT04279522) for the treatment of
MDD using an external Combined Occipital and Trigeminal Afferent
Stimulation (eCOT-AS), a non-invasive wearable device. The eCOT-AS
(Proliv Rx, Neurolief Ltd) is a novel investigational medical device
intended for home use as an adjunctive treatment to pharmaceutical
management in adult patients with MDD who failed to achieve satis-
factory improvement from antidepressant medication treatment. Par-
ticipants received active stimulation with the Proliv Rx device or an
identical device that delivered sham stimulation, i.e., it did not provide a
clinically relevant dose. The two study arms comprised 8 weeks of
blinded treatment followed by an 8-week open label phase. The parent
study found a significantly superior reduction in MDD symptoms for
active relative to sham eCOT-AS (results are reported elsewhere; see
Ref. [9]).

The EEG sub-study was approved by the Butler Hospital Institutional
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Review Board (IRB) and conducted at two of the clinical study sites. For
this sub-study, participants completed their first EEG session (EEG;)
prior to receiving eCOT-AS, their second (EEG2) following the eight-
week blinded phase, and their third session (EEGs) after the eight-
week open label phase. Symptoms of depression were measured with
the 21-item Hamilton Depression Rating Scale (HAMD), Montgomery-
Asberg Depression Rating Scale (MADRS), and Clinical Global Impres-
sion Scale for severity (CGI-S). During each EEG session, eyes-open
resting-state EEG was collected. 12 participants were sampled at But-
ler Hospital and 6 at UCLA. After unblinding, it was revealed that 10
participants received verum (9 female; age 49.7 + 14.2; HAMD-21 24.4
4+ 3.6; MADRS 32.7 4+ 5.5; CGI-S 5.2 4+ 0.6) and 8 received sham (6
female; age 46.3 + 15.4; HAMD-21 24.6 + 3.5; MADRS 32.8 + 3.7; CGI-
S 5 + 0). Of the 18 participants, 14 completed EEG, after the blinded
phase, and 12 completed EEGj3 session after the open-label phase
(Fig. 1A). In this small sample size, we ran a hypothesis-motivated
exploratory analysis to investigate whether changes in left frontal
alpha power and left-right alpha connectivity tracked with depression
symptom improvement.

Verum eCOT-AS produced a significant reduction in symptoms of
depression across all measures (ts < —2.6, ps<0.03, ds>0.89), but this
decrease was not significantly different from sham (HAMD-21: t(13) =
0.94, p = 0.36, d = 0.49; HAMD-17: t(13) = 0.97, p = 0.35, d = 0.50;
MADRS: t(13) = 0.68, p = 0.51, d = 0.35; CGI-S: t(13) = 0.78, p = 0.45,
d = 0.40) in this small subsample. Thus, our analysis was focused on
individual differences in change of symptoms following intervention.
With a sample size of 16, the primary analysis was powered only for
large effect sizes, 68 % for an effect size of 0.55. For the EEG analysis
(see Ref. [6] methods), we investigated EEG change associated with
symptom reduction following the first exposure to 8 weeks of active
stimulation, whether received during the blinded phase or during the
open-label phase. Reduction in left prefrontal alpha power was posi-
tively related to decreased depression symptoms (Fig. 1B). This rela-
tionship was strongest to HAMD-21 (Fig. 1C). Topographic analysis
revealed that the relationship was specific to the F3 electrode over left
prefrontal cortex (Fig. 1D). Left-right prefrontal alpha connectivity was
measured with weighted phase lag index (WPLI). We found a positive
relationship between depression symptom reduction and connectivity
reduction (Fig. 1E). This effect was strongest with MADRS (Fig. 1F).
Topographic analysis revealed that the relationship was specific to
left-right prefrontal connectivity between F3-F4 electrodes (Fig. 1G). As
an exploratory analysis, left prefrontal alpha power and left-right pre-
frontal connectivity were correlated across individual at baseline and a
significant positive relationship was discovered (r(16) = 0.55, p = 0.02,
CI = 0.11-0.81).

Follow-up exploratory analyses were focused on those symptoms
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Fig. 1. (A) Flowchart showing the substudy sample sizes and EEG data collection time points in relation to the blinded and open-label phases of the parent trial;
boxes with a red boarder indicate sample and study phase where subjects had their first exposure to active stimulation. (B, C) Depression symptom reduction (HAMD-
21) following active stimulation correlated with a reduction in left prefrontal alpha power. (D) Topographic analysis showed that the effect was specific to the left
prefrontal cortex. (E, F) Response to combined occipital and trigeminal nerve stimulation correlated with a reduction in left-right prefrontal alpha connectivity. (G)
Topographic analysis showed effects were specific to left-right connectivity. Shaded area is 95 % confidence interval. * indicates p < 0.05 in the a priori region of
interest. Dashed circles show the hypothesized location of the effect based on our previous work. wPLI is weighted phase lag index.

with the strongest relationship to neural activity: HAMD-21 and
MADRS. In participants that received sham (EEG, vs EEG;), there was no
relationship with left prefrontal alpha power (HAMD-21, r(4) = 0.19, p
= 0.72, CI = —-0.73-0.87; MADRS, r(4) = 0.20, p = 0.70, CI =
—0.73-0.87) or left-right prefrontal connectivity (HAMD-21, r(4) =
0.26, p = 0.62, CI = —0.70-0.88; MADRS, r(4) = 0.47, p = 0.35, CI =
—0.56-0.93). We investigated the impact of two consecutive active 8-
week stimulation treatments (16 weeks) in a small subset of partici-
pant (N = 7) and found a consistent reduction in left-right prefrontal
connectivity with symptoms (HAMD-21, r(5) = 0.75, p = 0.05, CI =
—0.02-0.96; MADRS, r(5) = 0.65, p = 0.11, CI = —0.21-0.94). How-
ever, the reduction in left prefrontal alpha power from the first active
treatment phase was not maintained following the second treatment
phase (EEGs vs EEGp;; HAMD-21, r(5) = -0.37, p = 0.42, CI =
—0.88-0.53; MADRS, r(5) = -0.42, p = 0.35, CI = —0.89-0.49). These
findings suggest that left prefrontal alpha power might reflect initial
treatment response but left-right prefrontal connectivity may reflect
long-term changes in brain activity following treatment.

Our study is limited by its small sample size. Thus, the findings
should be interpreted as exploratory with the intention to guide future
investigation. While consistent in pattern, there was variability between
different assessments of depression (HAMD-21 versus MADRS) that
warrant future validation of these biomarkers are generalizable. The
sample was predominantly female (83 %), which further constrains in-
terpretations. Critically, prefrontal alpha dynamics might reflect emer-
gent phenomena that track with depression treatment response, but do
not mechanistically underlie the etiology of depression.

Overall, our exploratory analysis in a small sample size revealed that
depression remediation with eCOT-AS reduced left prefrontal alpha
power and left-right alpha connectivity despite engaging different
neural mechanisms. Left-right prefrontal alpha connectivity was sensi-
tive to long-term changes in depression severity, which is encouraging of
future research to investigate this signal as a potential biomarker.
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