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Abstract
Background  Sleep disturbances are prevalent and linked to adverse neurological outcomes. While conventional 
transcranial magnetic stimulation (TMS) shows promise, protocols typically require high intensities and prolonged 
courses. ExoTMS is a novel technology targeting cortical regions involved in sleep regulation.

Aim  To evaluate ExoTMS efficacy in improving subjective sleep quality in individuals with sleep disturbances.

Methods  In this multicenter, single-blinded, sham-controlled study, 43 adults were assigned to an active (n = 31, 70% 
motor threshold (MT)) or a sham (n = 12, 5% MT) group. Subjects underwent six sessions targeting the left dorsolateral 
prefrontal cortex (dlPFC). Outcomes were assessed at baseline and a 3-month follow-up via Pittsburgh Sleep Quality 
Index (PSQI), Perceived Stress Scale (PSS-10), Sleep and Stress Assessment, Subject Satisfaction Questionnaire, and 
Therapy Comfort Questionnaire.

Results  At baseline, active subjects demonstrated poor sleep (average PSQI 9.7 ± 3.4). At 3 months, the active 
group showed a significant reduction (-4.7 points, p < 0.0001), with 48.3% of subjects achieving the minimal clinically 
important difference and 55.2% reaching clinical remission. Active stimulation was particularly effective in reducing 
sleep onset latency by 46.3 min in subjects with prolonged baseline latency. Additionally, 82.1% of active subjects 
reported improved stress coping, compared to 63.6% in the sham group. ExoTMS treatment was well tolerated, with 
all subjects reporting “0” on the Numerical Analog Pain Scale.

Conclusion  These findings suggest that ExoTMS may represent a promising and well-tolerated non-invasive 
intervention for improving sleep quality.

Trial registration  NCT07027657 (ClinicalTrials.gov), registered on June 11, 2025.
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​Introduction
Sleep quality is a multidimensional indicator reflecting 
the depth and restorative capacity of sleep, incorporating 
aspects such as sleep onset latency, total sleep duration, 
frequency of nocturnal awakenings, and subjective sleep 
satisfaction upon awakening (Zhang et al. 2024). Disrup-
tions across these dimensions are clinically relevant, as 
extensive evidence indicates that poor sleep quality and 
insufficient sleep duration adversely affect multiple physi-
ological systems, including neurological, psychiatric, car-
diovascular, metabolic, and immune functioning (Lanza 
et al. 2023; Herrero Babiloni et al. 2021). Epidemiological 
studies suggest that 20—45% of individuals in Western 
populations experience recurrent difficulties initiating or 
maintaining sleep, underscoring the widespread public 
health burden of sleep disturbances (Herrero Babiloni et 
al. 2021).

Moreover, psychological stress is a well-recognized 
contributor to impaired sleep quality, with higher stress 
levels associated with delayed sleep onset, increased noc-
turnal awakenings, and non-restorative sleep. Conversely, 
insufficient or fragmented sleep can further exacerbate 
stress, reflecting a bidirectional relationship between 
these processes (Vandekerckhove and Cluydts 2010; Reis 
et al. 2024).

Current treatment approaches to poor sleep qual-
ity primarily include pharmacological interventions and 
cognitive behavioral therapy (CBT) (Sun et al. 2021; 
Morin 2017). While the latter is established as the first-
line treatment, it is often limited by its time-consuming 
nature (Morin 2017). Pharmacological treatments may 
provide short-term symptom relief but are generally 
unsuitable for long-term use due to side effects such as 
residual sedation and cognitive impairment (Giblin and 
Clift 1983). Consequently, there is a critical need for ther-
apeutic alternatives that are effective, safe, and accessible 
(Sun et al. 2021).

Emerging evidence highlights the central role of corti-
cal networks in sleep regulation, with particular empha-
sis on the left dorsolateral prefrontal cortex (dlPFC) 
(Minichino et al. 2014; Kim et al. 2022). The dlPFC is 
involved in the top-down modulation of arousal systems 
and the regulation of sleep–wake transitions, mecha-
nisms that are frequently disrupted in individuals with 
sleep disorders (Cools and Arnsten 2022). Neuroimag-
ing and electrophysiological studies suggest that altered 
dlPFC activity and impaired cortical inhibition may con-
tribute to difficulties in sleep initiation and maintenance 
(Sun et al. 2017; Feng et al. 2019). These findings provide 
a neurobiological rationale for targeting the dlPFC in 
interventions aimed at improving sleep quality.

Transcranial magnetic stimulation (TMS) is a noninva-
sive neuromodulation technique capable of altering cor-
tical excitability through the application of time-varying 

magnetic fields (Lanza et al. 2023; Sun et al. 2021; Gao et 
al. 2023). The effects of TMS are frequency-dependent: 
low-frequency stimulation (≤ 1  Hz) typically suppresses 
neuronal firing (inhibition), while high-frequency stimu-
lation (≥ 5  Hz) facilitates excitatory neuronal function. 
(Herrero Babiloni et al. 2021; Somaa et al. 2022; Sheng 
et al. 2023; Siebner et al. 2022) By inducing electric cur-
rents within targeted cortical regions, TMS can modulate 
neuronal firing patterns and network-level activity (Sun 
et al. 2021). Previous research indicates that TMS may 
influence sleep architecture, enhance restorative sleep 
quality, and improve subjective sleep quality, with effects 
that can persist beyond the stimulation period (Ding et 
al. 2024; Lanza 2020). These characteristics suggest that 
neuromodulation may offer advantages over chronic 
pharmacotherapy.

Optimizing stimulation parameters and tolerability is 
essential for maximizing the clinical utility of neuromod-
ulation. ExoTMS technology was designed to address sev-
eral technical limitations of conventional TMS systems. 
Unlike standard devices that deliver rectangular pulses, 
ExoTMS employs ramp-up shaped pulses designed to 
reduce peripheral nerve activation. This pulse configura-
tion may allow for higher-intensity stimulation of target 
cortical neurons while minimizing sensory discomfort, a 
factor that can influence treatment adherence. Further-
more, the device incorporates a dual-core coil with par-
allel wiring to enhance magnetic field efficiency, along 
with an integrated air-cooling system that supports stable 
performance during higher pulse delivery within shorter 
treatment sessions.

This clinical study aims to evaluate whether targeted 
stimulation of the left dlPFC using the ExoTMS technol-
ogy can modulate cortical activity associated with sleep 
regulation and improve sleep quality in individuals with 
sleep disturbances.

Methods
This multi-center, sham-controlled, single-blinded study 
design aimed to evaluate the efficacy of the ExoTMS 
therapy in improving sleep quality. Additionally, the 
study assessed the therapy’s impact on stress, safety pro-
file, and subject satisfaction and comfort. The study was 
approved by the institutional review board, Advarra, 
and adhered to the principles of the Declaration of Hel-
sinki. It was registered on the clinicaltrials.gov site under 
NCT07027657. Written informed consent was obtained 
from each subject, using a personally signed and dated 
consent form, prior to the initiation of any study-related 
procedures.

Forty-three subjects (n = 43) were enrolled in the study. 
While eleven (n = 11) subjects reported a history of psy-
chiatric disorders, all were free of any current psychi-
atric diagnosis at the time of enrollment. Subjects were 
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allocated to either the active treatment group (Group 
A) or the sham group (Group B) in a 3:1 ratio. Thirty-
one subjects were assigned to the active group (n = 31, 
22—64  years, 6 males, 25 females), and twelve to the 
sham group (n = 12, 27—65 years, 6 males, 6 females).

Group allocation was performed using a block ran-
domization scheme. The randomization sequence was 
generated prior to study initiation using a computer-
ized random number generator. Allocation concealment 
was maintained by implementing the randomization 
sequence through a centralized assignment process, 
whereby group allocation was determined at the time of 
enrollment without prior access to future assignments by 
study personnel.

The study employed a single-blinded design in which 
subjects were unaware of their group allocation. Blind-
ing was maintained by ensuring that the sham proce-
dure closely replicated the active intervention in terms 
of device appearance, treatment duration, and operator-
patient interaction. Treating clinicians were not blinded 
due to the nature of the intervention.

To meet the inclusion criteria, subjects were required 
to be over 22 years of age, have a baseline pre-treatment 
Pittsburgh Sleep Quality Index (PSQI) score of ≥ 5, indi-
cating the presence of self-reported sleep disturbance, 
and be willing to abstain from any interventions, other 
than the study procedure, aimed at improving sleep qual-
ity during the study period. Subjects were instructed to 
maintain their usual diet and exercise routines through-
out the trial. Women of childbearing potential were 
required to use appropriate birth control measures, 
and a determinable motor threshold was necessary for 
inclusion.

Exclusion criteria included the presence of metallic 
or magnetically sensitive implants in or near the head, 
implanted medical devices such as drug pumps or pace-
makers, and any severe or unstable medical condition. 
Subjects with significant cardiovascular, pulmonary, 
renal, or hematologic disorders; active malignancy; fever; 
active obsessive–compulsive disorder or active post-trau-
matic stress disorder; active major depression; or ongo-
ing pregnancy were also excluded.

Subjects underwent six treatment sessions using the 
EXOMIND device (BTL Industries, Boston, MA, USA) 
with the ExoTMS technology, administered to the left 
dlPFC. At the baseline visit, the motor threshold (MT) 
was determined and defined as the lowest stimulation 
intensity that elicited a visible motor response in the 
fingers of the right hand in at least 50% of delivered 
pulses.

Stimulation intensity in the active group was grad-
ually increased to a maximum of 70% of each indi-
vidual’s MT. This intensity was selected to ensure 
effective neuromodulatory engagement while 

maintaining a favorable safety and tolerability profile. 
In the sham group, stimulation was delivered at 5% 
of MT. Although this intensity is below the threshold 
required to induce cortical depolarization, it preserves 
the auditory and mild somatosensory characteristics 
of active stimulation. The use of low-intensity output, 
rather than no stimulation, was intended to enhance 
subject blinding by mimicking aspects of the active 
treatment without eliciting a biologically meaningful 
neuromodulatory effect.

Each treatment session lasted 24.5  min, with inter-
vals of 3 to 7 days between treatments. The investigator 
examined the treatment area after each session to moni-
tor for potential adverse events. The follow-up visit was 
conducted 3 months (± 14 days) after the final treatment 
session.

The primary outcome of the study was a change in sub-
jective sleep quality, as measured by the PSQI. Secondary 
outcomes included Perceived Stress Scale (PSS-10), as 
well as subject-reported satisfaction and treatment toler-
ability evaluated using the Subject Satisfaction Question-
naire (SSQ) and Therapy Comfort Questionnaire (TCQ), 
respectively. Exploratory outcomes included results 
from the Sleep and Stress Assessment Questionnaire, 
item-level analyses of PSQI and PSS-10, and subgroup 
analyses.

Sleep quality over the previous month was assessed 
using the PSQI, administered at baseline and at the 
3-month follow-up visit. The PSQI is a 19-item ques-
tionnaire comprising seven components, each scored 
on a 0—3 scale, with lower scores indicating better sleep 
quality. Global scores (0—21) were analyzed as continu-
ous data, with scores > 5 indicating poor sleep quality. For 
further analysis, scores were stratified into four severity 
categories: good sleep quality (0—5), and mild (6—10), 
moderate (11—15), or severe (16—21) sleep disturbance 
(Sharma et al. 2015). Clinical remission was defined as 
achieving a global score < 5 at the follow-up. This cutoff 
is supported by validation studies of the PSQI, in which 
a threshold of 5 was shown to reliably differentiate indi-
viduals with and without clinically significant sleep dis-
turbance (Shahid et al. 2011). The clinical significance 
of the treatment effect was evaluated using the minimal 
clinically important difference (MCID) threshold of 4.4 
points (Longo et al. 2021).

The PSS-10 was administered at the same time points 
as the PSQI to evaluate perceived stress during the previ-
ous month. Each item is rated on a 0–4 scale (0 = never; 
4 = very often), with lower scores reflecting lower per-
ceived stress. Scores on the PSS-10 can range from 0 to 
40; a score of 10 or greater signifies moderate to high lev-
els of perceived stress (Xiao et al. 2023).

Subject satisfaction with treatment outcomes was 
assessed at the 3-month follow-up visit using the 19-item 
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Results
Baseline demographic and clinical characteristics of sub-
jects included in the analysis are summarized in Table 1.

PSQI
At baseline, subjects in the active group demonstrated 
poor sleep quality, with an average PSQI score of 9.7 ± 3.4. 
By the 3-month follow-up, 86.2% (25/29) of active sub-
jects experienced significantly improved sleep (p < 0.0001, 
Cohen’s d = 1.0), with a 4.7-point reduction in the aver-
age PSQI score to 5.0 ± 3.6. The average baseline PSQI 
score in the sham group was 9.0 ± 3.0 (Cohen’s d = 1.9). At 
the 3-month follow-up, there was a 3.7-point reduction 
in the average score of 5.3 ± 3.2. A higher proportion of 
subjects in the active group achieved the MCID (48.3%, 
[14/29]) compared to the sham group (18.2%, [2/11]). 
Notably, 55.2% (16/29) of subjects achieved full remission 
(PSQI < 5), compared to the sham group, which showed a 
45.5% (5/11) remission rate.

Exploratory item-level analysis demonstrated improve-
ments among subjects with non-zero baseline scores in 
the affected domains, specifically item 6 (overall sleep 
quality) and item 9 (daytime enthusiasm). Within this 
subgroup, a higher percentage of the subjects in the 
active group showed improvement compared to the sham 
arm. At the 3-month follow-up, 62.1% of the active group 
subjects exhibited improved overall sleep quality (item 
6) compared with 36.4% in the sham group. Similarly, for 
item 9, 72.0% of the active group reported improved day-
time enthusiasm, versus 50.0% in the sham arm.

The average sleep onset time in the active group was 
40.5 ± 45.7 min. At the 3-month follow-up, the time was 
reduced by 16.2  min (40.0%) to an average sleep onset 
time of 24.3 ± 28.2  min. In the sham group, the base-
line sleep onset time was 36.4 ± 28.9  min. This time 
was reduced by 11.9  min (32.7%) to an average time of 
24.5 ± 33.1 min at the 3-month follow-up.

Subjects in the active group with initial prolonged sleep 
latency (> 30  min) demonstrated a progressive decrease 
in sleep latency over time. In this subgroup, the average 
sleep latency decreased by 46.3 ± 33.9  min (55.8%) from 
a baseline value of 83.0 ± 57.3 min. In contrast, the sham 
group showed a more limited response, with an average 
reduction of 23.3 ± 42.3  min (33.9%) from a baseline of 
68.8 ± 20.2 min (Fig. 1).

PSS-10
At the 3-month follow-up, a greater proportion of sub-
jects in the active group experienced a reduction in 
overall perceived stress compared with the sham group 
(41.4% [12/29] vs 18.2% [2/11]), representing a 2.3-fold 
higher response rate. Average PSS-10 scores in the active 
group changed from 18.7 ± 6.6 at baseline to 19.8 ± 3.1 
at follow-up (Cohen’s d = 0.2), while average scores in 

SSQ, which evaluates perceived changes in sleep qual-
ity and stress management. Responses were rated on a 
5-point Likert Scale (1 = strongly disagree; 5 = strongly 
agree).

Treatment tolerability was evaluated immediately after 
the final session using the TCQ, which includes a 5-point 
Likert Scale and a Numerical Analog Pain Scale (range 
0—10), where 0 denotes no pain, and 10 indicates the 
worst possible pain.

The Sleep and Stress Assessment Questionnaire 
was used to obtain information on sleep and stress 
medication use and overall stress levels. The baseline 
version includes 5 items, whereas the version admin-
istered at the 3-month follow-up includes 6 items. The 
baseline form includes information on the use of sleep 
and stress supplements and the reported cause of any 
stress. The 3-month follow-up form gathers compa-
rable information regarding sleep and stress supple-
ments, alongside details on whether stress levels had 
changed and if the therapy had improved the ability to 
cope with stress.

Statistical analyses were performed. Descriptive statis-
tics, including means and standard deviations, were cal-
culated. Changes over time within groups were assessed 
using Friedman’s test. Given the pilot nature of the study 
and the limited sample size, the study was not powered 
for formal between-group comparisons, therefore, dif-
ferences between the active and sham groups are pre-
sented descriptively. Baseline demographic and clinical 
characteristics were compared between the active and 
sham groups using Welch’s t-test for continuous vari-
ables and Fisher’s exact test for categorical variables, 
given the small and unequal group sizes. Effect sizes were 
reported alongside p-values to characterize the magni-
tude of within-group change. Significance level was set at 
α = 0.05.

Given the pilot nature of the study, no formal sample 
size calculation was performed. Subjects who withdrew 
from the study were not included in the final analysis. 
The analysis was conducted on a per-protocol popula-
tion, including only subjects who completed the study 
and had evaluable outcome data.

Table 1  Baseline demographic and clinical characteristics of 
subjects included in the analysis
Characteristic Active (n = 29) Sham (n = 11) P value
Age (years) 45.0 ± 12.7 46.1 ± 11.8 0.80

Female, n (%) 24 (82.8%) 5 (45.5%) 0.04

Male, n (%) 5 (17.2%) 6 (54.5%) 0.04

Psychiatric history, n (%) 9 (31.0%) 2 (18.2%) 0.69

PSQI score (baseline) 9.7 ± 3.4 9.0 ± 3.0 0.56

PSS-10 score (baseline) 18.7 ± 6.6 16.4 ± 6.4 0.33
Data are presented as mean ± standard deviation (SD) or number (percentage), 
as appropriate
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the sham group increased from 16.4 ± 6.4 to 20.4 ± 2.8 
(Cohen’s d = 0.5).

Exploratory item-level analysis demonstrated improve-
ments (Fig.  2) among subjects with non-zero baseline 
scores in items related to day-to-day stress and perceived 
control (items 2 and 3), as well as subjective stress and 
nervousness (item 6). Within this subgroup, a higher 
percentage of the subjects in the active group showed 
improvement than in the sham arm. Specifically, 80.0% 
of active subjects reported improved control over impor-
tant life aspects (item 2) versus 66.7% in the sham group, 
while 62.1% reported feeling less stressed and nervous 
(item 3) compared with 54.5% in the sham group. For 

item 6, 65.4% of active subjects reported better coping 
with daily tasks, versus 44.4% in the sham arm.

Subject satisfaction and therapy comfort questionnaires
According to the SSQ, 86.2% (25/29) of the active group 
expressed satisfaction with the results at the 3-month fol-
low-up (see Table 2 for details). The mean score for the 
active group across all SSQ items at the 3-month follow-
up was 4.0 out of 5.0, compared to the score of 3.5 for the 
sham group.

Regarding specific domains, 76.4% of subjects in 
the active group agreed with statements concerning 
improved sleep quality, compared to 64.9% in the sham 

Fig. 2  Percentage of subjects reporting improvement from baseline to 3-month follow-up in PSS-10 Items 2, 3, and 6, stratified by treatment group 
(active vs. sham). Item 2 assesses perceived lack of control over important aspects of life; Item 3 assesses feelings of nervousness and stress; and Item 6 
assesses perceived inability to cope with daily demands

 

Fig. 1  Exploratory subgroup analysis: Average time to fall asleep (minutes) is shown for subjects with baseline sleep onset latency > 30 min. Sleep onset 
latency decreased by 46.3 min in the active group (83.0 to 36.7 min) and by 23.3 min in the sham group (68.8 to 45.5 min) at 3-month follow-up
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group. A higher proportion of subjects in the active group 
reported easier sleep onset, fewer nighttime awakenings, 
feeling more refreshed in the morning, and reduced day-
time drowsiness than in the sham group.

Similarly, 77.4% of subjects in the active group agreed 
with statements related to improved stress management, 
compared to 59.1% in the sham group. Relative to the 
sham group, a higher proportion of subjects reported 
improved ability to cope with stress, reduced irritability 
and anxiety, and lower overall stress levels.

According to the TCQ, all subjects reported the treat-
ment as comfortable. The comfort level was also sup-
ported by all subjects reporting “0” on the Numerical 
Analog Pain Scale, which indicates no perceived pain 
during the study procedure.

Sleep and stress assessment questionnaire
Exploratory analyses based on the Sleep and Stress 
Assessment Questionnaire indicated that at the 3-month 
follow-up, 82.1% (23/28) of subjects in the active group 
reported improved stress coping, compared to 63.6% 
(7/11) of subjects in the sham group.

The usage of sleep supplements at the baseline was 
reported by twelve subjects in the active group and four 
in the sham group, with melatonin and herbal supple-
ments being the most frequently cited. At the 3-month 
follow-up, supplement use was reported by nine subjects 
in the active group and two in the sham group. Stress-
specific supplements (tetrahydrocannabinol (THC) and 
cannabidiol (CBD) gummies) were used by one subject 

per group at baseline, though only the active group sub-
ject reported continued use at the 3-month follow-up. 
The most prevalent stressors reported by both groups 
were work and family/relationships.

Exploratory analysis of subjects with psychiatric history
An exploratory post hoc subgroup analysis was con-
ducted in subjects with a documented history of psy-
chiatric disorders. A total of eleven (n = 11) subjects met 
this criterion, including nine (n = 9) assigned to the active 
group and two (n = 2) to the sham group. Reported diag-
noses included generalized anxiety disorder (GAD; n = 6), 
major depressive disorder (MDD; n = 2), postpartum 
depression (n = 2), posttraumatic stress disorder (PTSD; 
n = 2), and unspecified depression (n = 1). The time since 
diagnosis ranged from 5 to 31 years.

At baseline, the active group demonstrated poor sleep 
quality as measured by the PSQI, with a mean score of 
10.8 ± 4.0. At the 3-month follow-up, the mean PSQI 
score decreased to 5.4 ± 3.0, corresponding to a 5.3-point 
reduction from baseline. In the sham group, the mean 
baseline PSQI score was 9.0 ± 1.4, with a mean reduction 
to 3.5 ± 2.1 points at 3 months. All active group subjects 
classified as having severe or moderate sleep disturbances 
at baseline improved to either the mild disturbance cat-
egory or good sleep quality by 3 months, with 55.6% of 
active subjects categorized as having good sleep quality 
at follow-up (Fig. 3).

Regarding perceived stress, the mean PSS-10 score in 
the active group decreased from 21.1 ± 6.8 at baseline 

Table 2  Percentage of subjects in the active and the sham group in agreement with statements of the SSQ
Statement Subjects in agreement with the statement 

(3-month follow-up) (%)
Active group (n = 29) Sham group (n = 11)

I find it easier to fall asleep after the treatments 75.9% 72.7%

I am able to sleep without restlessness at night after the treatments 72.4% 72.7%

I wake up less frequently during the night after the treatments 75.9% 54.5%

I wake up more refreshed in the morning after the treatments 79.3% 54.5%

I feel less drowsy during the day after the treatments 82.8% 72.7%

I feel more alert during the day (due to improvement in the quality of sleep) after the treatments 69.0% 63.6%

My overall sleep quality has improved after the treatments 79.3% 63.6%

I feel calmer after the treatments 82.8% 72.7%

I handle stressful situations better after the treatments 82.8% 36.4%

I feel more in control of my emotions after the treatments 72.4% 54.5%

My ability to cope with stress has improved after the treatments 82.8% 63.6%

I feel less tense throughout the day after the treatments 79.3% 63.6%

My mind feels clearer after the treatments 69.0% 72.7%

I am less irritable after the treatments 72.4% 54.5%

I have more mental energy after the treatments 78.6% 45.5%

I feel less anxious after the treatments 75.9% 63.6%

I feel relaxed after the treatments 86.2% 72.7%

My overall stress levels have decreased after the treatments 69.0% 63.6%

I am satisfied with the treatment results 86.2% 72.7%

OVERALL SATISFACTION 77.5% 62.7%
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to 20.1 ± 2.8 at 3 months. In contrast, the mean score in 
the sham group increased from 19.0 ± 1.4 at baseline to 
20.0 ± 1.4 at follow-up.

Regarding the Sleep and Stress Assessment, at the 
3-month follow-up, 88.9% (n = 8) of subjects in the active 
group reported improved stress coping, compared to 
50.0% (n = 1) of subjects in the sham group.

Safety
No adverse events were reported in the active treatment 
group. In the sham group, one subject (n = 1) experienced 
a mild headache after the third treatment, which led to 
study withdrawal. The event was transient, and no fur-
ther intervention was required. Overall, three subjects 
were withdrawn from the study: two subjects from the 
active group, one (n = 1) at baseline due to not meeting 
the inclusion criteria, and one (n = 1) for personal reasons 
after the first treatment, and one from the sham group 
due to the adverse event described above.

Discussion
This study investigated the efficacy of ExoTMS stimu-
lation on subjective sleep quality in individuals with 
sleep disturbances. The active treatment group demon-
strated a substantial reduction in PSQI scores over the 
3-month follow-up period, with mean scores decreasing 
by 4.7 points from 9.7 ± 3.4 at baseline to 5.0 ± 3.6 at the 
follow-up. This transition from mild sleep disturbance 
to normative sleep quality levels may reflect improved 
sleep regulation. All subjects reported comfort with the 
therapy and a high level of satisfaction with the treatment 
results.

Importantly, the clinical relevance of these changes 
was further supported by analysis using the established 

MCID for the PSQI. Nearly half of the subjects in the 
active group (48.3%) achieved or exceeded the MCID 
threshold, compared with fewer than one-fifth of sub-
jects (18.2%) in the sham group. This distinction high-
lights the difference between group-level improvements 
and individual-level clinically meaningful change. While 
the sham group demonstrated an average PSQI reduc-
tion approaching the MCID, most sham subjects did 
not experience improvements large enough to meet this 
criterion. In contrast, the higher proportion of MCID 
responders in the active group indicates a greater likeli-
hood of subject-relevant benefit, supporting the clinical 
relevance of the observed effects.

Both groups exhibited reductions in PSQI scores over 
time, which is consistent with known placebo, expec-
tancy, and care effects commonly observed in sleep 
intervention studies (Gutiérrez-Romero et al. 2024; Pot-
thoff and Schienle 2024). However, numerical differences 
between groups suggest that active stimulation may have 
targeted specific sleep-related domains more effectively 
than sham stimulation. This distinction was particu-
larly evident in sleep onset latency. Among subjects with 
prolonged baseline sleep latency, active stimulation was 
associated with a marked reduction in time to fall asleep 
(46.3 min), exceeding the reduction observed in the sham 
group.

Improvements in nighttime sleep were accompanied by 
favorable changes in daytime functioning. Among active 
subjects who initially struggled to maintain enough 
enthusiasm during the day, 72.0% reported improve-
ment at the 3-month follow-up, compared to 50.0% in the 
sham group. Unlike pharmacological sleep treatments, 
which may alleviate nighttime symptoms at the expense 
of residual daytime sedation, ExoTMS stimulation was 

Fig. 3  Exploratory subgroup analysis: Distribution of subjects across sleep quality categories at baseline and at 3-month follow-up in the active group, 
based on PSQI global scores. Categories include good sleep quality, mild sleep disturbances, moderate sleep disturbances, and severe sleep disturbances
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not associated with reported drug-related adverse effects 
and appeared to support both nocturnal and daytime 
outcomes (Madari et al. 2021). Moreover, the treatment 
exhibited improvements persisting three months post-
treatment, suggesting that the effects of ExoTMS extend 
beyond the immediate treatment period. Although this 
does not represent long-term follow-up, the observed 
durability contrasts with the transient benefits often seen 
after short-term pharmacological treatment (Lanza et al. 
2023; Lanza 2020). These sustained effects may be con-
sistent with ongoing modulation of cortical networks 
involved in sleep regulation, a possibility that warrants 
further investigation using objective neurophysiological 
measures (Lanza et al. 2023).

An additional finding concerns the interaction between 
sleep quality and perceived stress. Although PSS-10 
scores increased in both groups over the follow-up 
period, the magnitude of worsening was smaller in the 
active group (+ 1.1 ± 7.3 points) than in the sham group 
(+ 4.0 ± 7.0 points). In contrast, 82.1% of the active group 
subjects reported an improved ability to cope with stress 
based on the Sleep and Stress Assessment Questionnaire. 
This pattern suggests a potentially multidimensional 
response, in which perceived stress levels and subjec-
tive coping ability may not change in parallel. While 
external stressors persisted or increased, subjects in the 
active group reported improved ability to manage these 
stressors.

Given the bidirectional relationship between stress 
and sleep, these combined findings are consistent with 
the hypothesis that modulating prefrontal cortical net-
works may facilitate the regulatory processes necessary 
to maintain sleep under challenging conditions; however, 
this interpretation remains speculative in the absence 
of objective neurophysiological measures. These results 
align with evidence implicating the dlPFC in cognitive 
control and emotion regulation, raising the possibil-
ity that stimulation of this region may facilitate adaptive 
stress responses that protect sleep initiation and mainte-
nance even in the presence of elevated perceived stress 
(Lo Martire et al. 2020; Pulopulos et al. 2020).

Consistent with previous research establishing the pos-
itive impact of TMS on sleep-related outcomes, the active 
group demonstrated an improvement in sleep quality 
(Lanza et al. 2023; Lanza 2020). Comparable reductions 
in PSQI scores have been reported in other rTMS stud-
ies employing substantially longer and more intensive 
treatment protocols. For example, Feng et al. (Feng et al. 
2025) observed an improvement in sleep quality follow-
ing 10 consecutive daily treatment sessions delivered at 
90% of the resting MT, with mean PSQI scores decreas-
ing from 14.4 to 11.5. In contrast, the present study 
achieved similar improvements using the ExoTMS device 
with only six treatment sessions, making the treatment 

more efficient (Magyarová et al. 2023). By condensing the 
therapeutic window, this approach may reduce treatment 
burden, minimize daily disruption, and lower the risk of 
treatment fatigue. Additionally, the protocol employed a 
maximum stimulation intensity of 70% of the resting MT, 
which is substantially lower than the conventional range 
of 80—120% used in previous studies (Magyarová et al. 
2023). This reduced stimulation intensity likely contrib-
uted to improved subjects’ comfort (Espinosa Mendoza 
et al. 2024). Analysis of the TCQ confirmed that, unlike 
standard high-intensity protocols associated with pain 
or discomfort, the ExoTMS treatment was well-tolerated 
and described as comfortable (Borckardt et al. 2006).

Notably, the improvement in sleep quality observed 
in subjects with a history of psychiatric disorders was 
comparable to that of the overall study population. This 
finding is clinically meaningful, as prior diagnoses such 
as PTSD or MDD are frequently associated with persis-
tent or residual sleep disturbances, including insomnia, 
fragmented sleep, and trauma-related nightmares, even 
during clinical remission (Pruiksma et al. 2016; Zajecka 
2013; Li et al. 2012). Such enduring sleep pathology is 
believed to reflect sustained alterations in arousal regula-
tion and limbic-prefrontal circuity (Giudice et al. 2026). 
The observed treatment response, therefore, suggests 
that ExoTMS may modulate sleep-regulating neural net-
works despite underlying neurobiological vulnerability 
related to prior psychiatric illness (Pruiksma et al. 2016; 
Giudice et al. 2026; Geoffroy et al. 2014). These data sup-
port the potential clinical applicability of the intervention 
across populations with complex psychiatric histories. 
However, given the limited size of this subgroup, the find-
ings should be interpreted with caution and require con-
firmation in larger, adequately powered cohorts designed 
to further elucidate the interaction between ExoTMS and 
chronic psychiatric vulnerability.

Several limitations should be considered. First, the rela-
tively small sample size and unequal group distribution 
limit the generalizability, and reliance on self-reported 
measures precludes objective assessment of sleep archi-
tecture or neurophysiological changes. The study was not 
powered to detect between-group differences, therefore, 
comparisons between the active and sham groups should 
be interpreted as descriptive. Furthermore, uncontrolled 
external stressors may have influenced the observed out-
comes. Concomitant use of sleep and stress supplements, 
including melatonin, herbal supplements, and cannabi-
noids, was reported by a subset of subjects throughout 
the study period and was not controlled for. Although 
supplement use appeared to decrease at follow-up in both 
groups, its potential influence on sleep outcomes cannot 
be excluded and should be considered when interpret-
ing the results. Future studies should incorporate larger 
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sample sizes and objective sleep and neurophysiological 
measures to further characterize treatment effects.

Despite these limitations, the study possesses nota-
ble strengths, including the presence of a sham control 
group, assessment of outcomes at 3  months, and high 
tolerability. Together, these findings support further 
investigation of ExoTMS as a non-invasive approach 
for improving sleep quality in individuals with sleep 
disturbances.

Conclusion
These findings suggest that ExoTMS may represent a 
feasible non-invasive approach associated with improve-
ments in subjective sleep quality and stress coping capac-
ity in individuals with sleep disturbances. Subjects in 
the active group demonstrated sustained improvements 
in sleep quality and stress coping ability through the 
3-month follow-up, with high tolerability. Together, these 
results support further investigation of ExoTMS in larger, 
controlled studies incorporating objective sleep and neu-
rophysiological measures.
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